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Abstract

inhibitor.

exposure to AgNPs.

and subsequent cellular damage in A549 cells.

Background: While silver nanoparticles (AgNPs) are widely used in consumer and medical products, the
mechanism by which AgNPs cause pulmonary cytotoxicity is not clear. AQNP agglomerates are found in
endo-lysosomal structures within the cytoplasm of treated cells. In this study, the functional role of lysosomes
in AgNP-induced cellular damage was examined in A549 human lung alveolar epithelial cells. We evaluated
the intracellular distribution of AgNPs, lysosomal pH, cellular viability, Ag dissolution, and metallothionein (MT)
mMRNA levels in AgNP-exposed A549 cells that were treated with bafilomycin A1, the lysosomal acidification

Findings: Exposure of A549 cells to citrate-coated AgNPs (20 nm diameter) for 24 h induced cellular damage
and cell death at 100 and 200 pg Ag/ml, respectively. Confocal laser microscopic examination of LysoTracker-
stained cells showed that AgNPs colocalized with lysosomes and their agglomeration increased in a dose-
dependent manner (50-200 pg Ag/ml). In addition, the fluorescence signals of LysoTracker were reduced
following exposure to AgNPs, suggesting the elevation of lysosomal pH. Treatment of A549 cells with 200 nM
bafilomycin A1 and AgNPs (50 ug Ag/ml) further reduced the fluorescence signals of LysoTracker. AgNP-
induced cell death was also increased by bafilomycin Al treatment. Finally, treatment with bafilomycin A1
suppressed the dissolution of Ag and decreased the mRNA expression levels of MT-I and MT-II following

Conclusions: The perturbation of lysosomal pH by AgNP exposure may play a role in AgNP agglomeration

Keywords: Silver nanoparticles, A549 cells, Cellular damage, Bafilomycin A1, Lysosomes, Metallothionein

Findings

Background

Silver nanoparticles (AgNPs) are widely used in con-
sumer and medical products; however, much attention is
now being paid to their adverse health effects in
humans. Inhalation is considered the most important
route of exposure for nanoparticles, including AgNPs
[1]. Because repetitive inhalation of AgNPs induces pul-
monary damage in animal models [2, 3], it is important
that we clarify the mechanism underlying AgNP pul-
monary cytotoxicity.
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Morphological investigations using confocal laser mi-
croscopy and transmission electron microscopy (TEM)
have shown that AgNPs are taken up by a variety of cell
types and deposited as agglomerates/aggregates in endo-
somes or lysosomes within the cytoplasm [4-8]. How-
ever, to the best of our knowledge, the toxicological
significance of lysosomal dysfunction in AgNP-exposed
lung epithelial cells has not been examined.

Lysosomes are membrane-bound organelles containing
hydrolases that function in the degradation of macro-
molecules delivered via the endocytic, phagocytic, and
autophagic pathways [9]. The lumenal environment is
maintained at a pH of 4.6-5.0 by proton-pumping
ATPase (H"-ATPase) [10]. Bafilomycin A1, a macrolide
antibiotic isolated from Streptomyces sp., is a highly
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specific inhibitor of vacuolar H"-ATPase [11]. This sub-
stance has been reported to increase lysosomal pH and
induce lysosomal dysfunction in cultured cells [12]. In
the present study, we examined the effects of bafilomy-
cin Al treatment on cellular damage induced by citrate-
coated AgNP (20 nm diameter) exposure in A549
human lung alveolar epithelial cells. We evaluated the
intracellular distribution of AgNPs, lysosomal pH, cel-
lular viability, Ag dissolution, and expression of the
Ag'-inducible metallothionein (MT) gene in AgNP-
exposed A549 cells in the presence of bafilomycin Al.

Methods

Cell culture and treatments

A549 cells (Japan Health Sciences Foundation, Osaka,
Japan) were grown in minimum essential medium with
non-essential amino acids supplemented with 10 % heat-
inactivated fetal bovine serum, 100 U/ml penicillin, and
100 pg/ml streptomycin (GIBCO, Invitrogen Corp.,
Carlsbad, CA, USA) in a humidified atmosphere of 5 %
CO, and 95 % air at 37 °C. Exponentially growing A549
cells were seeded on 6-well culture plates, 96-well cul-
ture plates, or Imaging Chamber CG slides and cultured
for 24 h before each experiment. Citrate-capped 20 nm
AgNPs (Citrate NanoXact™ Silver) were obtained from
nanoComposix (San Diego, CA, USA). A TEM image of
the AgNPs used is shown in Fig. 1. The particle diameter
and the zeta-potential of these AgNPs in culture
medium containing 1 % albumin were 36.6 + 21.4 nm
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Fig. 1 Transmission electron microscopy image of 20 nm AgNPs.
AgNPs suspension in methanol were placed onto a collodion

membrane-attached sheet mesh (150-A) and dried at room
temperature. Scale bar, 50 nm
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(mean * standard deviation, n=70) and -15.4 mV, re-
spectively. Cells were exposed to the appropriate concen-
trations of well-dispersed AgNPs (50—1000 pg Ag/ml) for
24 h in 1 % albumin-containing culture medium. Bafilo-
mycin Al (LC Laboratories, Woburn, MA, USA) was
dissolved in dimethyl sulfoxide (DMSO). Cells were incu-
bated in culture medium containing 0.4 % DMSO or 200
nM bafilomycin Al for 24 h before treating with AgNPs
for an additional 24 h.

Cell viability

Cell viability was determined using a WST-8 cytotoxicity
assay (nacalai tesque, Kyoto, Japan), a modified MTT
assay. Ten microliters of the Cell Count Reagent SF con-
taining 5 mM WST-8 was added to each well of 96-well
culture plates. After incubating for 1 h at 37 °C, the
absorbance of each well was measured at 450 nm with a
reference wavelength of 655 nm.

Fluorescence imaging of lysosome

Cells were incubated with LysoTracker” Blue DND-22
(Life Technologies Japan Ltd., Tokyo, Japan) for 30 min
at 37 °C. After washing cells with phosphate buffer sa-
line, fluorescence images were captured using confocal
laser microscopy (LSM-710, Carl Zeiss, Jena, Germany).

Ag concentrations

Ultracentrifugation of the cellular lysate was used to
obtain the supernatant (soluble fraction) and the pellet
(insoluble fraction). The acid-digested samples were
diluted with deionized water and the concentrations of
Ag were measured by inductively coupled plasma-mass
spectrometry (Model 7500c, Agilent Technologies,
Tokyo, Japan) at m/z 107 as described previously [13].

Quantitative real-time PCR

Total RNA was isolated using the RNeasy® Plus Kit
(Qiagen Gmbh, Hilden, Germany). Aliquots of total
RNA (1 pg) were reverse-transcribed into ¢cDNA with
the High Capacity ¢cDNA Reverse Transcription Kits
(Life Technologies Japan Ltd.) according to the manufac-
turer’s instructions. Quantitative real-time PCR analysis
was performed using a StepOne Real-Time PCR System
and the Universal SYBR® Select Master Mix (Life
Technologies Japan Ltd.) as described previously [14].
The primer sequences were as follows: MT-I, 5-CT
TGGGATCTCCAACCTCAC-3 (forward) and 5-AGG
TGCATTTGCACTCTTTG-3’ (reverse); MT-1I, 5-ATG
GATCCCAACTGCTCCT-3’ (forward) and 5-GCATTT
GCACTCTTTGCATT-3 (reverse); GAPDH, 5-AATCC
CATCACCATCTTCCA-3 (forward) and 5-TGGACTC
CACGACGTACTCA-3’ (reverse). The expression levels
of MT-I and MT-II mRNAs were normalized to the level
of GAPDH expression.
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Statistics

Results are expressed as mean + standard deviation. Stat-
istical significance was determined with a one-way ana-
lysis of variance followed by the Dunnett’s multiple-
comparison test. When two groups were compared, a
Student’s t-test or Welch’s t-test was used. A value of
P <0.05 was considered statistically significant.

Results and discussion

Exposure to AgNPs at the doses of 100 or 200 pg Ag/ml
for 24 h caused A549 cells to separate from each other
and to change from an epithelioid to a rounded shape
(Fig. 2a). This cellular damage was found to be severe at
the higher dose (200 pg Ag/ml). A WST-8 assay also
showed a decrease in cell viability at 200 pug Ag/ml and
for higher doses (Fig. 2b). We wanted to determine
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whether this cellular damage is caused by the action of
AgNPs on lysosomes by using LysoTracker, a dye that
accumulates in acidic vesicles [15]. Confocal laser micro-
scopic examination of LysoTracker-stained A549 cells
showed that AgNPs colocalized with lysosomes and their
agglomeration increased in a dose-dependent manner
(50-200 pg Ag/ml) (Fig. 3). On the other hand, the
fluorescence signals of LysoTracker decreased as AgNP
dose increased. These findings demonstrated that AgNP
agglomerates accumulated in the lysosomes of lung epi-
thelial cells in agreement with data from non-pulmonary
cells exposed to AgNPs, such as human hepatoma cells
[4], mesenchymal stem cells [5], HeLa cells [6], leukemia
cells [7], and rat embryonic cells [8].

It has been proposed that AgNPs are degraded to the
Ag" ion in the acidic lysosomal environment [16]. Our
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Fig. 2 AgNP-induced cellular damage. a Phase-contrast micrographs. A549 cells were exposed to AgNPs (50-200 pg Ag/ml) for 24 h. Scale bar,
100 um. b Cell viability. A549 cells were exposed to AgNPs (50-1000 pg Ag/ml) for 24 h. Cell viability was determined using a WST-8 assay. Each
value (mean =+ standard deviation, n = 3) represents the percent survival relative to untreated control cells (0 pg Ag/ml). **P < 0.01 compared to
the control
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Fig. 3 Colocalization of AgNPs with lysosomes and perturbation of lysosomes. A549 cells were exposed to AgNPs (50-200 ug Ag/ml) for 24 h
and incubated with LysoTracker for 30 min. The lysosomes of cells were visualized by confocal laser microscopy with LysoTracker staining (green
signal). Differential interference contrast (DIC) and fluorescence images were merged (merge). Scale bar, 10 um
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finding that cellular damage (Fig. 2) and AgNPs agglom-
eration were accompanied by decreased LysoTracker
staining (Fig. 3) during exposure to varying doses of
AgNPs raised the possibility that lysosomal dysfunction,
represented by lysosomal alkalization, might play a role
in AgNP cytotoxicity in A549 cells. Therefore, we exam-
ined the effects of lysosomal pH alkalization induced by
bafilomycin Al treatment in AgNP-exposed A549 cells.

As expected, treatment of A549 cells with bafilomycin
A1 (200 nM) alone reduced LysoTracker staining. AgNP
(50 pg Ag/ml) and bafilomycin Al treatment reduced
the fluorescence signals of LysoTracker and increased
AgNP agglomerates in A549 cells (Fig. 4). While treat-
ment with bafilomycin Al alone did not induce cell
death, AgNP (50, 100, and 200 pg Ag/ml) treatment
combined with bafilomycin Al treatment significantly
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Fig. 4 Effects of bafilomycin A1 treatment on AgNP-induced perturbation of lysosomes. A549 cells were incubated in culture medium with or
without 200 nM bafilomycin A1 (BFA1) for 24 h before treating with or without AgNPs (50 ug Ag/ml) for an additional 24 h. Then, cells were
incubated with LysoTracker for 30 min. The lysosomes of cells were visualized by confocal laser microscopy with LysoTracker staining (green signal).
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reduced cell viability (Fig. 5). When compared to A549
cells exposed to AgNPs (50 pg Ag/ml) alone, the con-
centration of Ag in the soluble fraction significantly
decreased by 56 % and the concentration in the insol-
uble fraction increased by 125 % in cells treated with
bafilomycin A1 and AgNPs (Fig. 6a), suggesting a de-
crease in the degradation of AgNPs to the Ag" ion in
lysosomes.

It has been reported that AgNPs incorporate into cells,
and the Ag" ion induces de novo synthesis of MT-I and
MT-II [17], cytoprotective low-molecular weight pro-
teins. Treatment with bafilomycin Al significantly de-
creased the AgNP-induced (50 pg Ag/ml) elevation of
MT-I and MT-II mRNA expression by 74 % and 61 %,
respectively (Fig. 6b). Although the mechanism under-
lying fluctuation of the acidic lysosomal environment by
AgNP exposure is not clear, our experiments using bafi-
lomycin Al further support the possible involvement of
lysosomal dysfunction in AgNP cytotoxicity in A549
cells. In contrast to the proposed preferential role of re-
leased Ag" ions [1, 16, 18, 19], our results suggest that
AgNP agglomerates/aggregates and other nanoparticle-
specific properties might also contribute to A549 cellular
damage.

Lysosomes are considered to be critical intracellular
organelles responsible for the cytotoxicity of nanoma-
terials [20, 21]. Similar to AgNPs, gold nanoparticles
have been reported to increase lysosomal pH and in-
duce lysosome impairment in normal rat kidney cells
[22]. Therefore, lumenal alkalization by these metallic
nanoparticles might lead to lysosomal dysfunction
with cytotoxic consequences [20]. Furthermore, a neu-
tral red assay showed lysosomal destabilization in
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Fig. 5 Effects of bafilomycin A1 treatment on AgNP-induced cell
death. A549 cells were incubated in culture medium with or without
200 nM BFAT1 for 24 h before treating with or without AgNPs
(50-200 pg Ag/ml) for an additional 24 h. Cell viability was
determined using a WST-8 assay. Each value (mean + standard
deviation, n =4) represents the percent survival relative to untreated
control cells (without AgNPs and BFAT). *P < 0.05, **P < 0.01 compared
to cells without BFAT at each concentration of AgNPs
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Fig. 6 Effects of bafilomycin A1 treatment on Ag dissolution and
metallothionein expression following exposure to AgNPs. A549 cells
were incubated in culture medium with or without 200 nM BFA1 for
24 h before treating with AgNPs (50 pug Ag/ml) for an additional
24 h. a Ag concentrations in the soluble (left) and insoluble fractions
(right). Values (ng/]O4 cells) are mean =+ standard deviation (n = 3).
b mRNA levels of MT-I (left) and MT-II (right). Total RNA was isolated
and subjected to real-time PCR analysis using MT-I or MT-Il gene-
specific primers. Each value (mean + standard deviation, n = 3) was
normalized to the GAPDH level, and the control value (cells without
BFAT and AgNPs) was set to 1. **P < 0.01 compared to cells without
BFAT and with AgNPs

AgNP-exposed hepatopancreas cells from adult oys-
ters (Crassostrea virginica) [23]. Inhibition of cathep-
sin, a lysosomal protease, suppressed the release of
interleukin-1p from human blood monocytes treated
with AgNPs [24]. These findings suggest that AgNP
exposure could disrupt the lysosomal-membrane, i.e.,
lysosomal-membrane permeabilization (LMP) [25]. Partial
LMP induces apoptosis via mitochondrial outer mem-
brane permeabilization, and massive LMP induces necro-
sis via cytosolic acidification [20]. Further investigation of
lysosomal function will provide clues to understanding the
mechanisms of pulmonary damage caused by exposure to
AgNPs and other heavy metallic nanoparticles.

In summary, the present study presents data suggest-
ing that lysosomal dysfunction caused by AgNP expos-
ure may reduce pH-dependent Ag dissolution and MT
expression, resulting in the cellular damage of pulmon-
ary epithelial cells. Additional experiments, including
animal models, are needed to reveal the precise mechan-
ism of the perturbation of lysosomal function by AgNP
exposure.



Miyayama and Matsuoka Journal of Occupational Medicine and Toxicology (2016) 11:1

Abbreviations

AgNPs: silver nanoparticles; BFA1: bafilomycin A1; DIC: differential
interference contrast; DMSO: dimethyl sulfoxide; H™-ATPase: proton-pumping
ATPase; LMP: lysosomal-membrane permeabilization; MT: metallothionein;
TEM: transmission electron microscopy.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

TM and MM designed the study and interpreted data. TM carried out the
experiments and data analysis, and drafted the manuscript. MM revised the
draft manuscript. All authors read and approved the final manuscript.

Acknowledgements
This work was supported in part by JSPS KAKENHI Grant Number 26460175.

Received: 24 September 2015 Accepted: 6 January 2016
Published online: 12 January 2016

References

1. Dos Santos CA, Seckler MM, Ingle AP, Gupta |, Galdiero S, Galdiero M, et al.
Silver nanoparticles: therapeutical uses, toxicity, and safety issues. J Pharm
Sci. 2014;103:1931-44.

2. Sung JH, Ji JH, Park JD, Yoon JU, Kim DS, Jeon KS, et al. Subchronic
inhalation toxicity of silver nanoparticles. Toxicol Sci. 2009;108:452-61.

3. Braakhuis HM, Gosens |, Krystek P, Boere JAF, Cassee FR, Fokkens PHB, et al.
Particle size dependent deposition and pulmonary inflammation after short-
term inhalation of silver nanoparticles. Part Fibre Toxicol. 2014;11:49.

4. Kim S, Choi JE, Choi J, Chung K-H, Park K, Yi J, et al. Oxidative stress-
dependent toxicity of silver nanoparticles in human hepatoma cells.
Toxicol in Vitro. 2009;23:1076-84.

5. Greulich C, Diendorf J, Simon T, Eggeler G, Epple M, Koller M. Uptake and
intracellular distribution of silver nanoparticles in human mesenchymal
stem cells. Acta Biomater. 2011;7:347-54.

6. Guarnieri D, Sabella S, Muscetti O, Belli V, Malvindi MA, Fusco S, et al.
Transport across the cell-membrane dictates nanoparticle fate and toxicity:
a new paradigm in nanotoxicology. Nanoscale. 2014;6:10264-73.

7. Guo D, Zhang J, Huang Z, Jiang S, Gu N. Colloidal silver nanoparticles
improve anti-leukemic drug efficacy via amplification of oxidative stress.
Colloids Surf B Biointerfaces. 2015;126:198-203.

8. Xul, ShiC Shao A Li X, Cheng X, Ding R, et al. Toxic responses in rat
embryonic cells to silver nanoparticles and released silver ions as analyzed
via gene expression profiles and transmission electron microscopy.
Nanotoxicology. 2015,9:513-22.

9. Luzio JP, Hackmann Y, Dieckmann NMG, Griffiths GM. The biogenesis of
lysosomes and lysosome-related organelles. Cold Spring Harb Perspect Biol.
2014,6:2016840.

10.  Luzio JP, Pryor PR, Bright NA. Lysosomes: fusion and function. Nat Rev Mol
Cell Biol. 2007,8:622-32.

11. Bowman EJ, Siebers A, Altendorf K. Bafilomycins: a class of inhibitors of
membrane ATPases from microorganisms, animal cells, and plant cells.
Proc Natl Acad Sci USA. 1988;85:7972-6.

12. Nakashima S, Hiraku Y, Tada-Oikawa S, Hishita T, Gabazza EC, Tamaki S, et al.
Vacuolar H™-ATPase inhibitor induces apoptosis via lysosomal dysfunction in
the human gastric cancer cell line MKN-1. J Biochem. 2003;134:359-64.

13. Arai Y, Miyayama T, Hirano S. Difference in the toxicity mechanism
between ion and nanoparticle forms of silver in the mouse lung and in
macrophages. Toxicology. 2015;328:84-92.

14. Miyayama T, Matsuoka M. Increased expression and activation of serum-
and glucocorticoid-inducible kinase-1 (SGK1) by cadmium in HK-2 renal
proximal tubular epithelial cells. Environ Toxicol Pharmacol. 2014;38:374-8.

15. Mauvezin C, Nagy P, Juhész G, Neufeld TP. Autophagosome-lysosome
fusion is independent of V-ATPase-mediated acidification. Nat Commun.
2015;6:7007.

16.  De Matteis V, Malvindi MA, Galeone A, Brunetti V, De Luca E, Kote S, et al.
Negligible particle-specific toxicity mechanism of silver nanoparticles: the
role of Ag” ion release in the cytosol. Nanomedicine. 2015;11:731-9.

17.  Lansdown ABG. Metallothioneins: potential therapeutic aids for wound
healing in the skin. Wound Repair Regen. 2002;10:130-2.

20.

21.

22.

23.

24.

25.

Page 6 of 6

Wilkinson LJ, White RJ, Chipman JK. Silver and nanoparticles of silver in
wound dressings: a review of efficacy and safety. J Wound Care.
2011,20:543-9.

Setyawati MI, Yuan X, Xie J, Leong DT. The influence of lysosomal stability
of silver nanomaterials on their toxicity to human cells. Biomaterials.
2014,35:6707-15.

Stern ST, Adiseshaiah PP, Crist RM. Autophagy and lysosomal dysfunction as
emerging mechanisms of nanomaterial toxicity. Part Fibre Toxicol. 2012,9:20.
Frohlich E. Cellular targets and mechanisms in the cytotoxic action of non-
biodegradable engineered nanoparticles. Curr Drug Metab. 2013;14:976-88.
Ma X, Wu Y, Jin S, Tian Y, Zhang X, Zhao Y, et al. Gold nanoparticles induce
autophagosome accumulation through size-dependent nanoparticle uptake
and lysosome impairment. ACS Nano. 2011;5:8629-39.

Ringwood AH, McCarthy M, Bates TC, Carroll DL. The effects of silver
nanoparticles on oyster embryos. Mar Environ Res. 201069 Suppl 1:49-51.
Yang E-J, Kim S, Kim JS, Choi I-H. Inflammasome formation and IL-13
release by human blood monocytes in response to silver nanoparticles.
Biomaterials. 2012;33:6858-67.

Kroemer G, Jaatteld M. Lysosomes and autophagy in cell death control.
Nat Rev Cancer. 2005;5:886-97.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit ( BioMed Central




