nanomaterials

Review

Review and Evaluation of the Potential Health Effects of Oxidic
Nickel Nanoparticles

Sharlee L. More *, Michael Kovochich 2, Tara Lyons-Darden 30, Michael Taylor 3, Alexandra M. Schulte * and

Amy K. Madl 4

check for

updates
Citation: More, S.L.; Kovochich, M.;
Lyons-Darden, T.; Taylor, M.; Schulte,
A.M.; Madl, A.K. Review and
Evaluation of the Potential Health
Effects of Oxidic Nickel Nanoparticles.
Nanomaterials 2021, 11, 642. https://
doi.org/10.3390/nano11030642

Academic Editor:

Jose L. Luque-Garcia

Received: 19 January 2021
Accepted: 2 March 2021
Published: 5 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Cardno ChemRisk, 6720 S Macadam Ave Suite 150, Portland, OR 97219, USA

2 Cardno ChemRisk, 30 North LaSalle St Suite 3910, Chicago, IL 60602, USA; michael.kovochich@cardno.com

3 NiPERA, 2525 Meridian Parkway, Suite 240, Durham, NC 27713, USA; TLyons-Darden@nipera.org (T.L.-D.);
mtaylor@nipera.org (M.T.)

4 Cardno ChemRisk, 65 Enterprise Drive Suite 150, Aliso Viejo, CA 92656, USA;

alex.schulte@cardno.com (A.M.S.); amy.madl@cardno.com (A.K.M.)

Correspondence: Sharlee. More@Cardno.com

Abstract: The exceptional physical and chemical properties of nickel nanomaterials have been ex-
ploited in a range of applications such as electrical conductors, batteries, and biomaterials. However,
it has been suggested that these unique properties may allow for increased bioavailability, bio-
reactivity, and potential adverse health effects. Thus, the purpose of this review was to critically
evaluate data regarding the toxicity of oxidic nickel nanoparticles (nickel oxide (NiO) and nickel hy-
droxide (Ni(OH);) nanoparticles) with respect to: (1) physico-chemistry properties; (2) nanomaterial
characterization in the defined delivery media; (3) appropriateness of model system and translation
to potential human effects; (4) biodistribution, retention, and clearance; (5) routes and relevance
of exposure; and (6) current research data gaps and likely directions of future research. Inhalation
studies were prioritized for review as this represents a potential exposure route in humans. Oxidic
nickel particle size ranged from 5 to 100 nm in the 60 studies that were identified. Inflammatory
responses induced by exposure of oxidic nickel nanoparticles via inhalation in rodent studies was
characterized as acute in nature and only displayed chronic effects after relatively large (high con-
centration and long duration) exposures. Furthermore, there is no evidence, thus far, to suggest
that the effects induced by oxidic nickel nanoparticles are related to preneoplastic events. There are
some data to suggest that nano- and micron-sized NiO particles follow a similar dose response when
normalized to surface area. However, future experiments need to be conducted to better characterize
the exposure-dose-response relationship according to specific surface area and reactivity as a dose
metric, which drives particle dissolution and potential biological responses.

Keywords: nickel oxide nanoparticles; oxidic nickel nanoparticles; toxicity; nanotoxicity

1. Introduction

Nanoparticles are generally defined as particles with one or more of three dimensions
measuring below 100 nanometers (nm). Due to their small size, nanoparticles have a large
surface area per unit of mass and the potential for greater particle surface-cell interactions
than particles of micron size. Nanomaterials, including nickel-containing nanomaterials,
have a variety of unique characteristics, including high surface area per mass, low boiling
point, low melting point, high surface energy, and magnetism. The exceptional physical
and chemical properties of nickel nanomaterials have been exploited in a range of ap-
plications including electrical conductors, magnetic materials, fuel cells, pigmentation,
alloys, batteries, catalytic reactions, and biomedical materials [1]. It has been suggested
that the unique properties of nickel nanomaterials may allow for increased bioavailability,
bio-reactivity, and potential adverse health effects. Therefore, understanding the material
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characteristics that play a role in biological responses will help understand the potential
health effects associated with nickel-containing nanomaterials.

While inhalation and dermal contact are the primary routes of airborne nickel expo-
sure in occupational or industrial settings, the use of nickel in biomedical materials may
provide opportunities for exposure scenarios that involve direct contact with tissue via
implantation [2]. The general public is not typically exposed to nickel nanoparticles in the
airborne state due to their primary use in specialized applications and end products (e.g.,
lithium ion batteries, conductive coatings, pigments, additives, fuel cells, electrodes, etc.)
in which they are generally tightly bound within a matrix and not likely to be released
into the air or on product surfaces [3,4]. This greatly reduces the potential for inhalation
or dermal exposure by the public (consumers). However, occupational exposure is pos-
sible in manufacturing and research facilities during production and handling of nickel
nanoparticles, where aerosols of nickel nanoparticles can be generated.

The toxicity associated with nickel compounds, including nickel oxide (NiO), has
been widely studied [5-7]. Respiratory toxicity and cancer, skin sensitization, and repro-
ductive effects have been reported in human and/or animal studies exposed to some
nickel compounds. The bioavailability of the Ni?* ion at target sites is considered to play a
role in the differences observed between human toxicity potencies/potentials of different
nickel chemical forms [8]. Thus, the purpose of this manuscript is to identify and critically
evaluate relevant literature with respect to the health effects of NiO and nickel hydroxide
(Ni(OH);) nanomaterials (referred to as oxidic nickel). Further, the evaluation aimed to
understand whether the toxicity of oxidic nickel nanomaterials may be similar to micron-
sized oxidic nickel particle toxicity when normalized to surface area or whether unique
characteristics due to the nanometer size influence the distinctive biological responses. Both
in vitro and in vivo mammalian toxicity studies, in particular inhalation and instillation
studies, have aimed to evaluate the key health endpoints for oxidic nickel nanomaterials.
These studies have focused on several health effects including pulmonary inflammation,
oxidative stress, cytotoxicity, genotoxicity, systemic effects, and cardiovascular effects.
Physical and chemical characteristics of oxidic nickel nanomaterials, including chemical
form, dissolution rate, particle size, cellular uptake, protein adsorption, surface morphol-
ogy, and production method likely play a role to some degree in the above-mentioned
health effects. Therefore, this analysis will describe the current state-of-the-science of oxidic
nickel nanomaterials and their effects in in vitro and in vivo mammalian toxicity studies
with respect to: (1) physico-chemistry (e.g., surface chemistry, dissolution, size distribution,
morphological characteristics); (2) quality of nanomaterial characterization in the defined
delivery media; (3) appropriateness of model system and extrapolation to potential human
effects; (4) biodistribution, retention, and clearance; (5) routes of exposure and target organ
effects; and (6) current research data gaps and recommended directions of future research.

2. Literature Review

A standardized protocol was followed to perform a systematic literature review to
identify in vitro and in vivo mammalian toxicity studies associated with NiO and Ni(OH);
nanoparticles. The following scientific databases were used to search for publications
relevant to the potential toxicity of oxidic nickel nanomaterials: PUBMED, TOXLINE,
SCISEARCH, MEDLINE, NTIS, Google Scholar, and the International Council on Nan-
otechnology Virtual Journal of Nanotechnology Environment, Health and Safety online
database. The key words used for search terms included: nickel oxide nanoparticle, nickel
oxide nanomaterial, nickel hydroxide nanoparticle, nickel hydroxide nanomaterial, oxidic
nickel nanoparticles, oxidic nickel nanomaterials, toxicity, biokinetics, dissolution, and
solubility. Inclusion criteria was applied to identify relevant in vitro and in vivo studies in-
volving: evaluated nickel oxide nanoparticles and nickel hydroxide nanoparticles; utilized
mammalian test systems; reported original research; and published in English. Studies that
examined nanowires were excluded from this analysis. A literature search was conducted
through October 2017. From the 141 articles that were returned, 48 were included in this
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analysis (Figure 1). An additional literature search was conducted through October 2020 to
identify pertinent manuscripts that had been published since the original literature search
and examined outcomes related to in vivo exposure and/or genotoxicity (including in vitro
genotoxicity studies). Of the 104 articles that were found in the October 2020 literature
search, twelve papers were identified and included. A cursory review was performed
with the excluded in vitro studies published from 2017 to 2020. Based on a review and
comparison with the studies published prior to 2017, none of the themes or conclusions
changed based on the more recent literature.
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Figure 1. Flow chart of literature review and study selection following inclusion and exclusion criteria. Articles that were
identified by the process were included for the full-article review. Replicate entries were removed. * Klimisch scores were

evaluated twice for studies with both in vivo and in vitro data.

A total of 60 articles were identified. A comprehensive reference table for the identified
studies was developed to describe the in vitro and in vivo data regarding the nanopar-
ticle characterization (Table 1 and Supplemental Table S1), experimental design, and
assay/health endpoint (Tables 2—4). The articles obtained from the literature search were
categorized based on in vitro (Supplemental Table S2) and in vivo (Tables 2—4) studies.
The papers were made up of 17 in vitro studies and 43 in vivo studies, including three
studies which utilized both in vitro and in vivo systems. No studies were identified that
investigated the reproductive and developmental toxicity of oxidic nickel nanoparticles to
this date.
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3. Study Quality Assessment

The studies were objectively evaluated and ranked according to the methods de-
veloped by Klimisch et al. [9], Card and Magnuson [10] and Sayes and Warheit [11]. In
brief, according to Klimisch et al. [9], the criteria for evaluating study quality include
the following factors: (1) test substance identification, (2) test organism characterization
(3) study design, (4) documentation of study results, and (5) reliability and plausibility
(relevance) of the study. Furthermore, as described by Card and Magnuson [10] and Sayes
and Warheit [11], key nanomaterial characteristics such as particle size, size distribution,
agglomeration, morphology, composition, crystallinity, purity, surface area, charge, surface
chemistry, and characterization in relevant media were noted when available (though not
all required for inclusion in this manuscript). The physicochemical nanoparticle character-
istics examined in the various studies is provided in Supplemental Table S1. Specifically,
nanomaterials characterization was considered in the test substance identification and stud-
ies that did not perform thorough nanoparticle characterization (including nanoparticle
size and characterization in relevant media) were scored lower in this criteria. The papers
that presented both in vivo and in vitro data were ranked twice; once for the in vivo data
and once for the in vitro data. It should be noted, that while Klimisch scores were used to
evaluate the study quality, studies were not excluded from discussion in this manuscript
based on the Klimisch scores.

The methods developed by Klimisch et al. [9], Card and Magnuson [10] and Sayes
and Warheit [11] essentially utilize a ranking system to categorize the study score based
on a series of objective criteria and produces a K-score of K1, K2, K3 or K4. A score of
K1 represents studies that are reliable without restrictions, K2 represents studies that are
reliable with restrictions, K3 represents studies that are unreliable, and K4 represents
studies in which there is insufficient information presented with which to assess reliability.
Zero studies were scored as K1 (reliable without restrictions). Eighteen in vivo studies
and 18 in vitro studies were ranked as K2. Two in vitro and 25 in vivo studies were
ranked as K3. Zero K4 studies were identified since K4 studies were excluded during
the literature search based on the inclusion/exclusion criteria. In addition, 29 studies
investigated the toxicity associated with one dose and hence were ranked as a K3 due
to lack of dose-response information. The in vitro studies more frequently involved less
detailed or complex protocols for assays, and also were less likely to conduct detailed
nanoparticle characterization. In addition, some of the in vitro and in vivo studies which
scored as K3 failed to adequately characterize the nanoparticles in a way that would allow
for meaningful interpretations of the biological data.

4. Nanomaterial Physicochemical Characteristics

Physical and chemical characteristics of oxidic nickel nanomaterials, including chemi-
cal form, ion dissolution, and particle size may play a role in potential biological responses
observed in the various studies described below. Therefore, the toxicological endpoints
were considered in relation to physico-chemistry properties, such as surface chemistry,
agglomeration, and dissolution. The scope of our review did not include an analysis
of different nanoparticle synthesis and engineering techniques, including the use of any
capping agents.

Table 1 outlines the nanoparticle primary particle size and size in media used in the
toxicity studies. Supplemental Table S1 provides a list of the other nanoparticle charac-
teristics investigated in the studies. Overall, the NiO and Ni(OH), particle size ranged
from 5 to 100 nm. Particle sizes in relevant media ranged from 20 nm to 8.69 pum in in vivo
studies. Size in relevant media ranged from 38 to 750 nm in in vitro studies. It is known
that nanoparticle materials are likely to agglomerate and this process can affect the various
biological responses both in vitro and in vivo. Agglomerated nanoparticles will behave
differently from well-dispersed particles due to differences in effective particle size, shape,
and ultimately biological reactivity. Surface chemistry, including the adsorption of proteins
can affect the agglomeration state of nanoparticles and influence biological responses. As
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such, the treatment of nanoparticles prior to a toxicological study can affect the reported
outcome. Each research lab performed slightly different dispersion techniques when ex-
amining the biological response to oxidic nickel nanoparticles under in vitro or in vivo
testing conditions. Many of the studies used dispersion media to produce well-dispersed
nanoparticles for instillation and pharyngeal aspiration experiments in vivo [12-15]. For
example, Sager et al. [15] dispersed NiO nanoparticles in four different media: phosphate
buffered saline; dispersion media that mimicked diluted alveolar lining fluid; and two
different surfactants. Well-dispersed NiO nanoparticles were found to induce a greater
inflammatory effect than agglomerated nanoparticles when instilled or aspirated into
rats [12,15]. Unfortunately, further analysis on factors such as ion release of agglomerated
versus well-dispersed particles was not investigated. Agglomeration may also affect the
dose rate in in vitro settings due to increased sedimentation rates [16], but, this parame-
ter was not explored in the majority of current literature. Gutierrez et al. [17] compared
the effects of in vitro dispersion techniques on the nanoparticles physicochemistry and
toxicological effects and found variability in gene expression of oxidative stress markers
(including hemoxygenase 1) after exposing lung cell lines (A549 and 16HBE14o0) to 0.01 to
100 pg/mL NiO nanoparticles (<20 nm). They reported that the dispersion media differen-
tially affected nanoparticle physicochemical properties and toxicity and that dispersion
media with Fetal Bovine Serum (FBS) kept the nanoparticles better dispersed as compared
to media with surfactants.

Dissolution of metal particles is an important parameter of metal toxicology and likely
plays a role in biological responses to oxidic nickel nanoparticles [18]. Horie et al. [19]
observed a greater release of nickel ions in nanoparticles compared with larger sized
particles based on equivalent mass doses. Furthermore, cytotoxicity was also correlated
with the extent of ion release from both nano- versus micron-sized particles as well as black
versus green crystalline forms of NiO nanoparticles. Shinohara et al. [20] reported irregular
shaped NiO nanoparticles (140 nm) dissolved less than spherical NiO nanoparticles (20 nm).
Cho et al. [12], Latvala et al. [21], and Shinohara et al. [20] observed a greater release of
nickel ions from NiO nanoparticles under acidic circumstances compared with neutral or
basic conditions. Additionally, Gillespie et al. [22] determined the dissolution of Ni(OH);
nanoparticles by measuring the dissolution rate of particles in a flow-through dialysis
systems. The authors reported a dissolution rate of 85% and 95% for Ni(OH), nanoparticles
after 24 h in lung and lysosomal fluid, respectively. Nishi et al. [23] reported that NiO
nanoparticles (26 nm) dissolved in artificial lysosomal fluid in approximately one week.
In contrast, they reported that NiO nanoparticles were observed in cells in rat lungs up
to 1 month; the authors thus concluded that dissolution took over one month in in vivo
systems. As discussed above, the particle size and surface area differences may have
contributed to these effects, particularly when equivalent mass doses were delivered.
Other factors besides surface area will influence dissolution of oxidic nickel nanoparticles
including the chemistry of the surrounding media. Factors such as protein content and pH
affect dissolution rates of metal nanoparticles.
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Table 1. Primary particle size and size in media of nanoparticles used in the studies investigating the toxicity of oxidic

nickel nanoparticles.

Oxidic Nickel Nanoparticle

Oxidic Nickel Nanoparticle Size

Study Nanoparticle Type Pri(lrzire};al‘;aericlse];ize in Media (Average + SD)
Abudayyak et al. [24] NiO 15.0 & 7.54 nm 135.81 nm
Ada et al. [25] NiO 20 nm NR
Akerlund et al. [26] NiO <50 nm 200 nm
Ali [27] NiO <50 nm 91.54 nm
Bai et al. [28] NiO 20 nm 685.7 nm
Cao et al. [29] NiO 18.6 + 5.5 nm 313 £ 12.6 nm
Capasso et al. [30] NiO 50 nm 80 and 450 nm
Cho et al. [13] NiO 10-20 nm 92 nm
Cho etal. [12] NiO 5 nm 92 nm
Cho et al. [14] NiO 10-20 nm 92 nm
Cuevas et al. [31] Ni(OH), 5 nm 40 £ 1.5 nm
Di Bucchianico et al. [32] NiO <50 nm 750 nm
Duan et al. [33] NiO <50 nm 306 £ 2 nm
Dumala et al. [34] NiO 15.6 £+ 2.59 nm 169 + 17.1 nm
Dumala et al. [35] NiO 13 £ 3.0 nm 111 + 259 nm
Dumala et al. [36] NiO 129 £ 34 nm 111 £ 259 nm
Dumala et al. [37] NiO 17.94 4+ 3.48 nm 285.9 + 19.6 nm
Fujita et al. [38] NiO 10-20 nm 59 nm
Gillespie et al. 2010 [22] Ni(OH), 5nm 40 £ 1.5 nm
Gutierrez et al. [17] NiO <20 nm variable from <100 nm to >1 um
Horie et al. [39] NiO 15-35 nm 20-100 nm
Horie et al. [40] NiO <100 nm NR
Horie et al. [41] NiO 100 nm 74-108 nm
Horie et al. [42] NiO 20 nm 27-39 nm
Horie et al. [43] NiO 10-20 nm NR
. Green: Green:
Horie et al. [19] ((ghf}a%) 13&25 éﬁfﬁ
20 nm (38-180 nm)
Jeong et al. [44] NiO 53+ 1.9nm 210 + 3.7 nm
Kadoya et al. [45] NiO 26 nm 54 nm
Kang et al. [46] Ni(OH), 5 nm 40 £ 1.5 nm
Kang et al. [47] Ni(OH), 38 nm 38 4+ 1.4 nm based on SMPS
Katsnelson et al. [48] NiO 16.7 £ 8.2 nm NR
Latvala et al. [21] NiO <50 nm 0.7-2.2 nm
Lee et al. [49] NiO 5.3+ 0.4 nm 224 £ 11 nm
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Table 1. Cont.

Oxidic Nickel Nanoparticle

Oxidic Nickel Nanoparticle Size

Study Nanoparticle Type Pn(r;:/g:;ﬁglse DS)lze in Media (Average + SD)
Liberda et al. [50] Ni(OH), 5nm 40 nm
Liberda et al. [51] Ni(OH), 5nm 40 &+ 1.5 nm

Liberda [52] Ni(OH), 5 nm 40 £ 1.5 nm
Lu et al. [53] NiO 10-20 nm NR
Luetal. [54] NiO 10-20 nm NR
Marzban et al. [55] NiO 28-32 nm NR
Minigalieva et al. [56] NiO 16.7 + 8.2 nm NR
Minigalieva et al. [57] NiO 16.7 £ 8.2 nm NR
Morimoto et al. [58] NiO 20 nm 139 + 12 nm
Morimoto et al. [59] NiO 19 nm 20-100 nm
Morimoto et al. [60] NiO 8.41 nm 0.48-8.69 um
Morimoto et al. [61] NiO 20 nm 26 nm
Morimoto et al. [62] NiO 8.41 nm 1.34 um
Nishi et al. [63] NiO 20 nm 26 nm
Nishi et al. [23] NiO 10-20 nm 26 nm
Instillation:
. . 26 nm
Ogami et al. [64] NiO 20 nm Inhalation:
59 + 3nm
Ogami et al. [65] NiO 27 nm 800 nm
Oyabu et al. [66] NiO 20 nm 139 + 12 nm
Oyabu et al. [67] NiO 19 nm 59.7 nm
Pietruska et al. [68] NiO <100 nm >100 nm
486 + 5.8 nm
694 4+ 3.7 nm
221 + 6.6 nm
. - 102 £29 nm
Sager et al. [15] NiO Not Specified 3060 + 13.5 nm
1313 £+ 8.4 nm
4460 + 85.4 nm
490 + 8.9 nm
Saquib et al. [69] NiO 251+ 21 nm 43.3 £ 2.6 and 226 + 1.5 nm
Senoh et al. [70] NiO 20 nm 37-68 nm
Spherical: 20 + 8 nm Sige;iial:
Shinohara et al. [20] NiO Irregular Spherical: -
140 + 67 nm Irregular Spherical:
1600 nm
Siddiqui et al. [71] NiO 22 nm 151 nm
Sutunkova et al. [72] NiO 23 +5nm NR
Yu et al. [73] NiO 20 nm NR

SD: standard deviation; NR: Not Reported.
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5. Overview of Toxicological Endpoints and Considerations for Potential Human
Health Effects

The literature search found numerous studies that investigate the potential health
effects of oxidic nickel nanoparticles including inflammatory effects in the lung, genotoxic
endpoints, cardiovascular effects, and other systemic toxicological effects. A more detailed
summary of these toxicological endpoints is provided below. However, it is important to
note that when characterizing the relevance of nonclinical studies with potential human
health effects, several considerations need to be taken into account. First, a substance
must be identified as a hazard for a particular disease endpoint or biological pathway.
Second, the dose response relationship needs to be characterized including levels where
no response is observed. Finally, a detailed exposure assessment must be performed to
properly characterize the dose for the exposure scenario of interest. Taking all of these steps
into consideration, one can draw conclusions about the potential health risk for a particular
disease endpoint. However, with the lack of quality epidemiological data to support any
biological responses to oxidic nickel nanoparticles in humans, researchers are left with
extrapolating data from various in vitro and in vivo assays. Limitations associated with
extrapolation from in vitro to in vivo responses and translation of in vivo rodent assays
to human health effects can have significant implications in the application of the risk
assessment process.

5.1. Estimation of Human Exposures

When examining both in vivo and in vitro toxicology studies, it is helpful to examine
how doses in animal or cellular model systems may translate to the human experience.
Oftentimes, toxicology studies are aimed to deliver doses that will cause an anticipated
toxicological effect without consideration as to how relevant the doses are to human
exposures conditions.

Specifically for oxidic nickel nanoparticles, potential human exposure is most likely to
occur during occupational handling via inhalation or dermal contact [74-76]. However, no
studies were identified that evaluated workers exposures to oxidic nickel nanoparticles.
It is well understood that welding byproducts are comprised of high levels of ultrafine
metals, including Ni nanoparticles [77]. As such, welders give an opportunity to estimate
potential nanoparticle exposures to humans. Two studies that attempted to quantify
human exposure to Ni nanoparticles in this population were identified in the existing
literature. Cena et al. [77,78] aimed to estimate the amount of nanoparticles to which
welders are exposed during common welding tasks in two separate studies. In the studies,
nanoparticles determined to be smaller than 300 nm, were measured during gas metal
arc welding (GMAW) of mild and stainless steel and flux-cored arc welding (FCAW) of
mild steel. Researchers collected Ni-containing nanoparticles emitted during these tasks
using a nanoparticle respiratory deposition (NRD) sampler, which is a tool that collects
nanoparticles that could be deposited within the respiratory tract. The NRD sampler
is equipped with a respirable cyclone and an inertial impactor, which remove particles
larger than 10 um and 300 nm, respectively. Ni-containing nanoparticles smaller than
300 nm, and therefore collected within the sampler, were then analyzed and quantified
using inductively coupled plasma mass spectrometry (ICP-MS). It was reported that Ni
concentrations collected in the NRD samplers ranged from 10 to 51 ug/ m3 [77,78].

Without exposure monitoring data, it is difficult to predict the expected exposure
concentrations to oxidic nickel nanoparticles. However, it was reported that the UK, Ger-
man, Netherlands and Australia have proposed occupational limits of 2 x 10'° particles/m?
or a limit of 0.1 times the current worker exposure limit of the coarse material for
carcinogenic, mutagenic, asthmagenic, and reproductive toxicants (CMAR) category of
nanoparticles [79,80]. This occupational exposure limit is approximately equivalent to
0.56 p1g/m?> assuming a particle diameter of 20 nm (one 20 nm particle is approximately
2.8 x 1078 ng) for nickel oxide.
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Dosimetric Adjustment

Inhalation studies investigated the toxicity of Ni nanoparticles in animals exposed to
concentrations ranging from 2.8 to 3720 nug/m? of NiO or Ni(OH), nanoparticles. Specifi-
cally, Morimoto et al. [58] and Oyabu et al. [66] exposed rats to 1 x 1011 particles/ m? for
6 h per day, 5 days per week, for 4 weeks, and observed a peak in inflammation at 4 days
post-exposure while 1 month and 3 month time points returned to baseline levels. The
daily dose is approximately equivalent to 2.8 pg/m? NiO (assuming a particle diameter of
20 nm) and was the lowest dose tested in all the studies.

In order to relate rodent inhalation data with human exposures an adjustment was
performed using data from Morimoto et al. [58] and Oyabu et al. [66]. Exposure concen-
tration was extrapolated to human doses by applying a dosimetric adjustment factor of
1.92 derived using specific study parameters and particle characteristics as described below.
This dosimetric adjustment factor was derived based on differences in exposure regime (8 h
for human compared to 6 h for rat studies), differences in rat and human ventilation rates
(2.1 L/min for 300 g rat; 20 L/min for reference worker), particle size-specific deposition
fraction [estimated from Multiple-Path Particle Dosimetry Model (MPPD) for 20 nm size
NiO nanoparticle; 0.41 for humans and 0.0397 for rats], and normalizing factor (based on
alveolar surface area of the respiratory tract target tissues) (102 and 0.4 m?, respectively, in
humans and rats) [81,82].

A human equivalent concentration of 5.5 pg/m?3 was estimated to correspond to
the transient lowest observed effect level (LOEL) (e.g., minimum inflammation that re-
turned to baseline) which is approximately 9.8-fold above the proposed occupational
exposure limit for CMAR nanoparticles. Other inhalation studies that investigated the
toxicity of oxidic nickel nanoparticles exposed animals to concentrations ranging from
100 to 3720 pg/m? of NiO and Ni(OH), nanoparticles and, thus, are likely to be several
magnitudes greater than the European proposed occupational exposure limit for CMAR
nanoparticles [22,31,38,39,45-47,50-52,59,64,67,72]. Therefore, consideration of equivalent
exposures needs to be taken when extrapolating the potential toxicity observed with the
animal studies to predicting the potential effects in humans.

In addition to inhalation, there is a potential for humans to ingest oxidic nickel
nanoparticles. However, no information is available for human exposure to oxidic nickel
nanoparticles by ingestion. Dumala et al. [34] reported that they used a dose of 125 mg/kg
as “probable human exposure when accidentally exposed to large amounts of NiO nanopar-
ticle” via ingestion; however, it was unclear how and from what source this anticipated
human dose was derived. The Agency for Toxicological Substances and Disease Reg-
istry reported that the average daily dietary intake of total nickel (not likely to be nickel
nanoparticles) in food ranges between 69 and 162 pg/day or 0.98 and 2.3 pug/kg/day for a
70 kg person [5].

Overall, there is a critical research gap that needs to be addressed to understand
the relevancy of the exposure levels used in these studies to expected human exposure.
It seems likely that the majority of the studies exposed animals/cells to oxidic nickel
nanoparticle concentrations several orders of magnitude greater than what is expected to
be physiologically relevant for human exposure scenarios based on limited data.

5.2. Considerations for In Vitro and In Vivo Studies When Evaluating Human Health Effects

In vitro studies have some advantages over in vivo animal studies in that these types
of studies are generally rapid to perform and may offer insights into the molecular path-
ways that potentially occur in vivo. However, mechanisms such as changes in uptake
processes, metabolic handling, and efficiency of cellular repair mechanisms can all be
affected by dose and dose rate when evaluating in vitro and in vivo data for relevancy
towards in vivo mechanisms [83]. For example, high concentrations of particles may initi-
ate cellular necrosis due to an increase in reactive oxygen species (ROS) in vitro but that
mechanism may have limited importance in vivo where relevant exposure levels do not
overwhelm the antioxidant system and initiate such biological responses. Therefore, care-
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ful considerations must be made when extrapolating high dose in vitro and in vivo data.
Furthermore, in vitro assays are unable to replicate the dynamic conditions associated with
tissue-specific clearance mechanisms and heterogeneous cell populations involved with
different biological responses. For example, numerous in vitro studies utilized various can-
cer cell lines (e.g., A549, HeLa, HepG2, etc.) that have genetic mutations to allow for better
survival under in vitro culture conditions, but have limitations when studying molecular
pathways in an attempt to characterize potential biological responses in vivo. In addition,
many in vitro studies utilize monoculture systems which lack cell—cell interactions that
may be important for the development or mitigation of toxicity. As such, in vitro conditions
are also unable to replicate chronic exposure scenarios that are more relevant to some types
of human exposures.

Dose metrics for in vitro assays do not typically take into account the relevance to
in vivo exposure scenarios. Nanoparticles” physical and chemical properties can affect the
transport of particles to cells in vitro [16,84,85]. Properties such as size, shape, and density
of nanoparticles along with media density and viscosity can affect settling rates, diffusion,
agglomeration, and ultimately the delivered dose of nanoparticles to each cell. Ahmad
Khanbeigi et al. [84] defined administered dose as the particle number, mass, or surface
area per volume of suspension media; delivered dose as the particle number, mass, or
surface area to reach the cell monolayer; and cellular dose as the particle number, mass,
or surface area to be internalized (or firmly attached) into the cell monolayer. Their study
found that the use of the In vitro Sedimentation and Diffusion and Dosimetry Model (ISDD)
provided an accurate interpretation of acute in vitro results when the data was normalized
to delivered dose. Methods such as fluorescent or radioactive labeling have been used to
measure delivered dose for other nanomaterials [16]. Additionally, numerous analytical
methods such as mass spectrometry, inductively coupled plasma mass spectrometry, and
liquid chromatography mass spectrometry can be used to measure delivered dose. While
Cohen et al. [85] did not specifically study oxidic nickel nanoparticles, the authors examined
the importance of particle kinetics in various physiological media for several other metal
oxide nanoparticles and found that particle kinetics and property transformations have
significant effects on in vitro dosimetry and need to be considered when interpreting
cellular toxicological information. Teeguarden et al. [16] showed that while typically equal
mass concentrations imply equal doses, in fact, for nanomaterials, the delivered dose to the
cells differed by orders of magnitude depending on the nanomaterials composition and size.
Further, agglomeration of nanoparticles has been shown to affect sedimentation rates and
ultimately the actual dose each cell encountered [16], but the majority of in vitro studies did
not characterize sedimentation rate under various biological conditions. Some studies have
attempted to avoid agglomeration by dispersion. However, Gutierrez et al. [17] reported
that the dispersion media differentially affected nanoparticle physicochemical properties
and toxicity. Further, the authors concluded that studies using re-suspension methods
of exposure of nanoparticles may cause variation of particle characteristics and transport
processes which can lead to inconsistent, and even misleading, biological results that are
not representative of in vivo conditions.

In vitro studies have not related cellular and in vivo conditions, such as dose per
surface area of cells compared with dose per surface area in a human lung. Although
limitations still exist with extrapolation, this type of analysis could provide a general
benchmark for which in vitro doses may be somehow correlated in vivo.

Taken together, incorporation of particokinetics and principles of dosimetry are needed
when evaluating any in vitro assay for comparisons across other particle types, other
in vitro assays, or when extrapolating to in vivo responses. Despite the evidence suggest-
ing that it is necessary to study the dosimetry associated with the nanoparticle exposure,
the majority of current literature regarding oxidic nickel nanoparticles did not take in vitro
dosimetry into consideration and may explain some of the differences in biological re-
sponses. Further considerations when analyzing in vitro data include: (1) sedimentation
and actual dosing to cells as described above [16,84,85], (2) extrapolation of surface area of
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cells in a cultured dish to the lung, (3) diffusion, and (4) different dosing due to varying
solubility and dose metrics, particularly when comparing nano- vs. micron-sized particles.
Nonetheless, these in vitro systems have been utilized for decades to examine toxicity
endpoints such as cytotoxicity, apoptosis, ROS generation, and inflammatory pathways.
While data from appropriately designed in vitro assays can be potentially useful for hazard
identification and studying aspects of certain molecular pathways, this kind of data remains
limited for human health risk assessment. Therefore, this evaluation primarily focuses on
the in vivo studies (in vitro studies are outlined in Supplemental Table S2), although some
in vitro studies are discussed for certain endpoints, such as genotoxicity.

In vivo rodent assays hold many advantages over in vitro assays and are more rel-
evant to potential human responses. Dynamic processes such as tissue deposition and
clearance in vivo can provide more relevant exposure scenarios in contrast to in vitro
systems. However, many limitations still exist. Unphysiological bolus dosing such as intra-
tracheal instillation, pharyngeal aspiration, and intramuscular injection are not relevant
to potential human exposure scenarios and limit the interpretations of these results. In
contrast, physiological inhalation exposure is relevant to human experiences and provides
data with fewer limitations. Studies comparing the pulmonary effects of inhaled versus
instilled particles have shown that at the same retained dose the deposition and retention
pattern, as well as the subsequent cellular responses and pathology can be very different
between the two delivery methods. In fact, often times pathological responses observed
with bolus dosing by intratracheal instillation are not replicated in inhalation studies with
similar target dosing amounts [86-89]. Furthermore, various species-specific factors such
as deposition rate, clearance, and tissue reactions may limit aspects of in vivo studies when
extrapolating from animal data to potential human health effects. Nonetheless, in vivo
data can aid in the identification of potential pathways that may play a role in biological
responses in humans.

5.3. Dose, Deposition, and Clearance

Risk characterization involves (1) identification of the substance as a hazard, (2) char-
acterization of dose response relationship, (3) assessment of exposure to the substance
and (4) risk characterization. After taking these into consideration, one can characterize
the potential health risk associated with exposure to a particular substance [90]. Thus, to
understand the risk, it is necessary to consider dosimetric extrapolation and dose-metrics
when deriving a human equivalent concentration, and consider occupational or environ-
mental exposure limits when performing human risk extrapolation modeling based on
results of rodent inhalation studies. Limitations associated with extrapolation and trans-
lation of in vivo rodent assays to human health effects can have significant implications
in the application of the risk assessment process. With proper experimental design, an
analysis can be performed to determine the dose associated with a no-observed-adverse-
effect level (NOAEL) and lowest-observed-adverse-effect level or concentration (LOAEL
or LOAEC) and then apply uncertainty factors for animal to human extrapolation. Other
methods such as the benchmark dose (BMD) approach can also be utilized to further
understand threshold levels below which, no response is expected to occur. However,
most oxidic nickel nanomaterial studies tested a limited number of doses and few studies
identified NOAELS and LOAELs. Of the 17 studies that evaluated the toxicity associated
with NiO nanoparticles via the inhalation route of exposure, only seven studied multiple
concentrations [22,31,39,47,51,59,67]. Furthermore, only three studies tested three con-
centrations to allow for an analysis of the dose response curve [22,31,51]. Out of the
publications that reported testing multiple concentrations, only two studies determined
NOAELSs [22,59] and the remaining reported LOAELSs.
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Although inhalation is relevant to human exposure, several considerations still need to
be made. First, the exposure of each rodent in vivo study will need to be related to potential
human exposure levels. Most inhalation studies used various occupational exposure limits
as a benchmark for their dose metrics. The Permissible Exposure Limit (PEL) of 1000 pg/m?3
as set by the Occupational Safety and Health Administration (OSHA) for micron-size
nickel exposures is typically referenced. The American Conference of Governmental and
Industrial Hygienists” Threshold Limit Value (TLV) of 200 pg/ m? (as inhalable aerosol
fraction) for insoluble nickel compounds such as NiO and 1500 pg/m? for metallic nickel
are also referenced. The concentrations of NiO nanoparticles in the experimental rodent
studies ranged from 100 to 3720 ug/m?3 for inhalation studies. However, relating the
exposure dose and duration of exposure in rodent assays to the human experience is more
complicated than a benchmark to occupational exposure limits. Species-specific factors
that determine deposition factors and clearance rates will have an impact on biological
responses. Future studies are needed to better model the deposition potential of NiO
nanoparticles in humans compared with various rodent assays. For instance, the MPPD
can be used to extrapolate between animals and humans to better understand relevancy of
exposure metrics in each animal assay [91].

Respiratory tract deposition and clearance were described in several rodent experi-
ments. Oyabu et al. [66] found that 29 ug of nickel was retained in the lungs of rats 4 days af-
ter inhalation to NiO nanoparticles for 4 weeks at a concentration of 1.0 x 10° particles/cm?3.
A biological half-time of 62 days (approximately 2.1 months) was calculated. In a later
study, Oyabu et al. [67] reported that 40.0, 24.6, and 19.0 ug of NiO was retained in the
lungs after 3 days, 1 month, and 3 months, respectively, post inhalation of 0.32 mg/ m3 NiO
nanoparticles for 4 weeks; a biological half-time of 2.9 months was estimated. Additionally,
the authors reported that rats exposed to a higher concentration of 1.65 mg/m? of NiO
nanoparticles via inhalation retained NiO nanoparticles in the lung at a concentration of
132.5,130.0, 92.4 ug at 3 days, 1 month, and 3 months after exposure; a biological half-time
of 5.2 months was calculated. Likewise, intratracheal instillation of 0.2 mg NiO nanopar-
ticles led to a retention of 136.4 to 59.4 ug NiO nanoparticles 3 days to 6 months after
instillation; a biological half-time of 4.9 months was calculated. The authors reported that
intratracheal instillation of 1 mg NiO nanoparticles led to a retention of 738.1 to 465.5 ug
NiO nanoparticles on day 3 to month 6 after exposure; a biological half-time of 9.5 months
was estimated [67]. Further, Shinohara et al. [20] estimated the pulmonary clearance rate
for several NiO nanoparticles using a one-compartment model. The estimated half-time
for spherical NiO nanoparticles were 310, >690, and 410 days for exposure to a one-time
concentration of 0.57, 1.9, and 5.8 mg/kg administered via intratracheal instillation, respec-
tively. Irregular shaped nanoparticles had an estimated half time of 59, 170, >690 days for
doses of 0.47, 2.0, 5.8 mg/kg. It should be noted that the concentrations used in the rodent
experiments are not representative of expected human exposure.

In contrast to the NiO nanoparticles, a reported deposition rate of 17 to 24% was
determined and a half-time of approximately one day was calculated by Gillespie et al. [22]
for Ni(OH), nanoparticles. Briefly, mice were exposed for 4 h to nominal concentrations
of 100, 500, and 1000 mg/m3 of Ni(OH), nanoparticles via whole body inhalation. Poten-
tial reasons for differences in the half-time between the NiO and Ni(OH), nanoparticles
include animal species variances, particle chemical form, particle size, solubility, and ex-
posure duration. The Ni(OH), nanoparticles used in Gillespie et al. [22] were almost all
dissolved (discussed further in Section 4) and it is likely the high solubility of Ni(OH),
nanoparticles drove the clearance, compared to the NiO nanoparticles. Indeed, the values
by Oyabu et al. [66] were more similar to the half-time calculated for micron-sized NiO
particles (approximately 3 months) [22,66].
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6. Overview of Lung Inflammation

Inhalation is the primary route of potential exposure to oxidic nickel nanoparticles
in occupational or industrial settings. Thus, there is an interest in understanding the
potential risk of pulmonary inflammation and toxicity. Inflammation encompasses a
complex, organized assembly of responses to toxicants, pathogens, cell damage, or irritants.
Although acute inflammation is beneficial and necessary for the body’s natural defense
against foreign material such as pathogens, chronic activation of the inflammatory pathway
in the lungs can lead to more serious health effects including fibrosis. However, several
factors can determine the chronic nature of the inflammatory response including the
stimulant and exposure metrics along with tissue-specific responses that dictate severity
and potential to resolve the inflammation. Many studies investigated the effect of NiO
nanoparticles via intratracheal instillation and whole body inhalation in in vivo studies
(Table 2) and in vitro studies utilizing lung cell lines (Supplemental Table S2). The strengths
and weaknesses of in vitro and in vivo studies were considered (discussed in Section 5.2)
when selecting and detailing the key studies.

Table 2. Invivo literature associated with lung inflammation and damage endpoints after exposure to oxidic nickel

nanoparticles. Studies are arranged by nanoparticle type, followed by exposure method.

Dosing Regimen

(Exposure Method) .
Study Klimisch Score Model (Dose Range and Unit) Heal;cll; End;) oint
(Duration/Frequency) ssay
(Follow-Up Time)
NiO Nanoparticles
Whole body inhalation,
200 pg/m? . .
[38] K3 AB Male Wistar rats or 9.2 x 10* particles/cm3 Dl.sease profile (lupg
4w, 5d/w 6h/d, microarray analysis)
3dand 1m
Whole body inhalation Lung inflammation
200 pg/m> (BALF pulmonary
[45] K3 AB Male Wistar rats 4w 5d/w, 6h/d surfactant components,
3 d, Im ar,1 d3m BALF surface tension,
T histopathology)
Whole body inhalation,
200 pg/m3 Lung infl G
[64] A K3 AB Male Wistar rats or9.2 x 10* particles/ cm? ung mrammation
4w,5d/w,6h/d, (histopathology)
3d,1m,and 3m
Whole body inhalation, Lung inflammation
. 1.0 x 10° particles/cm3 * or 2.8 pg/m3 (histopathology)
AB p pg/m-, p gy
[66] K3 Male Wistar rats 4 w, unclear d/w, 6 h/d Lung clearance
4d,1m,and 3 m (deposited nickel)
Whole body inhalation, Lur}g mﬂammatlon and
1.0 x 10° particles/cm? * or 2.8 pg/m3 fibrosis (BALF cell
[58] K3 AB Male Wistar rats 4w,5d/w,6h/d ’ ! counts, gene
! ’ ! expression,

4d,1m,and3m histopathology)
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Table 2. Cont.

Study Klimisch Score

Model

Dosing Regimen
(Exposure Method)
(Dose Range and Unit)
(Duration/Frequency)
(Follow-Up Time)

Health Endpoint
(Assay)

Nose-only inhalation

1.0 mg/ m>
4h/d,5d Lung inflammation
[72] K3 AB Female white rats 1d (BALF cell counts,
h/dO.Z?él ;ng /m3 histopathology)
4 ,5d/w,3,6,10 m
1d
Intratracheal instillation
0.2, 1 mg for instillation,
One time dose Lung ROS (oxidative
[39] K2 A Male F344 rats 3 d, 1 m, 3 m, 6 m Whole body inhalation stress markers, BALF
320, 1650 pg/m?3 gene expression)
4w,5d/w,6h/d
3d,1m,3m,6m
Intratracheal instillation . .
02 1m Lung inflammation
o L me (BALF cell count, BALF
One time dose chemokines, BALF
A . 3d,1w,1m,3m,6m . !
[59] K2 Male Fischer 344 rats : . LDH, histopathology,
Whole body inhalation :

3 morphological features
0.32,1.65 mg/m of alveolar
4w,7d/w,6h/d h )
3d,1m,and 3 m macrophages

Lung inflammation
Intratracheal instillation (SPECT analysis,
. 10, 20, 50, 100 ug CT analysis)
A
[28] K2 Female Balb/c mice One time dose Lung damage (BALF
1,7,28,29d protein levels, BALF
LDH, histology)
Lung inflammation
T (BALF cell counts,
Intratracheal instillation BALF ALP, protein
800 g levels, Histopathology;,
[29] K3 AB Male Sprague Dawley rats or 3300 pg/kg ! . !
. cytokines)
One time dose
37984 Lung damage (BALF
re LDH, BALF
protein levels)
Lung inflammation
Intratracheal instillation, (BALF cell counts,
150 cm? /rat, BALF protein and
[12] K3 AB Female Wistar rats or 163.5 pg/rat, lipids, histopathology,
One time dose cytokine profile)
24hand 4w Macrophage function
(surfactant clearance)
Intratracheal instillation, Lune inflammation
50 and 150 cm? /rat, (BA%F cell counts
[13] K24 Female Wistar rats or 54.5-163.5 ug/rat, . . ’
. protein, histopathology,
One time dose . .
cytokine profile)

24hand 4w
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Dosing Regimen
(Exposure Method) .
Study Klimisch Score Model (Dose Range and Unit) Health Endpoint
. (Assay)
(Duration/Frequency)

(Follow-Up Time)

Intratracheal instillation,
150 cm? /rat,

Lung inflammation

AB . (BALF cell counts,
[14] K3 Female Wistar rats or 163:5 ug/rat, BALF LDH, protein,
One time dose tokine profile)
24hand 4w cytokane protie
Intratracheal instillation, Lung damage and ROS
. 200 pg/rat, (BALF LDH and
AB
[41] K3 Male Wistar rats One time dose protein levels, oxidative
1h,24h,72h,and 1w stress markers)
Intratracheal instillation, Lung damage and ROS
. 200 pg/rat, (BALF LDH
AB
[42] K3 Male Wistar rats One time dose levels, oxidative
1h,4h,24h,72h,and 1w stress markers)
Lung inflammation
Intratracheal instillation (BALF cell count.s,
5 BALF total protein,
50, 100, and 200 cm~ /rat, BALF LDH. cvtokine
[49] K2 A Female Wistar rats or 54.5,109, 218 ug/rat <y
. levels, levels of
One time dose anaphylatoxins)
1d,2d,3d,and4d Lung clearance (BALF
Ni levels)
Intratracheal instillation, Lung inflammation
. 250 cm? /rat (BALF LDH and
AB ,
[53] K3 Female Wistar rats or 2700 ug/rat, protein levels, BALF
One time dose 24 h cell counts)
Intratracheal instillation, Lung inflammation
[60] K3 AB Male Wistar rats 1000 pug/ rat (3300 ug/kg) (BALF cgll counts,
One time dos e chemokine levels,
3d,1w,1m,3m,and 6 m histopathology)
Lung inflammation,
fibrosis, and allergy
Intratracheal instillation, (BALF macrophage
[61] Ko A Male Wistar rats 100 and 200 ug/ rat (330 or 660 ng/kg) counts, BALF alkaline
One time dose phosphatase release,
3d,1w,1m,3m,and 6 m lung and BALF
cytokine profile,
histopathology)
e Lung inflammation
Intratracheal instillation (BALF cytokine levels
[62] K3 AB Male Wistar rats 1000 mg/rat One time dose . ytox !
tissue cytokine levels,
3d,1w,1m,3m,and 6 m .
histopathology)
Intratracheal instillation, Lung inflammation
[63] K2 A Male Wistar rats 100 and 200 ug/rat (330 or 660 ug/kg) (BALF cell counts,

One time dose
3d,1w,1m,3m,and 6 m

chemokine levels,
histopathology)
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Dosing Regimen
(Exposure Method) .
Study Klimisch Score Model (Dose Range and Unit) Heal:;igdf oint
(Duration/Frequency) y
(Follow-Up Time)
Lung inflammation
Intratracheal instillation, (BALF total protein
[23] K2 A Male Wistar rats 100 and 200 ug/ ra.1t (330 or 660 ug/kg) concentratlor}, BALF
One time dose phospholipid
3d,1w,1m,3m,and 6 m concentration, BALF
surface tension)
Intratracheal instillation, Lung inflammation
. 2000 pg/rat, (BALF cell counts,
AB
[65] K3 Male Wistar rats One time dose histopathology,
3d,1w,1m,3m,and 6 m collagen deposition)
Intratracheal instillation
0.2,1mg Lung inflammation
. One time dose3d,1w,1m,3m,6m (histopathology)
A 4 7 4 4 p gy
[671 K2 Male Fisher rats Whole body inhalation Lung clearance
320, 1650 ug/ m3 (deposited nickel)
4w,5d/w,6h/d3d,1m,3m
Lung inflammation
Intratracheal instillation (BALF cell co.unt,
2 mg/kg BALF protein,
AB ;
[70] K3 Male F344 rats One time dose or 2—4 divided doses histopathology)
Lung damage (BALF
3,28,91d .
protein levels,
BALF LDH)
Intratracheal instillation Ll(llﬁ‘gtlor;iihmorﬁ)agt;)m
[20] K2 A Male F344/DuCrlCrlj rats 0.67,2.0, (?r 6.0 mg/kg Lung clearance
One time dose .
328 914 (organ nickel
T burden, modeling)
Lung inflammation
Pharyngeal aspiration (BALF cell counts,
. 90 cm? /rat or 98.1 pg/rat LDH, protein
AB g 2%
[44] K3 Female Wistar rats One time dose concentration, BALF
1,28d cytokine profile, BALF
phospholipids)
Pharyngeal aspiration Lung inflammation
. 20, 40, 80 ng/mouse (WLL cell count,
A
[15] K2 Male C57BL/6] mice One time dose WLL LDH, WLL
1,7d albumin levels)
Ni(OH); Nanoparticles
Whole body inhalation,
Short-term study: Lung inflammation
103.2,565.0, 1204 pg/m3 8
. (BALF cell counts,
4 h, one time dose .
A Male BALF protein levels,
[22] K2 . 24 h .
C57BL/6 mice histopathology,
Long-term study: cytokine, chemokine
3 :
124,124,5,129.3 ug/m>, RT-PCR)

upto5m,5d/w,5h/d,
24 h
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Table 2. Cont.

Dosing Regimen
(Exposure Method)

Study Klimisch Score Model (Dose Range and Unit) Health Endpoint
(Duration/Frequency) (Assay)
(Follow-Up Time)
Lung
ROS/inflammation
Whole body inhalation, (ROS markers,
. 100 pg/m3, mitochondrial DNA
[40] k3 &7 Male ApoE /" mice Lwor5m, 54/w 5h/d, damage, BALF cell
24 h counts/protein,
cytokine, chemokine,
histopathology)
Lung inflammation and
Male Whole body inhalation, ROS (BALF cell counts,
[47] K3 AB C57BL/6 mi Ni(OH), BALF protein levels,
ce 570 and 1222 pg/md, QT-PCR for Ho-1
and Ccl-2)

* Particle number was the only dose metric reported. h: hour; d: day; w: week; m: month; BALF: Bronchoalveolar lavage fluid; LDH:
Lactate dehydrogenase; ROS: Reactive oxygen species; QRT-PCR: Quantitative Real Time Polymerase Chain Reaction; ALP: alkaline
phosphatase; WLL: Whole lung lavage. * Not a guideline study. B Tested limited numbers of doses.

The acute versus chronic nature of the inflammatory response can be observed in a
series of studies that instilled NiO nanoparticles into rats at doses ranging from 100 to
2000 pg/rat with a follow-up time ranging from 3 days to 12 months [23,39,59-63,67].
Doses of 100, 200, and 1000 pg/rat caused an increase in inflammation as characterized
by BALF cell counts, lung weight, BALF protein and phospholipid concentration that
increased from 3 days to 3 months post-instillation but returned to baseline levels after
6 months [23,61,63,67]. Cytokine levels were also assessed and displayed transient effects
at various doses displaying the acute nature of the inflammatory response. An additional
study by Ogami et al. [64] found that the inflammatory response peaked at 6 months and
subsided at 12 months post-instillation of NiO nanoparticles at a dose of 200 pg/rat. This
data suggests that the inflammatory response induced by NiO nanoparticles was acute
and transient in nature. In later studies by the same authors, a dose of 1000 pg/rat was
used to observe a chronic response characterized by significantly increased cell count
and cytokine levels up to 6 months post-instillation [40,59,60,62]. However, responses
longer than 6 months were not characterized and therefore, the extent of this chronic
response remains in question. If assayed for a longer period of time, it is possible that the
inflammatory response may recover similar to previous experiments.

In an even higher dose, Shinohara et al. [20] reported that intratracheal instillation of
a one-time dose of 6000 ng/kg of NiO nanoparticles (20 nm) to rats led to an increase in
pulmonary inflammation at 13 weeks post-administration; however, extended recovery
time was not assayed. Ogami et al. [65] instilled 2000 pg of NiO nanoparticles per rat and
observed an increase in BALF cell counts up to six months post-instillation; however, once
again, longer recovery time was not assayed. Interestingly, there were data to suggest that
the inflammatory response to NiO nanoparticles was recovering at the 6 month follow-up
time point as PMN infiltration decreased over time. In comparison, the inflammatory
response to crystalline silica increased over time. These data suggest that even with a dose
as high as 2000 pg of NiO nanoparticles, the inflammatory response may be acute in nature
with the potential to resolve over longer periods of time.

Cho et al. [13] also observed dose-dependent, transient acute inflammation after in-
stillation of a one-time dose of NiO nanoparticles starting at 50 cm? /rat (54.5 pg/rat).
Inflammatory responses increased 24 h post-exposure but diminished at 4 weeks post-
exposure. When NiO nanoparticles were instilled into rats, the lymphocyte response was
diminished but still significant compared with vehicle control. Furthermore, fibrosis was
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not observed at 4 weeks in the NiO nanoparticle-exposed rats while zinc oxide and copper
oxide nanoparticles were capable of inducing a fibrotic response. However, other data by
Cho et al. [12] displayed a delayed type-hypersensitivity (DTH)-like mononuclear inflam-
mation, characterized by pulmonary alveolar proteinosis (PAP), epithelial proliferation,
lymphocytic foci, and granulocytic infiltration in the airspace 4 weeks post-exposure under
a similar dosing protocol to 150 cm?/rat (163.5 ug/rat). These data demonstrate that it
is possible for NiO nanoparticles to induce lymphocytic infiltration through TH1-related
cytokine expression including IFN-y when instilled into rats at a dose of 163.5 ug/rat.
However, it should be noted that both studies used NiO nanoparticles that were dispersed
in rat serum, as compared to water or PBS in other studies, to prevent large agglomeration
of particles [12,13]. Thus, it is possible that the solubility of nickel from NiO nanoparticles
bound to the serum proteins and can cause haptenic responses that lead to DTH-like
pathology. Future studies may attempt to characterize the role of solubility in inducing
DTH and other inflammatory pathways in animal studies; however, the current data set
does not provide insight into the parameters that control this biological outcome.

Bai et al. [28] studied the effect NiO nanoparticles (20 nm) had on pulmonary inflam-
mopathology 1 to 28 days after intratracheal instillation of 10 to 100 pug NiO nanoparticles to
mice. The authors reported that exposure to 20 ug NiO nanoparticles led to increased LDH
and 8-OHdG levels at 24-h follow-up time and exposure to 10 and 20 pg NiO nanoparticles
led to increased total pulmonary protein levels and IL-6 levels. However, there were no sig-
nificant differences in these levels, except for 8-OhdG which was still increased, at 28-days
post-exposure. The authors reported that inflammation scores in lung, as determined by
single-photon emission CT analysis, were dose-dependent and intratracheal instillation
of 100 pg NiO nanoparticles induced a response that was scored as severe. Additionally,
lung parenchyma inflammation and small airway inflammation was observed only in
the left and right subsegments of the secondary bronchial bifurcation and the end of the
secondary bronchial bifurcation, as observed via Chest CT, 1 day after exposure while lung
parenchyma inflammation and small airway inflammation was observed in the whole lung
7 days after exposure.

Lu et al. [53] studied the effect NiO (10-20 nm) nanoparticles had on ROS potential
in both in vivo and in vitro systems and, thus, the correlation of in vitro results to in vivo
pro-inflammatory activity. NiO nanoparticles were able to cause in vivo inflammation
characterized by a significant increase in total polymorphonuclear leukocytes (PMNs);
however, ROS generation in vitro did not correlate with inflammation activity in vivo.

Taken together, the intratracheal instillation studies demonstrate an ability of NiO
nanoparticles to induce acute lung inflammation under certain exposure conditions in rats
and mice. However, exposure to large doses of NiO nanoparticles that are not relevant to
human exposures was necessary to induce responses in rats. The studies did not investigate
the effect of an extended follow-up time that may allow a complete recovery from the
exposure. Further, these responses may not necessarily be specific to NiO nanoparticles as
any particle type may elicit non-specific responses at high concentrations. Intratracheal
instillation ensures that the majority of administered particles reaches the lung while
inhalation requires lung burden analysis to understand the administered dose. However,
instillation requires extremely low volumes with high concentrations of particles that
are administered in a fraction of a second in bolus form which is not physiologically
representative of the low-dose rate that occurs by inhalation. As such, a bolus injection,
such as instillation, delivers high doses of NiO nanoparticles that can cause non-specific
responses such as lung inflammation and limits the interpretation of these data when
extrapolating to potential human health effects.

Other evidence for the acute nature of the inflammatory response was observed when
rats were exposed to NiO nanoparticles via whole body inhalation [39,45,58,59,64,66,67].
The studies described an acute inflammatory response followed by recovery to baseline
levels. Ogami et al. [64] dosed rats with 200 pg/ m3 (9.2 x 10* particles/ cm?) for 4 weeks
and found that the inflammatory response peaked at 1 month-post exposure and decreased
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to baseline levels at 3 months. Morimoto et al. [58] and Oyabu et al. [66], exposed rats to NiO
nanoparticles at a concentration of 1.0 x 10° particles/cm? (approximately 2.8 pg/m?) for
4 weeks and observed a peak in inflammation at 4 days post-exposure while 1 month and
3 month time points returned to baseline levels. Morimoto et al. [59] and Horie et al. [39]
dosed rats with NiO nanoparticles at 1650 j1g/m3 for 4 weeks and noted a significant
elevation in total cell count, and CINC-1 on day 3, and an increase in HO-1 concentration
over the first month; all of the inflammatory responses returned to baseline by six months.
Kadoya et al. [45] reported that rats exposed to 0.2 mg/m? NiO nanoparticles (26 nm)
via whole-body inhalation for four weeks had elevated concentrations of phospholipids,
total protein, and surfactant-specific protein in the BALF, an increased PMN count, and
infiltration of macrophages into the lung alveolar space and interstitium following 3 and
30 days. The levels declined from 3 days to 1 month post-exposure; further, the levels were
not elevated at 3 months post-exposure. These data demonstrate that the inflammatory
response to NiO nanoparticles in rats can be characterized as acute in nature and suggests
that ample clearance and recovery is occurring in the lung at these particle concentrations.

Sutunkova et al. [72] examined the effects of 1.0 mg/ m3 NiO nanoparticles on rats after
being inhaled for 4 h per day for 5 days via nose-only inhalation. The authors reported that
there was an increase in the BALF total cell counts and number of alveolar macrophages
and neutrophil leukocytes compared to the control animals at 24 h after the last exposure.
At 3 weeks after the last exposure, the BALF total cell count and number of alveolar
macrophages was still statistically significantly increased, but was decreased compared
to the levels at 24 h; the initial neutrophilic response was no longer present. In a follow-
up chronic study, Sutunkova et al. [72] exposed rats to 0.23 mg/m3 NiO nanoparticles
for 4 h per day, 5 times per week, for 3, 6, or 10 months via nose-only inhalation. The
authors reported that the rats exhibited a statistically significant increase in BALF total cell
counts due to the recruitment of alveolar macrophages and neutrophil leukocytes after all
exposure lengths; the response peaked at 3 months and decreased for the 6 and 10 month
exposure groups. In addition, the authors reported that there was increased activity of the
BALF supernatant’s enzymes including increased y-gutamyl transferase, amylase, lactate
dehydrogenase, alkaline phosphate, and aspartate aminotransferase levels. Histological
evidence did not show any cellular fibrotic nodules or thickening of interalveolar septae;
however, there was evidence of the septae becoming thinner or even destroyed while the
reticulin framework was not coarser than the control rats.

Kang et al. [46] studied the effects on lung inflammation after inhalation by ApoE~/~
mice of Ni(OH), nanoparticles (5 nm) at a concentration of 100 ug/ m? for 1 week and
5 months. Cell counts, neutrophil influx, and protein levels increased significantly for both
time points in BALFE. Cytokine and chemokine profiles displayed mixed results depending
on time point and marker. Histopathology displayed mild to moderate inflammation.
Levels of HO-1, but not other antioxidant enzymes, were upregulated in lung for both
time points. Gillespie et al. [22] utilized short (103.2, 565.0, and 1204.0 ug/ m? for 4 h) and
long (124.0, 129.3, and 124.5 pg/ m?3 for 5h/ day, 5 days/week, for 1 week, 3 months, or
5 months) durations of exposure to characterize the acute versus chronic effects of Ni(OH),
nanoparticles in mice that were exposed via whole body inhalation. Low exposures
(103.2 pg/m?3) had no effect on inflammatory responses after only a short term exposure
duration (4 h). However, long term exposure to low levels (124-129.3 ug/ m3) for five
months presented mild inflammatory infiltrates in the pulmonary parenchyma mostly
comprised of lymphocytes along with significant increases in various chemokine levels.
These data indicate that long term exposure may initiate inflammation in mice; however,
there was no evidence of fibrosis and the inflammatory response was characterized as mild
even after 5 months of exposure. Furthermore, recovery after a longer follow-up beyond
24 h was not assessed. It is possible that these effects would return to baseline levels if
assayed at longer follow-up times, or possibly continue with ongoing exposure.
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Taken together, the inhalation studies demonstrate that oxidic nickel nanoparticles
cause an acute inflammatory response to rats and mice at relatively large doses. How-
ever, there is a lack of evidence suggesting that oxidic nickel nanoparticles caused chronic
damage. In fact, it was reported that rats were able to clear the nanoparticles and un-
dergo recovery in the lung at particle concentrations up to 1650 ug/m3. As with the
instillation studies, careful considerations need to be taken into account when interpreting
relevance of animal doses, and particle characteristics in comparison to potential human
exposure scenarios.

Horie et al. [39] and Morimoto et al. [59] compared lung inflammation after intra-
tracheal instillation or whole body inhalation of NiO nanoparticles. They noted that the
pulmonary inflammation observed in the intratracheal instillation studies was not observed
in the inhalation studies. Horie [39] and Morimoto et al. [59] estimated that the NiO lung
burden was similar in rats dosed with NiO nanoparticles after intratracheal instillation
and inhalation. They reported that the observed “general” pulmonary oxidative stress
response was similar between the inhalation and instillation studies though there were dif-
ferences in the early phases of the oxidative stress and specifically inhalation caused milder
oxidative stress. Few other data were comparable for the relationship between instilled
versus inhaled NiO nanoparticles. While Ogami et al. [64] compared the lung inflammation
after both instillation and inhalation exposure to nanoparticles, NiO nanoparticles were
used as a positive control for studying the effects of fullerene particles and there were only
histopathology results available. The authors reported that the NiO nanoparticles caused
inflammatory changes via both inhalation and instillation route of exposure; however, the
inflammatory response had decreased by 3 months for rats exposed to NiO nanoparticles
via inhalation, while the inflammatory response observed after exposure via instillation
persisted until 12 months. By contrast, Mizuguchi et al. [90] compared instillation and
inhalation of NiO nanoparticles and reported that a comparable inflammatory response
via inhalation was observed at pulmonary deposition amount equivalent to one tenth of
the intratracheal instillation dose. Taken together, the relevance of performing instilla-
tion or pharyngeal aspiration to mimic potential lung responses after inhalation of NiO
nanoparticles remains limited.

7. Overview of Systemic Toxicological Endpoints

Numerous rodent studies investigated the effect of NiO nanoparticles on systemic
endpoints, such as mortality, the cardiovascular system, and other organs (Table 3). Ad-
ditionally, in vitro studies investigated the effect of NiO nanoparticles on cells associated
with various organs and systems such as the skin, breast, hematopoietic system, and others
(Supplemental Table S2).

Shinohara et al. [20] reported that rats dosed with 0.67-6.0 mg/kg NiO nanoparticles
via intratracheal instillation had statistically significant higher NiO burdens in most of the
thoracic lymph nodes compared to the control animals; the authors reported that the re-
sponse was dose- and time-dependent for rats exposed to spherical NiO nanoparticles and
irregular shaped NiO nanoparticles. Further, the author reported there was an increased
NiO burden in the liver of rats dosed with NiO nanoparticles compared to control animals;
however, there was no clear dose- or time-dependency. Dumala et al. [35] studied the total
Ni content in various organs after oral gavage of 125-500 mg/kg NiO nanoparticles to
rats. They showed that the liver accumulated more nickel, followed by the brain, kidney,
and finally the spleen. Taken together, deposition and clearance are potentially affected by
assay variables such as methodology, species, dose, and nanoparticle chemical form and
size. Future studies may better describe how deposition and clearance are affected by each
of these variables.
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Table 3. In vivo literature associated with systemic endpoints after exposure to oxidic nickel nanoparticles. Studies are

arranged by nanoparticle type, followed by exposure method.
Dosing Regimen
(Exposure Method) .
Study Klimisch Score Model (Dose Range and Unit) Heal;l;sEsl;d}o oint
(Duration/Frequency) y
(Follow-Up Time)
NiO Nanoparticles
Nose-only inhalation Organ damage
1.0 mg/ m3 (histopathology of liver,
[72] K3 AB Female white rats 4h/d,5d kidney, brain, various
1d functional and
0.23mg/m>4h/d,5d/w,3,6,10m1d  biochemical indices)
Organ damage (organ
weight of liver, kidney,
lung, spleen and brain;
Intratracheal instillation h1§t0pathology of liver,
2 mg/ke kidney, lungs, spleen,
AB .
[70] K3 Male F344 rats One time dose or 2—4 divided doses brain, and
398 91d pulmonary-related
T lymph nodes)
Hematological analysis
(cell count, blood
biochemistry)
Intratracheal instillation (bi 5111:;?11; dram?gter
[73] K2 A Male Wistar rats 0.015, 0.06, or 0.24 mg/kg OMArkers of Stress,
2d/w, 6w liver weight,
! histopathology)
Clinical toxicology
Oral gavage (food consumption,
500, 1000 mg /kg body weight, organ
[27] K2 A Male Wistar rats Lo weight) Organ damage
One time dose 5 & &
14 davs (various functional and
y biochemical indices,
RBC and WBC count)
Organ damage
Oral cavage (histopathology of
5 50,300 %0 00§n /k brain, heart, liver,
[34] K2 &P Female Wistar rats ! (’)ne t,ime dosg & spleen and kidneys)
144 Organ clearance
(Ni content)
Mortality
Organ damage
125 (;;(a)l gg(\)zaﬁe /k (histopathology of liver,
[35] K2 A Female Wistar rats (’)ne ’Eime doie & kidney, brain, various
24 h functional and
biochemical indices)
Clinical toxicology
(food consumption,
Oral gavage body weig?lt,
organ weight)
[36] K2 &P Male and female Wistar rats 50, E%OaZgOdr;l‘;g\l/kg Organ damage
2’ ih (histopathology of liver,
kidney, brain, various

functional and
biochemical indices)
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Table 3. Cont.
Dosing Regimen
(Exposure Method) .
Study Klimisch Score Model (Dose Range and Unit) Heal:;igdf oint
(Duration/Frequency) y
(Follow-Up Time)
Organ damage
(histopathology of liver,
Intraperitoneal injection spleen, kidney, brain,
250, 500 pug/rat various functional and
AE
[45] K3 Female rats 6w,3d/w biochemical indices)
24h Organ clearance (Ni
content of liver, spleen,
kidney, brain)
Brain damage
(Oxidative stress
. . biomarkers including
Intraperitoneal injection R
10, 25, 50 mg/ kg catalase activity, lipid
[55] K3 ADE Male rats T 74 peroxidation by MDA,
12h Glutathione
concentration, total
antioxidant capacity;
histopathology)
Organ damage
(histopathology of liver,
spleen, kidney, brain,
. . various functional and
Intraperitoneal injection biochemical indices)
[56] K3 ABE Female rats 500 pg/rat :
Organ clearance (Ni
6w,3d/w .
content of liver, spleen,
kidney, brain)
Genotoxicity
(DNA damage)
Pharyngeal aspiration Allergic response
[40] K3 AB Female C57BL/6N mice 50 ug/mouse _ (OVA-specific
One time dose immunoglobulin,
21d gene expression)
Ni(OH); Nanoparticles
Whole body inhalation, Vascular function
. 100, 150, 900 ug/ m3, (carotid artery
A
[31] K2 Male C57BL/6 mice 1,3,or5d,5h/d, constriction and
24 h relaxation)
Cardiovascular
ROS/inflammation
(ROS markers,
mitochondrial DNA
damage, BALF cell
Whole body inhalation, counts/protein,
. 100 ug/ mS, cytokine, chemokine)
AB /
[46] K3 Male ApoE mice lwor5m,5d/w,5h/d, Systemic inflammation
24 h (liver SAP
protein levels,
cytokines/chemokines)

Atherosclerosis (plaque
formation in aorta,

QT-PCR)
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Dosing Regimen
(Exposure Method) .
Study Klimisch Score Model (Dose Range and Unit) Heal:;l End}) oint
(Duration/Frequency) ssay
(Follow-Up Time)
Hematopoietic damage
Whole body inhalation (bone marrow EPC
. 500 pg/m3 gene expression, EPC
AB
[50] K3 Male C57BL/6 mice 5h count, EPC chemotaxis,
30mand 12 h tube formation and
proliferation, RT-PCR)
Whole body inhalation,
~1200 pg/m?3,
2d,5h/d, Endothelial progenitor
. ~700 ug/ mS, cell effects (cell counts,
AB
1] K3 C57BL/6 mice 3d,5h/d, cell function, cellular
~100 pg/m3, signaling pathways)
5d,5h/d,
24h
Endothelial progenitor
Whole body inhalation, cell effects. (cell counts,
~500 g /m? cell function, cellular
[52] K3 AB C57BL/6 mice 5h ’ signaling pathways)
0.5 an. d/12 h Atherosclerosis
’ cellular signalin
g &
pathways)

h: hour; d: day; w: week; m: month; A Not a guideline study. B Tested limited numbers of doses. € Deviated from OECD guidelines.
D Lacked key details. E Non-physiological route of administration.

7.1. Mortality

Mortality was included in only one study. Dumala et al. [36] reported no mortality
to rats exposed to 200 mg/kg/day NiO nanoparticles daily via oral gavage for 28 days
but did show symptoms such as dullness, irritation, and distress. Since none of the other
studies reported mortality, it can be assumed that there was not an increased incidence
of mortality after exposure to oxidic nickel nanoparticles. Further, the evidence suggests
that, at the doses tested in animals, there is limited evidence that oxidic nickel nanoparticle
exposure can induce severe health effects, such as death, via any route of exposures.

7.2. Cardiovascular

There is limited evidence of oxidic nickel inducing cardiovascular effects [5]. However,
it has been reported that high concentrations of nickel in air pollution (PM2.5, comprised of
complex nickel oxides and sulfate) may contribute to cardiovascular effects [92]. As such,
the effects Ni(OH); nanoparticles on the cardiovascular system has been studied in several
publications.

Cuevas et al. [31] studied the vascular effects in mice exposed to 100, 150, and
900 pg/m3 Ni(OH), nanoparticles (5 nm) for 5 h/day for 1, 3, and 5 days via whole body
inhalation. At 24-h post exposure, carotid arteries from mice exposed to all concentrations
of Ni(OH), nanoparticles displayed differences in graded doses of phenylephrine-induced
contractile responses and acetylcholine-induced vasorelaxation responses compared with
mice exposed to filtered air. Some responses increased with dose but the 5-day low dose
did not differ significantly from 3-day low dose for vasocontraction. It is important to
note that no other particles were tested for comparison of responses including nonspecific
particle effects. Other cardiovascular effects were studied via whole body inhalation of
mice to Ni(OH); nanoparticles (40 nm) [31,50-52]. In the study by Liberda et al. [51],
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mice were exposed to low (100 pg/m3 for 5 h/day for 5 days), moderate (700 pg/m3 for
5 h/day for 3 days), and high (1200 pg/m? for 5 h/day for 2 days) concentrations and
endothelial cell effects were examined at 1 day post-exposure. Significantly lower % of
bone marrow endothelial progenitor cells were observed for moderate and low exposures
(high dose was not tested). Cell function tests displayed impaired endothelial progenitor
cell chemotaxis and tubule formation after high levels of exposure (lower doses not tested).
No significant difference was observed in cellular signaling pathways involved in endothe-
lial cell mobilization, homing, and differentiation. In similar experiments, Liberda [52]
and Liberda et al. [50] exposed mice to 500 pg/ m3 of Ni(OH), nanoparticles for 5 h and
examined cardiovascular responses including endothelial cell effects at 30 min and 12 h
post-exposure. The population of bone marrow and circulating progenitor/endothelial
cells increased after Ni(OH), exposure. Differences in cellular signaling pathways were
reported to relate to a decrease in cellular homing and an increase in “stickiness” after
Ni(OH); exposure. MCP-1 levels in the aorta were downregulated after Ni(OH), treatment,
suggesting a decrease in chemotaxis signaling. Endothelial progenitor cells from Ni(OH);
exposed mice displayed significantly reduced cellular function for chemotaxis and tube
formation. Proteomic analysis of plasma found that transferrin was downregulated and
several antioxidants were upregulated. Additionally, Kang et al. [46] studied the effects on
cardiovascular inflammation after inhalation by ApoE~~ mice of Ni(OH), nanoparticles
(5 nm) at a concentration of 100 ng/ m? for 1 week and 5 months. Levels of HO-1 but not
other antioxidant enzymes were upregulated in the heart and aorta tissue for both time
points. Cytokine and chemokine levels did not increase in systemic organs after 1 week;
however, Ccl-2 and IL-6 were significantly upregulated in the heart after 5 months. Further-
more, mitochondrial DNA damage was observed in the aorta while areas of plaque lesions,
Ccl-2, Vcam-1, and Cd68 levels in the aorta also increased after 5 months of exposure.

Overall, the chronic nature of these cardiovascular responses were not well char-
acterized and need to be further studied. While there was evidence of cardiovascular
inflammation, contractile and vasorelaxation responses, and effects on endothelial progen-
itor cells after inhalation of Ni(OH), nanoparticles, the response were not assessed past
the 24 h follow-up time point. Furthermore, the dose response was not well characterized.
Further testing of oxidic nickel nanoparticles, including with NiO nanoparticles, long-term
follow-up, and testing with longer exposure durations, is needed to better understand any
cardiovascular effects.

7.3. Other Systemic Effects

The effects of NiO and Ni(OH); nanoparticles on organ damage was evaluated based
on changes to biochemical and functional indices, along with changes in histopathology, in
rats administered nanoparticles via inhalation, intratracheal instillation, oral gavage, and
intraperitoneal injection. Most studies evaluated the acute toxicity of these nanoparticles
while only one study evaluated the response from a chronic exposure.

In an initial experiment, Sutunkova et al. [72] exposed rats to 1.0 mg/m? NiO nanopat-
ticles for 4 h per day for 5 days via nose-only inhalation. The authors reported that there
was a significant increase in liver weight, elevated levels of lactate dehydrogenase, evi-
dence of leukocytosis, systemic inhibition of the oxidation-reduction energy metabolism,
enhanced lipid peroxidation as measured by increased concentrations of malodialdehyde,
and stimulation of erythropoiesis at 24 h post-exposure. In a follow-up chronic study,
Sutunkova et al. [72] exposed rats to 0.23 mg/m3 NiO nanoparticles for 4 h per day, 5 times
per week, for 3, 6 or 10 months via nose-only inhalation and reported the observed effects
at 24 h post-exposure. The authors reported that NiO nanoparticle exposure caused ery-
thropoiesis stimulation, an elevated hemoglobin content, an increased erythrocyte count
with elevated proportions of reticulocytes, and an elevated hematocrit after 3 months.
However, except for an elevated proportion of reticulocytes, these levels had returned to
baseline for rats exposed to NiO nanoparticles for 6 and 10 months. Further, there was no
noted evidence of increased inhibition processes in the CNS. While the authors reported
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statistically significant changes in lung, kidney, and liver weights following exposure to
NiO, they noted that there were no noticeable changes in the weight of the liver, spleen,
and kidneys (per 100 g body mass), or in the indices of liver and kidney functioning.
Specifically, the authors reported that there was a statistically significant increase in lung
and kidney mass after 10 months of exposure, and a statistically significant decrease in liver
mass after 6 months of exposure. However, there were appreciable pathological changes in
the histological structure of the liver, as seen by increased number of akaryotic hepatocytes,
binucleated hepatocytes, and Kupffer cells; spleen, as seen by increased diameter of the fol-
licle; and kidney, as seen by brush border loss in proximal convoluted tubules at 3 months
only and full epithelial desquamation at 10 months.

Yu et al. [73] exposed rats to 0.015, 0.06, or 0.24 mg/kg NiO nanoparticles via intra-
tracheal instillation twice a week for six weeks. The authors reported that rats exposed to
0.24 mg/kg NiO nanoparticles had significantly increased liver wet weight and coefficient
to body weight, and had liver pathological changes, such as cellular edema, hepatic sinus
disappearance, and binucleated hepatocytes. The authors suggest that the liver toxicity
induced by NiO nanoparticles may be associated with nitrative and oxidative stress.

Kang et al. [46] reported that HO-1 mRNA levels were upregulated in the lung,
spleen, heart and aorta tissues and liver SAP mRNA levels were increased in ApoE~”/~
mice that inhaled Ni(OH), at a concentration of 100 pg/ m3 for 1 week and 5 months.
Further, cytokine and chemokine mRNA levels did not increase in systemic organs after
1 week; however, Ccl-2 and IL-6 mRNA levels were significantly upregulated in the heart
and spleen after 5 months. TNF-o was also significantly upregulated in the spleen after
5 months of exposure. Senoh et al. [70] reported no damage to the liver, kidney, spleen,
brain, based on organ weight and histopathology, and noted no significant changes in
the hematology and blood biochemistry for rats that were intratracheally instilled with
2 mg/kg NiO nanoparticles as either a one-time dose or a divided dose.

Dumala et al. [34] and Dumala et al. [35] reported organ damage, based on dose-
dependent changes to biochemical indices, to the brain, liver, and kidney after oral gavage
of a one-time dose of 5-2000 mg/kg of NiO nanoparticles to rats. Additionally, 2000 mg/kg
NiO nanoparticles caused liver tissue damage and focal areas of necrosis in the liver;
however, there was limited to no significant changes in spleen, heart, brain and kidneys. In
a follow-up study, Dumala et al. [36] reported organ damage to liver, kidney, spleen, brain,
heart, and stomach, as evidenced by significant alterations to biochemical indices and
histopathology, along with alterations to hematological parameters after daily exposure
to 200 mg/kg NiO nanoparticles via oral gavage for 28 days. Ali et al. [27] reported
dose-dependent organ damage to the liver and kidney, based on significant changes to
biochemical parameters, along with alterations to hematological parameters, after exposure
to 500 or 1000 mg/kg NiO nanoparticles via oral gavage for 14 days.

Katsnelson et al. [48] reported that intraperitoneal injection of 0.25-0.5 mg NiO
nanoparticles to rats caused significant changes to biochemical and functional indices
associated with the kidney, spleen, brain and liver. The authors reported that seven of these
indices were dose-dependent. Additionally, Minigalieva et al. [56] reported that 500 ug
NiO nanoparticles administered via intraperitoneal injection three days per week for six
weeks caused a statistically significant adverse deviation in functional and biochemical
indices associated with the kidney, liver, spleen in rats.

Marzban et al. [55] administered intraperitoneal injections of 10 to 50 mg/kg NiO
nanoparticles to rats for 7 days. Rats exposed to all doses of NiO nanoparticles had a
significant decrease in GSH levels. The authors reported that rats exposed to 25 and
50 mg/kg NiO nanoparticles showed a dose-dependent significant increase in Glutathione-
S-Transferase and catalase activity. In addition, rats exposed to 50 mg/kg NiO nanoparticles
showed a significant decrease in total antioxidant capacity and a significant increase in
MDA levels. Further, histopathological changes, including necrosis, hyperemia, gliosis,
and spongy changes, in the brain were observed for rats dosed with NiO nanoparticles in a
dose-dependent manner.
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In general, there were conflicting results regarding whether oxidic nickel nanoparticles
caused damage to the liver, kidney, and brain based on changes to biochemical indices.
Further, the biological significance of the changes to the various biochemical parameters is
not fully understood and needs to be further investigated. In general, there was limited
histopathological evidence showing organ damage after acute exposures to NiO and
Ni(OH), nanoparticles. One study observed histopathological changes to the brain after
intraperitoneal injection of NiO nanoparticles [55]; however, other studies that administered
NiO nanoparticles via oral gavage did not report any histopathological changes in the
brain [34,35]. Further research needs to be done to understand whether this effect is
observed after inhalation route of exposure. Additionally, while there was evidence of
mild to severe damage to organs after daily oral gavage of NiO nanoparticles for 28 days,
this was only seen at significantly high doses (200 mg/kg/day). As such, most of the
studies investigated only the acute nature of these various organ toxicities and did not
investigate the potential chronic effects or recovery. Only one study investigated the chronic
nature of the effects that NiO nanoparticles had on systemic toxicity when exposed via
inhalation (0.23 mg/m?> NiO nanoparticles for 4 h per day, 5 days per week for 3, 6, and
10 months) [72]. The authors reported toxicity to the liver and kidneys, as indicated by
changes to histopathological indices; however, it is unclear the effect NiO nanoparticles
had on liver and kidney function as there were no changes to the functional indices.
As such, the studies utilizing injection and instillation route of exposures need to be
validated by appropriately designed inhalation studies utilizing exposures doses relevant
to human exposure.

8. Overview of Carcinogenicity and Genotoxicity Endpoints

Carcinogenicity refers to the process of cancer formation which can be generally de-
scribed as two stages encompassing initiation and promotion. Typically, the initiation stage
represents heritable genetic changes while promotion occurs when an initiated cell under-
goes proliferative and genotypic changes presenting a malignant phenotype. Researchers
have studied pathways that are involved with carcinogenesis such as inflammation, hy-
poxia, oxidative stress, cytotoxicity, and apoptosis through in vitro and in vivo assays.

Mutagenicity refers to the capacity of a substance to form mutations and implies
permanent changes in the structure and/or amount of the genetic material of an organism
while genotoxicity is a broader term that refers to the capability of a substance to damage
DNA and/or chromosomes. NiO nanoparticles have been studied in several in vivo
(Table 4) and in vitro (Supplemental Table S2) genotoxicity studies as described in more
detail below.

Epidemiology studies involving inhalation exposure to micron-size (inhalable aerosol
fraction) particles have provided evidence on an association between oxidic Ni exposure
and increased respiratory cancer risk [8,93]. However, there is a lack of epidemiological
studies regarding oxidic nickel nanoparticles and associated toxicity effects. Thus, animal
studies are relied on to understand the potential carcinogenic effects. Overall, there is
limited evidence from in vivo studies that oxidic nickel nanoparticles are carcinogenic.
The existing studies described below have limitations and it is necessary to conduct more
research using studies that have more realistic dosing (route, method, duration, etc.),
appropriate animal models, sufficient animal numbers, extended follow-up time, and
appropriate controls (e.g., other particles of different sizes and dosed at different masses).
Although chronic inflammation can lead to a tumor-promoting environment, no animal
study has evaluated the inflammatory response beyond 12 months post exposure to oxidic
nickel nanoparticles. Additionally, pathways that regulate inflammation can be considered
tumor promoting rather than tumor initiating. Further, inhalation studies of micron-size
nickel compounds have shown that inflammation has been found to be necessary, but not
sufficient, to induce tumors in rats [8]. Compounds that initiate tumors do so through direct
or indirect mutagenic mechanisms (often confused with the broader term genotoxicity).
Pathways such as inflammation, hypoxia, oxidative stress, cytotoxicity, and apoptosis have
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been studied in vitro by various researchers without consideration of dose relevant to
human exposures (Supplemental Table S2). NiO nanoparticles are capable of generating
oxidative stress and are cytotoxic to various cell lines. However, the effects are observed
at high doses that are not representative of doses expected from human exposure and
evidence is lacking suggesting that these effects are related to preneoplastic events.

Table 4. In vivo literature associated with genotoxic endpoints after exposure to oxidic nickel nanoparticles. Studies are

arranged by nanoparticle type, followed by exposure method.

Dosing Regimen
(Exposure Method)

Study Klimisch Score Model (Dose Range and Unit) Heal:isEsr;d;) oint
(Duration/Frequency) y
(Follow-Up Time)
NiO Nanoparticles
Nose-only inhalation
1.0 mg/m?
4h/d,5d .. o
[72] K3 AB Female white rats 1d Gengioﬁgiy}(lriirgﬁi 2(111{11 IE;S;?:;? of
0.23 mg/m3 polymorp
4h/d,5d/w,3,6,10 m
1d
Oral gavage -
125,250, 500 mg/ kg Genotoxicity (DNA damage,
[34] K2 P Female Wistar rats T micronucleus test, chromosomal
One time dose )
18,24 h aberration assay)
Genotoxicity (chromosomal
Oral gavage aberrations, micronuclei formation,
. 1,2,4mg/kg/da DNA damage)
A ’ & g/ Kg/day &
[69] K2 Male Wistar rats 7or1dd,7d/w Cytotoxicity (apoptosis, ROS
Immediately generation, mitochondrial membrane
potential, apoptotic proteins)
Intraperitoneal injection
[56] K3 ABE Female rats 500 pg/rat Genotoxicity (DNA damage)

6w,3d/w

h: hour; d: day; w: week; m: month; * Not a guideline study. B Tested limited numbers of doses. ¢ Deviated from OECD guidelines.
D Lacked key details. £ Non-physiological route of administration.

Sutunkova et al. [72] evaluated the DNA fragmentation in nucleated blood cells
in rats exposed to NiO nanoparticles at a concentration of 0.23 mg/m? via nose-only
inhalation for four hours per day, five days per week, for 10 months. The authors reported
that NiO nanoparticle exposure led to a statistically significant increase in the genomic
DNA fragmentation coefficient in circulating nucleated blood cells compared to control
animals [72]. Further, the authors noted that oral administration of a bioprotective complex
attenuated the DNA fragmentation coefficient [72]. However, the authors reported that
NiO nanoparticles induced systemic toxicity at this exposure which could have confounded
the results.

Dumala et al. [34] and Saquib [69] studied various genotoxicity endpoints after oral
gavage of NiO nanoparticles to rats. Dumala et al. [34] reported dose-dependent, significant
increase in % tail DNA in peripheral blood leukocytes, and liver, and kidney cells at 24 h
after exposure to 500 mg/kg, a dose-dependent increase in polychromatic erythrocytes
micronuclei in bone marrow cells at 24 h after exposure to 250 and 500 mg/kg, and dose-
dependent chromosomal aberrations in bone marrow cells at 24 and 48 h after exposure to
250 and 500 mg/kg. Saquib et al. [69] administered NiO nanoparticles via oral gavage at
doses 1 to 4 mg/kg/day for 7 or 14 days. Significant increases in chromosomal aberrations
were observed for 2 mg/kg/day after a 14 day exposure and for 4 mg/kg/day after
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7 and 14 days of exposures, a significant increase in polychromatic erythrocytes and
micronucleated erythrocytes after exposure to 4 mg/kg/day for 7 and 14 days, and an
increase in % tail DNA after exposure to 4 mg/kg/day for 7 days and 1 to 4 mg/kg/day
for 14 days; trends were dose dependent.

In summary, NiO nanoparticles were reported to induce DNA fragmentation, increase
micronuclei frequency in bone marrow cells, and increase chromosome aberrations in
bone marrow cells. Interestingly, a single dose of 125 mg/kg NiO nanoparticles did not
induce genotoxicity in one study [34], but a daily dose of 2 mg/kg/day for 14 days and
4 mg/kg/day for 7 and 14 days led to genotoxicity in the other study [69]. DNA damage
and repair endpoints are considered “indicator tests” by OECD since they do not measure
stable genetic damage (OECD 2015). Further, the positive results were observed at either
high doses or in animals experiencing systemic toxicity. Thus, future research, i.e., studies
that use relevant doses, endpoints, and methodology, is still necessary to understand the
genotoxic response associated with NiO nanoparticles.

Regarding in vitro genotoxicity studies, NiO nanoparticles were shown to induce
increases in micronuclei frequency, chromosome-type aberrations, DNA strand breaks,
and DNA damage. However, most studies utilized methodologies that did not adhere to
OECD guidelines (did not score enough metaphases, testing cytotoxic concentrations) and
thus care needs to be taken when interpreting these results. Di Bucchianico et al. [32], for
example, reported that NiO nanoparticles increased the frequency of micronuclei, nucleo-
plasmic bridges, nuclear buds, and chromosome-type aberrations in BEAS-2B cells exposed
to NiO nanoparticles. Dumala et al. [37] reported that there was a statistically significant,
dose-dependent increase in the incidence of micronucleus frequency for lymphocytes
dosed with 25 and 50 pg/mL. The authors noted that the cytotoxicity data was correlated
with the genotoxicity data and supported the genotoxic abilities of NiO nanoparticles.

Additionally, Akerlund et al. [26] tested the mutagenic potential of NiO nanoparticles
by examining gene mutations at the Hprt gene locus in mES and V79-4 cells. The authors
reported a statistically significant increase in mutation frequency for mES cells exposed
to 0.5 ug/mL NiO nanoparticles; however, the effect was not dose-dependent, with no
increase in mutation frequency for 1 or 5 pg/mL NiO nanoparticles.

The DNA damage induced by NiO nanoparticles were studied in lymphocytes, BEAS-
2B, A549, and human bronchial epithelial cells (HBEC) with exposure to 1, 5, 10 pg/mL NiO
nanoparticles resulted in DNA strand breaks in BEAS-2B cells [32]. Akerlund et al. [26]
reported a statistically significant increase in DNA strand breaks, determined via the
comet assay, for human bronchial epithelial cells (HBEC) exposed to 5, 10, 25 ug/mL NiO
nanoparticles. However, there was no increase in DNA double strand breaks, assessed
via y-H2AX staining, after exposure to NiO nanoparticles. Further, Dumala et al. [37]
reported that there was a statistically significant, dose-dependent increase in % of tail
DNA and increased incidence of micronucleus frequency for lymphocytes dosed with
25 and 50 pg/mL. The authors noted that the cytotoxicity data was correlated with the
genotoxicity data and supported the genotoxic abilities of NiO nanoparticles. However,
as described above, the increased cytotoxicity may confound these results, rather than
support them [94,95]. Latvala et al. [21] examined DNA damage in A549 cells and reported
that NiO nanoparticles induced DNA damage. However, the authors did not examine
repair mechanisms or look at recovery of cells after particle exposure. Capasso et al. [30]
found that DNA repair pathways were activated after exposure of BEAS-2B cells and
Ab549 cells to NiO nanoparticles. However, all of these endpoints have broad overlapping
pathways with many different health outcomes besides cancer, so not necessarily indicative
of carcinogenicity.
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As noted above, DNA damage and repair endpoints do not measure stable genetic
damage and are considered “indicator tests” by OECD [96]. Thus, while genotoxic re-
sponses were reported after exposure to NiO nanoparticles in in vitro cells, further research
needs to be conducted with methodologies utilizing OECD guidelines to confirm these
positive results. Further, there is no evidence that the NiO nanoparticles induced carcino-
genic responses.

9. Potential Toxic Mechanisms and Comparison to Micron Data

In general, it appears that the bioavailability of nickel at intracellular target areas
leads to inflammatory processes that are responsible for the toxicological effects of NiO
nanoparticles at high exposure levels. This likely involves the formation of excessive
ROS, which can damage various cell structures including lipids, membranes, proteins, and
nucleic acids, leading to cytotoxicity and apoptosis [19,21,29]. However, it is not clear if
oxidative stress occurs at exposure levels relevant to humans, or whether this stress at
the cellular level translates into significant effects at the organ or system level [8]. Both
micron- and nano-sized oxidic nickel particles are predicted to follow a similar mode of
action with an anticipated difference in potency depending on differential cellular uptake
and/or particle dissolution [97,98]. Overall evaluations and comparisons of the evidence
presented above appear to support this hypothesis, as the observed toxicity profiles of both
oxidic nickel micron-sized particles and nanoparticles do not appear different and new
unexpected nano-specific effects have not been observed for oxidic nickel nanoparticles.

Several studies reported greater toxicity (e.g., lung inflammation, organ toxicity, etc.)
with NiO nanoparticles compared to the larger NiO particles [19,21,40,65,68,73]. Additional
studies suggested NiO nanoparticles could have greater genotoxic/ mutagenic potential
compared to NiO micron-sized particles [21,34,37,99-101]. Although NiO nanoparticles
appear to show more toxicity in some studies, this could be due to differences in potency,
toxicokinetics, bioavailability, and specific physical/chemical characteristics. Interestingly,
none of the in vivo studies reported mortality even at doses several orders of magni-
tude greater than the European occupational exposure limits proposed for the general
nanomaterial category most appropriate for nickel nanoparticles (see Section 5.1).

The small size and large surface area for a given mass or volume of nanoparticles
offers enhanced properties compared with larger particles or micron-sized materials of
similar composition. Likewise, the increased surface area in relation to mass or volume
may also render nanomaterials more biologically reactive (e.g., increase particle surface-cell
interactions) as compared to larger sized particles. Although many researchers studied the
effects of NiO nanoparticles versus larger size NiO particles in both in vitro and in vivo
assays [19,21,40,65,73], the studies did not account for differences in surface area when
comparing nano- versus micron-sized particles and thus did not consider the specific
surface reactivity [102]. Some assays performed in vitro found that NiO nanoparticles
were more active than larger particles on a per weight basis [19]. Ogami et al. [65] and
Yu et al. [73] also found that NiO nanomaterials were more biologically active compared
with micron-sized nickel particles after intratracheal instillation of equivalent mass doses.
One hypothesis is that a greater release of nickel ions results from the increased active
surface area of NiO nanoparticles compared with larger sized particles. Among other
factors, the dissolution depends on the surface area and therefore, the dose response may
be better characterized by surface area instead of weight. Some data suggest that nano and
micron-sized particles follow a similar dose response when normalized to specific surface
area reactivity [90]. Future research will need to consider comparing nano- versus micron-
sized nickel particles according to surface area rather than weight. This may provide a
better characterization of the dose response curve and possibly help justify differences
in potency.
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10. Conclusions

A total of 60 in vitro and in vivo mammalian toxicity studies were identified and criti-
cally evaluated for health effect endpoints and mechanisms associated with toxicological
responses of oxidic nickel nanoparticles. The in vitro literature studied the toxicity associ-
ated with NiO and Ni(OH); nanoparticles; cytotoxicity was the most common endpoint
while ROS, apoptosis, and markers of inflammation were also examined in multiple studies.
In general, the in vitro studies demonstrate that oxidic nickel nanoparticles have the ability
to induce cytotoxicity under certain culture conditions and doses. While in vitro assay
data can be potentially useful for hazard identification in the context with other types of
data and studying aspects of certain molecular pathways, this kind of data remains limited
for human health risk assessment. The in vivo literature studied the toxicity associated
with NiO and Ni(OH), nanoparticles; the most common test model studied was intra-
tracheal instillation of rats, followed by whole body inhalation of mice and rats. Lung
inflammation was the most common health endpoint evaluated. Other endpoints included
ROS generation, carcinogenicity, cardiovascular, and systemic responses. Oxidic nickel
nanoparticles have been documented to cause acute inflammation in various rodent assays;
however, recovery was observed in the majority of the studies. The chronic nature of
systemic inflammation, beyond twelve months, remains unknown. Potential pathways for
inflammatory responses include ROS generation, cytotoxicity, and induction of cytokines.

For future studies, whether in vitro or in vivo, a comparative testing approach should
be considered to establish a hazard ranking. Ideally, using toxicologically well-characterized
positive and negative benchmark materials against which oxidic nickel compounds can
be ranked. In addition, future studies should attempt to characterize the chronic effects of
oxidic nickel nanoparticles including longer term studies in the local and distant organs.
Most important, relevance of doses for establishing exposure—dose-response relationships
are essential for an appropriate study design. Determining the actual dose of nanoparti-
cle delivered to the cell has been shown to be a crucial step that should be measured in
future studies.

The carcinogenic potential under relevant exposure conditions has not been fully
addressed in the current literature. While it could be expected that oxidic nickel nanoparti-
cles share similar hazards as micron-sized oxidic nickel particles with possible differences
in potency, it will be critical to evaluate these responses with validation across multiple
experimental designs. In addition, a search into the fate of oxidic nickel nanoparticles
deposited in the lung and translocated to secondary organs needs to be considered. Specifi-
cally, future work can investigate what happens to NiO nanoparticles at a subcellular level
when interacting with cell organelles, proteins and fluids, such as using high-resolution
analytical scanning transmission electron microscopy coupled with electron energy loss
spectroscopy analysis [103].

The literature regarding oxidic nickel nanoparticles has generated some insights
into potential biological responses. However, numerous considerations must be taken
into account when interpreting the current data with regard to potential human health
effects. Extrapolation from in vitro to in vivo responses as well as rodent assays to human
health necessitates careful analysis and in vivo validation. Future research is needed
to validate the relevance of in vitro assays compared with in vivo activity and in turn
the relevance to human exposures. Additionally, future experiments should examine
a wide range of doses that establish an NOAEL for both acute and chronic exposure
scenarios, including studying doses correlated with expected human exposure to oxidic
nickel nanoparticles. While these concentrations will not be fully known until exposure
monitoring is conducted, based on current occupational exposure limits, some studies have
tested concentrations several magnitudes higher than the proposed occupational limits for
CMAR nanomaterials. Further research is also needed to elucidate the contribution of key
nanoparticle characteristics including composition, size, agglomeration and aggregation
state, surface morphology, production method, and solubility and dissolution rates in vivo.
Finally, the exposure-dose-response relationship for a specific nickel nanoparticle may be



Nanomaterials 2021, 11, 642 31 of 35

characterized in part according to its surface area, which contributes to particle dissolution
and potential biological responses.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/642/s1, Table S1: Physicochemical nanoparticle characteristics reported in the studies
investigating the toxicity of oxidic nickel nanoparticles, Table S2: In vitro literature associated with
various endpoints after exposure to oxidic nickel nanoparticles.

Author Contributions: Conceptualization, S.L.M., M.K., TL.-D., M.T.,, AM.S., AKM.,; writing,
S.LM., MK, TL.-D.,, M.T.,, AM.S., AK.M. All authors have read and agreed to the published version
of the manuscript.

Funding: Cardno ChemRisk received financial support from NiPERA for systematic literature
searches, preparation of study summaries, and preparation of manuscript text, Figures, and Tables.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: The authors gratefully acknowledge and thank Giinter Oberdorster for his
diligent and expert review of the manuscript, Adriana R. Oller for her extensive review and critique
of various versions of the manuscript, and Katherine E. Heim for her helpful edits and comments.

Conflicts of Interest: Four of the authors [S.L.M., M.K., AM.S., A KM.] are employed by Cardno
ChemRisk, a consulting firm that provides scientific advice to the government, corporations, law
firms, and various scientific and professional organizations. Cardno ChemRisk received financial
support from NiPERA for systematic literature searches, preparation of study summaries, and
manuscript text, Figures, and Tables. Two of the authors [T.L.-D., M.T.] are toxicologists at NiPERA
Inc., a not-for-profit research organization and the science division of the Nickel Institute, a global
association of leading nickel producers. The authors have the sole responsibility for the writing and
contents of this paper.

References

1.  Magaye, R.; Zhao, J. Recent progress in studies of metallic nickel and nickel-based nanoparticles” genotoxicity and carcinogenicity.
Environ. Toxicol. Pharm. 2012, 34, 644-650. [CrossRef]

2. Polyzois, I.; Nikolopoulos, D.; Michos, I.; Patsouris, E.; Theocharis, S. Local and systemic toxicity of nanoscale debris particles in
total hip arthroplasty. J. Appl. Toxicol. 2012, 32, 255-269. [CrossRef] [PubMed]

3. Future Markets Inc. The Global Market for Metal and Metal Oxide Nanoparticles 2010-2027; Future Markets Inc.: Edinburgh, UK, 2017.

4. Biskos, G.; Schmidt-Ott, A. Airborne engineered nanoparticles: Potential risks and monitoring challenges for assessing their
impacts on children. Paediatr. Respir. Rev. 2012, 13, 79-83. [CrossRef]

5. Fay, M.; Wilbur, S.; Abadin, H.; Ingerman, L.; Swarts, S.G. Toxicological Profile for Nickel. August 2005; U.S. Department of Health
and Human Services, Public Health Service, Agency for Toxic Substances and Disease Registry: Atlanta, GA, USA, 2005.

6.  IARC. Nickel and nickel compounds. In JARC Monographs on the Evaluation of Carcinogenic Risks to Humans: Chromium, Nickel, and
Welding; WHO-IARC: Lyon, France, 1990; Volume 49, pp. 257-445.

7. IARC. Nickel and nickel compounds. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans: Arsenic, Metals, Fibres
and Dusts. Vol. 100C—A Review of Human Carcinogens; WHO-IARC: Lyon, France, 2012; Volume 100C, pp. 169-218.

8.  Buxton, S.; Garman, E.; Heim, K.E.; Lyons-Darden, T.; Schlekat, C.E.; Taylor, M.D.; Oller, A.R. Concise review of nickel human
health toxicology and ecotoxicology. Inorganics 2019, 7, 89. [CrossRef]

9.  Klimisch, H].; Andreae, M.; Tillmann, U. A systematic approach for evaluating the quality of experimental toxicological and
ecotoxicological data. Regul. Toxicol. Pharm. 1997, 25, 1-5. [CrossRef]

10. Card, ].W.; Magnuson, B.A. A method to assess the quality of studies that examine the toxicity of engineered nanomaterials. Int. J.
Toxicol. 2010, 29, 402—410. [CrossRef]

11.  Sayes, C.M.; Warheit, D.B. Characterization of nanomaterials for toxicity assessment. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2009, 1, 660-670. [CrossRef]

12.  Cho, W.S.; Duffin, R.; Bradley, M.; Megson, I.L.; Macnee, W.; Howie, S.E.; Donaldson, K. NiO and Co304 nanoparticles induce
lung DTH-like responses and alveolar lipoproteinosis. Eur. Respir. J. 2012, 39, 546-557. [CrossRef] [PubMed]

13.  Cho, W.S,; Duffin, R.; Poland, C.A.; Howie, S.E.; MacNee, W.; Bradley, M.; Megson, I.L.; Donaldson, K. Metal oxide nanoparticles
induce unique inflammatory footprints in the lung: Important implications for nanoparticle testing. Environ. Health Perspect.
2010, 118, 1699-1706. [CrossRef]

14. Cho, W.S,; Duffin, R,; Poland, C.A.; Duschl, A.; Oostingh, G.J.; Macnee, W.; Bradley, M.; Megson, I.L.; Donaldson, K. Differential

pro-inflammatory effects of metal oxide nanoparticles and their soluble ions in vitro and in vivo; zinc and copper nanoparticles,
but not their ions, recruit eosinophils to the lungs. Nanotoxicology 2012, 6, 22-35. [CrossRef]


https://www.mdpi.com/2079-4991/11/3/642/s1
https://www.mdpi.com/2079-4991/11/3/642/s1
http://doi.org/10.1016/j.etap.2012.08.012
http://doi.org/10.1002/jat.2729
http://www.ncbi.nlm.nih.gov/pubmed/22328167
http://doi.org/10.1016/j.prrv.2011.05.011
http://doi.org/10.3390/inorganics7070089
http://doi.org/10.1006/rtph.1996.1076
http://doi.org/10.1177/1091581810370720
http://doi.org/10.1002/wnan.58
http://doi.org/10.1183/09031936.00047111
http://www.ncbi.nlm.nih.gov/pubmed/21828028
http://doi.org/10.1289/ehp.1002201
http://doi.org/10.3109/17435390.2011.552810

Nanomaterials 2021, 11, 642 32 of 35

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sager, T.; Wolfarth, M.; Keane, M.; Porter, D.; Castranova, V.; Holian, A. Effects of nickel-oxide nanoparticle pre-exposure
dispersion status on bioactivity in the mouse lung. Nanotoxicology 2016, 10, 151-161. [CrossRef]

Teeguarden, ].G.; Hinderliter, PM.; Orr, G.; Thrall, B.D.; Pounds, J.G. Particokinetics in vitro: Dosimetry considerations for
in vitro nanoparticle toxicity assessments. Toxicol Sci. 2007, 95, 300-312. [CrossRef]

Gutierrez, E.R.; Kamens, R.M.; Tolocka, M.; Sexton, K.; Jaspers, I. A comparison of three dispersion media on the physicochemical
and toxicological behavior of TiO2 and NiO nanoparticles. Chem. Biol. Interact. 2015, 236, 74-81. [CrossRef]

Oberdorster, G.; Maynard, A.; Donaldson, K.; Castranova, V.; Fitzpatrick, J.; Ausman, K.; Carter, J.; Karn, B.; Kreyling, W.; Lai, D.
Principles for characterizing the potential human health effects from exposure to nanomaterials: Elements of a screening strategy.
Part. Fibre Toxicol. 2005, 2, 1-35. [CrossRef]

Horie, M.; Nishio, K.; Fujita, K.; Kato, H.; Nakamura, A.; Kinugasa, S.; Endoh, S.; Miyauchi, A.; Yamamoto, K.; Murayama, H.;
et al. Ultrafine NiO particles induce cytotoxicity in vitro by cellular uptake and subsequent Ni(II) release. Chem. Res. Toxicol.
2009, 22, 1415-1426. [CrossRef]

Shinohara, N.; Zhang, G.; Oshima, Y.; Kobayashi, T.; Imatanaka, N.; Nakai, M.; Sasaki, T.; Kawaguchi, K.; Gamo, M. Kinetics and
dissolution of intratracheally administered nickel oxide nanomaterials in rats. Part. Fibre Toxicol. 2017, 14, 1-14. [CrossRef]
Latvala, S.; Hedberg, ]J.; Di Bucchianico, S.; Moller, L.; Odnevall Wallinder, I.; Elihn, K.; Karlsson, H.L. Nickel Release, ROS
Generation and Toxicity of Ni and NiO Micro- and Nanoparticles. PLoS ONE 2016, 11, e0159684. [CrossRef] [PubMed]
Gillespie, P.A.; Kang, G.S; Elder, A ; Gelein, R.; Chen, L.; Moreira, A.L.; Koberstein, J.; Tchou-Wong, K.M.; Gordon, T.; Chen, L.C.
Pulmonary response after exposure to inhaled nickel hydroxide nanoparticles: Short and long-term studies in mice. Nanotoxicology
2010, 4, 106-119. [CrossRef] [PubMed]

Nishi, K.i.; Kadoya, C.; Ogami, A.; Oyabu, T.; Morimoto, Y.; Ueno, S.; Myojo, T. Changes over time in pulmonary inflammatory
response in rat lungs after intratracheal instillation of nickel oxide nanoparticles. J. Occup. Health 2020, 62, €12162. [CrossRef]
[PubMed]

Abudayyak, M.; Guzel, E.; Ozhan, G. Nickel oxide nanoparticles are highly toxic to SH-SY5Y neuronal cells. Neurochem. Int. 2017,
108, 7-14. [CrossRef]

Ada, K; Turk, M.; Oguztuzun, S.; Kilic, M.; Demirel, M.; Tandogan, N.; Ersayar, E.; Latif, O. Cytotoxicity and apoptotic effects of
nickel oxide nanoparticles in cultured HeLa cells. Folia Histochem. Cytobiol. 2010, 48, 524-529. [CrossRef]

Akerlund, E.; Cappellini, E; Di Bucchianico, S.; Islam, S.; Skoglund, S.; Derr, R.; Odnevall Wallinder, I.; Hendriks, G.; Karlsson,
H.L. Genotoxic and mutagenic properties of Ni and NiO nanoparticles investigated by comet assay, y-H2AX staining, Hprt
mutation assay and ToxTracker reporter cell lines. Environ. Mol. Mutagenesis 2018, 59, 211-222. [CrossRef]

Ali, A.A.-M. Evaluation of some biological, biochemical, and hematological aspects in male albino rats after acute exposure to the
nano-structured oxides of nickel and cobalt. Environ. Sci. Pollut. Res. 2019, 26, 17407-17417. [CrossRef] [PubMed]

Bai, K.-J.; Chuang, K.-J.; Chen, J.-K,; Hua, H.-E.; Shen, Y.-L.; Liao, W.-N.; Lee, C.-H.; Chen, K.-Y; Lee, K.-Y.; Hsiao, T.-C.
Investigation into the pulmonary inflammopathology of exposure to nickel oxide nanoparticles in mice. Nanomed. Nanotechnol.
Biol. Med. 2018, 14, 2329-2339. [CrossRef] [PubMed]

Cao, Z; Fang, Y.; Lu, Y,; Qian, F.; Ma, Q.; He, M,; Pi, H.; Yu, Z.; Zhou, Z. Exposure to nickel oxide nanoparticles induces pulmonary
inflammation through NLRP3 inflammasome activation in rats. Int. |. Nanomed. 2016, 11, 3331-3346. [CrossRef]

Capasso, L.; Camatini, M.; Gualtieri, M. Nickel oxide nanoparticles induce inflammation and genotoxic effect in lung epithelial
cells. Toxicol Lett. 2014, 226, 28-34. [CrossRef] [PubMed]

Cuevas, AK.; Liberda, E.N.; Gillespie, PA.; Allina, J.; Chen, L.C. Inhaled nickel nanoparticles alter vascular reactivity in
C57BL/6 mice. Inhal. Toxicol. 2010, 22 (Suppl. S2), 100-106. [CrossRef]

Di Bucchianico, S.; Gliga, A.R,; Akerlund, E.; Skoglund, S.; Wallinder, 1.O.; Fadeel, B.; Karlsson, H.L. Calcium-dependent cyto-and
genotoxicity of nickel metal and nickel oxide nanoparticles in human lung cells. Part. Fibre Toxicol. 2018, 15, 1-14. [CrossRef]
Duan, W.X.; He, M.D.; Mao, L.; Qian, EH.; Li, YM.; Pi, H.F; Liu, C.; Chen, C.H.; Lu, Y.H.; Cao, Z.W.; et al. NiO nanoparticles
induce apoptosis through repressing SIRT1 in human bronchial epithelial cells. Toxicol. Appl. Pharm. 2015, 286, 80-91. [CrossRef]
[PubMed]

Dumala, N.; Mangalampalli, B.; Chinde, S.; Kumari, S.I.; Mahoob, M.; Rahman, M.E,; Grover, P. Genotoxicity study of nickel
oxide nanoparticles in female Wistar rats after acute oral exposure. Mutagenesis 2017, 32, 417-427. [CrossRef]

Dumala, N.; Mangalampalli, B.; Kalyan Kamal, S.S.; Grover, P. Biochemical alterations induced by nickel oxide nanoparticles in
female Wistar albino rats after acute oral exposure. Biomarkers 2018, 23, 1366-5804. [CrossRef]

Dumala, N.; Mangalampealli, B.; Kalyan Kamal, S.S.; Grover, P. Repeated oral dose toxicity study of nickel oxide nanoparticles in
Wistar rats: A histological and biochemical perspective. J. Appl. Toxicol. 2019, 39, 1012-1029. [CrossRef]

Dumala, N.; Mangalampealli, B.; Grover, P. In vitro genotoxicity assessment of nickel (II) oxide nanoparticles on lymphocytes of
human peripheral blood. J. Appl. Toxicol. 2019, 39, 955-965. [CrossRef]

Fujita, K.; Morimoto, Y.; Ogami, A.; Myojyo, T.; Tanaka, I.; Shimada, M.; Wang, W.N.; Endoh, S.; Uchida, K.; Nakazato, T.; et al.
Gene expression profiles in rat lung after inhalation exposure to C60 fullerene particles. Toxicology 2009, 258, 47-55. [CrossRef]
[PubMed]

Horie, M.; Yoshiura, Y.; Izumi, H.; Oyabu, T.; Tomonaga, T.; Okada, T.; Lee, B.-W.; Myojo, T.; Kubo, M.; Shimada, M.; et al.
Comparison of the pulmonary oxidative stress caused by intratracheal instillation and inhalation of NiO nanoparticles when
equivalent amounts of NiO are retained in the lung. Antioxidants 2016, 5, 4. [CrossRef] [PubMed]


http://doi.org/10.3109/17435390.2015.1025883
http://doi.org/10.1093/toxsci/kfl165
http://doi.org/10.1016/j.cbi.2015.05.001
http://doi.org/10.1186/1743-8977-2-8
http://doi.org/10.1021/tx900171n
http://doi.org/10.1186/s12989-017-0229-x
http://doi.org/10.1371/journal.pone.0159684
http://www.ncbi.nlm.nih.gov/pubmed/27434640
http://doi.org/10.3109/17435390903470101
http://www.ncbi.nlm.nih.gov/pubmed/20730025
http://doi.org/10.1002/1348-9585.12162
http://www.ncbi.nlm.nih.gov/pubmed/32959980
http://doi.org/10.1016/j.neuint.2017.01.017
http://doi.org/10.2478/v10042-010-0045-8
http://doi.org/10.1002/em.22163
http://doi.org/10.1007/s11356-019-05093-2
http://www.ncbi.nlm.nih.gov/pubmed/31020524
http://doi.org/10.1016/j.nano.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29074311
http://doi.org/10.2147/IJN.S106912
http://doi.org/10.1016/j.toxlet.2014.01.040
http://www.ncbi.nlm.nih.gov/pubmed/24503009
http://doi.org/10.3109/08958378.2010.521206
http://doi.org/10.1186/s12989-018-0268-y
http://doi.org/10.1016/j.taap.2015.03.024
http://www.ncbi.nlm.nih.gov/pubmed/25840356
http://doi.org/10.1093/mutage/gex007
http://doi.org/10.1080/1354750X.2017.1360943
http://doi.org/10.1002/jat.3790
http://doi.org/10.1002/jat.3784
http://doi.org/10.1016/j.tox.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19167457
http://doi.org/10.3390/antiox5010004
http://www.ncbi.nlm.nih.gov/pubmed/26797643

Nanomaterials 2021, 11, 642 33 of 35

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Horie, M.; Stowe, M.; Tabei, M.; Kuroda, E. Metal ion release of manufactured metal oxide nanoparticles is involved in the allergic
response to inhaled ovalbumin in mice. Occ. Dis. Environ. Med. 2016, 4, 17-26. [CrossRef]

Horie, M.; Fukui, H.; Endoh, S.; Maru, J.; Miyauchi, A.; Shichiri, M.; Fujita, K.; Niki, E.; Hagihara, Y.; Yoshida, Y.; et al. Comparison
of acute oxidative stress on rat lung induced by nano and fine-scale, soluble and insoluble metal oxide particles: NiO and TiO5.
Inhal. Toxicol. 2012, 24, 391-400. [CrossRef] [PubMed]

Horie, M.; Fukui, H.; Nishio, K.; Endoh, S.; Kato, H.; Fujita, K.; Miyauchi, A.; Nakamura, A.; Shichiri, M.; Ishida, N.; et al.
Evaluation of acute oxidative stress induced by NiO nanoparticles in vivo and in vitro. J. Occup. Health 2011, 53, 64-74. [CrossRef]
[PubMed]

Horie, M.; Nishio, K.; Fujita, K.; Endoh, S.; Miyauchi, A.; Saito, Y.; Iwahashi, H.; Yamamoto, K.; Murayama, H.; Nakano, H.; et al.
Protein adsorption of ultrafine metal oxide and its influence on cytotoxicity toward cultured cells. Chem. Res. Toxicol. 2009, 22,
543-553. [CrossRef]

Jeong, J.; Kim, J.; Seok, S.H.; Cho, W.S. Indium oxide (In203) nanoparticles induce progressive lung injury distinct from lung
injuries by copper oxide (CuO) and nickel oxide (NiO) nanoparticles. Arch. Toxicol. 2016, 90, 817-828. [CrossRef]

Kadoya, C.; Lee, BW.; Ogami, A.; Oyabu, T.; Nishi, K.; Yamamoto, M.; Todoroki, M.; Morimoto, Y.; Tanaka, I.; Myojo, T.
Analysis of pulmonary surfactant in rat lungs after inhalation of nanomaterials: Fullerenes, nickel oxide and multi-walled carbon
nanotubes. Nanotoxicology 2016, 10, 194-203. [CrossRef] [PubMed]

Kang, G.S.; Gillespie, P.A.; Gunnison, A.; Moreira, A.L.; Tchou-Wong, K.M.; Chen, L.C. Long-term inhalation exposure to nickel
nanoparticles exacerbated atherosclerosis in a susceptible mouse model. EnvIRON. Health Perspect. 2011, 119, 176-181. [CrossRef]
[PubMed]

Kang, G.S.; Gillespie, P.A.; Gunnison, A.; Rengifo, H.; Koberstein, J.; Chen, L.C. Comparative pulmonary toxicity of inhaled nickel
nanoparticles; role of deposited dose and solubility. Irhal. Toxicol. 2011, 23, 95-103. [CrossRef]

Katsnelson, B.A.; Minigaliyeva, I.A.; Panov, V.G.; Privalova, L.I.; Varaksin, A.N.; Gurvich, V.B.; Sutunkova, M.P.; Shur, V.Y.;
Shishkina, E.V.; Valamina, L.E.; et al. Some patterns of metallic nanoparticles’ combined subchronic toxicity as exemplified by a
combination of nickel and manganese oxide nanoparticles. Food Chem. Toxicol. 2015, 86, 351-364. [CrossRef] [PubMed]

Lee, S.; Hwang, S.-H.; Jeong, J.; Han, Y.; Kim, S.-H.; Lee, D.-K.; Lee, H.-S.; Chung, S.-T.; Jeong, J.; Roh, C.; et al. Nickel oxide
nanoparticles can recruit eosinophils in the lungs of rats by the direct release of intracellular eotaxin. Part. Fibre Toxicol. 2016, 13.
[CrossRef]

Liberda, E.N.; Cuevas, A.K.; Qu, Q.; Chen, L.C. The acute exposure effects of inhaled nickel nanoparticles on murine endothelial
progenitor cells. Inhal. Toxicol. 2014, 26, 588-597. [CrossRef] [PubMed]

Liberda, E.N.; Cuevas, A.K,; Gillespie, P.A.; Grunig, G.; Qu, Q.; Chen, L.C. Exposure to inhaled nickel nanoparticles causes
a reduction in number and function of bone marrow endothelial progenitor cells. Inhal. Toxicol. 2010, 22 (Suppl. 2), 95-99.
[CrossRef]

Liberda, E.N. The Effects of Inhaled Nickel Nanoparticles on Murine Edothelial Progenitor Cells; UMI Dissertations Publishing: An
Arbor, MI, USA, 2011.

Lu, S.; Duffin, R.; Poland, C.; Daly, P.; Murphy, E; Drost, E.; Macnee, W.; Stone, V.; Donaldson, K. Efficacy of simple short-term
in vitro assays for predicting the potential of metal oxide nanoparticles to cause pulmonary inflammation. Environ. Health
Perspect. 2009, 117, 241-247. [CrossRef]

Lu, S.; Zhang, W.; Zhang, R ; Liu, P; Wang, Q.; Shang, Y.; Wu, M.; Donaldson, K.; Wang, Q. Comparison of cellular toxicity caused
by ambient ultrafine particles and engineered metal oxide nanoparticles. Part Fibre Toxicol. 2015, 12, 1-12. [CrossRef]

Marzban, A.; Seyedalipour, B.; Mianabady, M.; Taravati, A.; Hoseini, S.M. Biochemical, Toxicological, and Histopathological
outcome in rat brain following treatment with NiO and NiO nanoparticles. Biol. Trace Elem. Res. 2020, 1-9. [CrossRef] [PubMed]
Minigalieva, I.A.; Katsnelson, B.A.; Privalova, L.I.; Sutunkova, M.P,; Gurvich, V.B.; Shur, V.Y,; Shishkina, E.V.; Valamina, LE.;
Makeyev, O.H.; Panov, V.G.; et al. Attenuation of Combined Nickel(II) Oxide and Manganese(II, IIT) Oxide Nanoparticles’
Adpverse Effects with a Complex of Bioprotectors. Int. J. Mol. Sci. 2015, 16, 22555-22583. [CrossRef] [PubMed]

Minigalieva, I.; Bushueva, T.; Frohlich, E.; Meindl, C.; Ohlinger, K.; Panov, V.; Varaksin, A.; Shur, V.; Shishkina, E.; Gurvich,
V.; etal. Are in vivo and in vitro assessments of comparative and combined toxicity of the same metallic nanoparticles compatible,
or contradictory, or both? A juxtaposition of data obtained in respective experiments with NiO and Mn304 nanoparticles. Food
Chem. Toxicol. 2017, 109, 393-404. [CrossRef]

Morimoto, Y.; Oyabu, T.; Ogami, A.; Myojo, T.; Kuroda, E.; Hirohashi, M.; Shimada, M.; Lenggoro, W.; Okuyama, K.; Tanaka,
I. Investigation of gene expression of MMP-2 and TIMP-2 mRNA in rat lung in inhaled nickel oxide and titanium dioxide
nanoparticles. Ind. Health 2011, 49, 344-352. [CrossRef]

Morimoto, Y.; Izumi, H.; Yoshiura, Y.; Tomonaga, T.; Lee, B.W.; Okada, T.; Oyabu, T.; Myojo, T.; Kawai, K.; Yatera, K; et al. Com-
parison of pulmonary inflammatory responses following intratracheal instillation and inhalation of nanoparticles. Nanotoxicology
2016, 10, 607-618. [CrossRef]

Morimoto, Y.; Hirohashi, M.; Ogami, A.; Oyabu, T.; Myojo, T.; Hashiba, M.; Mizuguchi, Y.; Kambara, T.; Lee, B.W.; Kuroda, E.;
et al. Pulmonary toxicity following an intratracheal instillation of nickel oxide nanoparticle agglomerates. J. Occup. Health 2011,
53,293-295. [CrossRef]


http://doi.org/10.4236/odem.2016.42003
http://doi.org/10.3109/08958378.2012.682321
http://www.ncbi.nlm.nih.gov/pubmed/22642288
http://doi.org/10.1539/joh.L10121
http://www.ncbi.nlm.nih.gov/pubmed/21233593
http://doi.org/10.1021/tx800289z
http://doi.org/10.1007/s00204-015-1493-x
http://doi.org/10.3109/17435390.2015.1039093
http://www.ncbi.nlm.nih.gov/pubmed/25950198
http://doi.org/10.1289/ehp.1002508
http://www.ncbi.nlm.nih.gov/pubmed/20864429
http://doi.org/10.3109/08958378.2010.543440
http://doi.org/10.1016/j.fct.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26607108
http://doi.org/10.1186/s12989-016-0142-8
http://doi.org/10.3109/08958378.2014.937882
http://www.ncbi.nlm.nih.gov/pubmed/25144474
http://doi.org/10.3109/08958378.2010.515269
http://doi.org/10.1289/ehp.11811
http://doi.org/10.1186/s12989-015-0082-8
http://doi.org/10.1007/s12011-019-01941-x
http://www.ncbi.nlm.nih.gov/pubmed/31902099
http://doi.org/10.3390/ijms160922555
http://www.ncbi.nlm.nih.gov/pubmed/26393577
http://doi.org/10.1016/j.fct.2017.09.032
http://doi.org/10.2486/indhealth.MS1218
http://doi.org/10.3109/17435390.2015.1104740
http://doi.org/10.1539/joh.11-0034-BR

Nanomaterials 2021, 11, 642 34 of 35

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

Morimoto, Y.; Ogami, A.; Todoroki, M.; Yamamoto, M.; Murakami, M.; Hirohashi, M.; Oyabu, T.; Myojo, T.; Nishi, K.; Kadoya, C.;
et al. Expression of inflammation-related cytokines following intratracheal instillation of nickel oxide nanoparticles. Nanotoxicology
2010, 4, 161-176. [CrossRef]

Morimoto, Y.; Hirohashi, M.; Ogami, A.; Oyabu, T.; Myojo, T.; Hashiba, M.; Mizuguchi, Y.; Kambara, T.; Lee, B.W.; Kuroda, E.; et al.
Expression of cytokine-induced neutrophil chemoattractant in rat lungs following an intratracheal instillation of micron-sized
nickel oxide nanoparticle agglomerates. Toxicol. Ind. Health 2014, 30, 851-860. [CrossRef] [PubMed]

Nishi, K.; Morimoto, Y.; Ogami, A.; Murakami, M.; Myojo, T.; Oyabu, T.; Kadoya, C.; Yamamoto, M.; Todoroki, M.; Hirohashi,
M.; et al. Expression of cytokine-induced neutrophil chemoattractant in rat lungs by intratracheal instillation of nickel oxide
nanoparticles. Inhal. Toxicol. 2009, 21, 1030-1039. [CrossRef] [PubMed]

Ogami, A.; Yamamoto, K.; Morimoto, Y.; Fujita, K.; Hirohashi, M.; Oyabu, T.; Myojo, T.; Nishi, K.; Kadoya, C.; Todoroki, M.; et al.
Pathological features of rat lung following inhalation and intratracheal instillation of C(60) fullerene. Inhal. Toxicol. 2011, 23,
407-416. [CrossRef] [PubMed]

Ogami, A.; Morimoto, Y.; Myojo, T.; Oyabu, T.; Murakami, M.; Todoroki, M.; Nishi, K.; Kadoya, C.; Yamamoto, M.; Tanaka, I.
Pathological features of different sizes of nickel oxide following intratracheal instillation in rats. Inhal. Toxicol. 2009, 21, 812-818.
[CrossRef]

Oyabu, T.; Ogami, A.; Morimoto, Y.; Shimada, M.; Lenggoro, W.; Okuyama, K.; Tanaka, I. Biopersistence of inhaled nickel oxide
nanoparticles in rat lung. Inhal. Toxicol. 2007, 19 (Suppl. 1), 55-58. [CrossRef]

Oyabu, T.; Myojo, T.; Lee, B.-W.; Okada, T.; Izumi, H.; Yoshiura, Y.; Tomonaga, T.; Li, Y.-S.; Kawai, K.; Shimada, M. Biopersistence
of NiO and TiO; nanoparticles following intratracheal instillation and inhalation. Int. . Mol. Sci. 2017, 18, 2757. [CrossRef]
[PubMed]

Pietruska, J.R.; Liu, X.; Smith, A.; McNeil, K.; Weston, P.; Zhitkovich, A.; Hurt, R.; Kane, A.B. Bioavailability, intracellular
mobilization of nickel, and HIF-1alpha activation in human lung epithelial cells exposed to metallic nickel and nickel oxide
nanoparticles. Toxicol. Sci. 2011, 124, 138-148. [CrossRef] [PubMed]

Saquib, Q.; Attia, S.M.; Ansari, S.M.; Al-Salim, A.; Faisal, M.; Alatar, A.A.; Musarrat, J.; Zhang, X.; Al-Khedhairy, A.A. p53,
MAPKAPK-2 and caspases regulate nickel oxide nanoparticles induce cell death and cytogenetic anomalies in rats. Int. J. Biol.
Macromol. 2017, 105, 228-237. [CrossRef]

Senoh, H.; Kano, H.; Suzuki, M.; Ohnishi, M.; Kondo, H.; Takanobu, K.; Umeda, Y.; Aiso, S.; Fukushima, S. Comparison of single
or multiple intratracheal administration for pulmonary toxic responses of nickel oxide nanoparticles in rats. J. Occup. Health 2017,
59,112-121. [CrossRef]

Siddiqui, M.A.; Ahamed, M.; Ahmad, J.; Majeed Khan, M.A.; Musarrat, ].; Al-Khedhairy, A.A.; Alrokayan, S.A. Nickel oxide
nanoparticles induce cytotoxicity, oxidative stress and apoptosis in cultured human cells that is abrogated by the dietary
antioxidant curcumin. Food Chem. Toxicol. 2012, 50, 641-647. [CrossRef]

Sutunkova, M.P; Solovyeva, S.N.; Minigalieva, I.A.; Gurvich, V.B.; Valamina, LE.; Makeyev, O.H.; Shur, V.Y.; Shishkina, E.V.;
Zubarev, 1.V.; Saatkhudinova, R.R. Toxic effects of low-level long-term inhalation exposures of rats to nickel oxide nanoparticles.
Int. J. Mol. Sci. 2019, 20, 1778. [CrossRef] [PubMed]

Yu, S,; Liu, F; Wang, C.; Zhang, J.; Zhu, A.; Zou, L.; Han, A; Li, J.; Chang, X; Sun, Y. Role of oxidative stress in liver toxicity
induced by nickel oxide nanoparticles in rats. Mol. Med. Rep. 2018, 17, 3133-3139. [CrossRef]

Ali, A.; Suhail, M.; Mathew, S.; Shah, M.A; Harakeh, S.M.; Ahmad, S.; Kazmi, Z.; Alhamdan, M.A.; Chaudhary, A.; Damanhouri,
G.A,; et al. Nanomaterial Induced Immune Responses and Cytotoxicity. J. Nanosci. Nanotechnol. 2016, 16, 40-57. [CrossRef]
[PubMed]

Zhao, J.; Shi, X.; Castranova, V.; Ding, M. Occupational toxicology of nickel and nickel compounds. J. Environ. Pathol. Toxicol.
Oncol. 2009, 28, 177-208. [CrossRef]

Karakoti, A.; Hench, L.; Seal, S. The potential toxicity of nanomaterials—the role of surfaces. JOM 2006, 58, 77-82. [CrossRef]
Cena, L.; Chisholm, W.; Keane, M.; Chen, B. A field study on the respiratory deposition of the nano-sized fraction of mild and
stainless steel welding fume metals. J. Occup. Environ. Hyg. 2015, 12, 721-728. [CrossRef] [PubMed]

Cena, L.; Keane, M.; Chisholm, W.; Stone, S.; Harper, M.; Chen, B. A novel method for assessing respiratory deposition of welding
fume nanoparticles. J. Occup. Environ. Hyg. 2014, 11, 771-780. [CrossRef] [PubMed]

Pietroiusti, A.; Magrini, A. Engineered nanoparticles at the workplace: Current knowledge about workers’ risk. Occup. Med.
2014, 64, 319-330, Erratum in 2015, 65, 171-173. [CrossRef]

Schulte, P.; Murashov, V.; Zumwalde, R.; Kuempel, E.; Geraci, C. Occupational exposure limits for nanomaterials: State of the art.
J. Nanoparticle Res. 2010, 12, 1971-1987. [CrossRef]

Kuempel, E.D.; Sweeney, L.M.; Morris, ].B.; Jarabek, A.M. Advances in inhalation dosimetry models and methods for occupational
risk assessment and exposure limit derivation. J. Occup. Environ. Hyg. 2015, 12, S18-540. [CrossRef]

Applied Research Associates Inc. Multiple-Path Particle Deposition (MPPD 2.1, Beta Version): A Model for Human and Rat Airway
Particle Dosimetry; Applied Resarch Associates Inc.: Raleigh, NC, USA.

Slikker, W., Jr.; Andersen, M.E.; Bogdanffy, M.S.; Bus, ].S.; Cohen, S.D.; Conolly, R.B.; David, R.M.; Doerrer, N.G.; Dorman, D.C.;
Gaylor, D.W.; et al. Dose-dependent transitions in mechanisms of toxicity. Toxicol. Appl. Pharm. 2004, 201, 203-225. [CrossRef]


http://doi.org/10.3109/17435390903518479
http://doi.org/10.1177/0748233712464807
http://www.ncbi.nlm.nih.gov/pubmed/23104729
http://doi.org/10.1080/08958370802716722
http://www.ncbi.nlm.nih.gov/pubmed/19772482
http://doi.org/10.3109/08958378.2011.580386
http://www.ncbi.nlm.nih.gov/pubmed/21639709
http://doi.org/10.1080/08958370802499022
http://doi.org/10.1080/08958370701492995
http://doi.org/10.3390/ijms18122757
http://www.ncbi.nlm.nih.gov/pubmed/29257061
http://doi.org/10.1093/toxsci/kfr206
http://www.ncbi.nlm.nih.gov/pubmed/21828359
http://doi.org/10.1016/j.ijbiomac.2017.07.032
http://doi.org/10.1539/joh.16-0184-OA
http://doi.org/10.1016/j.fct.2012.01.017
http://doi.org/10.3390/ijms20071778
http://www.ncbi.nlm.nih.gov/pubmed/30974874
http://doi.org/10.3892/mmr.2017.8226
http://doi.org/10.1166/jnn.2016.10885
http://www.ncbi.nlm.nih.gov/pubmed/27398432
http://doi.org/10.1615/JEnvironPatholToxicolOncol.v28.i3.10
http://doi.org/10.1007/s11837-006-0147-0
http://doi.org/10.1080/15459624.2015.1043055
http://www.ncbi.nlm.nih.gov/pubmed/25985454
http://doi.org/10.1080/15459624.2014.919393
http://www.ncbi.nlm.nih.gov/pubmed/24824154
http://doi.org/10.1093/occmed/kqu051
http://doi.org/10.1007/s11051-010-0008-1
http://doi.org/10.1080/15459624.2015.1060328
http://doi.org/10.1016/j.taap.2004.06.019

Nanomaterials 2021, 11, 642 35 of 35

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

Ahmad Khanbeigi, R.; Kumar, A.; Sadouki, E; Lorenz, C.; Forbes, B.; Dailey, L.A.; Collins, H. The delivered dose: Applying
particokinetics to in vitro investigations of nanoparticle internalization by macrophages. J. Control. Release 2012, 162, 259-266.
[CrossRef]

Cohen, J.; Deloid, G.; Pyrgiotakis, G.; Demokritou, P. Interactions of engineered nanomaterials in physiological media and
implications for in vitro dosimetry. Nanotoxicology 2013, 7, 417—431. [CrossRef] [PubMed]

Li, J.G.; Li, W.X,; Xu, J.Y,; Cai, X.Q.; Liu, R.L.; Li, Y.J.; Zhao, Q.F; Li, Q.N. Comparative study of pathological lesions induced by
multiwalled carbon nanotubes in lungs of mice by intratracheal instillation and inhalation. Environ. Toxicol 2007, 22, 415-421.
[CrossRef] [PubMed]

Warheit, D.B.; Brock, W.].; Lee, K.P.; Webb, T.R.; Reed, K.L. Comparative pulmonary toxicity inhalation and instillation studies
with different TiO, particle formulations: Impact of surface treatments on particle toxicity. Toxicol. Sci. 2005, 88, 514-524.
[CrossRef]

Warheit, D.B.; Webb, T.R.; Reed, K.L.; Frerichs, S.; Sayes, C.M. Pulmonary toxicity study in rats with three forms of ultrafine-TiO2
particles: Differential responses related to surface properties. Toxicology 2007, 230, 90-104. [CrossRef] [PubMed]

Mizuguchi, Y.; Myojo, T.; Oyabu, T.; Hashiba, M.; Lee, B.W.; Yamamoto, M.; Todoroki, M.; Nishi, K.; Kadoya, C.; Ogami, A.; et al.
Comparison of dose-response relations between 4-week inhalation and intratracheal instillation of NiO nanoparticles using
polimorphonuclear neutrophils in bronchoalveolar lavage fluid as a biomarker of pulmonary inflammation. Inhal. Toxicol. 2013,
25,29-36. [CrossRef]

NRC. Risk Assessment in the Federal Government Managing the Process; National Research Council of the National Academies:
Washington, DC, USA, 1983; pp. 1-191.

Oller, A.R.; Oberdoérster, G. Incorporation of dosimetry in the derivation of reference concentrations for ambient or workplace air:
A conceptual approach. J. Aerosol Sci. 2016, 99, 40-45. [CrossRef]

Lippmann, M.; Ito, K.; Hwang, J.-S.; Maciejczyk, P.; Chen, L.-C. Cardiovascular effects of nickel in ambient air. Environ. Health
Perspect. 2006, 114, 1662-1669. [CrossRef]

Doll, R. Report of the International Committee on Nickel Carcinogenesis in Man. Final Report; Program Resources, Inc.: Research
Triangle Park, NC, USA, 1990.

Kirkland, D.J. Chromosomal aberration tests in vitro: Problems with protocol design and interpretation of results. Mutagenesis
1992, 7, 95-106. [CrossRef]

OECD. OECD Guideline for the Testing of Chemicals: In Vitro Mammalian Chromosomal Aberration Test (473); OECD Publishing: Paris,
France, 2016.

OECD. Genetic Toxicology Guidance Document; OECD Publishing: Paris, France, 2015.

Donaldson, K.; Poland, C.A. Nanotoxicity: Challenging the myth of nano-specific toxicity. Curr. Opin. Biotechnol. 2013, 24,
724-734. [CrossRef]

Gebel, T. Small difference in carcinogenic potency between GBP nanomaterials and GBP micromaterials. Arch. Toxicol. 2012, 86,
995-1007. [CrossRef] [PubMed]

Kargacin, B.; Klein, C.B.; Costa, M. Mutagenic responses of nickel oxides and nickel sulfides in Chinese hamster V79 cell lines at
the xanthine-guanidine phosphoribosyl transferase locus. Mutat. Res. Genet. Toxicol. 1993, 300, 63-72. [CrossRef]

Fletcher, G.G.; Rossetto, FE.; Turnbull, ].D.; Nieboer, E. Toxicity, uptake, and mutagenicity of particulate and soluble nickel
compounds. Environ. Health Perspect. 1994, 102, 69-79. [PubMed]

Miura, T.; Patierno, S.R.; Sakuramoto, T.; Landolph, ].R. Morphological and neoplastic transformation of C3H/10T1/2 CI 8 mouse
embryo cells by insoluble carcinogenic nickel compounds. Environ. Mol. Mutagenesis 1989, 14, 65-78. [CrossRef] [PubMed]
Oberdorster, G.; Kuhlbusch, T.A. In vivo effects: Methodologies and biokinetics of inhaled nanomaterials. Nanolmpact 2018,
10, 38-60. [CrossRef]

Graham, U.M.; Dozier, A.K.; Oberdorster, G.N.; Yokel, R.A.; Molina, R.; Brain, J.D.; Pinto, ].M.; Weuve, ].; Bennett, D.A. Tissue
Specific Fate of Nanomaterials by Advanced Analytical Imaging Techniques-A Review. Chem. Res. Toxicol. 2020, 33, 1145-1162.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.jconrel.2012.07.019
http://doi.org/10.3109/17435390.2012.666576
http://www.ncbi.nlm.nih.gov/pubmed/22393878
http://doi.org/10.1002/tox.20270
http://www.ncbi.nlm.nih.gov/pubmed/17607736
http://doi.org/10.1093/toxsci/kfi331
http://doi.org/10.1016/j.tox.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17196727
http://doi.org/10.3109/08958378.2012.751470
http://doi.org/10.1016/j.jaerosci.2016.01.015
http://doi.org/10.1289/ehp.9150
http://doi.org/10.1093/mutage/7.2.95
http://doi.org/10.1016/j.copbio.2013.05.003
http://doi.org/10.1007/s00204-012-0835-1
http://www.ncbi.nlm.nih.gov/pubmed/22418597
http://doi.org/10.1016/0165-1218(93)90141-Y
http://www.ncbi.nlm.nih.gov/pubmed/7843140
http://doi.org/10.1002/em.2850140202
http://www.ncbi.nlm.nih.gov/pubmed/2548861
http://doi.org/10.1016/j.impact.2017.10.007
http://doi.org/10.1021/acs.chemrestox.0c00072
http://www.ncbi.nlm.nih.gov/pubmed/32349469

	Introduction 
	Literature Review 
	Study Quality Assessment 
	Nanomaterial Physicochemical Characteristics 
	Overview of Toxicological Endpoints and Considerations for Potential Human Health Effects 
	Estimation of Human Exposures 
	Considerations for In Vitro and In Vivo Studies When Evaluating Human Health Effects 
	Dose, Deposition, and Clearance 

	Overview of Lung Inflammation 
	Overview of Systemic Toxicological Endpoints 
	Mortality 
	Cardiovascular 
	Other Systemic Effects 

	Overview of Carcinogenicity and Genotoxicity Endpoints 
	Potential Toxic Mechanisms and Comparison to Micron Data 
	Conclusions 
	References

