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Background: Metal nanoparticles (MNPs) play an important role in consumer products. An
increasing use of MNPs has raised concerns about potential risks for human health. Therefore, in
vivo tests of MNPs are urgently required. Using mice as a model animal, the aim of the present
study was designed to investigate the effect of biologically synthesized silver nanoparticles
(AgNPs) on spermatogenesis in neonatal mice.

Methods: AgNPs were synthesized using Bacillus funiculus. The prepared nanoparticles were
characterized using various analytical techniques such as UV-visible spectroscopy, X-ray
diffraction, Fourier transform-infrared spectroscopy, and transmission electron microscopy.
The prepared AgNPs were used to investigate testis development in neonatal mice. Institute
of Cancer Research neonatal male mice were used in all experiments and were treated with
different doses (0, 1, and 5 mg/kg) of AgNPs five times (interval of 3 days from postnatal day
[PND] 8-21) by abdominal subcutaneous injection.

Results: The results showed that the sperm abnormalities such as quality and quantity were
significantly increased by the synthesized AgNPs. The diameter of the convoluted tubules
shrank significantly in mice treated with AgNPs on PND28 and PND42. The results of reverse
transcription-quantitative polymerase chain reaction indicated that the E1f1ay, Gsta4, and Fdx1
genes were up-regulated, and the Amh, Cx43, and Claudin-11 genes were down-regulated in
response to AgNPs exposure on PND28; however, these genes recovered at PND60. AgNPs
had no effect on the recombination levels of chromosomes in germ cells.

Conclusion: These results demonstrated the adverse effects of AgNPs on the male reproduc-
tive tract, particularly spermatogenesis and the quality of sperm. This study suggests that the
development of nanomaterials should be safer and non-toxic to the living organisms and the
potential reprotoxicity of AgNPs should be investigated more carefully.
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Introduction

Nanotechnology is the use of a single atom for molecular manufacturing in material
science and technology, evaluation of the structure, properties, and application of
nanometer-sized materials (range: 1-100 nm). Based on material control and the trans-
mission and transformation in the creation of new materials and devices, nanotechnology
makes full use of the unique properties of these materials, and explores new phenomena
and the laws of matter motion at the nanoscale.! Nanomaterials and nanotechnology
have been applied to varying degrees in the development of new materials, including in
the fields of medicine, acrospace, the environment, energy, biotechnology, agriculture,
and others.>* Nanotechnology has also been used in the high-speed development of
semiconductor chips, cancer treatment, new materials, and biomolecular optical tracking
applications. Among the diverse nanomaterials available, silver nanoparticles (AgNPs)
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are the most commonly engineered nanomaterials used in
various areas of research. Due to their unique properties such
as optical, magnetic, and mechanical properties, the catalytic
performance and antibacterial effects of AgNPs have been
widely used in the fields of photonics, pesticide detection,
bio-sensing, antimicrobial applications, photocatalysts, and
electronics, among others.>® Their well-known antimicrobial
properties are used in the development of AgNPs-based
products, including antiseptic sprays, food storage containers,
bandages, and catheters. Along with effective broad-spectrum
biocides against a variety of drug-resistant bacteria, AgNPs
are potential candidates for use in pharmaceutical products and
medical devices to prevent the transmission of drug-resistant
pathogens in various clinical environments.>!® AgNPs can
interact with the disulfide bonds of glycoproteins/proteins in
microorganisms such as viruses and bacteria, and can change
the three-dimensional structure of proteins to consequently
inhibit the function of microorganisms.” AgNPs have also
attracted increased attention for anticancer treatments due
to their therapeutic applications.!!

As a result of the wide application of AgNPs, they are
now a part of daily life and are commonly found in consumer
products as well as in medical devices. However, the safety of
AgNPs is a growing concern, as nanoparticles can be inhaled
by domestic users and patients exposed to medical products
containing AgNPs. Additionally, there are several possible
ways in which patients can be exposed to AgNPs, such as der-
mal contact, oral administration, inhalation, and blood circu-
lation for the reason that AgNPs contained in medicinal uses,
and then AgNPs could be released into human body during
use, representing a potential risk of exposure and subsequent
health concerns, especially in relation to their distribution,
bioaccumulation, and bioavailability in humans.!?>"* Studies
have been carried out to evaluate the cytotoxicity and geno-
toxicity of AgNPs in cells, mice, fish, and spermatozoa.'>!¢
It is widely accepted that a high concentration of AgNPs can
cause severe morphological abnormalities, inhibition of cell
proliferation, increased apoptosis in human cells, and inhibi-
tion of new DNA synthesis.!”!® Following the subcutaneous
injection of AgNPs in rats, they were found to be distributed
in the kidneys, liver, spleen, lungs, and brain, and caused
blood-brain barrier damage and neuronal degeneration.'
Furthermore, AgNPs can induce inflammatory responses
such as inflammatory cell infiltration and chronic alveolar
inflammation, and can further induce the impairment and
dysfunction of brain cells and immunotoxicity.?*?! AgNPs
were also found to induce hepatotoxicity, in which the liver
exhibited lymphocytic infiltration, and promoted the expres-
sion of genes associated with apoptosis and inflammation.?

In vitro studies showed that AgNPs can damage the mito-
chondria, and increase reactive oxygen species production
and apoptosis in a p53-dependent process involving reactive
oxygen species and the c-Jun N-terminal kinase cascade, or
via the IKK/NF-xB pathway.?*%

Thus, although the unique properties of AgNPs have led
to their use in a broad range of applications, more attention
has been paid to the production of AgNPs rather than to their
applications.?® Indeed, various methods for the synthesis
of AgNPs have been reported in the literature. Physical,
chemical, and biological methods are the main techniques
used for the synthesis of AgNPs. Chemical methods produce
toxic waste and require the use of various toxic materials,
including hydrazine, citrate, borohydride, and other organic
compounds, which can affect human health, living organ-
isms, and the environment.””*® Physical methods result in
the production of low yields of AgNPs. Biological methods,
otherwise known as the green synthesis of AgNPs, involve
molecules produced by living organisms such as plants,
microorganisms, and non-toxic substances.?’* Recently,
the use of numerous microorganisms in the synthesis of
AgNPs has been reported, including bacteria such as Sphin-
gomonas, Bacillus licheniformis, Brevibacterium casei, and
Escherichia coli?*3*

Considering this background, the primary aim of this
study was to develop a novel method for the synthesis of
AgNPs using a biological system. The secondary aim of
this study was to evaluate the toxicity of these biologically
prepared AgNPs in Leydig cells (LCs) and Sertoli cells (SCs)
from the mouse testis and in neonatal mice. LCs and SCs
are two important cells in testis for synthesis and secretion
of testosterone and the main somatic cells of testis that are
important for spermatogenesis in testis. Finally, evaluation
of the toxicity of AgNPs in testis development and the time
course effects of these AgNPs were evaluated at postnatal
day PND28, PND42, PND60, and PND100 in mice.

Materials and methods
Synthesis of AgNPs

Luria-Bertani medium was prepared for the culture
of Bacillus funiculus, which was grown in a 500-mL
Erlenmeyer flask containing 100 mL Luria-Bertani broth, and
the flasks were incubated for 24 hours in a shaker at 150 rpm
and 37°C. Following the incubation period, the culture was
collected and centrifuged at 10,000 rpm and the superna-
tant was used for the synthesis of AgNPs. AgNO, solution
(Sigma-Aldrich Co., St Louis, MO, USA; 99.9% pure) was
added at a concentration of 5 mM, and then incubated for
6-12 hours at 40°C. The extracellular synthesis of AgNPs
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was monitored by visual inspection of the test tubes for a
change in the color of the culture medium. Formation of a
brown color indicated the successful production of AgNPs.
Synthesis of AgNPs was carried out according to a previ-
ously described method.*

Characterization of AgNPs

An AgNPs solution (1 mg/mL) was prepared in our labora-
tory. AgNPs were characterized as previously described.*
Ultraviolet—visible (UV—-vis) spectra were recorded
using an OPTIZEN spectrophotometer (Mecasys, Seoul,
South Korea). 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 the Cu target using a scintillation counter
(A =1.5406 A) at 40 kV and 40 mA, and were recorded in
the range of 20 =5°-80°. Further characterization of the
surface changes and composition of AgNPs was performed
by Fourier transform-infrared spectroscopy (FT-IR; Perkin
Elmer Spectroscope GX; PerkinElmer, Waltham, MA,
USA). Transmission electron microscopy (TEM; Hitachi
H-7500, Seoul National University, Seoul, South Korea)
and software Image-Pro Plus 5.1 were used to determine
the size and morphology of the AgNPs; TEM images of
the biologically synthesized AgNPs were obtained at an
accelerating voltage of 300 kV.

Cell culture and exposure of cells to
AgNPs

The TM3 (LCs, KCLB No 21714) and TM4 (SCs, KCLB
No 21715) cell lines, collected from the mouse testis, were
cultured in Dulbecco’s Modified Eagle’s Medium (Hyclone,
Waltham, MA, USA) supplemented with fetal bovine serum
(10%) and antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin) at 37°C in a 5% CO, atmosphere. The cells
were seeded onto plates at a density of 1x10* cells per well
and incubated for 24 hours before the experiments. The cells
were washed with phosphate-buffered saline (pH 7.4) and
incubated in fresh medium containing different concentra-
tions of AgNPs dissolved in water.

Animals and experimental design

All experiments were conducted following approval from
the Institutional Animal Care and Use Committee at Konkuk
University (IACUC Approval No KU11035), Seoul, Korea.
Institute of Cancer Research mice were housed under
temperature-controlled (21°C-22°C) and light-controlled
(12/12-hour light-dark cycle) conditions. Eight-day-old

(PND8) male mice were used in this study. The mice were
administered the AgNPs suspension via an abdominal sub-
cutaneous injection in five doses over 13 days (from PND§
to PND21) at 1 and 5 mg/kg per dose. The vehicle controls
received water. Reproductive toxicology assessments were
conducted at PND28, PND42, PND63, and PND100.

Cytotoxicity of AgNPs

The 3(4-5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to investigate mitochondrial
function, as described by Zhang et al.’ In brief, 1x10* cells
were seeded in a 96-well plate and exposed to different
concentrations of AgNPs for 24 hours. After the exposure
was completed, the culture medium was removed from each
well, replaced with 100 uL of new medium containing MTT,
incubated for 3 hours at 37°C, and the absorbance was mea-
sured at 450 nm using a microplate reader (PerkinElmer). The
lactate dehydrogenase (LDH) leakage assay was carried out
using an LDH cytotoxicity assay kit (LDH Assay Kit, Abcam,
Cambridge, MA, USA). LDH activity was determined in the
spent medium by measuring the absorbance at 490 nm using
a Multiskan FC multiplate reader.

Histological examination of the testis
Mouse testes were collected at PND28, PND42, PND60, and
PND100 and fixed in 10% neutral formalin for histological
examination. Each testis was sliced into 5 pum sections, with
representative sections taken every ten sections for evaluation
using 4’,6-diamidino-2-phenylindole staining. A total of three
samples from three mice were obtained from each group.
Slices were imaged under a light microscope (Olympus
BX51; Olympus Corporation, Tokyo, Japan).

RNA isolation and reverse transcription-

quantitative polymerase chain reaction
Total RNA was isolated from the testes using an RNeasy
Micro Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. cDNA was synthesized using
a PrimeScript™ RT reagent Kit (TaKaRa, Shiga, Japan)
according to the manufacturer’s instructions. The reaction
system contained 25 pmol OligodT primer, 50 pmol random
primers, appended RNA, and 5x PrimerScript™ Buffer up
to a 20 UL final volume. Reverse transcriptase quantitative
polymerase chain reaction (RT-PCRs) were carried out to
quantify gene expression levels with SYBR Premix Ex Taq™
Kit (TaKaRa) in a Light Cycler 480 II (Roche, Mannheim,
Germany). Relative RNA equivalents for each sample were
obtained by standardization with B-actin. The gene primer
sets are shown in Table 1.
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Table | Primers used for RT-PCR

Genes Sequences of primers GenBank

GAPDH F: 5-AGGTCGGTGTGAACGGATTTG-3’ NC_000072.6
R: 5-TGTAGACCATGTAGTTGAGGTCA-3’

DDx3Y F: 5-GACAGATCAGATGAAGATGACTGGT-3’ NC_000087.7
R: 5-GTGAGGAGGACAATTATTTCCAGTT-3’

EIFIAY F: 5-TCGTAGCCCCACCAATATGA-3’ NC_000086
R: 5-GCGAGAGCTTGTGTTCAAGG-3’

Ebp F: 5-CTAATTGTGATCACGTGGCTGTT-3’ NC_000086.7
R: 5-GATATATCGGCTATCTCCCTTGGA-3’

Fdx1 F: 5-ACTGCCATCTCTCCGTGGAC-3’ NC_000075.6
R: 5-AATCACAACATCTAGCAGAGAGTCG-3’

Cypl7al F: 5-TGACCAGAAACTGGAGAAGATGATA-3’ NC_000085.6
R: 5-CCTTGTTCTCAAAAGAGATGTTGAA-3’

Cypl9al F: 5-GGAAGTGCCTGCAACTACTACAATA-3’ NC_000075.6
R: 5-TTGTTGTTAAATATGATGCCGTTCT-3’

Gpxl F: 5-GACTACACCGAGATGAACGATCTG-3’ NC_000075.6
R: 5-ATTCACTTCGCACTTCTCAAACAA-3’

Gsta4 F: 5-AACTTGTATGGGAAGGACCTGAAG-3’ NC_000075.6
R: 5-AACACTGGGAAGTAACGGGTTTTA-3’

Prdx2 F: 5-AAAGTCGGCTCCTGACTTCAC-3’ NC_000074.6
R: 5-AGCCTAGCTTTCGGAAGTCCTC-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’

Occludin F: 5-ATGATTATCGTGGCTTTTGCTTTA-3’ NC_000079.6
R: 5-ACTGTCAACTCTTTCCGCATAGTC-3’

Cx43 F: 5-TGTGGGCAAGACACGAATATG-3’ NC_000076.6
R: 5-GACAAGGTCCAAGCCTACTCCC-3"

Minl F: 5-GGCGTTTGTAGCAGGAGTTATTC-3’ NC_000075.6
R: 5-CCATTGTCTTGGATCTGAATTAGC-3’

Rad54 F: 5-AGGAAACCAGAAGACAGATCATCA-3’ NC_000070.6

R:

5-TGTTGACTGCTATCCAGACAAGGT-3’

Abbreviations: F, forward; R, reverse.

Analyses of MLH | signals

Analyses of MLHI1 signals were performed according to a
published protocol.’” The antibodies against SCP3 (ab15093;
Abcam) and MLH1 (ab1295, Abcam) were added to ana-
lyze recombination in the same cells. Images of the SCP3
fragments and MLH1 foci were captured using the Image
Pro-Plus 5.1 software (Media Cybernetics Inc; Bethesda,
MD, USA). In addition, pachytene cell images were captured
if clear MLHI1 foci were present. Depending on the SCP3
staining results, more than 100 meiotic cells in pachytene
were randomly selected for analysis. MLH]1 signals were
scored only if they were distinct and localized on SCs in the
subset and the pachytene cells exhibited normal synapsis.

Scoring was conducted by two independent observers who
were blinded with respect to the group.

Sperm analysis

Following removal of the epididymis, the caudal part was cut
and the tubules were dispersed in Medium199 (supplemented
with 0.5% bovine serum albumin) in a 35 mm plastic petri
dish for incubation. The petri dish was placed in an incubator
at 37°C for 10 minutes to allow the sperm to disperse. The
semen sample was smeared on a slide, fixed in 10% neutral
buffered formalin, and stained with 1% eosin solution. The
morphology of more than 500 sperms from each sample was
examined under a microscope.
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Statistical methods

Independent experiments were repeated at least three times, and
data are presented as mean = standard deviation (SD) for all
duplicates within an individual experiment. Data were analyzed
using the Student #-test or one-way analysis of variance fol-
lowed by the Tukey test for multiple comparisons to determine
the differences between groups (denoted by an asterisk or dif-
ferent letters) using the Graph-Pad Prism analysis software.

Results and discussion
Characterization of AgNPs using UV—vis

spectroscopy

Nanoparticles are able to penetrate through biological bar-
riers into reproductive tissues, and should therefore have an
impact on sperm vitality and function as well as on embryo
development.® In particular, smaller sized nanoparticles can
more easily penetrate the tissues than larger nanoparticles,
and are therefore expected to cause several problems. In order
to produce controlled size of particles address this issue, we
prepared AgNPs using a biological system with B. funiculus,
and the prepared AgNPs were characterized using various
analytical techniques, including UV—vis spectroscopy. First,
the synthesized AgNPs were characterized by optical absorp-
tion analysis. The UV spectra of the synthesized AgNPs were
analyzed and the synthesized AgNPs showed maximum
excitation at 412 nm (Figure 1). In the UV—vis spectrum,
a strong, broad peak with 0.13 absorbance was observed at
412 nm, indicating the formation of AgNPs. The specific fea-
tures of this peak can be attributed to surface plasmons, and
have been well documented for various metal nanoparticles
(MNPs) with sizes ranging from 2 to 100 nm.*
Characterization of AgNPs using XRD

The crystalline natures of the synthesized AgNPs were
characterized using XRD. The XRD pattern obtained for
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Figure | The absorption spectrum of silver nanoparticles synthesized in the Bacillus
funiculus culture supernatant.

Notes: The absorption spectrum of silver nanoparticles exhibited a strong, broad peak
at 412 nm, which was assigned to the surface plasmon resonance of the particles.
Abbreviation: au, arbitrary unit.

the AgNPs showed four intense peaks in the whole spectrum
of 20 values ranging from 20 to 80. Figure 2 shows the
XRD patterns obtained from the AgNPs synthesized by
B. funiculus. The presence of intense peaks of nanoparticles
(111), (200), and (220) appeared that reflect the crystalline
silver face-centered cubic phase. This is similar to the stan-
dard XRD patterns for Agare [Joint Committee on Powder
Diffraction Standards file no: 04-0783 for Ag]. The XRD
pattern thus clearly showed that the AgNPs formed by the
reduction of Ag* ions by B. funiculus were crystalline in
nature. Several previous studies reported that bacteria could
reduce silver ions, including B. licheniformis,*® E. coli,** and
B. casei.** In addition, one additional and yet unassigned
peak was also observed in the vicinity of the characteristic
peaks of silver (29°). These sharp Bragg peaks might have
resulted from some bioorganic compound/protein(s) present
in B. funiculus. The intensity of the Bragg reflections sug-
gests strong X-ray scattering centers in the crystalline phase
and could have possibly arisen from proteins present in the
nanoparticles during their synthesis.3>4

Characterization of AgNPs using FT-IR
FT-IR measurements were performed to identify the biomol-
ecules responsible for the capping and efficient stabilization
of the MNPs synthesized by B. funiculus.**

Figure 3 shows the FT-IR spectra of the synthesized AgNPs.
Representative spectra of the obtained nanoparticles mani-
fested absorption peaks located at approximately 3,455.27cm™
(-NH), 1,628.15 cm™ (amide I), and 1,401.54 cm™ (C=0).
The peak at 1,401.54 cm™ represented the asymmetrical and
symmetrical vibrations of carboxylate ions. The FT-IR spectra
results indicated that the peak at 3,455.27 cm™ (-NH) was
responsible for the binding of AgNPs (Figure 3).*!

(111)

)
8
2
2 |
c
2 «
£ y (200)
ﬂM" (220)
A\M.d ; l‘\’ .ILI : NI I R
010 20 30 40 50 60 70 80
26 (°)

Figure 2 X-ray diffraction pattern of the silver nanoparticles.

Notes: Silver nanoparticles were synthesized from | mM silver nitrate-treated
Bacillus funiculus cells at 37°C. The samples were harvested at 24 hours, sonicated,
and air dried, and the X-ray diffraction pattern was observed. *Indicates the
nonspecific peaks due to residues from culture supernatant.

Abbreviation: au, arbitrary unit.
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Figure 3 Fourier transform-infrared spectra of the silver nanoparticles synthesized
in the Bacillus funiculus culture supernatant.

The broad spectrum of the 3,455 cm™ FT-IR peak resulted
from the strong stretching vibrations of the hydroxyl (OH)
functional group. The presence of proteins found in the
culture supernatant of bacteria could be responsible for the
reduction of metal ions to their corresponding MNPs. It is
also possible that proteins/enzymes play a role in the reduc-
tion of metal ions by the oxidation of benzaldehyde (an
aldehyde group) to carboxylic acids.* The peak at 3,455 cm™
resulted from stretching of the N-H bond of amino groups,
and is indicative of bonded hydroxyl (-OH) groups. The peak
at 1,401 cm™ indicates the fingerprint region of CO, C-O, and
O-H groups, which exist as functional groups in the bacte-
rial supernatant. The absorption peaks at 1,401 cm™ could
be attributed to the presence of C—O stretching in carboxyl
groups coupled to the amide linkage in amide 1. The band
at 1,628 cm™ is a characteristic of amide I, and arises as a
result of the N—H stretching modes of vibration in the amide
linkage. The intense band at 1,080 cm™ can be assigned to
the C—N stretching vibrations of aliphatic amines. The FT-IR

study of AgNPs indicated that the carboxyl (~C=0), hydroxyl
(—OH), and amine (N-H) groups of the culture supernatant
from bacteria are mainly involved in the reduction of Ag*
to Ag® nanoparticles.

Surface morphology and size analysis of
AgNPs

The structures of AgNPs were analyzed using TEM, and
are shown in Figure 4A. The particles were significantly
spherical in shape. The average diameter was calculated by
measuring the particles in random fields of the TEM field of
view and from images showing the general morphology of the
nanoparticles. Figure 4B shows that the AgNPs were between
10 and 40 nm in size, with an average size of 15 nm.

Cytotoxic effects of AgNPs in LCs and
SCs

AgNPs toxicity was shown in various cell types including
Hepg2 cell, human lung cell, and brain neural cells.***
In addition, AgNPs have a broad tissue distribution in vivo,
the liver is the major target organ, followed by the spleen,
brain, lung, liver, kidney, and testis.* In this study, we first
aimed to investigate whether AgNPs have an impact on LCs
and SCs of testis. To assess the toxic potential of AgNPs, MTT
and LDH assays were performed. Figure SA and B shows the
viability of LCs and SCs, respectively. The results clearly
demonstrated that cell viability was directly proportional to
the concentration of AgNPs applied to the cells and cell death
was observed in a concentration-dependent manner. Cell death
gradually increased according to the concentration of AgNPs

B

100

Intensity (au)

10 15 20 25 30 35 40
Size (nm)

Figure 4 Surface and shape morphology of silver nanoparticles using transmission electron microscopy.
Notes: (A) Transmission electron 573 microscopy image and (B) the size distribution of silver nanoparticles.

Abbreviation: au, arbitrary unit.
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Figure 5 Cytotoxic effects of silver nanoparticles in Leydig cells and Sertoli cells.
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Notes: Leydig cells and Sertoli cells were treated with various concentrations of silver nanoparticles for 24 hours, and cytotoxicity was determined using 3(4-5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and lactate dehydrogenase (LDH) assays. The results represent the means of three independent experiments, and the error bars show
the standard errors of the means. The cytotoxicity of silver nanoparticles-treated groups was significantly different from that of the control group, as determined by the Student’s
t-test (P<<0.05). (A) The MTT assays of Leydig cells. (B) The MTT assays of Sertoli cells. (C) LDH assays of Leydig cells. (D) LDH assays of Sertoli cells. *P<<0.05, **P<<0.01.

Abbreviation: au, arbitrary unit.

over 24 hours. In addition, the cells were treated with various
concentrations of AgNPs for 24 hours, and the LDH leakage
assay, a conventional cell viability test method, should be
employed with caution when assessing cytotoxicity of AgNPs.
LDH is released after cell membrane damage. As shown in
Figure 5C and D, increasing concentrations of AgNPs led to
higher levels of membrane leakage, which suggested that LDH
leakage was dose dependent. Thus, these results suggest that
AgNPs can induce a cytotoxic effect in LCs and SCs.

Effects of AgNPs on mice

As shown in Figure 6A, two different doses of AgNPs
were injected into mice and the effects of these AgNPs on
body weight, testis weight, and sperm were monitored. As
shown in Figure 6B, the average testis weight/body weight
in AgNPs-treated mice were not significantly different
from that in control mice at PND28, PND60, and PND100.

The average testis weight/body weight was significantly
reduced at PND42 only in the 5 mg/kg-treated group. As
shown in Figure 6C and D, the diameter of the convoluted
tubules in mice treated with AgNPs shrunk significantly at
PND28 and PND42 compared with the control, especially
at PND42 (P<0.05; Figure 6D). Sperm quality was also
evaluated in this study. There was a significant increase in
the rate of abnormal sperm following AgNPs treatment at
PND42, PND60, and PND100 compared with the control
(P<<0.05 or P<<0.01; Figure 6E). In addition, the concentra-
tion of sperm was significantly reduced in the 5 mg/kg-treated
group at PND100 (P<<0.01; Figure 6F). Braydich-Stolleet
et al reported that AgNPs decreased the proliferation of
spermatogonial stem cells.>'*? To support these in vitro data,
intravenous injection of AgNPs into mice showed a reduced
sperm count and an increase in sperm DNA damage.>® Taken
together, the results from this study indicated that AgNPs
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Notes: (A) Figure shows five doses administered over |3 days at 5 mg/kg per dose. Reproductive toxicity was assessed at postnatal day PND28, PND42, PND60, and
PND100. Arrows indicate the injection of AgNPs five times from PND8 to PND2I. (B) The ratio of testis weight/body weight of mice injected with silver nanoparticles
or water showed no statistically significant differences, with the exception of the 5 mg/kg-treated group at PND42. (C) Histological examination of the testis using 4’,6-
diamidino-2-phenylindole (DAPI). (D) The diameter of the convoluted tubules in silver nanoparticles-treated mice at PND28 and PND42 compared with the control. The
diameter of the convoluted tubules in the two treatment groups shrank markedly in comparison to the control at PND42 (P<<0.05). (E) Percentage of abnormal sperm from
morphological examination. There was an obvious increase in the rate of abnormal sperm in the silver nanoparticles-treated groups. (F) The concentration of sperm at
PND 100 was significantly reduced in the 5 mg/kg-treated group (P<<0.01). *P<<0.05, **P<<0.01.

Abbreviation: PND, postnatal day.

could cause adverse effects on the male reproductive tract,
particularly with respect to spermatogenesis.

Recombination aberrations verified by

metaphase | analysis
In the seminiferous tubules, spermatozoa are generated
and are differentiated into sperm cells through meiosis.

Exposure to harmful substances in male mice can lead to
significantly increased levels of DNA damage in meiotic
germ cells. MLHI is a DNA mismatch repair gene, and
MLHI foci at the pachytene phase were used to distinguish
the sites of exchange. Homologous recombination is the key
to meiotic function. MLHI1 in combination with the DNA
damage marker YH2AX reveals variations in MLH1 foci in
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chromosomes that lead to meiosis failure.* To verify this
phenomenon, pachytene analysis at metaphase [ was carried
out to verify the recombination status. Recombination is
regulated by crossover interference, a mechanism that ensures
at least one exchange per chromosome pair and controls the
proximity of multiple exchanges on a given chromosome.
Thus, the average number of MLH1 foci per cell and the fre-
quency of chromosomes with zero, one, two, or three MLH1
foci were analyzed in germ cells (Figure 7). The pachytene
analysis showed an increase in the average number of MLH1
foci per cell and a disturbed exchange frequency of chromo-
somes with zero, one, two, or three MLH1 foci in germ cells
at PND42 (Figure 7D and E). No significant changes were
observed at PND28 and PND60. Variation in the expres-
sion of MLHI may explain the observed variation in foci
intensity. However, as shown in Figure S1, the expression
of MLHI was not significantly changed. In a pilot study, we
investigated the effects of subcutaneous injection of AgNPs
on the reproductive system of male mice. AgNPs caused
shrinkage of the convoluted tubules in mice at PND28 and
PNDA42, and the tissue damage was repaired by PND60 and
PND100. Sperm were affected by the AgNPs throughout the

100-day study period. We did not find a significant change
in the expression of MLHI genes (Figure S1) and MLH1
foci at the pachytene chromosome, and only the MLH1 foci
exchange frequency was disturbed at PND42. Although our
study showed that AgNPs have minor effects on the male
reproductive system in mice, it is possible that these materi-
als may accumulate in high quantities over a longer period
and may also have adverse effects on male fertility. A study
conducted by Garcia et al*> showed that AgNPs intravenously
injected into males resulted in no changes in body weight,
testis weight, sperm concentration, and motility and fertility
indices; however, LC function was affected, resulting in
increased testicular and serum testosterone levels.*® In another
study, with the exception of one high dose, the administration
of AgNPs resulted in a dose-dependent decrease in the body
weight of rats, and dose-dependent changes in alkaline phos-
phatase activity and cholesterolemia.”” Kim et al evaluated
the oral toxicity of AgNPs over 28 days in Sprague Dawley
rats, and they observed no changes in body weight or organ
weight.’® Li et al administered AgNPs via intravenous injec-
tion in mice and showed that the AgNPs reached the bone
marrow and liver, and induced cytotoxicity in reticulocytes
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Figure 7 Pachytene analysis of germ cells from silver nanoparticles-exposed males and controls.

Notes: (A) Representative immunostaining image of MLH | in pachytene spermatocytes. Double immunostaining with antibodies against SYCP3 (red) and MLH1 (green) for
detection of the synaptonemal complex and sites of recombination. (B), (D), and (F) Distribution of MLH| foci. The proportion of Sertoli cells with zero, one, two, or three
MLHI foci (exchange) in pachytene cells from silver nanoparticles-exposed males at postnatal day PND28, PND42, and PND60. (C), (E), and (G). MLHI foci per cell from

silver nanoparticles-exposed males at PND28, PND42, and PND60. **P>0.01.
Abbreviation: SCs, Sertoli cells.
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and oxidative DNA damage in the liver.”* Another report
showed that there was a significant decrease (P<<0.05) in the
body weight of mice in all of the AgNPs-treated groups, and
the AgNPs also damaged epithelial cell microvilli as well as
the intestinal glands.®
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Figure 8 mRNA expression levels of specific genes at postnatal day 28.

Effects of AgNPs on gene expression in

the mouse testes

Gene expression in the mouse testes in response to AgNPs
was assessed using real-time PCR. Total RNA from the testis
was isolated for RT-PCR analysis (Figures 8, S1, and S2).
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Notes: The results are presented as mean * SD. *Indicates significance at P<<0.05; **indicates significance at P<<0.01.

Abbreviation: SD, standard deviation.
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The DDx3Y and EIF1A4Y genes, which are associated with
sperm quality, were up-regulated in the AgNPs-treated group
at PND28 and PND42. However, these two genes were down-
regulated at PND60 (Figure S2). In addition, the expression
levels of the Fdx1, Gsta4, and Prdx2 genes were down-regu-
lated at PND60 (Figure S2). We next examined the transcrip-
tion levels of enzymes involved in cholesterol, testosterone, and
estradiol biosynthesis using fragments of the whole testes. The
Cyp19al gene is a steroid hormone synthesis gene encoding
CYP19al, which is the key steroidogenic enzyme responsible
for the conversion of androgen stoestrogens.®' The expression
of Cyp19al was induced in the 5 mg/kg AgNPs-treated group
at PND28 and PND42; however, the expression recovered
at PND60. Similarly, a previous gene expression analysis
revealed that Cyp11al mRNA was significantly up-regulated in
AgNPs-treated animals.> The anti-Mullerian hormone (AMH)
is a homodimeric glycoprotein of the transforming growth
factor- superfamily, and is synthesized by SCs in the mouse
testis.” In this study, the expression of Amh was significantly
reduced in the treated group at PND28, and then recovered at
PND42 and PNDG60. The expression pattern of the Cx43 and
Claudin-11 genes was similar to that of the Amh gene.

Conclusion

To address the impact of AgNPs on testis development in
neonatal mice, we synthesized AgNPs using B. funiculus as
a reducing and stabilizing agents. This is very simple, green
approach, non-toxic, and biocompatible. As prepared AgNPs
were characterized using various analytical techniques. The
synthesized AgNPs shows with an average size of 15 nm. The
results showed that the quantity and quality of sperm were
significantly affected by the synthesized AgNPs. The results
of RT-PCR indicated that the EIFI1AY, Gsta4, and FdxI
genes were up-regulated, and the Amh, Cx43, and Claudin-11
genes were down-regulated in response to AgNP exposure on
PND28. Our studies indicate that AgNPs induces detrimental
effects in neonatal mice, particularly spermatogenesis and the
quality of sperm. In addition, these data could provide signifi-
cant knowledge in the field of toxicological effect of AgNPs in
animals. Moreover, this study can provide important informa-
tion for the development of safe and non-toxic nanomaterials
to animals and human as well. However, further studies are
urgently needed on the reproductive toxicity of these nano-
materials, particularly following long-term exposure.
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Figure SI mRNA expression levels of specific genes at postnatal day 42.

Notes: (A) The relative expression of the genes of germ development. (B) The relative expression of the specific genes in LCs and SCs. (C) The relative expression of the
genes relative to chromosome repair. The results are presented as the mean * SD. *Indicates significance of P<<0.05.

Abbreviations: LCs, Leydig cells; SCs, Sertoli cells; SD, standard deviation.
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