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Nanotechnology has rapidly promoted the development of a new generation of industrial and commercial products;

however, it has also raised some concerns about human health and safety. To evaluate the toxicity of the great diversity of

nanomaterials (NMs) in the traditional manner, a tremendous number of safety assessments and a very large number of

animals would be required. For this reason, it is necessary to consider the use of alternative testing strategies or methods

that reduce, refine, or replace (3Rs) the use of animals for assessing the toxicity of NMs. Autophagy is considered an

early indicator of NM interactions with cells and has been recently recognized as an important form of cell death in

nanoparticle-induced toxicity. Impairment of autophagy is related to the accelerated pathogenesis of diseases. By using

mechanism-based high-throughput screening in vitro, we can predict the NMs that may lead to the generation of disease

outcomes in vivo. Thus, a tiered testing strategy is suggested that includes a set of standardized assays in relevant

human cell lines followed by critical validation studies carried out in animals or whole organism models such as C.

elegans (Caenorhabditis elegans), zebrafish (Danio rerio), and Drosophila (Drosophila melanogaster)for improved

screening of NM safety. A thorough understanding of the mechanisms by which NMs perturb biological systems, including

autophagy induction, is critical for a more comprehensive elucidation of nanotoxicity. A more profound understanding of

toxicity mechanisms will also facilitate the development of prevention and intervention policies against adverse outcomes

induced by NMs. The development of a tiered testing strategy for NM hazard assessment not only promotes a more

widespread adoption of non-rodent or 3R principles but also makes nanotoxicology testing more ethical, relevant, and

cost- and time-efficient.
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1. Nanomaterials (NMs) 

Nanomaterials (NMs) are defined as having at least one dimension that is 1–100 nm in diameter  and unique properties;

for example, they can change reactivity, optical characteristics, or conductivity, thereby enabling novel applications.

Furthermore, particle properties can be modified to promote different applications, resulting in consumer benefits,

particularly in medical and industrial applications . In recent years, nanotechnology has rapidly been promoted in the

development of a new generation of industrial and commercial products. It has been estimated that the nanoproduct

demands in medicine and pharmaceuticals, and especially the cosmetics industry, are expected to rise by over 17% each

year and at a much higher rate in the food industry . However, the application of nanotechnology has also raised some

concerns about human health and safety. In some cases, nanomaterials present unexpected risks to both humans and

the environment. Regulatory authorities in the European Union, United States, and Asian countries carefully observe

developments in nanotechnology, trying to find a balance between consumer safety and the interests of the industry . In

addition, several international planning activities have been proposed or performed with the expectation that significant

advances will be made in understanding the potential hazards triggered by nanomaterial exposure in both occupational

and consumer environments .

2. Potential Hazards

Assessments of the potential hazards associated with nanotechnology have been emerging, but substantial challenges

remain because all of the different nanoparticle (NP) types cannot be effectively evaluated for safety and environmental

effects in a timely manner . Identification of the physicochemical properties of nanomaterials that confer toxicity is a core

component of toxicity studies. To evaluate the toxicity of the great diversity of NMs, a tremendous number of safety

assessments would need to be conducted. It was estimated that, in 2009, a complete toxicity evaluation of all the

nanomaterial on the market using traditional animal approaches would cost more than 1 billion US dollars, take at least 50

years, and require a very large number of animals . Whether animals can be used to predict human response to

toxicant exposure is still under debate, attributing to data gap between human and animal studies. Thus, there is a need

for developing and using human-cell-based methods that generate human-relevant mechanistic data that are not
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necessarily obtainable from traditional animal studies conducted by vertebrate animals . Furthermore, there are

government regulations that have resulted in an enhanced need for alternative methods, such as the E.U. Cosmetics

Directive that prohibits the testing of cosmetics products on animals in the European Union (EU Regulation 1223/2009).

For all these reasons, it is necessary to consider the use of alternative testing strategies or methods that reduce, refine, or

replace (3Rs) the use of animals for assessing the toxicity of nanomaterials .

Alternative testing strategies are commonly used to assess the safety of chemicals, and many of these strategies have

been evaluated for their applicability to the testing of nanomaterials. A single alternative testing method may contribute to

basic mechanistic or toxicity knowledge but may not be sufficient for use in hazard assessment. However, incorporating

multiple alternative testing methods into alternative testing strategies will provide an understanding of the behavior and

toxicity of nanomaterials in humans and the environment . In vitro testing was proposed as the principal approach

with the support of in vivo assays to fill knowledge gaps, including tests conducted in non-mammalian species such as C.

elegans, Drosophila, and zebrafish, or genetically engineered animal models. These tools are being used to identify

responses in cells exposed to chemicals expected to result in toxic effects . Well-designed alternative testing

strategies will not only allow for the prioritization of nanomaterials for further testing but can also assist in the prediction of

risk to human beings and the environment.

3. Autophagy

Autophagy is a catabolic mechanism that is evolutionarily conserved from yeast to mammals. The autophagy pathway first

described by Christian De Duve in 1963   is a ubiquitous process that involves the degradation of cytoplasmic

components and cytoplasm organelles, that degrade through the lysosomal pathway, and is distinct from other

degradative pathways, such as proteasomal degradation . When energy is limiting (ATP shortage), AMP kinase

(AMPK) is activated, which can drive autophagy. Similarly, deprivation of growth factors or amino acids leads to the

inhibition of TORC1, which is a repressor of conventional autophagy . The inability to regulate autophagy is associated

with aging, neurodegeneration, and a variety of diseases, including cancer, type 2 diabetes, and atherosclerosis .

Autophagy was recently recognized as an important form of cell death in various types of nanoparticle-induced toxicity,

but the details of the underlying mechanisms are still unclear. A thorough understanding of the cellular and molecular

mechanisms of nanoparticle-triggered toxicity is critical for a more comprehensive elucidation of nanotoxicity . Our

recent work provides the first demonstration that autophagy activated by silver nanoparticles (AgNPs) in normal cells fails

to trigger lysosomal degradation pathway and led to a toxicity phenomenon called defective autophagic flux or autophagy

dysfunction, which is relevant to the accelerated cellular pathogenesis of diseases . The toxic effects induced by

AgNPs and some of the metal oxide NPs, such as ZnONPs, have been shown, either in vitro or in vivo, to be quite similar

in terms of cytotoxicity, genotoxicity, hematotoxicity, immunotoxicity, hepatotoxicity, and embryotoxicity . A more

profound understanding of these toxicity mechanisms will facilitate the development of prevention and intervention policies

against adverse outcomes induced by metal and metal oxide nanomaterials. Knowledge derived from the cellular and

molecular processes underlying nanomaterial-induced toxic effects may also facilitate the establishment of the scientific

foundations of nanomaterial risk assessment. Therefore, an overview of current findings regarding the mediation of

autophagy triggered by NPs both in vitro and in vivo will shed light on the pivotal role of autophagy in nanomaterial toxicity

and the useful implementation of autophagy in safety assessments conducted through alternative testing strategies.
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