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Background: Silver nanoparticles (AgNPs) possess unique physical, chemical, and biological 

properties. AgNPs have been increasingly used as anticancer, antiangiogenic, and antibacterial 

agents for the treatment of bacterial infections in open wounds as well as in ointments, bandages, 

and wound dressings. The present study aimed to investigate the effects of two different sizes 

of AgNPs (10 nm and 20 nm) in male somatic Leydig (TM3) and Sertoli (TM4) cells and 

spermatogonial stem cells (SSCs).

Methods: Here, we demonstrate a green and simple method for the synthesis of AgNPs using 

Bacillus cereus culture supernatants. The synthesized AgNPs were characterized using ultraviolet 

and visible absorption spectroscopy, X-ray diffraction, Fourier transform infrared spectroscopy, 

and transmission electron microscopy (TEM). The toxicity of the synthesized AgNPs was 

evaluated by the effects on cell viability, metabolic activity, oxidative stress, apoptosis, and 

expression of genes encoding steroidogenic and tight junction proteins.

Results: AgNPs inhibited the viability and proliferation of TM3 and TM4 cells in a dose- and 

size-dependent manner by damaging cell membranes and inducing the generation of reactive 

oxygen species, which in turn affected SSC growth on TM3 and TM4 as feeder cells. Small 

AgNPs (10 nm) were more cytotoxic than medium-sized nanoparticles (20 nm). TEM revealed 

the presence of AgNPs in the cell cytoplasm and nucleus, and detected mitochondrial damage 

and enhanced formation of autosomes and autolysosomes in the AgNP-treated cells. Flow 

cytometry analysis using Annexin V/propidium iodide staining showed massive cell death by 

apoptosis or necrosis. Real-time polymerase chain reaction and western blot analyses indicated 

that in TM3 and TM4 cells, AgNPs activated the p53, p38, and pErk1/2 signaling pathways 

and significantly downregulated the expression of genes related to testosterone synthesis (TM3) 

and tight junctions (TM4). Furthermore, the exposure of TM3 and TM4 cells to AgNPs inhibited 

proliferation and self-renewal of SSCs.

Conclusion: Our results suggest that AgNPs exhibit size-dependent nanoreprotoxicity in 

male somatic cells and SSCs, strongly suggesting that applications of AgNPs in commercial 

products must be carefully evaluated. Further studies of AgNPs-induced nanoreprotoxicity in 

animal models are required.

Keywords: Sertoli cells, Leydig cells, apoptosis, oxidative stress, tight junction proteins, 

apoptosis

Introduction
Nanomaterials are becoming extremely popular as biological, therapeutic, medical, and 

antimicrobial agents, and also as transfection vehicles and fluorescent tags. Compared 

to conventional materials, nanoparticles exhibit unique electrical, light-emitting, and 

catalytic properties.1 Silver nanoparticles (AgNPs) have recently gained popularity 

and are widely used in textile and food industries, cosmetics, pharmaceutical products, 
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electronics, paints, and construction materials.2,3 The small 

size of AgNPs (1–100 nm) enhances their physical, chemical, 

magnetic, and optical properties.4,5 In addition, AgNPs have 

become one of the most common nanomaterials used as anti-

microbial agents and disinfectants in medicine and industry4,5 

because they exhibit significant activity against both Gram-

negative and Gram-positive bacteria and viruses.6–8 The 

investigation of bactericidal activity of nanomaterials is 

intensifying because of the emergence of new drug-resistant 

bacterial strains.

As an inevitable consequence of the rapid increase in 

AgNPs manufacturing and utilization, there is a danger of 

potential toxic effects. AgNPs can enter the human gas-

trointestinal tract by several routes, including air, water, 

food, or soil and can be distributed throughout the body via 

the circulatory system.9–11 Oral administration of AgNPs to 

male rats caused significant decreases in body weight and 

dose-dependent changes in alkaline phosphatase activity and 

cholesterol levels, resulting in slight liver damage.12,13 AgNPs 

were found in various body tissues, including the blood, 

brain, liver, spleen, kidneys, thymus, lungs, and heart.14–19 

Previous studies have demonstrated that AgNPs can exert 

cytotoxic and genotoxic effects both in vitro (human cell 

lines20–25) and in vivo (mice26,17 and fish27,28).

Oxidative stress can strongly affect testicular functions 

important for spermatogenesis.29 Reactive oxygen species 

(ROS) are generated either by the mitochondrial electron 

transport chain or by nicotinamide adenine dinucleotide 

phosphate oxidase.30 Mitochondrial-derived ROS have been 

implicated in a number of diseases and are known to cause 

cell and tissue destruction through DNA damage, lipid per-

oxidation, protein oxidation, and carbonylation, depletion of 

cellular thiols, and activation of proinflammatory cytokine 

release.30,31 Excessive production of ROS induces cellular 

apoptosis via activation of the p38 mitogen-activated kinase 

(MAPK)-p16 and HSP70-JNK/c-Jun pathways.32,33

The aims of this study were to perform the synthesis of 

differently sized (10 and 20 nm) AgNPs using Bacillus cereus 

culture supernatant and to examine AgNPs potential toxicity 

for the cells involved in spermatogenesis, such as somatic 

Leydig (TM3) and Sertoli (TM4) cells and spermatogonial 

stem cells (SSCs) derived from prepubertal BALB/c mouse 

testes. In addition, we investigated the mechanisms involved 

in AgNPs-induced toxicity.

Materials and methods
Bacterial strains and reagents
Luria-Bertani (LB) agar was purchased from USB Cor

poration (Santa Clara, CA, USA). Mueller Hinton broth and 

agar, silver nitrate, and crystal violet were purchased from 

Sigma-Aldrich (St Louis, MO, USA). All other chemicals 

were purchased from Sigma-Aldrich unless otherwise 

stated. B. cereus strains were maintained in our culture 

collection.

Synthesis and characterization of AgNPs
A characterized B. cereus (GenBank accession number 

KF944447) isolate was inoculated into flasks containing 

sterile LB broth and incubated for 24 hours at 37°C with 

agitation (200 rpm). After incubation, the culture was cen-

trifuged at 10,000 rpm for 10 minutes and the supernatant 

was used for AgNP synthesis. In a typical reaction, culture 

supernatant was mixed with 1 mM and 5 mM aqueous 

silver nitrate (AgNO
3
) solution and incubated at 60°C for 

6 hours to produce AgNPs of two different sizes (10 and 

20 nm). The synthesized particles were characterized as 

previously described.34 X-ray diffraction (XRD) analyses 

were performed using an X-ray diffractometer (Bruker D8 

DISCOVER; Bruker AXS GmBH, Karlsruhe, Germany). The 

high-resolution XRD measurements were performed at 3 kW 

with Cu target using a scintillation counter (λ=1.5406 Å) at 

40 kV and 40 mA, and were recorded in the range of 2θ=5° 

to 80°. Further characterization of AgNPs surface changes 

and composition was performed by Fourier transform infra-

red spectroscopy (FTIR) (PerkinElmer Spectroscope GX; 

PerkinElmer, Waltham, MA, USA). Transmission electron 

microscopy (TEM) (Hitachi H-7500; Seoul National Univer-

sity, Seoul, South Korea) was used to determine AgNPs size 

and morphology. TEM images of bio-AgNPs were obtained 

at an accelerating voltage of 300 kV.35

Cell culture and treatment with AgNPs
TM3 (KCLB No 21714) and TM4 (KCLB No 21715) cell 

lines were obtained from Korean cell line bank (Seoul, South 

Korea). TM3 and TM4 cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Hyclone, Logan, UT, 

USA) supplemented with 10% fetal bovine serum (FBS), 

100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C 

in a 5% CO
2
 atmosphere. Cells were seeded onto 6-well 

plates at a density of 1×104 cells per well and incubated for 

24 hours prior to experiments. The cells were washed with 

phosphate-buffered saline (PBS; pH 7.4) and incubated in 

fresh medium containing different concentrations of AgNPs 

prepared in water.

Animals
BALB/c mice were housed in wire cages at 22°C±1°C with 

70% humidity under a 12/12-hour light–dark cycle. Animals 
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had access to food and water ad libitum. All experiments were 

performed with approval from the Institutional Animal Care 

and Use Committee at Konkuk University (IACUC approval 

number KU11035; Seoul, South Korea).

Preparation and culture of SSCs
SSCs were cultured in SSC media (SSCM) based on 

α-minimum essential medium supplemented with 10% 

FBS, 1% 100× glutamine, 1% noncanonical amino acid, 1% 

penicillin-streptomycin, 0.5% mercaptoethanol, 0.01 mM 

sodium pyruvate, 100 µg/mL transferrin, 25 µg/mL insulin, 

10 µg/mL putrescine, 0.1 µg/mL GDNF, and 20 µg/mL 

epidermal growth factor. High-glucose DMEM supple-

mented with 10% FBS and 1% penicillin-streptomycin was 

used for feeder cells.

Testes were collected from 21-day-old male imprinting 

control region mice. Two-step enzymatic digestion was 

used to treat cell suspension in SSCM at 37°C in a 5% CO
2
 

humidified incubator. After 24 hours of culture, nonadherent 

SSCs were collected and transferred to new dishes coated 

with mouse embryonic fibroblasts as feeder cells, where they 

proliferated for 7 days. SSCs were verified using polymerase 

chain reaction (PCR), immunochemistry, and fluorescence-

activated cell sorting (FACS).

TM3 and TM4 cells were collected by centrifugation, 

resuspended in warm feeder cell medium, and plated in 

12-well culture dishes precoated with 0.2% gelatin at the 

concentration of 8×104
 
cells. The feeder cells were cultured 

for 24 hours and inactivated with 12 µg/mL of mitomy-

cin C for 2.5 hours. After washing with Dulbecco’s PBS 

three times, SSCM without or with 10 µg/mL of AgNPs 

was added for 24 hours. Culture supernatant was then 

collected, centrifuged for 15 minutes at 15,000 rpm to 

remove the nanoparticles, mixed with fresh SSCM (1:1), 

and added for 72 hours to fresh SSCs cultured on TM3 or 

TM4 cells as feeder cells. SSCs were then collected and 

analyzed for gene expression; alternatively, all cells (SSCs 

and feeder cells) were collected to measure the prolifera-

tion of SSCs.

Cytotoxicity assay
Cell counting kit-8 (CCK-8) assay
Typically, 1×104 cells were seeded in a 96-well plate and 

cultured in DMEM supplemented with 10% FBS at 37°C 

under 5% CO
2 
in a humidified incubator for 24 hours. Then, 

fresh medium containing various concentrations of AgNPs 

was added for another 24 hours. Cell viability was assessed 

by adding 10 μL of CCK-8 solution (Dojindo Laboratories, 

Kumamoto, Japan) to each well for 3 hours at 37°C, and 

the absorbance was measured at 450 nm using a microplate 

reader (PerkinElmer). To correct for background absorbance, 

cell-free medium-containing wells were used as control, and 

the average absorbance of the control wells was subtracted 

from that of the other wells.

MTS assay
Cell viability was also measured using the 3-(4, 

5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay. 

Cells were plated as above for 24 hours, washed twice 

with 100  μL of serum-free DMEM, and incubated with 

100 μL of AgNP suspensions at various concentrations in 

serum-free DMEM. After 24-hour exposure, the cells were 

washed twice with serum-free DMEM, and MTS reagent 

was added to each well containing 100 μL of serum-free 

DMEM. After 1-hour incubation at 37°C under 5% CO
2
, 

80 μL of the mixture was transferred to another 96-well 

plate, and the absorbance was measured at 490 nm. Cell 

viability (%) of the treated cells was determined relative to 

that of control cells set as 100%. The results are presented 

as the mean ± standard deviation (SD) of three independent 

experiments.

Lactate dehydrogenase (LDH) assay
TM3 and TM4 cells were pretreated with 10 mM N-acetyl 

l-cysteine (NAC) (Sigma-Aldrich) for 1 hour and then 

exposed to AgNPs for 12 hours. Cell membrane integrity was 

evaluated by determining LDH activity in culture supernatant 

according to the manufacturer’s instructions (LDH Assay 

kit; Abcam, Cambridge, UK). The LDH assay is based on 

the leakage of the cytosolic LDH from cells with damaged 

cellular membranes. In our experiments, AgNP-induced 

cytotoxicity was quantitatively monitored by measuring LDH 

activity in the supernatant.

Measurement of ROS
Intracellular ROS concentrations were measured using the 

oxidation-sensitive fluoroprobe 2,7-dichlorodihydrofluo-

recein diacetate (H2DCF-DA) (Thermo Fisher Scientific, 

Waltham, MA, USA) with some modifications. Briefly, 

TM3 and TM4 cells were pretreated with 10 mM NAC for 

1 hour and exposed to AgNPs at half maximal inhibitory 

concentration (IC
50

), 0.5% dimethyl sulfoxide (DMSO) 

(negative control), or 50 μM hydrogen peroxide (H
2
O

2
) 

(positive control) for 12 hours. Next, 10 μM 2-7-dichlo-

rofluorescein diacetate (Sigma-Aldrich) was added to the 

cells for 1 hour, and the formation of the fluorescent 2′,7′-
dichlorofluorescein (DCF), an indicator of ROS generation, 
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was measured using a spectrofluorometer (excitation at 

480 nm, emission at 530 nm).

Cellular uptake of AgNPs
Ultrathin cell sections were analyzed using TEM to determine 

the intracellular distribution of AgNPs. Briefly, the cells 

were treated with AgNPs for 24 hours, washed two times 

with phosphate buffer to remove excess unbound nanopar-

ticles, fixed in 2.5% glutaraldehyde for 2 hours, dehydrated 

in an ethanol series, and embedded in epoxy resin. Cellular 

morphological characteristics and intracellular AgNPs dis-

tribution and agglomeration were investigated by TEM of 

ultrathin sections placed on grids.20

Flow cytometry analysis
AgNPs-induced apoptosis was analyzed using the Alexa 

Fluor® 488 Annexin V/Dead Cell Apoptosis Kit (Thermo 

Fisher Scientific). Cells were pretreated with 10 mM NAC 

for 1 hour, incubated with AgNPs for 6 hour, and stained 

with Annexin V and propidium iodide for flow cytometry 

analysis.

RNA extraction and real-time PCR
Total RNA was prepared using the RNeasy Mini Kit (Qiagen, 

Venlo, the Netherlands) according to the manufacturer’s 

protocol. Reverse transcription was performed using the 

QuantiTect® Reverse Transcription kit (Qiagen), and quan-

titative real-time PCR (RT-PCR) was performed using 

Maxima SYBR Green/ROX qPCR Master Mix (Thermo 

Fisher Scientific) according to the manufacturers’ instruc-

tions. Primers are shown in Table 1. The expression of each 

gene was analyzed in triplicate and normalized to that of 

β-actin used as a housekeeping gene. The expression level 

was evaluated by the 2-∆∆Ct method.

Western blot analysis
The cells were treated as above, harvested, washed with 

ice-cold PBS, and lysed with ice-cold RIPA lysis buffer. 

Protein concentrations were measured using the BCA 

Protein Assay Reagent (Pierce, Rockford, IL, USA). 

Equivalent amounts of protein were separated by sodium 

dodecyl sulfate-polyacrylamide electrophoresis in 8%–12% 

gels and transferred to polyvinylidene difluoride membranes 

(Millipore Corp., Billerica, MA, USA). The membranes 

were blocked with 6% nonfat dry milk at room tempera-

ture for 1 hour, and incubated with the primary antibodies 

overnight at 4°C. The following primary antibodies were 

used: anti-Bax (ab10813; Abcam), anti-Bcl-2 (ab7973; 

Abcam), anti-p-Erk1/2 (Thr202/Tyr204) (sc-16982; 

Santa Cruz Biotechnology, Dallas, TX, USA), anti-p-p38 

(sc-7973; Santa Cruz Biotechnology), anti-P-p53 (S15) 

(12571S; Cell Signaling, Danvers, MA, USA), anti-RAD51 

(ab88572; Abcam), and anti-β-actin (ab8227; Abcam). The 

membranes were washed and incubated with horseradish 

peroxidase-conjugated secondary antibodies at room tem-

perature for 1 hour. Blots were developed using enhanced 

chemiluminescence. 

Statistical methods
The data are presented as the mean ± SD of at least three inde-

pendent experiments. Differences between the means were 

tested by Student’s t-test or one-way analysis of variance 

(ANOVA) followed by Tukey’s test for multiple comparisons 

using the Graph-Pad Prism software. The differences were 

considered significant at P,0.05.

Results and discussion
Characterization of biologically 
synthesized AgNPs
The aim of this experiment was to produce small AgNPs 

of two different sizes using B. cereus culture supernatant 

and to evaluate their cytotoxic effects in somatic TM3 and 

TM4 cells and SSCs. To produce AgNPs of two different 

sizes of AgNPs, 1 mM and 5 mM, AgNO
3
 was added to 

B. cereus culture supernatant and incubated at 60°C, pH 

8.0, for 6 hours. As a result, AgNPs of 10 nm and 20 nm 

were obtained from 5 mM and 1 mM AgNO
3
, respectively, 

and characterized as previously described34 using analytical 

techniques, including ultraviolet and visible spectroscopy, 

which is one of the most widely used methods for structural 

characterization of AgNPs.36,37 The absorption spectra of 

10 nm and 20 nm AgNPs showed highly symmetric single-

band absorption, with peak maxima at 410 nm (Figure 1A) 

and 395 nm (Figure 1B), respectively, indicating excitation 

of surface plasmons typical for AgNPs.34 In the ultraviolet 

and visible spectrum, a strong broad peak was observed 

between 395 and 410 nm, indicating AgNPs formation. The 

specific features of this peak can be attributed to surface 

plasmons and have been well documented for various metal 

nanoparticles with sizes ranging from 2 nm to 100 nm.36,38 

A blue shift indicates a reduction in the mean diameter of 

AgNPs. A surface plasmon resonance band was observed to 

be blue-shifted and to have a sharp, narrow shape, indicating 

the formation of spherical and homogeneously distributed 

AgNPs. Similarly, Khalil et al39 have reported that as the 

concentration of olive leaf extract increased, the absorption 
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Table 1 Primers used for quantitative real-time polymerase chain reaction

Genes Sequences of primers GenBank

Gapdh F: 5′-AGGTCGGTGTGAACGGATTTG-3′ NC_000072.6

R: 5′-TGTAGACCATGTAGTTGAGGTCA-3′
Atg6 F: 5′-GGCCAATAAGATGGGTCTGA-3′ NC_000077.6

R: 5′-GCTGCACACAGTCCAGAAAA-3′
Atg7 F: 5′-CAGTAGCCTGTAGAATAAC-3′ NC_000072.6

R: 5′-GTAGGTGTGTCTGTAATC-3′
Atg8 F: 5′-CGGCTTCCTGTACATGGTTT-3′ NC_000074.6

R: 5′-ATGTGGGTGCCTACGTCTC-3′
Cx43 F: 5′-TGTGGGCAAGACACGAATATG-3′ NC_000076.6

R: 5′-GACAAGGTCCAAGCCTACTCCC-3′
Cyp17a1 F: 5′-TGACCAGAAACTGGAGAAGATGATA-3′ NC_000085.6

R: 5′-CCTTGTTCTCAAAAGAGATGTTGAA-3′
Cyp19a1 F: 5′-GGAAGTGCCTGCAACTACTACAATA-3′ NC_000075.6

R: 5′-TTGTTGTTAAATATGATGCCGTTCT-3′
Caspase-3 F: 5′-GATAATGTCTTAGAACTTGAATCC-3′ NC_000074.6

R: 5′-CTTCCATAAATCAGGTCCAA-3′
Caspase-8 F: 5′-GAGTTGCCACCTTCAGTT-3′ NC_000067.6

R: 5′-TCACTGTCTTGTTCTCTTGG-3′
Caspase-9 F: 5′-GACTTACAAGCAGATTCC-3′ NC_000070.6

R: 5′-AGAATAATGAGGCAGAGA-3′
3β-Hsd F: 5′-CTGAATGTTACTGGCAAATTCTC-3′ NC_000069.6

R: 5′-TGTTGGACGCAGCAGGAAAAAA-3′
17β-Hsd F: 5′-GTTCTCGCAGCACCTTTTTC-3′ NC_000077.6

R: 5′-AAATCTTCACACCGCTTCCC-3′
StAR F: 5′-AGAGCTCAACTGGAGAGCACTG-3′ NC_000074.6

R: 5′-AGCCTTCCTGGTTGTTGAGTATG-3′
ZO-1 F: 5′-CTCTGGTGGAAGAGATAATCCTCA-3′ NC_000073.6

R: 5′-GTTTTTCCCACTCTTCCTTAGCTG-3′
Claudin-11 F: 5′-GTCACAACGTCCACCAATGACT-3′ NC_000069.6

R: 5′-AGAACTGTCAACAGCAGCAAGAT-3′
Amh F: 5′-GGATGACTCCCACCCTGGTG-3′ NC_000076.6

R: 5′-GGGAAAGGCATGGTGTCCAG-3′
Ar F: 5′-TGCCTCCGAAGTGTGGTATC-3′ NC_000086.7

R: 5′-CCGTAGTGACAGCCAGAAGC-3′
LhR F: 5′-TTTTCCAAACAATGTGAAAHCA-3′ NC_000083.6

R: 5′-CAGGGATTGAAAGCATCTGG-3′
Cyp11a1 F: 5′-AAGGTGTAGCTCAGGACTTCATCA-3′ NC_000075.6

R: 5′-GTGGAACATCTGGTAGACAGCATT-3′
Tgfβ1 F: 5′-CGAAGCGGACTACTATGCTAAAGA-3′ NC_000073.6

R: 5′-CATGTTGCTCCACACTTGATTTTA-3′
Vimentin F: 5′-TTTGCCAACTACATCGACAAGGT-3′ NC_000068.7

R: 5′-CATCTCCTCCTGCAATTTCTCTC-3′
Oct4 F: 5′-GGCGTTCTCTTTGGAAAGGTGTTC-3′ NC_000083.6

R: 5′-CTCGAACCACATCCTTCTCT-3′
Nanog F: 5′-TTACAAGGGTCTGCTACTGAGATG-3′ NC_000072.6

R: 5′-TGCTTATAGCTCAGGTTCAGAATG-3′
Rex-1 F: 5′-GGCCAGTCCAGAATACCAGA-3′ NC_000074.6

R: 5′-GAACTCGCTTCCAGAACCTG-3′
Tex-18 F: 5′-TGTCCAGGTGAGCACTTCAG-3′ NC_000076.6

R: 5′-TCTTCCTGAGCACACCCTCT-3′
Vasa F: 5′-TGGCAGAGCGATTTCTTTTT-3′ NC_000079.6

R: 5′-CGCTGTATTCAACGTGTGCT-3′
Zbtb16 F: 5′-ACCAGTGTACCATCTGCACG-3′ NC_000075.6

(Continued)
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peak sharply increased, and a blue shift was observed from 

458 nm to 441 nm. Gurunathan et al34 have shown that AgNO
3
 

concentration, temperature, and pH play important roles in 

determining the size of AgNPs.

XRD analysis of AgNPs
Further characterization was performed to confirm the 

crystalline nature of AgNPs. XRD spectra for both 10 and 

20 nm AgNPs showed three intense peaks in the whole 

spectrum of 2θ values, ranging from 20° to 50° (Figure 2). A 

comparison of our XRD spectra with the standard confirmed 

that the AgNPs formed in our experiments were nanocrys-

tals, as evidenced by the peaks at 2θ values of 28.8°, 31.9°, 

and 46°, corresponding to the 111, 200, and 222 planes for 

silver, respectively (Figure 2). XRD data confirmed that 

AgNPs exhibited 2θ values corresponding to those previously 

Table 1 (Continued)

Genes Sequences of primers GenBank

R: 5′-CTGCTCTACCATGTGTTGGG-3′
Gdnf F: 5′-GTTAATGTCCAACTGGGGGTCTAC-3′ NC_000081.6

R: 5′-CGCTTCGAGAAGCCTCTTACC-3′
Stra8 F: 5′-CTCCTCCTCCACTCTGTTGC-3′ XM_004046 273

R: 5′-GCGGCAGAGACAATAGGAAG-3′
Dazl F: 5′-TGACGTGGATGTGCAGAAGAT-3′ NM_010021

R: 5′-AGGAGGATATGCCTGAACATACT-3′
Sycp3 F: 5′-CCGCTGAGCAAACATCTAAAG-3′ NC_000076

R: 5′-ATCAGCAACATCTTCTTCTGAACC-3′
c-Kit F: 5′-CGTGAACTCCATGTGGCTAA-3′ NC_000071.6

R: 5′-CGTCTCCTGGCGTTCATAAT-3′
Pcna F: 5′-CGTCTCCTTGGTACAGCTTACTCT-3′ NC_000068.7

R: 5′-TGCATTATCTTCAGCCCTTAATGT-3′
Etv5 F: 5′-CTTGGTTAGCTGAAGCACAAGTTC-3′ NC_000082.6

R: 5′-TTCTCCATACTTAGCACCAAGAGC-3′
Bcl6 F: 5′-GACGTGCTTAGCAATCTGAATGAG-3′ NC_000077.6

R: 5′-ATGAAGTCCAGAAGAGGAGCAAAG-3′
Abbreviations: F, forward; R, reverse.
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Figure 1 Synthesis and characterization of AgNPs.
Notes: The absorption spectra of 10 nm (A) and 20 nm (B) AgNPs exhibited strong broad peaks at 395 nm and 410 nm, respectively.
Abbreviations: AgNPs, silver nanoparticles; au, absorbance units.
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reported for silver nanocrystals prepared from culture super-

natants of Bacillus licheniformis38 and Escherichia coli. The 

diffraction peaks of the (111), (200), and (222) lattice planes 

appeared in the XRD spectra of AgNPs. Thus, the observed 

XRD patterns corresponded to the crystalline planes of face-

centered-cubic AgNPs, suggesting that the obtained AgNPs 

had crystalline nature.

FTIR spectra of AgNPs
FTIR spectra were used to identify the presence of biomol-

ecules that could potentially contribute to the reduction of 

Ag+ ions or capping of the bioreduced AgNPs.40,41 Previous 

studies have proposed that protein–nanoparticle interactions 

can occur either through free amine groups or cysteine resi-

dues in proteins and via electrostatic attraction of negatively 

charged carboxylate groups in some enzymes.37,42 The two 

bands observed at 1,380 cm-1 and 1,030 cm-1 can be assigned 

to the C–N stretching vibrations of the aromatic and aliphatic 

amines, respectively.43 Figure 3A and B shows FTIR spectra 

of AgNPs synthesized from bacterial supernatant, with peaks 

at 3,430 cm-1 and 1,650 cm-1 characteristic of the stretching 

modes for the O–H and C=O groups. AgNPs of different sizes 

showed similar spectra without any significant differences. 

These observations indicate protein binding to AgNPs, which 

can lead to their stabilization. However, it is important to note 

that protein size, shape, and conformation play an important 

role in the reaction with nanoparticles.37

Analysis of AgNP size and surface 
morphology by TEM
TEM is one of the most effective methods to analyze the 

size and morphology of nanoparticles.41 TEM micrographs 

of both types of AgNPs (10 nm and 20 nm) revealed dis-

tinct, uniformly spherical particles well separated from each 

other. The average particle size was estimated based on the 

measurements of more than 300 particles; it was calculated in 
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Figure 2 XRD spectra of AgNPs.
Notes: X-ray diffraction (XRD) spectra of AgNPs of 10 nm (A) and 20 nm (B); there are three intense peaks across the spectrum of 2θ values ranging from 20° to 50°.
Abbreviation: AgNPs, silver nanoparticles.
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random fields using TEM images that showed general mor-

phology of AgNPs, indicating that the difference in sizes and 

significant difference between size distribution of different 

types of AgNPs (10 and 20 nm) (P,0.05). Figure 4A shows 

particles between 4 nm and 20 nm, with an average size of 

10±5 nm, whereas Figure 4B shows particles between 10 nm 

and 50 nm, with an average size of 20±10 nm. Previous stud-

ies have reported the production of differently sized particles 

from various organisms such as Klebsiella pneumoniae, 

B. licheniformis, and E. coli, with average AgNP sizes of 

52.5 nm and 50 nm.34,38,44

Cytotoxic effects of AgNPs in TM3 
and TM4 cells
Next, cytotoxic effects of AgNPs were evaluated using in vitro 

models. Previous studies have reported that biologically 

synthesized AgNPs with an average size of 50 nm showed 

significant toxic effects on retinal endothelial cells.34,45 After 

TM3 and TM4 cells were exposed to AgNPs for 24 hours, 

cell viability was assessed using the CCK-8 and MTS assays. 

The results of the CCK-8 assay measuring water-soluble 

formazan dye produced by metabolic activity of live cells 

showed that cell viability was decreased after exposure to 

Figure 3 FTIR spectra of AgNPs with average sizes of 10 nm (A) and 20 nm (B).
Abbreviations: AgNPs, silver nanoparticles; FTIR, Fourier transform infrared spectroscopy.
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AgNPs in a time- and dose-dependent manner (Figure 5A); 

the effects were confirmed by the MTS assay, showing that 

AgNPs markedly decreased cell proliferation (Figure 5B). 

Both assay suggested that the 10 nm nanoparticles had more 

significant toxicity than the 20 nm particles. Several in vitro 

and in vivo studies have shown that biologically synthesized 

AgNPs have significant cellular toxicity.20,25,46,47 AgNPs with 

a size of #20 nm entered cells independently from endocy-

tosis and were distributed within the cytoplasm.48 In human 

glioma U251 cells, the uptake of AgNPs #20 nm was greater 

than that of AgNPs .100 nm.49 A number of studies have 

reported that AgNPs are toxic to a variety of somatic cells 

in vitro, and can cause damage to lung, brain, and liver tis-

sues in vivo.15,50,51 Cytotoxicity of AgNPs in cultured cells 

is associated with increased generation of ROS, which have 

been shown to play an important role in AgNPs-induced 

apoptosis.52,53 ROS are a significant factor contributing to 

cell death, and excessive production of ROS is known to 

induce apoptosis and DNA damage.53,54 In this study, we 

also found that AgNPs-reduced cell viability was due to ROS 

generation and that accumulated ROS caused apoptosis of 

TM3 and TM4 cells. Our findings are consistent with those 

of Park et al55 who investigated the effects of AgNPs of 

various sizes (20 nm, 80 nm, 113 nm) using in vitro assays for 

cytotoxicity, inflammation, genotoxicity, and developmental 

toxicity. They concluded that in all the assays, 20 nm AgNPs 

showed more toxicity than larger nanoparticles, which cor-

responds to our observations that 10 nm AgNPs were more 

toxic for TM3 and TM4 cells than 20 nm AgNPs, and that 

the IC
50

 values of 10 nm AgNPs were lower than those of 

20 nm AgNPs. Further experiments were performed using 

the IC
50

 values of AgNPs for each cell type.

AgNPs induced production of LDH 
and ROS
Although apoptosis and necrosis are two morphologically dif-

ferent types of cell death, they are based on several common 

signaling mechanisms. Since various stimuli induce both 

apoptotic and necrotic death, the mode of cell demise seems 

to be dependent on intracellular factors.56 Recent studies 
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suggest that apoptotic and necrotic cell death involve the 

same receptors, signal transduction pathways, and cytotoxic 

mechanisms.57–60 The LDH assay is widely used to evaluate 

cytotoxicity of various compounds by assessing membrane 

leakage, which eventually leads to cell death.

In order to determine cell membrane damage, LDH leak-

age into culture supernatant was measured in TM3 and TM4 

cells treated with AgNPs in the presence or absence of NAC. 

Cell membrane integrity of TM3 and TM4 cells was com-

promised by AgNPs in a dose- and size-dependent manner 

(Figure 6A and B). To determine whether oxidative stress 

played a role in LDH leakage, the cells were pretreated with 

NAC and then LDH activity in the supernatant was analyzed. 

According to previous studies, the levels of reduced glutathi-

one (GSH) are important in protecting cells from cytotoxic 

compounds. Antioxidants such as NAC increase intracellular 

GSH and decrease generation of ROS. Our results suggest 

that membrane leakage was ROS-dependent because in the 

presence of NAC, LDH release into the supernatant was 

reduced. Previously, Miura et al61 have demonstrated poten-

tial cytotoxicity and increased expression levels of stress 

genes, ho-1 and mt-2A, at higher AgNPs concentrations in 

HeLa cells. Kim et al62 have reported size- and concentration-

dependent cellular toxicity of AgNPs in MC3T3-E1 and 

PC12 cells. Collectively, these results indicate that AgNPs 

induced ROS production, which alter cellular redox status 

and stimulate LDH leakage.

ROS are considered to be general mediators of 

nanoparticle-induced cytotoxicity because ROS generation is 

a crucial component of apoptosis.20,25,63 We assessed AgNPs-

caused production of intracellular ROS using the H2DCF-DA 

assay, which measures peroxide-dependent oxidation of 

H2DCF-DA to fluorescent DCF. In TM3 and TM4 cells 

treated with AgNPs for 24 hours, DCF fluorescence was 

Figure 6 Effect of AgNPs on LDH activity and ROS generation in TM3 and TM4 cells.
Notes: TM3 and TM4 cells were treated with two different sizes of AgNPs: 10 nm (A) and 20 nm (B); LDH activity was assessed in the supernatants of cells treated or not with 
AgNPs and NAC using the LDH cytotoxicity detection kit. The y axis represents the absorbance as percentage of the controls, and the x axis shows IC50 of AgNPs; (C) ROS 
generation in AgNPs (IC50)-treated TM3 and TM4 cells; DCF formation from H2DCF-DA was measured by fluorescence (excitation at 480 nm, emission at 530 nm). The data 
are expressed as the mean ± SD of three independent experiments performed in triplicate; **P,0.01.
Abbreviations: AgNPs, silver nanoparticles; DCF, 2′,7′-dichlorofluorescein; DMSO, dimethyl sulfoxide; H2DCF-DA, 2,7-dichlorodihydrofluorecein diacetate; H2O2, 
hydrogen peroxide; IC50, half maximal inhibitory concentration; LDH, lactate dehydrogenase; NAC, N-acetyl L-cysteine; ROS, reactive oxygen species; SD, standard deviation; 
TM3, Leydig; TM4, Sertoli.
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found to be markedly increased, indicating the upregulation 

of intracellular ROS production (Figure 6C) and suggesting 

that ROS are a significant factor in AgNPs cytotoxicity. To 

demonstrate that NAC acts as a ROS scavenger, we pretreated 

cells exposed to AgNPs with NAC, which significantly 

reduced the level of ROS generation in AgNPs-treated 

cells. As shown in Figure 6C, ROS generation in response 

to AgNPs and H
2
O

2
 was significantly greater than that in the 

control, but was alleviated by NAC; this is consistent with 

earlier findings, suggesting that intrinsic toxicity of AgNPs is 

associated with the oxidative damage-dependent pathways.64 

Thus, it appears that AgNP-induced cell death is mediated 

by ROS production, which may alter cellular redox status 

and lead to cell demise.20,63–65

The notion that ROS generation can be responsible for 

cellular damage and eventually lead to cell death in AgNPs-

treated cells is in agreement with previously published 

results.48,66 AgNPs generated elevated levels of intracellular 

ROS and reduced antioxidants such as GSH and antioxidant 

enzymes such as glutathione peroxidase and superoxide 

dismutase, resulting in the formation of DNA adducts.20,63 

Intracellular ROS have been reported to be a crucial indicator 

of various toxic effects exerted by nanoparticles.67,68 Previous 

studies have shown that AgNPs-induced ROS generation 

reduces survival of different types of cells.64,65,67–69 Rahman 

et al26 have reported that 25 nm AgNPs cause a significant 

increase in ROS production in vitro and in vivo. Induction 

of apoptosis by AgNPs was mediated by oxidative stress in 

fibroblasts, and muscle and colon cells.70–72 Recently, Kim 

et al62 have shown that in MC3T3-E1 and PC12 cells, ROS 

generation is induced by AgNPs in a size- and concentration-

dependent manner.

Internalization of AgNPs induced 
autophagosome formation
Mizushima et al73 have reported that low-level autophagy 

occurs constitutively in most cells and plays an important 

role in cellular metabolism, growth, and development. 

Autophagy can be induced by endogenous physiological 

stress or exogenous stimuli, including chemicals and invading 

particles. Various types of nanomaterials have been reported 

to induce autophagy.74 Cellular uptake studies have been 

performed to determine the effects of AgNPs on agglomera-

tion, internalization, and formation of autophagosomes and 

autolysosomes and the levels of oxidative stress in these 

ultrastructures. TM3 and TM4 cells were exposed to AgNPs 

(10 nm) at the respective IC
50

 for 24 hours and then fixed 

and prepared for TEM analysis. Untreated cells appeared 

normal, with prominent nuclei, nucleoli, and mitochondria 

(Figure 7A–D); however, AgNPs-treated cells showed the 

presence of crescent shape vacuoles (Figure 7E) and multiple 

autophagic vacuoles consisting of double-layered mem-

branes containing cellular debris, which were not observed 

in untreated cells (Figure 7F and G). AgNPs-treated cells 

contained several aggregates of multivesicular and membrane-

rich autophagosomes, indicating that AgNPs induced autopha-

gosome formation and alter intracellular homeostasis and 

adaptation to stress in TM3 and TM4 cells. In addition, AgNPs 

caused mitochondrial damage in TM3 and TM4 cells, not 

detected in the control cells (Figure 7H and J). Ultrastructural 

observations of TM4 cells exposed to AgNPs indicated the 

presence of double-membrane autophagosomes containing 

disintegrating material and lipid droplets (Figure 7K–M).

Yamawaki and Iwai75 found that the treatment of human 

umbilical vein endothelial cells with 100 μg/mL fullerene 

for 24 hours resulted in its extensive internalization, vacu-

olization, and aggregation in autophagosomes. Similarly, 

Johnson-Lyles et al76 have shown that cell death induced by 

fullerene exposure was linked to cytoskeleton disruption, loss 

of mitochondrial capacity, and autophagic vacuole accumula-

tion. In our study, AgNPs treatment resulted in the develop-

ment of double-membrane autophagosomes, autolysosomes, 

and autophagic vacuoles (Figure 7). Similarly, Stern et al77 

observed autophagic vacuoles in porcine kidney cells upon 

the treatment with cadmium selenide quantum dots; they 

also found that GaP quantum dots caused the development of 

smaller multilamellar vesicles and darkly stained lysosomal 

remnants. Our results are concordant with earlier reports, 

confirming that ultrastructural changes in TM3 and TM4 

cells resulting from AgNPs treatment were consistent with 

lysosomal deregulation, including autophagy and autophagy-

related gene expression. After 24 hours of treatment, AgNPs 

aggregated in the cytoplasm and appeared as dense, black 

inclusions in lysosomes, which are the endpoints of ingested 

material marked for degradation.78 Li et al79 have reported 

that gold nanoparticle-treated fibroblasts exhibit a significant 

number of vacuoles in the cytoplasm, many of which con-

tained large clusters of these nanoparticles.

AgNPs induced expression of autophagy-
related genes
To understand the relationship between AgNPs and autophagy, 

we monitored messenger RNA (mRNA) expression of Atg6, 

Atg7, and Atg8 in TM3 and TM4 cells treated with the respec-

tive IC
50

 concentrations of AgNPs. Interestingly, in TM3 cells 

treated with AgNPs of both sizes, Atg6 was downregulated, 
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Figure 7 Cellular uptake of AgNPs induces accumulation of autophagosomes and autolysosomes.
Notes: TM3 and TM4 cells were treated with AgNPs at IC50 for 24 hours and analyzed by transmission electron microscopy (TEM). TEM images showed TM3 (A–C, G–J) and 
TM4 (D, F, K–Q) cells: not treated with AgNPs (A, D) and AgNP-treated showing crescent-like vacuoles (B, E), autophagic vacuoles (C, F), and accumulation of autophagosomes, 
autolysosomes, and damaged mitochondria (G–J and K–Q). Red arrows indicate the formation of autolysosomes. Autophagic vacuoles (AV) were classified into three types based 
on morphological criteria: AV-initial (AVi), intermediated (Avi/d), and degradative (Avd). All experiments were carried out in triplicate and repeated at least three times.
Abbreviations: AgNPs, silver nanoparticles; Cy, cytoplasm; IC50, half maximal inhibitory concentration; N, nucleus; TM3, Leydig; TM4, Sertoli; TAV, typical autophagic 
vacuoles; DM, damaged mitochondria; MVB, multivesicular bodies.
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whereas in TM4 cells, it was upregulated. Conversely, Atg8 

was significantly upregulated in TM3 cells treated with both 

10 nm and 20 nm AgNPs; however, in TM4 cells, the expres-

sion of Atg8 was not significantly affected by AgNPs. Atg7 

was significantly upregulated in both cell types (Figure 8). 

Interestingly, Atg8 and Atg6 showed opposite expression 

patterns in TM3 and TM4 cells, indicating the difference 

between TM3 and TM4 cells in the response to AgNPs. 

These results suggest that the regulation of autophagy-related 

genes depends on the nanoparticle size and cell type. Li et al83 

have observed autophagosome formation and AgNPs uptake 

as well as upregulation of the autophagy-related proteins 

microtubule-associated protein light chain 3 and autophagy 

gene 7 (Atg7) in lung fibroblast cells.

Previous studies have suggested a link between oxidative 

damage and autophagy.80 The cellular role of autophagy is 

still not clearly understood, but it is generally thought to be a 

natural process involved in maintaining cellular homeostasis, 

as well as in the response to starvation, infection, or disease. 

Based on our findings and earlier studies, it can be suggested 

that AgNPs treatment induces oxidative stress and that the 

cells tried to avoid demise through induction of autophagic 

pathways. It is also likely that oxidative environment could 

trigger autophagy.81,82 Funnell and Maysinger83 have sug-

gested the existence of localized sites of oxidative stress 

around the clusters of metal-based nanoparticles, which 

induce damage of the treated cells.

Effect of AgNPs on signaling molecules 
involved in apoptosis
Apoptosis is a part of the natural cell death processes, and 

is strictly controlled by interactions of multiple genes, such 

as those belonging to the Bcl-2, caspase, and Fas gene 

families as well as several oncogenes.84,85 Fas, Bax, Bid, 

Bcl2, caspase-3, caspase-8, and caspase-9 are well-known 

proteins involved in the regulation of apoptotic cell death. It 

is also established that the induction of apoptosis by differ-

ent cellular stresses is mediated via the MAPK cascades of 

JNK, Erk1/2, and p38 MAPK as well as the p53 pathway.84–86 

Therefore, we evaluated the effect of AgNPs on apoptosis 

and expression of apoptosis-related genes in TM3 and TM4 

cells. Apoptosis was measured by flow cytometry in AgNPs-

exposed cells stained with propidium iodide and Annexin V. 

TM3 and TM4 cells treated with AgNPs showed an increase 

in cellular apoptosis (Figure 9A and B), which was alleviated 

by the pretreatment with NAC. Previously, Foldbjerg et al87 

have demonstrated that the exposure to AgNPs results in cell 

cycle arrest and induction of apoptosis in human cell lines.

To evaluate the involvement of signaling molecules in 

AgNPs-induced apoptosis, western blot analysis was per-

formed. Cells were treated with 10 nm and 20 nm AgNPs at 

respective IC
50

, and the expression of p53, p38, p-Erk1/2, Bax, 

Bcl-2, RAD51, and β-actin (a reference protein) was ana-

lyzed. In TM3 cells, p53 level was upregulated more signifi-

cantly by 10 nm AgNPs than by 20 nm AgNPs (Figure 9C–F), 

whereas p38 was not affected. Interestingly, when TM3 cells 

were treated with both sizes of AgNPs, the expression of 

Bax and RAD51 was markedly higher (P,0.05) than that in 

untreated cells, whereas Bax/Bcl-2 ratio showed no significant 

difference from the control. The phosphorylation of p38 and 

pErk1/2 in AgNPs-exposed cells was significantly higher 

than in the untreated cells, suggesting that AgNPs induce 

cytotoxicity in TM3 cells via p38- and pErk1/2-mediated 

pathways. In TM4 cells, p53 and p38 phosphorylation was 
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Figure 8 AgNPs accelerate expression of autophagy genes.
Notes: TM3 (A) and TM4 (B) cells were treated with AgNPs for 24 hours and analyzed for the expression of autophagy-related genes; for each treatment condition and 
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independent experiments performed in triplicate; **P,0.01.
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not significantly affected, whereas the phosphorylation of 

Erk1/2, Bax, Bcl2, and RAD51 increased (Figure 9D–F, 

P,0.05). The results of the western blot experiments suggest 

that AgNPs induce two different signaling pathways in TM3 

and TM4 cells, depending on AgNPs size and cell type.

Mitochondria play an important role in apoptosis via 

the intrinsic apoptotic program, which includes caspase 

activation. Therefore, we examined the effects of AgNPs 

on caspase-3, caspase-8, and caspase-9 using quantitative 

RT-PCR. The results showed that mRNA expression of 

these caspases was significantly higher in AgNPs-treated 

than in the control TM3 and TM4 cells (Figure 9G and H). 

Apoptosis signal transduction includes a cascade of initiator 

and executioner caspases.88 Initiator caspases 8 and 9 activate 

executioner caspases 3 and 7, which then cleave specific 

substrates, leading to apoptosis and ultimately cell death.89  

In our studies, AgNPs significantly upregulated the expres-

sion of caspases 3, 8, and 9 (Figure 9G and H). Mitochondrial 

permeability has been associated with various metabolic 

consequences, such as halted electron transport, generation of 

ROS, and decreased production of ATP.90,91 Collectively, our 

results suggest that AgNPs of both sizes upregulate caspase 

mRNA; however, 10 nm particles produced a significantly 

stronger effect than the 20 nm particles, and TM3 cells were 

more sensitive than TM4 cells.

Rapid generation of ROS could directly activate both 

intrinsic and extrinsic apoptotic pathways. The activation of 

MAPKs plays an essential role in apoptosis induced by cel-

lular stresses.92 We found that AgNP treatment resulted in the 

activation of MAPK/Erk signaling (Figure 9C), suggesting 

that the Erk1/2 pathway mediates AgNPs-induced cellular 

cytotoxicity. Because of the essential role of Bcl-2 and Bax 

in the regulation of apoptosis, we examined the effects of 

AgNPs on the expression of these proteins.84,93 As shown in 

Figure 9, in TM3 and TM4 cells, AgNPs decreased expres-

sion of the antiapoptotic protein Bcl-2 and increased that of 

the proapoptotic protein Bax, which increased the Bax/Bcl2 

ratio. As shown in Figure 9, AgNPs regulated apoptosis via 

the p38-MAPK signal transduction pathway in TM3 cells. 

ROS play an important role in apoptosis through induction 

of DNA damage,94,95 which increases p53 expression, trig-

gering cell cycle arrest to provide the time for DNA repair. 

AgNPs activated the expression of the cell cycle checkpoint 

protein p53 and the DNA damage repair protein Rad51 

in the treated cells (Figure 9), suggesting p53-mediated 

apoptosis.96,97 Taken together, these data indicate that AgNPs 

induce apoptosis of TM3 and TM4 cells through activation 

of the p53 and MAPK pathways.

AgNPs effect on the expression 
of genes encoding steroidogenic 
and tight junction proteins
We examined whether AgNPs have an effect on the expres-

sion of genes involved in steroidogenesis in TM3 cells 

and encoding tight junction proteins in TM4 cells. The 

cells were treated with AgNPs at IC
50

 and mRNA levels of 

cytochrome P450 side-chain cleavage (P450scc), steroido-

genic acute regulatory protein (StAR), 3β-hydroxysteroid 

dehydrogenase (3β-Hsd), 17-hydroxysteroid dehydroge-

nase (17β-Hsd), luteinizing hormone receptor (LhR), and 

cytochrome P450 17A1 (Cyp17a1) were determined by 

RT-PCR. As shown in Figure 10A, the expression of StAR, 

3β-Hsd, 17β-Hsd, and Cyp17a1 mRNA was significantly 

downregulated, whereas that of LhR and Cyp19a1 mRNA 

was not altered. This observation indicates that AgNPs 

could inhibit the synthesis of male steroid hormones and 

cause apoptosis of male germ cells during spermatogen-

esis. Testosterone secreted by Leydig cells is necessary 

for completion of spermatogenesis and maintenance of 

secondary sexual characteristics. Previous studies have 

demonstrated that testosterone biosynthesis depends on 

the expression of steroidogenic genes, including P450scc, 

StAR, 3β-HSD, and Cyp17a1.98,99

Leydig cells, the primary producers of steroid hor-

mones, play a major role in the male reproductive system 

by releasing testosterone.100 Testosterone synthesis occurs 

through a series of enzymatic reactions involving members 

of the cytochrome P450 family (Cyp11a1 and Cyp17a1), 

and hydroxysteroid dehydrogenases 3β-HSD and 17β-

HSD. StAR mediates cholesterol transfer from the outer 

to inner mitochondrial membrane, which is a rate-limiting 

step in steroid biosynthesis,101,102 and suppression of StAR 

transcription and/or translation leads to a significant 

reduction in steroidogenesis.103,104 Exposure to specific 

chemicals has been shown to affect testosterone produc-

tion in Leydig cells by interfering with the expression of 

Cyp17a1, P450scc, and StAR.19,105 We observed a signifi-

cant decrease in StAR, 3β-HSD, 17β-HSD, and Cyp17a1 

mRNA levels in AgNPs-treated TM3 cells (Figure 10A). 

P450scc encodes a cholesterol side-chain cleavage enzyme 

considered to be a rate-limiting step in the synthesis of 

testosterone.98,99 However, mRNA levels of P450 enzymes 

were not significantly different between the control and 

AgNPs-treated cells (Figure 10A). Decreased expression 

of Cyp17a1 and 17β-HSD may be partially due to the 

reduced levels of StAR and 3β-HSD, and can result in a 

decrease of testosterone production.105 Collectively, these 
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Figure 10 Effect of AgNPs on gene expression in TM3 and TM4 cells.
Notes: (A) Quantitative (q) RT-PCR for testosterone biosynthesis-related genes in TM3 cells; (B) qRT-PCR for the BTB genes Gdnf, Tgfβ1, Ar, and Amh in TM4 cells. The 
expression of all genes was normalized to that of Gapdh. The data are expressed as the mean relative gene expression ± SD of three independent experiments performed 
in triplicate; *P,0.05, **P,0.01.
Abbreviations: AgNPs, silver nanoparticles; BTB, blood–testes barrier; mRNA, messenger RNA; RT-PCR, real-time polymerase chain reaction; SD, standard deviation; 
TM3, Leydig; TM4, Sertoli; qRT-PCR, quantitative RT-PCR.

results indicate that the exposure to AgNPs inhibits StAR, 

3β-HSD, and 17β-HSD transcription, which can negatively 

affect testosterone production in TM3 cells. Sertoli cells 

are the main somatic cells in the testes, which play a key 

role in spermatogenesis by providing structural support, 

synthesizing and releasing specific proteins to regulate 

responses to pituitary hormone release, and presenting 

immune barrier for germ cells.106

We next examined the expression of tight junction genes 

in AgNPs-treated TM4 (Sertoli) cells. The ZO-1, Cx43, 
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Cldn11, and Vim genes encode tight junction proteins, 

which play a key role in the formation of the blood–testes 

barrier (BTB). In TM4 cells, AgNPs reduced mRNA levels 

of ZO-1 and Cx43, whereas those of Cldn11 were not 

significantly altered (Figure 10B). These findings imply 

that AgNPs may influence the expression of tight junction 

proteins, which play key roles in the maintenance of BTB 

functions. Tight junction proteins ZO-1, Claudin-11, and 

connexin-43 are important structural components of Sertoli 

cells essential to BTB function.107–109 Deregulation of these 

genes is observed in a number of diseases. Environmental 

toxins can impair the viability and function of Sertoli cells, 

inducing BTB disruption.109–111 Our findings demonstrate that 

ZO-1 and Cx43 were targeted by AgNPs, as evidenced by 

the decreased level of their mRNA in TM4 cells exposed to 

AgNPs, whereas Ocln-11 did not show significant changes 

(Figure 10B). Vimentin expression is considered an indicator 

of the early effects of testicular toxins. As shown in Figure 

10B, Vim expression was downregulated in TM4 cells after 

the exposure to AgNPs, suggesting that AgNPs could affect 

the development of germ cells in the testes. Overall, the 

harmfulness of nanoparticles may closely correlate with 

their size-related ability to readily enter biological systems. 

However, size is not the only factor that governs toxicity; 

other factors such as concentration of nanoparticles, surface 

charge, and type of cells also play important roles.

We also examined the expression of the genes encoding 

specific secretory proteins, Amh, Gdnf, and Tgfβ1 in TM4 

cells using RT-PCR. These secretory proteins play impor-

tant roles in self-renewal, proliferation, and differentiation 

of SSCs. The mRNA levels of Gdnf, Tgfβ1, Ar, and Amh 

genes were significantly lower in AgNPs-treated cells than 

in the control group (Figure 10B), further confirming that 

AgNPs were cytotoxic for Sertoli cells. GDNF, secreted by 

these cells, is essential for self-renewal, proliferation, and 

differentiation of SSCs.107,108 The cells exposed to AgNPs 

showed reduced Gdnf mRNA expression, indicating that 

AgNPs exposure may downregulate GDNF synthesis and 

secretion (Figure 10B). Overall, these results suggest that 

AgNPs exposure could affect the development of germ 

cells in the testes, and ultimately cause reproductive 

toxicity.

Characterization of SSCs
Leydig, Sertoli, and SSCs are key players working in concert 

in the regulation of spermatogenesis. Testosterone secreted 

by Leydig cells is necessary for both spermatogenesis and 

function of Sertoli cells, which secrete proteins necessary 

for SSC proliferation and self-renewal. SSCs continuously 

produce male gametes throughout postnatal life.112 To 

determine the effects of AgNPs on the entire process of 

spermatogenesis, we isolated and characterized SSCs from 

mouse testes. Stem cells in the male germ line undergo 

dramatic functional and morphological transformations 

necessary for spermatogenesis, and it is important to iden-

tify the SSC unique molecular and functional characteris-

tics. RT-PCR was performed to assess the expression of 

multipotent marker genes such as Oct4, Rex-1, and Sycp3, 

commonly expressed in SSCs and embryonic stem cells; 

Nanog, a specific marker for ESCs; and Tex-18, Zbtb16, and 

Vasa, expressed only in SSCs (Gapdh served as an internal 

control). RT-PCR analysis shows that all selected markers 

except Nanog demonstrated strong expression in SSCs 

(Figure 11A). Protein levels of SSC transcription factor 

Oct4 and cytoplasmic SSC markers vasa, Ep-CAM, and 

CD49f were evaluated by immunostaining (Figure 11B). 

Ryu et al112 observed a similar pattern in SSCs from rat 

testes. Furthermore, the expression of vasa, thymocyte 

antigen 1.2, and integrin α-6/β-1 in SSCs was analyzed 

by FACS (Figure 11C), which indicated that a significant 

number of cells in SSC clumps were positive for the 

targeted proteins. FACS analysis also demonstrated an 

enriched SSC population, as evidenced by the expression 

of Thy-1 (CD90), a glycoprotein in the immunoglobulin 

superfamily expressed in a variety of stem cells, including 

mouse SSCs.112–114

Effects of AgNPs-treated TM3 and TM4 
on SSCs
SSCs were cultured for 72 hours with AgNPs-treated TM3 

or TM4 as feeder cells, and then subjected to FACS analysis 

to determine the percentage of SSCs and relative mRNA 

expression of the genes involved in SSC meiosis, differen-

tiation, and self-renewal. The percentage of SSCs was not 

significantly different in the treated and untreated groups 

(Figure 12A and B). RT-PCR analysis revealed that the 

mRNA levels of the meiosis genes Stra8, Dazl, and Sycp3 

and the differentiation marker gene c-Kit were significantly 

lower in AgNPs-treated cells than in control, whereas the 

gene encoding self-renewal marker proliferating cell nuclear 

antigen (PCNA) was not significantly affected, which may be 

due to the lack of PCNA involvement in repair mechanisms 

such as base excision repair, nucleotide excision repair, 

and mismatch repair in TM3 and TM4 cells. Interestingly, 

the expression of genes downstream of Gdnf, such as Bcl-6 

and Etv5, was significantly reduced in SSCs (Figure 12C). 

Powered by TCPDF (www.tcpdf.org)

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


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

Dovepress 

Dovepress

1353

Nanoreprotoxicity of somatic and spermatogonial stem cells

Figure 11 Characterization of SSCs using RT-PCR, immunostaining, and FACS.
Notes: (A) RT-PCR was performed to assess the expression of multipotent marker genes Oct3/4, Rex-1, Nanog, Tex-18, Sycp3, Zbtb16, and Vasa; (B) immunostaining analysis 
confirmed the expression of Oct4, vasa, Ep-CAM, and CD49f; (C) FACS analysis of the expression of vasa, Thy1.2, integrin α-6, and integrin β-1 in SSCs.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole, dihydrochloride; DW, distilled water; ES, embryonic stem cells; FACS, fluorescence-activated cell sorting; MEF, mouse 
embryonic fibroblasts; RT-PCR, real-time polymerase chain reaction; SSCs, spermatogonial stem cells; FITC, fluorescein isothiocyanate.

Earlier studies have suggested that GDNF is essential for 

SSC self-renewal and proliferation, stimulating the growth 

of C18-4 cells.71,115 Braydich-Stolle et al71 have reported that 

cells cultured with 10 μg/mL of AgNPs decreased prolifera-

tion of SSCs.

SSCs are the progenitors of male germ cells, while 

Leydig and Sertoli cells are the somatic cells in the testes 

important for proliferation, self-renewal, and differentiation 

of SSCs.116 The main function of Leydig cells in the testes 

is the synthesis and secretion of testosterone, important for 

germ cell production from SSCs, ie, spermatogenesis. Sertoli 

cells provide physical support for SSCs and also express 

proteins and other factors, such as GDNF, SCF, and BMP4, 

which regulate all aspects of germ cell development.115–117 

Proliferation and differentiation of SSCs is particularly 

sensitive to environmental insults such as chemicals and 

physical stressors.117 Any chemical compound that affects 

the viability and function of Leydig and Sertoli cells may 

affect spermatogenesis. Braydich-Stolle et al71 have revealed 

that 10 µg/mL of AgNPs inhibited SSC proliferation in vitro. 

Zhang et al108 have shown that lipopolysaccharide inhibits 

the expression of GDNF in Sertoli cells and prevents SSC 

self-renewal via downregulation of GDNF-targeted genes. 

Collectively, our results suggest that AgNPs have a signifi-

cant negative impact on spermatogenesis and expression of 

tight junction proteins involved in the regulation of germ 

cell cycle progression, cell proliferation, and cell motility. 

The treatment of Leydig, Sertoli, and SSCs with AgNPs 

impaired the functions of these cells, which are critically 

important for spermatogenesis. This study further confirms 

that AgNPs could cause reproductive toxicity in male 

somatic cells and SSCs.
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Figure 12 Effects of AgNPs on the proliferation and differentiation of SSCs.
Notes: (A) FACS analysis of SSCs using CD49f antibody; (B) the percentage of SSCs cultured on TM3 or TM4 as feeder cells; (C) expression of the genes involved in meiosis, 
self-renewal, and differentiation assessed by quantitative RT-PCR and normalized to that of Gapdh. Incubation of SSCs on TM3 and TM4 cells treated with AgNP (10 µg/mL) 
caused a significant decrease in mRNA levels of the analyzed genes. The results are presented as mean ± SEM of triplicate measurements; **P,0.01.
Abbreviations: AgNPs, silver nanoparticles; FACS, fluorescence-activated cell sorting; RT-PCR, real-time polymerase chain reaction; SEM, standard error of the mean; 
SSCs, spermatogonial stem cells; TM3, Leydig; TM4, Sertoli; FSC-H, forward scatter-height.
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