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Abstract

Due to its unique physicochemical properties and remarkable antimicrobial activity, nanosilver
(nAg) is increasingly being used in a wide array of fields, including medicine and personal care
products. Despite substantial progress being made towards the understanding of the acute toxicity
of nAg, large knowledge gaps still exist on the assessment of its chronic toxicity to humans.
Chronic effects of nAg, typically at low doses (/.e. sublethal doses) should be different from the
acute toxicity at high doses (/.¢€., lethal doses), which is analogous to other environmental
pollutants. Although a few review papers have elaborated the findings on nAg-mediated toxicity,
most of them only discussed overt toxicity of nAg at high-level exposure and failed to evaluate the
chronic and cumulative effects of nAg at sublethal doses. Therefore, it is necessary to more
stringently scrutinize the sublethal toxicity of nAg under environmentally relevant conditions.
Herein, we recapitulated recent findings on the sublethal effects of nAg toxicity performed by our
groups and others. We then discussed the molecular mechanisms by which nAg exerts its toxicity
under low concentrations and compared that with nAg-induced cell death.
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1. Introduction

With the rapid development of nanotechnology, a variety of engineered nanomaterials,
including carbon nanotubes, gold nanoparticles, silver nanoparticles and quantum dots, have
been extensively explored for applications in biology and medicine.1* Among these
engineered nanomaterials, nanosilver (nAg) is the most commonly used inorganic metal-
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based particle. nAg, also referred to as silver nanoparticles, is a cluster of silver atoms that
are at least one dimensional with a size ranging from 1 to 100 nm.> Compared to its bulk
counterpart, silver nanoparticles exhibit distinct physical, chemical and optical properties, as
well as excellent antimicrobial activities, and they are widely used in a myriad of real life
applications such as catalysis, electronics, food packaging materials, textiles, cosmetics and
room sprays.>-8 In fact, more than 400 nAg-related products (over 30% of total
nanoproducts) have been in the market around the world.? 19 One of the extensive
applications for nAg is in biomedicine such as wound dressing, coating of implantable
devices, medical imaging and drug delivery.5: 11 Specifically, nAg has been added as a
desirable component in a number of clinical products, including Actioat™, Silverline®,
SilverSorb® and ON-Q SilverSoaker™.# With the increasing usage of nAg in consumer and
medical products, it is crucial to comprehensively understand its potential toxicity and the
mechanism of toxicity under environmentally relevant conditions to promote its safe use in
diagnostics and therapeutics.

Exposure dosages are critical for the toxic assessment of environmental pollutants, and
nanomaterials are not different.12 13 It should be noted that there are differences between
nanoparticle and heavy metal pollutants in ionic form, although both of them induce toxicity
in a dose-dependent manner. Their differences are mainly in the cellular uptake pathways
and intracellular behaviors through which nanoparticles and metals pose toxicity to cells and
organisms. Compared to metal ions, metal-based nanoparticles are easier to pass through
biological barriers and cell membranes.* In addition, metal nanoparticles have a large
surface that has the potential to adsorb toxic substances and biological molecules on their
surface, resulting in an increased reactivity, availability and toxicity.1® It has long been
known that the chronic toxicity caused by environmental pollutants could be very different
from their acute toxicity, as listed in Table 1. High-dose exposure to inorganic and organic
pollutants such as arsenic, cadmium and methylmercury in occupational settings or by
accident usually causes acute and often fatal effects, ranging from gastrointestinal distress or
respiratory distress to death.16-18 In contrast, long-term exposure to these pollutants from
contaminated food and drinking water can induce chronic organ injuries, diseases and cancer
in adults,19 20 as well as lead to the development of toxicity in the fetus even when the
mother shows no poisoning symptoms.18: 21 Ambient particulate matter (PM) is another
example. Long-term cumulative exposure to PM can cause cardiovascular diseases,
respiratory diseases, and cancer in susceptible humans and animals, compared with air
pollution, which leads to respiratory distress and death.22-25 Moreover, the signaling
pathways that are activated at low doses are distinct from that activated at high doses when
cellular and organismic defense systems are overwhelmed.12 Therefore, the health risk from
exposure to a low dose of environmental pollutants, which is more relevant to real-world
situations, should be particularly considered.

The most common routes of nAg exposure to humans include inhalation, skin contact, food
ingestion and medication.11 26. 27 After translocation into the circulatory system, nAg could
be transported to various internal organs, causing adverse effects in susceptible organs.> 28
Clinical research and animal studies reported that the adverse effect of nAg is systemic
neurotoxicity and death after acute exposure, and argyria, local inflammation, and organ
damages after chronic exposure.® 27:29.30 At the cellular level, nAg can cause overt
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cytotoxicity at high concentrations, including abnormalities of cellular morphology,
enhancement of membrane permeability, significant decline of cell growth and even cell
death.31-33 If the exposure levels are relatively low, no cell death can be observed; however,
nAg can disturb the normal functions of cells at the molecular level.34-36 These preliminary
studies suggest that low-dose nAg has the potential to pose chronic health hazards that
warrant attention in future studies.

To date, most studies on silver focused on the acute effects or overt toxicity of nAg at lethal
doses without considerable attention being paid to sublethal doses. In the current review, we
recapitulate the potential detrimental effects of nAg under lethal and sublethal exposure
conditions and highlight the molecular mechanisms responsible for nAg-induced sublethal
cellular responses. It should be noted that the description of low doses in this review
represents not necessarily the physiologically relevant doses, but the exposure levels, in
which nAg induces adverse effects on animals and cells without lethal effects.

2. What are the sublethal effects of nAg?

It is well known that the toxicity induced by nAg is a dose-dependent process.28 nAg added
into consumer products and coatings will slowly, mainly through laundering, release from its
substrate material into domestic wastewater. It has been reported that nearly one-third nAg-
containing products in the market in 2007 had the potential to disperse silver or silver
nanoparticles into the environment.37 Although the exact concentration of nAg exposed to
human has not been reported to date, it should be of relatively low levels that can be deduced
from silver exposure levels under environmental and everyday settings. The probability for
human daily exposure to very low levels of silver is mainly from food and drinking water,
and less from air.% 26 The average concentration of silver is 0.2-2 pg L1 in surface water of
rivers and lakes, 200-300 pg kg1 in soils, and less than 1 x 107 ug L1 in air.38 Given the
extremely low background concentrations of silver in the environment, the addition of nAg
due to human activities, even a small mass, will result in significant environmental risks.3”
Moreover, silver in the form of nanoparticles exhibits an enhanced capability to penetrate
protection barriers and tissues, and thus gain access to cells and biological molecules in the
body, which results in acute or chronic effects such as organ injuries.

2.1. Effects of nAg on the environment

It has been suggested that the leached nAg will first pass through sewage treatment plants, in
which the majority of nAg is precipitated in the sludge and the minority left in the effluent
will reach the aquatic environment.39 If the sludge from sewage plants is used in soil as a
fertilizer or deposited onto a landfill, nAg will deposit into the soil.*% The disposal of nAg
into water and soil will raise risks to aquatic and terrestrial organisms. The potential risk of
nAg lies in their bioaccumulative ability and the unique properties of nanoparticles.
Moreover, nAg dispersed into the natural environment will undergo further transformation,
such as agglomerating, dissolving ionic Ag, reacting with other toxic substances, and/or
binding to natural organic matter. For example, humic acid can reduce the aggregation of
nAg and enhance its mobility in natural water. Depending on solar light, nAg can be
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regenerated through the organic matter conducted reduction of Ag ions. These
transformations can largely affect the bioavailability and toxicity of nAg.

Silver particles at the nanoscale exert robust inhibitory effects on the growth for a wide
spectrum of microorganisms. Numerous studies concerning its strong antimicrobial activity
showed that nAg could induce bacterial death by damaging membrane structure, increasing
reactive oxygen species (ROS) levels and enhancing Ag ion release.41-43 Thus, the biocidal
silver dispersed into the environment may inhibit the growth of beneficial bacteria in sewage
systems and disrupt the normal function of key soil microbial communities.b: 40 Especially,
the contamination of nAg in water and soil will further raise the possibility of silver
resistance in bacteria, a growing concern around the world.8: 7 Several studies showed that
low levels of silver released from wound dressing are more likely to promote resistance than
that at high levels, especially if the silver level is sublethal.#4-46 It has been suggested that
nAg under sublethal concentrations may promote bacterial survival rates, although relevant
studies are still limited. In the recent study by Xiu and colleagues, £. coli cells were exposed
to a panel with nAg of different sizes and coatings for 6 h. They found that the survival rates
were improved in the presence of lower concentrations of nAg (2-7 pug mL™1) with 6%-21%
higher viability compared to the untreated control group, indicating an apparent hormetic
effect.4

Moreover, given that silver is the second most toxic metal for aquatic organisms next to
mercury, nAg dispersed into the aquatic systems may affect the development of fish embryos
at even lower concentrations.3” For example, in a study by Lee and colleagues, single nAg
particles were observed in zebrafish embryos, including brain, heart, gill arches and tail,
resulting in developmental malformations and morphological deformities.*8 The
concentrations used in this study (4-71 ng L=1) were realistic in terms of what is expected
for contaminated waters. Although mortality was observed in a dose-dependent manner, the
toxicity of nAg for the development of zebrafish occurs likely at lower concentrations.

Together, it is reasonable to conclude that nAg can be released from commercial products
into the environment, where nAg is likely to disrupt bacterial ecosystems and interfere with
the development of fish embryos under sublethal concentrations.

2.2. Effects of nAg on human health and animals

Because of the effective antimicrobial activity, nAg has been extensively applied in
biomedicine, which poses a substantially increased risk to human health. For example, the
accidental inhalation of nAg may occur during the usage of nasal drops for rhinitis
treatment. The dermal absorption of nAg from the wound dressing may take place after local
treatment.2” Moreover, due to the enhanced permeation and preferential optical property,
nAg has emerged as an effective regime for disease therapeutics and can be used to deliver
therapeutic compounds or image tumor cells.49-51 However, the accumulation of
nanoparticles in the target tissues is always a small fraction of the total injected dose, e.g.
1%-10% for tumor, whereas majority of the administered particles end up in liver and
spleen and ultimately remain in the body.>2 The internal crystal structure, designed for
strong plasmonic resonance properties, may increase the catalytic effect of nanoparticles and
thus enhance their adverse effects.>3 In addition, nAg may have the Trojan horse effect after

Nanoscale. Author manuscript; available in PMC 2016 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 5

cellular uptake, in which the particles continue to release silver ions in cells that can bind to
proteins overwhelming the antioxidant defense, leading to toxicity.54-56

Clinical reports concerning the side effects of nAg are relatively rare, despite the rapid
development of nAg in biomedical applications. Chronic toxicity of nAg is accompanied
with skin discolouration (argyria), which is a local or systemic effect observed in individuals
that are occupationally exposed to nAg, such as people who ingested a nAg suspension, or
patients that have been treated with nAg-containing burn dressings.2” Fewer cases or studies
showed neurological toxicity of nAg on humans. One clinical case has reported that a 71-
year-old man developed myoclonic status epilepticus and coma and death after 5.5 months,
resulting from daily ingestion of colloidal silver (a nAg suspension in a liquid) for 4
months.2% A localized nerve lesion was observed in a patient after a five-year usage of silver
impregnated bone cement in a revisional Christiansen total hip arthroplasty because of a
large amount of silver released from the implanted cement.>” The higher level of released
silver led to a severe local tissue disruption and even necrosis.>8 The applications of nAg-
coated implantable devices and increased release rate of silver suggests that a low
concentration of nAg has potential to incur nerve and tissue damage.8

In the literature, many studies have described /n vivo toxic effects of nAg using various
animal models.> 28 It has been demonstrated that nAg can accumulate in various organs,
such as liver, spleen, kidney, heart, lung, olfactory bulb, brain and testes, based on
ultrastructural analysis, histological staining and Ag content measurement.? 13: 27,59 The
form of silver in these organs is difficult to determine because the quantification methods,
such as ICP-MS, only provide total Ag element concentrations; therefore, they should
include both nanoparticles and Ag ions.> After deposition in the body, short-term or acute
effects of nAg have been reported at relatively high concentrations of its exposure (acute
exposure). Death has been observed in rats after oral ingestion of very high-dose colloidal
silver (1680 mg kg™1) for four days.> Moreover, Schmaehl and Steinhoff administered rats
with an intravenous injection of LDsg amounts of colloidal silver (67 mg kg™1) and observed
brown discoloration in the liver, spleen and kidney, lung edema, and death of rats.30 At
lower concentrations (chronic exposure), nAg has been reported to cause different toxic
effects without a significant sign of morbidity. Local inflammation and individual organ
damage, such as lung abnormalities and liver damage, may occur in administrated animals,
upon the absorption of nAg in lung, skin, or gastrointestinal tract.59-63 For example,
pulmonary inflammation and mild fibrosis were observed in mice after an inhaled
administration of nAg by oropharyngeal aspiration at lower doses (0.1, 0.5 and 1.0 mg
kg™1). The dosage used was environmentally relevant because it was extrapolated from the
real life nAg concentrations in the air in a manufacturing facility (range of 5-289 ng L1
nAg in the injection room).13. 64

It has been found in preliminary studies that nAg more easily crosses the biological barriers
in animals, including the blood-brain barrier (BBB) and the placental barrier. For example,
inhaled nAg could gain access to the brain through olfactory nerves and/or the BBB,
resulting in the alterations of gene expression in the central nervous system of mice.> 12 65
Tang and colleagues demonstrated that nAg could pass through the BBB mainly by
transcytosis of capillary endothelial cells and induce astrocyte swelling and neuronal
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degeneration after subcutaneous administration in rats.56: 87 In recent studies by our group
and other groups, the presence of silver in murine fetuses and rat pups suggested the
translocation from maternal blood to embryonic blood via the placental barrier, although the
form of sliver (nanoparticle or Ag ions) was unclear.8: 62 Our group further demonstrated
that nAg accumulated in embryos could induce pronounced developmental retardation on
embryonic day 14.5 (E14.5) following intraperitoneal injection in mice before pregnancy.36
Under the current exposure doses (22 and 108 pg kg1), the gross toxicity, organ injuries and
hematological changes were not observed in the parental mice, except for histological
abnormalities in the liver. These studies indicate that low-dose nAg may also elicit chronic
toxicity to brains and embryonic development.

In addition to the general toxicity as well as tissue and organ damage in animals, the adverse
effects of nAg on various cells and the corresponding mechanisms have been investigated,
which will be discussed in more detail in the next section. Briefly, at high concentrations,
nAg can cause overt cytotoxicity via ROS production. In contrast, the low exposure levels of
nAg tend to interrupt biological processing and signaling and to disturb the normal functions
of organelles at a cellular level, which is not associated with viability reduction or cell death.

The damage of tissues and dysfunction of cells indicate that, similar to environmental
pollutants described above, the chronic toxicity of nAg at low levels is different from its
lethal effects at high doses. Although the doses used in previous studies may be
comparatively higher, it is difficult to extrapolate these toxic effects to human health risks at
the current stage; low-dose nAg, which is more relevant to daily life, appears to be toxic
without causing cell death. Given the realistic exposure scenarios for humans using nAg-
related products, it is necessary to consider the sublethal toxicity of nAg at low doses. In
future studies, lower doses of nAg exposure such as the no observable adverse effect level
(NOAEL) and especially the environmental relevant exposure levels should be conducted.

3. Mechanisms of nAg-induced cytotoxicity

Herein, we present an overview of the major molecular mechanisms whereby nAg can cause
damage to cells and thus organisms. These mechanisms are organized around the cellular
responses upon nAg under lethal and sublethal concentrations, as presented in Table 2. In
order to highlight sublethal effects of low-dose nAg, we compare its effects to the cytotoxic
mechanisms underlying lethal nAg-induced apoptosis and necrosis under high-dose
exposure. The major physicochemical properties, including size, shape and surface coating
largely contribute, at various extents, to nAg-conducted biological effects. The mechanisms
of nAg toxicity can be attributed to released Ag ions and/or nanoparticles deposited inside
the cells and detailed mechanisms mostly include reactive oxygen species (ROS) generation,
disruption of energy metabolism and gene transcription.28: 4. 70. 71 The damage of
membrane integrity induced by extracellular nAg is presumably an additional mechanism
responsible for cell death.53

3.1. Physicochemical properties: important factors influencing cellular uptake

Cellular uptake and subcellular distribution of nAg in cells form the basis for its biological
and toxic effects.” For non-phagocytic eukaryotic cells, nAg can be taken up via various
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endocytic pathways, including (i) clathrin-dependent endocytosis, (ii) caveolin- mediated
endocytosis, (iii) clathrin- and caveolin-independent endocytosis, and (iv) macropinocytosis,
as depicted in Figure 1. For phagocytes, including macrophages and monocytes,
phagocytosis is the main mechanism responsible for the cellular uptake of nAg.”3 74 The
different internalization pathways can be elucidated by treatments with selective
pharmacological inhibitors, dominant negative mutants, as well as gene knockdowns.
Moreover, the process of nAg uptake involves a combination of different endocytic routes.
For example, both clathrin-dependent endocytosis and macropinocytosis coexisted for the
uptake of nAg by human mesenchymal stem cells, as demonstrated by the decreased uptake
following treatment with chlorpromazine (a clathrin inhibitor) and wortmannin (a
macropinocytosis inhibitor). On the other hand, Wang and colleagues demonstrated that nAg
bound to scavenger receptor on the J774A.1 cell surface and was subsequently phagocytosed
by clathrin- and actin-dependent endocytosis with different inhibitors, including polyinosinic
acid, chlorpromazine, nystatin and cytochalasin.” After entering cells, nAg mainly localizes
in endocytic vesicles, which ultimately merge with lysosomes, in which nAg can escape into
cytosol and target subcellular structures.”® 75 76 In our recent study with mouse erythroid
progenitor cells, we verified that higher percentage of Ag mass (75%) was in the
cytoplasmic fraction than in the nucleus (25%).36

Due to their small size, large surface area, and surface reactivity, engineered nanoparticles
have the ability to bind to receptors and proteins on cell membranes.”” Interactions between
nanoparticles and proteins, which will form a protein layer on the nanoparticle surface called
protein corona, are operated by a number of forces, specific or nonspecific such as hydrogen
bonds and interactions such as van der Waals, electrostatic, charge, steric and solvation
forces.”8 79 Surface ligands of nanoparticles also play an important role in determining the
interactions between particles and receptors.’® Furthermore, nanoparticles in the biological
system are likely to adsorb proteins onto their surfaces, causing alterations of particle
properties and biological activity.”® In addition, the adsorbed proteins may undergo
structural changes, function and avidity alterations, further affecting particles’ interactions
with receptors and other proteins.8% With regard to nAg, one of the most commonly used
engineered nanoparticles is its interactions with receptors and proteins may be related to the
biophysicochemical forces, as described above. Additionally, the higher affinity of silver to
thiol groups also contributes to the binding of nAg with sulfur-containing proteins on the
membrane.?! Therefore, the intrinsic properties of nAg significantly impact its interactions
with cells and determine its efficiency of cellular uptake and intracellular behavior.>2 It has
been demonstrated that nAg with a smaller size has a higher cellular uptake compared to a
larger sized nAg.81 Moreover, the shape of nanoparticles plays an important role in deciding
the efficiency of cellular uptake, including phagocytosis by macrophages.82 Spherical nAg
has higher cellular uptake compared to plate-like nAg as demonstrated by a study with a fish
gill epithelial cell line.53 Another study found that uncoated nAg had higher cellular uptake
(10 pg Ag/cell) than PVP and citrate coated nAg (less than 4 pg Ag/cell) in a normal
bronchial epithelial cell line, indicating that surface coating also affects the cellular uptake
of nAg.56 Additionally, physical and chemical transformation of nAg in biological settings,
such as particle agglomeration and Ag ion dissolution, may considerably alter its cellular
uptake and cytotoxicity.48 56. 83
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3.2. ROS generation and oxidative stress: the major basis for nAg-induced cytotoxicity

Numerous studies have suggested that the generation of ROS and resultant oxidative stress
were the major mechanism responsible for nAg-induced lethal toxicity.27- 28 41 This is
supported by various /in vitro studies in which nAg exposure is at high concentrations with a
significant decrease of cell viability. Deposition of nAg in the cytosol can disrupt
mitochondrial function by inducing mechanical injury and blocking the electron transport in
the mitochondrial respiratory chain, resulting in an increased ROS production. 70 The
Fenton-like effects in an acidic environment may be another reason for the generation of
hydroxyl radicals.8 85 An additional mechanism is that Ag can replace ferrous ions from
proteins, and subsequently induce Fenton reactions to generate ROS.86 Moreover, Ag can
bind to glutathione (GSH, a key antioxidant), depleting GSH and increasing cellular
vulnerability to ROS.31: 32 Once ROS production exceeds the level that antioxidants can
neutralize, the inflammatory response and mitochondria-related cell death will follow.87: 88

nAg-induced excess ROS can eventually lead to the cell death through a variety of
mechanisms, including (i) lipid peroxidation and increased membrane permeability, (ii)
activation of signaling cascades involving the mitochondrial pathway, (iii) abnormalities of
the autophagy flux, (iv) DNA damage and cell growth arrest, as illustrated in Figure 2. These
processes seem to depend on the size and coating of the nanoparticles. A previous study by
Carlson and colleagues demonstrated that 15 nm nAg exhibited a stronger cytotoxicity to rat
alveolar macrophages with more than 85% decline of cell viability, whereas 55 nm nAg
decreased cell viability by only about 15% at the same concentration (50 pg mL™1).31
Another study reported that the surface chemistry of nAg greatly affects its effects on DNA
stability: polysaccharide coated nAg elicited more severe DNA damage and apoptosis than
uncoated nAg.89

nAg treatment causes different types of cell death such as apoptosis, necrosis and/or
autophagy.#! %0 It has been revealed that increased ROS could activate Jun N-terminal
kinase (JNK) and p53, along with proapoptotic Bax translocation and mitochondrial
cytochrome C (initiator of caspase activation) release, triggering a mitochondria-dependent
pathway of apoptosis in mouse fibroblasts upon nAg exposure.®® In the same study,
researchers found that higher concentration and longer-time exposure of nAg lead to cell
necrosis. ROS can also promote apoptosis through other cellular organelles. For example,
nAg could cause apoptotic cell death through inducing endoplasmic reticulum (ER) stress.%2
Moreover, recent studies indicated that autophagy, a survival mechanism deployed by cells
to remove long-lived proteins and damaged organelles, might be a general cellular response
to oxidative stress.93 94 With nAg treatment, excessive ROS led to the disruption of the
autophagy flux, resulting in either apoptosis or autophagic cell death in mouse embryonic
fibroblasts.0

It is known that ROS is the major source of spontaneous damage to DNA. The highly
reactive hydroxyl radical (OH-) can cause DNA damage to generate 8-hydroxyguanine (8-
OHdQG), leading to a decrease in the stability of repetitive sequences and single- and double-
strand breaks.”% 95 DNA damage will cause cell cycle arrest, allowing sufficient time for
DNA repair.”% 96 Once the damage is too extensive beyond repair, cells will undergo
programmed cell death (apoptosis).8% 97 A study by Eom and Choi demonstrated that
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increased ROS levels could activate p38 mitogen-activated protein kinase (MAPK) coupled
to elevate the levels of oxidative stress, resulting in DNA strand breaks, cell cycle arrest at
the G2/M phase and cell viability decline in nAg-treated T cells.%6

3.3. Molecular basis of nAg induced sublethal effects

The generation of ROS and oxidative stress appears to play a primary role in nAg-induced
lethal effects; however, they are not the only pathway by which nAg exert cytotoxicity. For
instance, Gliga and colleagues demonstrated that nAg showed profound cytotoxicity in
human lung cells independent of intracellular ROS production.® Our recent studies also
revealed that nAg-mediated inhibition of oxidative phosphorylation and interruption of gene
transcription are irrespective of ROS generation.3% 36 |n the following subsection, we will
show the molecular basis for nAg-mediated detrimental effects at concentrations where
excessive ROS are not detected and no significant decline of cell viability are observed.

3.3.1. Disruption of energy homeostasis—Mitochondria represent the most important
organelle in-charge of energy production and maintaining energy homeostasis in mammalian
cells.%8 It seems that nAg at lethal doses tends to disturb cellular redox homeostasis, induce
excess ROS production, and then increase mitochondrial membrane permeability, which
uncouples the oxidative phosphorylation from the respiratory chain.32: 99. 100 Gjyen that ATP
is essential for numerous cellular processes, including proteins and DNA damage repair, the
interruption of ATP synthesis will disturb DNA repair, leading to a cell cycle arrest and
apoptosis.’% 101 |n contrast, nAg at sublethal doses could interfere with cellular energy
balance, including the activity of respiratory chain complexes in mitochondria, and/or alter
energy metabolism-related gene expression and protein levels, without ROS generation or
cell death.3% 102 Qur own recent study demonstrated that sublethal nAg could reduce ATP
synthesis and resulted in energy metabolism reprogramming, as depicted in Figure 3.3% We
treated a panel of human tumor and nontumor cells with nAg at low concentrations (2-8 |ig
mL~1) and found that intracellular nAg could reduce the concentration of peroxisome
proliferator-activated receptor y coactivator 1a (PGC-1a, a central regulator of
mitochondrial energy transduction) and pyruvate dehydrogenase (PDH, a key enzyme for
oxidative phosphorylation initiation). These nAg-induced alternations at crucial protein
levels forced cellular energy homeostasis to switch from oxidative phosphorylation-based
aerobic metabolism to anaerobic glycolysis to satisfy basal energy demand for cell survival.
In this study, spherical nAg with smaller size presented greater alterations on cellular energy
metabolism compared to larger size nanospheres and nanoplates. Moreover, non-tumor
HEK293T cells showed higher susceptibility to switch on glycolysis than tumor cells for a
greater respiration rate in non-tumor cells.3%

3.3.2. Alteration of proliferation-related genes—Recent studies indicated that both
lethal and sublethal nAg could alter gene expression profiles once exposed to mammalian
cells. Coupled with increased ROS and decreased cell viability, nAg tends to up-regulate
gene expression levels related to stress response but down-regulate gene expression levels
related to cell cycle execution.193 Inversely, it appears that nAg is more inclined to increase
the expression levels of proliferation-related genes in exposed cells at concentrations without
reducing cell viability. In a study by Kawata and colleagues, a number of up-regulated genes
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(122 of total 236) were involved in cell proliferation and cell cycle progression, such as M
phase, microtubule-based process, DNA biosynthesis and intracellular transport, upon 1 ug
mL~1 nAg with 100% cell viability.34 Oxidative stress-related genes were not induced at a
similarly low concentration of nAg. The elevated genes implicated in the cell cycle resulted
in an increase in the cell number > 20% upon the addition of nAg at doses of less than 0.5 ug
mL~1, indicating that sublethal nAg potentially promotes cell proliferation.

3.3.3. Inhibition of RNA transcription—Nanoparticles can impair the cellular
transcription machinery and interrupt genetic integrity, which is different from ROS-induced
DNA point mutations or/and single- or double-strand breaks.1%4 Although lethal nAg can
induce DNA damage via ROS production, our current study demonstrated that low
concentrations of nAg could interrupt the transcription machinery and reduce overall RNA
synthesis through directly binding to RNA polymerase, as illustrated in Figure 4.36 Mouse
erythroid progenitor (MEL) cells were exposed to PVVP-coated nAg at concentrations (1-8
ug mL1) without provoking ROS and without a decline in cell viability. After exposure for
48 h, cellular total RNAs, including 18S rRNA and 28S rRNA, were substantially inhibited,
as characterized by a large reduction in the intensity of nascent RNAs through
autoradiography. The acellular pull-down assay of nAg with RNA polymerase showed that
nAg could precipitate RNA polymerase. Furthermore, when we used an anti-RNA
polymerase 1l antibody to precipitate RNA polymerase and an ICP-MS assay to detect Ag
content in the immunoprecipitates, Ag was present only in the co-immunoprecipitated
complexes extracted from nAg-treated cells in a dose-dependent manner. These results
proved a direct reciprocal interaction between nAg and RNA polymerase, which interrupted
the transcription machinery and led to a robust inhibition on overall RNA transcription. The
interactions of nanoparticles with polymerase, similar to that of nanoparticles with proteins
on the membrane, may be involved in various physicochemical forces and sulfur-containing
amino acids, which needs further investigation in future studies.

nAg-induced inhibition on RNA transcription in erythroid cells /n vivowas confirmed using
fetal liver at E14.5, an optimal model for embryonic definitive erythropoiesis, following
intraperitoneal administration of 22 ug kg~ nAg in parental mice for 4 weeks.36 The
microarray analysis showed that 264 genes of a total of 301 differentially expressed genes
were repressed in fetal liver cells of embryos from nAg-treated mice. A large array of these
down-regulated genes was associated with the regulation of erythropoiesis in erythroid cells.
The significant inhibition of nAg on vital genes and overall RNA transcription, different
from ROS-induced placental damage, resulted in anemia and developmental retardation in
mouse embryos.

3.4. Contribution of Ag ion toxicity and particle effects

Previous studies have demonstrated that nAg has the potential to release Ag ions in
biological settings.83: 195 The release rate is not dependent on nAg’s exposure levels, and the
release of Ag ions from nAg can happen at both lethal and sublethal concentrations. Ag ions
are generally considered the main mechanism of nAg-induced toxicity. Ag ions have the
ability to bind to sulfur-containing proteins in the plasma membrane and inside cells,
resulting in the disruption of membrane integrity, dysfunctions of proteins and formation of
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ROS.41 106 |nteraction with DNA base pairs and induction of DNA damage are also
mechanistic responses in cells exposed to Ag ions.#! The role of Ag ions is further supported
by findings showing that no toxicity was observed when Ag ions were complexed by their
ligands.

However, nAg-induced cytotoxicity is also reported to depend on Ag nanoparticles.3%: 36. 56
These studies suggested that the nanoparticle form of Ag could provide particle specific
effects associated with impacting toxicity in addition to Ag dissolution. In other words, both
nano-sized particles of Ag and ionic Ag could be involved in nAg-mediated detrimental
effects. It has been recently considered that nAg acts as a Trojan horse (a vehicle or carrier)
to transport ions/particles into cells, promoting the penetrability and bioavailability of
particles and Ag ions in cells and organisms.54-56 Although whether and to what extent nAg
exists in the form of nanoparticles is still ambiguous, recent studies by our group and the
other groups demonstrated that more than 80% of Ag presented in the form of nanoparticles
via the cloud point extraction (CPE) method, indicating that particles might be the main
form of nAg inside cells.36: 107 On the other hand, nAg particles could be more active during
their interactions with biological molecules.> 11 The smaller nanoparticles have larger
surface area, more binding sites, and thus higher Ag ion release and ROS production,
leading to more harmful effects than the bulk particles. Furthermore, due to higher surface
reactivity, Ag nanoplates were more toxic than Ag nanospheres and Ag nanowires to fish gill
epithelial cells, despite their lower rates of dissolution and bioavailability.>3 Additionally,
surface coating can reduce dissolution rates of nAg and/or bind to Ag ions after dissolution,
consequently decreasing the toxicity.10°

In summary, the physicochemical properties of nAg affect its cellular availability, interaction
activity, Ag ion release and thus its consequent cytotoxicity, indicating similarities in the
response of cells to lethal and sublethal doses of nAg. However, there are still pronounced
differences. The direct indication of lethal cytotoxicity of nAg is cell death, which masks
other predominant mechanisms underlying nAg-induced biological effects. Increased ROS
generation and oxidative stress are the major routes through which high-dose nAg induces
overt toxic effects. Under sublethal doses, nAg interferes with biomolecules in a more subtle
manner with minimal ROS production and little impact on cell viability. As discussed above,
sublethal nAg can disturb cellular energy homeostasis not through ROS-mediated
depolarization of mitochondrial membrane potential, but mainly through indirect
alternations of energy supply-related mRNA and protein levels. Moreover, sublethal doses of
nAg can interfere with more biological processes, including cell proliferation, RNA
transcription and erythropoiesis and be devoid of significant stress responses. The
similarities (#.e. common mechanisms) and differences (/.e. novel mechanisms) between
lethal toxicity and sublethal toxicity of nAg are summarized in Table 3.

4. Conclusions and Perspectives

In this review, we emphasize the importance of sublethal effects of nAg at low exposure
levels to better assess health hazards of nAg under environmentally relevant conditions.
Analogous to a variety of environmental pollutants, nAg exhibits chronic impairments (/.e.,
sublethal effects) that are more relevant to environmental conditions but have long been
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under-researched. Based on /n vitro studies, nAg can perturb cellular pathways at the
molecular level under sublethal doses without eliciting overt cytotoxicity. Enhancement of
aerobic glycolysis, induction of cell proliferation-related genes, and inhibition of RNA
polymerase-mediated transcription by nAg suggest a distinct effect of nAg at sublethal
doses.

Although the sublethal doses are possibly still higher than actual human exposure levels that
are still unclear to date, we can claim that studying the chronic effects of nAg at low
(sublethal) doses is a necessary step in the right direction. However, there have been very
limited investigations related to sublethal effects from exposure to nAg. To assess these
effects of nAg, we need to perform dose-response studies and determine the sublethal doses
for cell models through different methods such as morphological observation, cell counting,
MTT and Alarmar Blue assays. Then, we should survey its subcellular localization and
effects on cellular functions and search for appropriate indicators of sublethal toxicity such
as alterations of gene transcription and biochemical markers specific to cell functions.
Thereafter, animal exposure studies should be carried out to validate the /n vitro findings.
Moreover, due to transformation of nAg in biological media, researchers should use various
nAg with different physicochemical properties in order to verify how the alternation of basic
properties impact its bioavailability, cellular uptake and subcellular localization and
subsequent biological effects. The improved understanding of nAg’s sublethal effects will
assist in elucidating their potential adverse effects on human health.
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Impact Statement

Analogous to the health impacts induced by environmental pollutants, the chronic
toxicity of nAg at low doses is possibly different from the acute toxicity at high doses.
Previous findings indicate that sublethal nAg exposure could also cause significant
adverse effects in cells and animals. Therefore, to evaluate the potential hazards of nAg,
it is desirable to examine not only acute lethal effects but also chronic sublethal effects.
Further understanding of nAg-induced detrimental effects at low concentrations will be
helpful in investigating the health effects of nAg under environmentally relevant
conditions.
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Figure 1.
Pathways for cellular uptake of nAg. nAg can be internalized through different endocytosis

routes.
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Figure 2.
Schematic overview of the cell death pathways induced by nAg. At exposure levels

impacting cell viability, nAg induces excessive ROS generation that could result in lipid
peroxidation on membranes, DNA damage in the nucleus, activation of a mitochondria-
dependent apoptosis pathway, and disruption of autophagy flux, which ultimately leads to
cell death.
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Figure 3.
nAg induces reprograming of energy metabolism at sublethal doses. The schematic diagram

reveals that nAg could inhibit a key regulator of cellular energy metabolism, PGC-a
expression as well as many energy metabolism-related proteins. These changes result in a
decrease in oxidative phosphorylation and compensatory increase of glycolysis. This is a
reproduction from our research group with modifications.3®
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Figure 4.
A schematic indicating that nAg binds RNA polymerase and inhibits RNA transcription in

erythroid progenitor cells, leading to overall repression of RNA synthesis. This is a
reproduction from our research group with modifications.36
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Table 1
Toxicity induced by the representative environmental pollutants at the acute high dose and the chronic low
dose.
Adverse effects/toxicity
Pollutants Acute, high-dose Chronic, low-dose Ref.
Avrsenic (As) Gastrointestinal distress and death Dermal lesions, cardiovascular disease, liver 16,19
disease, neuropathy, and carcinogenicity
Cadmium (Cd) Respiratory distress, hepatotoxicity ~ Kidney tubular damage, bone disease (e.g. itai-itai 17,20
and death disease) and carcinogenicity
Methylmercury (MeHg)  Death Nervous system diseases (e.g. Minamata disease), 18,21
reproductive toxicity and developmental
neurotoxicity
22-25

Fine particulate matter
(PM2.5, aerodynamic
Diameter < 2.5 pm)

Cardiovascular disease, respiratory  Higher risk for cardiovascular disease, respiratory
disease and death disease, lung cancer and mortality

Nanoscale. Author manuscript; available in PMC 2016 May 07.
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Similarities and differences in the response of cells to nAg at lethal and sublethal concentrations.

Mechanisms

Similarity

Difference

Lethal effects

. ROS generation and
oxidative stress

Sublethal effects

. Disruption of energy
homeostasis

. Induction of proliferation-
related genes

. Inhibition of RNA
transcription

Deposition in cells and
organelles

Physicochemical
characteristics of Ag
nanoparticles

A combination of Ag ion
toxicity and particle effects

Lethal effects

Induction of cell death
Increased ROS production
Inflammatory response
Oxidative damage of DNA

Enhanced permeability of mitochondrial
membrane

Sublethal effects

Without significant reduction of cell
viability

No obvious ROS generation

Changes in gene and protein expression
levels

Disruption in function of crucial proteins
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