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Abstract

The mononuclear phagocyte system in liver is a frequent target for nanoparticles (NPs). We
performed a toxicological profiling of metal-based NPs in Kupffer and hepatocyte cell lines.
Sixteen NPs were provided by the Nanomaterial Health Implications Research Consortium of the
National Institute of Environmental Health Sciences to study the toxicological effects in KUP5
(KC) and Hepa 1-6 cells. Five NPs (Ag, CuO, ZnO, SiO,, and V,0s) exhibited cytotoxicity in
both cell types, while SiO, and V205 induced IL-1f production in KC. Ag, CuO, and ZnO
induced caspase-3 generated apoptosis in both cell types was accompanied by ion shedding and
generation of mitochondrial ROS in both cell types. However, the cell death response to SiO5 in
KC differed by inducing pyroptosis as a result of potassium efflux, caspase-1 activation, NLRP3
inflammasome assembly, I1L-1p release and cleavage of gasdermin-D. This releases pore-
performing peptide fragments responsible for pyroptotic cell swelling. Interestingly, although
V05 induced IL-1p release and delayed caspase-1 activation by vanadium ion interference in
membrane Na*/K* ATPase activity, the major cell death mechanism in KC (and Hepa 1-6) was
caspase-3 mediated apoptosis. These findings improve our understanding of the mechanisms of
metal-based ENM toxicity in liver cells towards comprehensive safety evaluation.
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Introduction

It has long been appreciated that the mononuclear phagocyte system (MPS, a.k.a. the
reticuloendothelial system or RES) is frequently targeted by nanoparticles (NPs) during
inadvertent or therapeutic exposures.[:: 21 An important phagocytic component of the liver is
the Kupffer cell (KC), which constitutes 15% of liver cells or 80-90% of all the tissue
macrophages in the body.[3-5] KCs play a major role in phagocytosis of foreign materials,
endotoxin removal, and modulation of innate immune responses and also serves as the first
line of defense to NPs by phagocytic removal in the liver.[!: 3. 6] In contrast, hepatocytes,
which comprises 60-80% of liver cells,[1: 3. 6. 71 are involved in activities such as protein
synthesis and storage, carbohydrate metabolism, synthesis of cholesterol, phospholipids, and
bile salts, detoxification and excretion of chemical substances in the bile.[8-10] Importantly,
there is also extensive cell-cell communications between KCs and hepatocytes, including
for the transformation of drugs and xenobiotics that may be released from nanocarriers in
capturing KCs.[ 8. 111 ENM-induced liver toxicity is often evaluated by quantifying the
release of liver enzymes such as aspartate aminotransferase (AST), alkaline phosphatase
(ALP), and alanine aminotransferase (ALT) to the systemic circulation, as well as
determining serum levels of bilirubin, albumin, and total protein.[? & Since most of the
screening is focused on the evaluation of hepatocyte function, much less attention has been
given to the potential adverse impact on KCs.[2 7. 12-16]

The Nanomaterial Health Implications Research (NHIR) Consortium at the National
Institute of Environmental Health Sciences (NIEHS) aims at developing harmonized
approaches to nanomaterial safety assessment through the provision of characterized NPs to
consortium members, including release of a library of 16 metal and metal oxide
nanoparticles for analysis. The availability of these materials presented us with a unique
opportunity to elucidate response differences between KCs and hepatocytes for materials
that are widely used in food products (such as confectionery, chewing gums, sauces, cakes,
and pastries), drug formulations, dental and cosmetic materials, etc.[17-19] For instance, SiO,
and TiO, exposure have been estimated to be around 100 mg/day. Van der Zande et al.
documented the occurrence of liver fibrosis in rats fed with food-grade pyrogenic fumed
silica.[20] Comparatively little information is available for the impact of metal-based NPs on
Kupffer cells as compared to the effect on hepatocytes.[2: 7. 12-14] This includes previous
research demonstrating that TiO, and ZnO NPs induce toxicity in human hepatoblastoma
C3A cells based on their ability to generate oxidative stress,[2l while Ag and ZnO NPs
induced higher toxicity in 3D liver microtissues (comprised of human hepatocytes and
Kupffer cells) compared to TiO, NPs and multiwalled carbon nanotubes.[*3] Moreover, our
own studies have demonstrated that rare earth oxide NPs can induce a pyroptotic cell death
in primary and transformed KCs through a unique effect that differs from the pro-oxidative
effects of transition metal oxides NPs in liver cells.["]

In this communication, we used the metal and metal oxide NPs provided by the NHIR
Consortium for comprehensive toxicological profiling in transformed KCs and hepatocytes.
This material panel included Ag (20 nm), Al,O3 (20 nm), CeO» (10 nm and 30 nm), CuO
(60 nm), Fe,0O3 (10 and 100 nm), MgO (25 nm), TiO, (30 nm and 100 nm), WO3 (20 nm),
pyrolytic (fumed) silica (20 nm), V205 (400 nm), ZnO (50 nm) as well as the metal sulfides,
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CdS (10 nm) and ZnS (200 nm).[21. 22 The strategy for cellular screening was premised on
the properties of metal and metal oxide nanomaterials that can lead to a compromise of cell
viability as a result of ENM dissolution, metal ion shedding, surface membrane perturbation,
NLRP3 inflammasome activation and the generation of hierarchical oxidative stress
responses. We demonstrate similarity and differences in KC versus hepatocyte responses,
including unique involvement of the NLRP3 inflammasome in terms of the cell viability
features of fumed silica and VVoOg versus pro-oxidative NPs.

Results

Physical Characterization of Metal and Metal Oxide Nanoparticles

Safety assessment of metal, metal oxide (MOXx) and metal sulfide nanoparticles was
performed on materials provided by the Nanomaterials Health Implications Research
(NHIR) Consortium at the NIEHS (Table 1). All the materials were thoroughly characterized
for primary size, shape, hydrodynamic diameter, zeta (C)-potential (Table 1 and Figure 1A)
and dissolution rate (Figure 1B). Transition electron microscopy (TEM) was used to assess
primary particle sizes and shapes (Table 1). ENM sizes varied from 9.5 to 209 nm, except
for V5,05 that was ~395 nm. Most nanoparticles displayed spherical shapes during TEM
analysis, except for the irregular shapes of MgO and V,0Os and the chain-like structure of
fumed SiO5 (Figure 1A). A Powder X-ray diffraction (XRD) spectrum (using a Panalytical
X'Pert Pro diffractometer) was obtained to determine the crystal structure and oxidation
status of the V05 NPs. The results (data not shown) demonstrate that all the characteristic
peaks in our V,05 sample matched the orthorhombic crystal structure of V,0s, indicating
that V/°* was the associated vanadium ion species. NP characterization in aqueous and cell
culture media showed that the majority of the NPs formed agglomerates with hydrodynamic
sizes of 100-1000 nm, except for Fe;,O3 (10 nm) and WO3, which formed smaller
agglomerates of 72.1 and 79.4 nm, respectively (Table 1). The majority of the NPs exhibited
a positive ¢ potential in deionized (DI) water, except for Ag, CdS, CuO, SiO,, V705, WO3
and ZnO, which displayed negative surface charges (Table 1). The ¢ potential changed to
negative values of =10 to —20 mV in the presence of complete Dulbecco's Madified Eagle
Medium (DMEM) culture medium, which contained 10% fetal calf serum. This likely
reflects the formation of a protein corona (Table 1).

An additional characteristic of high relevance to metal and metal oxide toxicity was to assess
the dissolution rate of the NPs in DI water and DMEM (Figure 1B). This demonstrated
quantifiable dissolution for 7 materials (SiO,, Ag, CuO, ZnO, WO3, MgO and V,0s) in
water, which was amplified by the presence of salt and protein in complete DMEM. WO3
and MgO showed the highest dissolution rates (>80% of total NPs in suspensions), while
SiO5, ZnO, CuO and V,05 showed higher dissolution (>10%) than Ag (< 5%) in complete
medium (Figure 1B). Particle dissolution presents one mechanism by which ion shedding
from nanoparticles can increase the cellular metal and metal oxide content. A second
mechanism involves ion release inside the cell, following uptake of intact or partially
dissolved NPs. Inductively coupled plasma optical emission spectrometry (ICP-OES) was
used to assess the intracellular metal content following exposure to NPs (Figure 1C). While
the uptake of low solubility NPs (e.g., Al,O3, CeOo, Fe,0g3, TiO,, CdS, and ZnS) were
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generally higher in KUPS5 cells than Hepa 1-6 cells, more dissolvable NPs (e.g., MgO, WOs3,
Ag, SiO,, V105, CuO, Zn0) exhibited lesser uptake in both cell types, except for CuO
(Figure 1C). The lower cellular uptake of fumed SiO, can be explained by its chain-like
structure and reactive surface silanol groups, which promotes strong binding derivatives with
surface membrane components, precluding cellular uptake. [21-231 We will discuss the
significance of cell membrane perturbation in the activation of the NLRP3 inflammasome by
fumed silica.

2.2. Nanoparticles Induce Differential Cytotoxic Responses in KUP5 and Hepa 1-6 Cells

Cell viability studies were undertaken to obtain a provisional toxicological profiling of the
particles in transformed KC (KUP5) and hepatocyte (Hepa 1-6) cell lines, which represent
two of the principal liver cell types impacted by nanomaterials. Moreover, it is also known
that there are differences in the toxicological responses of phagocytic cells (such as KC) and
hepatocytes.[21-231 Qur first analysis was to assess cell viability by MTS and adenosine
triphosphate (ATP) assays over a particle dose range of 12.5-100 pug/mL (Figure 2A and B).
The MTS results demonstrated that there were essentially two response profiles as a
reflection of particle composition in both cell types (Figure 2A and B). Thus, while Al,Og,
CeO5 (10 nm), CeO; (30 nm), Fe,03 (10 nm), Fe,O3 (100 nm), MgO, TiO, (30 nm), and
TiO, (100 nm) failed to interfere in cell viability in either cell type, Ag, CuO, V,05 and
ZnO were toxic in both cell lines. In contrast, fumed SiO, was toxic in KUP5 but not in
Hepa 1-6 cells (Figure 2A and B). The MTS results were confirmed by a luminescence-
based viability assay that determines ATP content (Figure 2A and B). Please notice that
although we did not observe size-dependent differences, the material library was not
constructed with the intention to make an independent assessment of this parameter.

2.3. Ag, Cu0, SiO,, V5,05 and ZnO induce Cellular Oxidative Stress Responses

It has been shown that metal oxides are capable of inducing a tiered or hierarchical oxidative
stress response in a variety of non-hepatic cells, as outlined in Figure 3A.[24 251 particle-
induced generation of reactive oxygen species (ROS) production is capable of triggering a
tier 1 antioxidant defense at the lowest level of oxidative stress.[26: 271 This response tier is
dependent on thiol crosslinking of the transcription factor, erythroid 2-related factor (Nrf2),
which leads to activation of the promoter of Phase 11 enzymes such as heme oxygenase 1
(HO-1) and glutathione peroxidase (GPx).[26: 271 Further increase in oxidative stress can lead
to transcriptional activation of pro-inflammatory cytokines and chemokines (e.g., TNF-a,
IL-1B, etc.), through the activation of the NF-xB, JNK/AP-1 signaling cascades.[26: 27] Tier
3 constitutes toxic oxidative stress, where triggering of the mitochondrial permeability
transition pore and caspase activation can lead to cell death.[21. 24, 25, 28-30]

The initial assessment of the particles was to evaluate ROS production and cellular
glutathione (GSH) levels, which reflect the cellular redox equilibrium as a trigger of diverse
response outcomes (Figure 2). Mitochondrial ROS production was assessed by the following
MitoSOX red fluorescence in KUP5 and Hepa 1-6 cells during viewing under a confocal
microscope (Figure 3B). All particles induced fluorogenic oxidation of the dye (by
superoxide), except non-toxic TiO, ENM that was used as a control. In this study, we did not
observe toxic effects of TiO, NPs in either cell line, which is consistent with previous
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findings in other cell lines, e.g., BEAS-2B, THP-1, and RAW264.7.[29. 301 Measurement of
GSH levels by a luminescence-based GSH-Glo assay demonstrated that 50 ug/mL Ag, CuO,
SiOy, V705 and ZnO NPs, for 6 and 24 h, induced a significant reduction of GSH levels in
KUPS cells (Figure 3C). Although Ag, CuO, SiO,, and ZnO NPs significantly reduced GSH
levels, V5,05 triggered an increase in the levels of this antioxidant in Hepa 1-6 cells (Figure
3D). In order to determine if the V,0g effect could reflect and anti-oxidant protective
response by Nrf2 activation, Western blotting was performed to assess the expression of
HO-1, a frequently used Tier 1 oxidative stress biomarker (Figure 3E). Curiously, while Ag,
CuO and ZnO NPs induced strong HO-1 responses in both cell lines there was no evidence
that SiO, and V,05 NPs acted similarly. A possible explanation is that vanadium has been
shown to specifically interfere with HO-1 expression by reducing mRNA levels.[31] Si0,
will be discussed later.

In order to assess pro-inflammatory effects that could be related to Tier 2 oxidative stress
effects, we assessed TNF-a release in the supernatant of KUP5 and Hepa 1-6 cells in
response to the full range of NPs (Figure S1A and B). This demonstrated that while CuO,
SiO, and ZnO NPs could induce significant TNF-a production in KUPS5 cells, no response
could be detected in Hepa 1-6 cells (Figure S1A and B). We also assessed ENM effects on
IL-1pB production, premised on the previous demonstration that the induction of this cytokine
reflects activation of the NLRP3 inflammasome by nanomaterials.[”: 32351 |mportantly, only
SiO; and V7,05 NPs could be seen to induce IL-1p production in KUPS5 cells (Figure 3F). In
contrast, none of the materials induced IL-1f production in Hepa 1-6 cells (Figure S2A),
likely due to the absence of pro-IL-1p expression in Hepa 1-6 cells (Figure S2B).

To assess the possibility that the NPs could induce apoptotic cell death as a consequence of
toxic oxidative stress (Tier 3), confocal microscopy was used to assess caspase-3 and 7
activation through cleavage of the specific fluorescent FAM-FLICA substrate (Figure 3G).
This demonstrated robust activation of these protease enzymes in KUP5 as well as Hepa 1-6
cells by all the materials leading to the cytotoxic cell responses (Figure 2). Please notice that
SiO5 had a relatively weak effect on caspase activation in comparison to V5,05 NPs, a
finding that will be discussed later (Figure 3G). TiO, had no effect.

2.4. SiO, Nanoparticles Induce Pyroptosis in KUP5 Cells Through Triggering Cell
Membrane Depolarization and Inflammasome Activation

In the process of performing cell death profiling, the use of light optic microscopy revealed
contrasting morphological features for fumed SiO, compared to other NPs in KUP5 cells
(Figures 4A and S3). This manifested as the appearance of swollen KUP5 cells, exhibiting
giant surface blebs as compared to cellular shrinkage without surface blebbing during
treatment with Ag, CuO, V,05, and ZnO (Figure 4A). Also, there was no change in cell
morphology for non-toxic NPs (Figures 4A and S3). Since the morphological changes to
fumed SiO, was accompanied by IL-1f production (Figure 3F), the possibility was that this
could represent a pyroptosis response in KUP5 cells.[”: 36-38] pyroptosis is characterized by
cellular swelling and surface blebbing as a result of the formation of surface membrane
pores by gasdermin D (GSDMD) upon its cleavage by caspase-1.17: 36-45] Caspase-1
activation was assessed by confocal microscopy looking at the cleavage of the substrate,
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FAM-YVAD-FMK. Confocal imaging demonstrated caspase-1 activation in KUPS5 cells,
treated for 5 h with fumed SiO, (Figure 4B). The rare earth oxide, Gd,CQO3, was used as
positive control. Noteworthy, there was no activation of this caspase by other NPs, including
during treatment with V,Og for 5h (Figure 4C). However, it was possible to demonstrate
caspase-1 activation by V,0s after a longer incubation period (16 h), suggesting differences
in the response kinetics and mechanism of caspase activation, in comparison to SiO, (Figure
4C). No evidence of caspase-1 activation was obtained in Hepa 1-6 cells (Figure S4).

We have previously demonstrated that a variety of high aspect ratio nanomaterials are
capable of generating IL-1p production in the myeloid cell line, THP-1, as a consequence of
lysosomal damage and assembly of the NLRP3 inflammasome (Figure 5A).[32 35, 46-55] |
contrast, inflammasome activation by fumed SiO, have been shown to proceed independent
of lysosome damage, involving an pathway premised on K* efflux from the surface
membrane.[21-23] This pathway is dependent on the morphology of fumed silica ENM,
allowing reactive surface silanol groups, situated in its chain-linked structure, to tightly
adhere to the surface membrane of its cellular target. This triggers K* efflux, which is one of
the major stimuli for assembly of the NLRP3 inflammasome, leading to caspase-1 activation
(Figure 5A).[22. 33, 34,56, 571 Thys, as the first order of business, we assessed the effect of
SiO, NPs on lysosome damage and K* efflux in KUPS5 cells. Lysosomal damage was
assessed by using the Magic Red-labeled substrate for cathepsin B to assess enzyme release
from KUPS5 lysosomes during confocal microscopy (Figure S5). In contrast to the lysosome
disrupting properties of a positive control metal oxide ENM, Gd,COg3, which results in the
disappearance of the punctate red staining pattern of lysosomal cathepsin B,[”: 58 5] none of
the consortium materials (including SiO5) had an impact on lysosome integrity (Figure S5).
To investigate the impact on K* efflux, FITC labeling of the SiO, ENM were used to study
particle association with KUP5 cells. Confocal microscopy demonstrated robust SiO, ENM
association with the cell surface membrane (Figure 5B). The next assessment was to study
the impact of SiO, on the intracellular [K*], using potassium-binding benzofuran
isophthalate (PBFI) staining and confocal microscopy (Figure 5C). This demonstrated that
SiO, NPs could trigger a significant drop in the cellular [K*] (Figure 5C).

While surface membrane perturbation by SiO, can explain the particle effect on NLRP3
inflammasome and caspase-1 activation, the induction of pyroptosis in KUP5 cells also need
to consider the role of gasdermin D (GSDMD).[7. 36-45] Cleavage of this protein by
caspase-1 releases an N-terminal GSDMD fragments that assemble into pore-forming
surface membrane structures; the pores are responsible for the lytic cell death response,
a.k.a. pyroptosis.l”- 36-431 |n order to assess the role of GSDMD in SiO,-induced KUP5
death, siRNA knockdown was performed. RT PCR analysis showed a significant decrease of
the GSDMD/B-actin mRNA ratio in GSDMD ™~ compared to wild type KUPS cells (left
panel in Figure 5D). Subsequent exposure to SiO, NPs demonstrated a significant reduction
in cytotoxicity (Figure S6A) as well as IL-1f production (Figure S6B) in GSDMD ™/~
compared to wildtype KUP5 cells. In addition, optical microscopy confirmed that there were
less cell swelling and surface blebbing in GSDMD~~ compared to wildtype KUP5 cells
(Figure 4A and 5D). All considered, these data show that SiO»-induced pyroptosis in KUP5
requires surface membrane perturbation, K* efflux, NLRP3 inflammasome and caspase-1
activation, GSDMD cleavage and the formation of membrane pores.
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2.5. V,0g Nanoparticles Induce NLRP3 Activation through perturbation of the Na*-K*-
ATPase, leading to K* efflux in KUP5 cells

Different from the pyroptosis response to SiO, in KUP5 cells, V2,05 NPs promoted
apoptotic cell death that is accompanied by later-onset caspase-1 activation (Figure 4C) and
IL-1B production (Figure 3F). V,05 does not exhibit the chain-like structure of fumed SiO,
NPs and has a relatively high dissolution rate that does not permit robust cellular uptake or
lysosomal damage.[?1-23] The key question therefore becomes how to reconcile these
findings with the cell death response in KUP5 cells that are also associated with caspase-1
activation? It is known that vanadium ions (V°*) are capable of inhibiting Na*/K* ATPase in
the surface membrane of cells,[60-63] with the capacity to lower cellular [K*] levels as a
result of cation leakage from the surface membrane.[81] We hypothesized, therefore, that
perturbation of intracellular [K*] could serve as the basis for V,0s triggering of NLRP3
inflammasome assembly, caspase-1 activation and IL-1@ production.[23. 34, 56] First, we
conducted an assay measuring Nat/K* ATPase activity in KUP5 cells exposed to vanadium
ions (V°*) and V,05 NPs. Both the particles and vanadium ions were capable of inhibiting
Na*/K* ATPase activity (Figure 6A), leading to a reduction in cell viability (Figure 6B). In
contrast, SiO, and TiO, NPs had no effect on ATPase activity (Figure 6A). A second
experiment demonstrated that treatment with V°* or V,05 NPs could induce significant and
time-dependent decline in intracellular [K*] levels in KUP5 cells (Figure 6C), which is in
agreement with caspase-1 activation and IL-1p production by V,05 in KUP5 cells (Figures
4C and 3F). However, while inflammasome activation and caspase-1 activation is also seen
for SiOy, the absence of pyroptosis in response to V,0s likely reflects the robust activation
of caspases 3 and 7 by the latter particle type (Figure 3G). Caspases-3 and -7 utilize
alternative cleavage GSDMD cleavage sites that interfere in the generation of pore-forming
GSDMD fragments by caspase-1.[3% This aspect will be further discussed later.

In summary, Figure 6D summarizes the proposed pathway for V,05 _induced apoptosis in
KUP5 cells. We propose that particle dissolution generates toxic \/>* ions, capable of
activating the NLRP3 inflammasome by decreasing the cellular [K*] content through
interference in membrane Na*/K* ATPase activity. However, V505 also generates ROS
production and activation of caspases-3 and -7, which is responsible for apoptotic cell death
and interference in caspase-1 mediated pyroptosis in KUP5 cells.

3. Discussion

In this study, we conducted a comprehensive analysis of the mechanisms of cytotoxicity of a
panel of 16 metal, metal oxide, and metal sulfide nanoparticles, provided by the NIEHS
Consortium, in transformed KCs and hepatocytes. Interestingly, five of these materials (Ag,
Cu0, Zn0, SiO, and V,0s) exhibited cytotoxic potential in both liver cell types through
different mechanisms of cytotoxicity, which reflects the involvement of oxidative stress,
caspase activation, assembly of the NLRP3 inflammasome and GSDMD cleavage.
Noteworthy, Ag, CuO, and ZnO NPs could induce caspase-3/7 (Figure 3G) mediated
apoptotic cell death in KUP5 and Hepa 1-6 cells that can be explained by particle dissolution
and ROS production. In contrast to the apoptosis response in hepatocytes, SiO, NPs induced
GSDMD dependent pyroptotic cell death in KUP5 cells. The pyroptosis effect reflects
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interaction of fumed SiO, with the surface membrane, triggering NLRP3 activation, which,
in turn, leads to GSDMD cleavage by caspase-1 and IL-1p production. In contrast, VV,O5
activated caspases-3 and -7 promoted apoptotic cell death in KUP5 and Hepa 1-6 cells
without resulting in pyroptosis in KUPS5 cells, in spite of caspase-1 activation. The
mechanism of caspase-1 activation by V,0g NPs could be explained by particle dissolution
and interference in membrane Na*/K* ATPase activity by V°* ions. This leads to a
significant reduction in intracellular [K*] and triggering of the NLRP3 inflammasome in
KUP5 cells. However, this event does not lead to pyroptosis, presumably due to the robust
activation of caspases 3 and 7, which interfere in the generation of pore forming GSDMD
fragments by caspase-1. In summary, the study provides important insight into the pathways
of toxicity of metal and metal oxide nanoparticles in phagocytic liver cells versus
hepatocytes.

The KUP5 and Hepa 1-6 cells were chosen in this work because they are widely used and
well-characterized mouse cell lines for liver research. Although we did not include other
hepatic cells to demonstrate the molecular mechanisms of pyroptosis or apoptosis in this
work, we have previously shownl”l that KUPS5 cells exhibit the same toxicological profiling
in response to metal oxide nanoparticles (e.g., oxidative stress and pyroptosis) as primary
human KCs, primary bone-marrow-derived macrophage (BMDM), as well as other
phagocytic cell lines including J774A.1 and RAW 264.7 cells. In addition, the results
obtained from Hepa 1-6 cells were similar to that of primary human hepatocytes in the same
study.l’] An important finding of the current study is the demonstration of the role different
toxicological pathways for metal and metal oxide NPs in KCs and hepatocytes. Overall, five
materials (Ag, CuO, Zn0O, SiO, and V,05 NPs) showed cytotoxic effects in liver cells, with
eleven other NPs being exempt from effects on cell viability. The shedding of toxic ions by
Ag, CuO and ZnO NPs played a role in the generation of oxidative stress, including by
triggering ROS production in mitochondria. The generation of oxidative stress in KUP5 and
Hepa 1-6 could be linked to GSH depletion, HO-1 expression and the initiation of caspase-3
and 7 mediated cell death. Moreover, CuO and ZnO NPs were associated with the release of
TNF-a in KC (Figure S1A), which could reflect the generation of oxidative stress. However,
there was no TNF-a release from Hepa 1-6 cells, which is in agreement with the observation
that under in vitro conditions hepatocytes (Hepa 1-6 cells) can only produce TNF-a
production during co-culture with macrophages.[64]

Of what relevance are the data for cellular studies to the potential toxicity of NPs in vivo and
in humans? Among the 16 materials, the most obvious impact to consumers would be the
potential toxic effect of fumed silica on the liver. Fumed silica has been estimated to be
ingested as a food additive in human, leading to exposure of 0.28 and 4.53 mg/kg bw/day.
[18] \/an der Zande et al. documented the occurrence of liver fibrosis in rats fed with food-
grade pyrogenic fumed silica.l'’] It is also important to clarify that the absence of cellular
toxicity is not necessary indicative of the absence of harmful effects during in vivo
exposures. Take TiO, for example. While we have not seen any adverse impact of these
particles in liver cells, the use of TiO, as a food additive (e.g., in confectionery and chewing
gums, etc.)[17] has been associated in rat studies with preneoplastic lesions in the colon.[20]
These in vivo outcomes could be further impacted by exposure duration, dose levels,
systemic immune responses, and the involvement of microbiome etc. It is worth noting that

Small. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 9

France banned the use of titanium dioxide in all food products since January 15t, 2020. Other
types of nanoparticles in this library have exposure potentials via oral pathway as well.
These facts warrant the assessment of their toxicological potential and mechanisms of
toxicity in liver.

SiO, NPs could induce pyroptosis in KUP5 but not Hepa 1-6 cells. Pyroptosis differs
significantly from other forms of cell death in its morphological and biochemical features.
[36, 38, 39, 44] While pyroptosis may participate in immune defense against intracellular
bacterial infections, excessive inflammasome activation can induce aseptic inflammation and
liver disease such as acute or chronic hepatitis or liver fibrosis.[36: 38 39. 44, 65] \We have
previously shown that rare earth oxide NPs induce pyroptosis in Kupffer cells via a pathway
that involves intracellular uptake and lysosome damage, leading to NLRP3 and caspase-1
activation.[”] Caspase-1 is responsible for cleavage of GSDMD, resulting in the release of N-
terminal peptide fragments from the autoinhibitory C-terminal domain of this protein.

[7,40, 41, 43] These fragments integrated in the cell surface membrane, where peptide
oligomerization leads to pore formation.[”: 40. 41, 43] Thjs leads to ion and water flux influx
across the membrane, resulting in cellular swelling and the formation of giant cell blebs.

[7, 38,40, 41,43, 44, 65] | contrast, the mechanism of SiO,-induced pyroptosis is different from
the rare earth oxides insofar as the interaction of these reactive chain-link structures with the
surface membrane is concerned.[21: 23] We have previously shown that the fumed silica
toxicity derives from strained three-member siloxane rings (3MRs) that leads to the display
of highly reactive silanol groups, acting in concert with hydroxyl groups and electrostatic
interactions to cause surface membrane damage in cells coming in contact with these
particles.[21] The accompanying surface membrane perturbation triggers K* efflux, NLRP3
inflammasome assembly, caspase-1 activation and cleavage of GSDMD. The role of
GSDMD in SiO»-induced pyroptosis was demonstrated by siRNA knockdown of GSDMD
in KUP5 cells. In contrast to fumed silica, colloidal or Stober silica do not display 3MRs and
are less prone to cause membrane damage of hemolysis.[21] However, there is one recent
report showing Stober silica aggregates inducing pyroptosis in N9 microglial cells, a type of
residential macrophage in the central nervous system.[6¢] Interestingly, in these studies the
authors reported that the 50 nm particles to exhibit a high surface silanol density, different
from the colloidal silica that we used. This toxicity could be attenuated by decreasing the
surface silanol display through calcination and metal doping.[23. €6]

V705 NPs undergoes rapid dissolution, leading to shedding of >50% of the pentavalent
vanadium ions with a +5 oxidation state. These particles were capable of inducing caspase-3
and 7 mediated apoptosis in KUP5 and Hepa 1-6 cells. Moreover, the particles also induced
caspase-1 activation and IL-1p production without pyroptosis in KUP5 (Figure 5A).
However, different from SiOo NPs, activation of the NLRP3 inflammasome by V,05 was
not accompanied by the surface membrane perturbation (of SiO,) or the lysosome damage
(of rare earth oxide NPs) in KUPS5 cells (Figure S4). Instead, vanadate [in its orthovanadate
(VO,437) form] is structurally similar to phosphate, and known to be a potent inhibitor of the
intracellular hydrolysis domain of Na*/K* ATPase in the cell surface membrane.[62. 671
Physiologically, this ion pump allows mammalian cells to maintain a high K*-to-Na™ ratio
by ATP hydrolysis, allowing 3 Na* to be pumped out of the cell in exchange of 2 K*
entering the cell.[81. 671 Thus, inhibition of the enzyme activity can lead to lowering of the
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intracellular [K*], which is a potent stimulus for activating the NLRP3 inflammasome and
IL-1B production in KUPS5 cells.[34 56. 571 |n addition, orthovanadate could also inhibit CaZ*
ATPase in the cell membrane and endoplasmic reticulum (ER), generating an increase in
intracellular calcium.[88] This divalent cation is a potent inducer of mitochondrial ROS
production.

An interesting question is why V205 NPs did not induce pyroptosis in KUP5 cells in spite of
NLRP3 and caspase-1 activation? A likely explanation is the crosstalk between caspase-1
and caspase-3 and 7 in the cleavage of GSDMD (Figure S7).13% In this regard, it has been
shown that during apoptosis in macrophages and monocytes (as seen with V,Og in KUP5
cells) caspases-3 and -7 can block pyroptosis by cleavage of GSDMD at sites that differ
from the proteolysis by inflammatory caspases (caspase-1, -4, and -5).[3%] This leads to the
generation of inactive GSDMD fragments that are incapable of inducing surface membrane
pores and pyroptotic cell death.[39] This notion is compatible with the finding that V,Os is a
robust inducer of caspases-3 and 7 in KUPS5 cells, where the activation of caspase-1 is
delayed (Figure 5C). This likely reflects the slower kinetics of Na*/K* ATPase inhibition
and inflammasome activation by V,0s5 (Figure 6A). In contrast, SiO, NPs has a more rapid
rate of caspase-1 activation, with early GSDMD cleavage resulting in pyroptosis (Figures 5C
and S7). It has also been demonstrated that in the absence of the GSDMD, caspase-1 could
also activate caspases-3 and 7 to induce apoptosis.

4. Conclusion

We demonstrate that among 16 metal, metal oxide, and metal sulfide nanoparticles, five
materials elicit toxicity in KCs and hepatocytes. Ag, CuO, and ZnO NPs induced caspase-3
and 7 mediated apoptotic cell death in KCs and hepatocytes. While SiO, induced pyroptosis
in KCs cells, the same outcome was not observed in hepatocytes. This pyroptosis response
in KC is premised on surface membrane perturbation, K* efflux, NLRP3 inflammasome
activation and gasdermin D (GSDMD) cleavage by SiO,. In contrast, VV,Os-induced
apoptosis in the face of caspase-1 activation can be explained by inhibition of Na*/K*
ATPase, which leads to late-onset NLRP3 activation in KUP5 cells (at which point,
caspases-3 and 7 already degraded the GSDMD pore-forming protein). Our study is of
considerable importance for the screening and analysis of the potentially hazardous effects
of metal based nanoparticles in the liver. The mechanistic understanding will help to
establish a knowledge base for the safety assessment and risk analysis of NPs.

5. Experimental Section

Reagents and Materials:

A particle library of 16 materials was obtained from The National Institute of Environmental
Health Sciences (NIEHS) Nanomaterials Health Implications Research (NHIR) Consortium.
The CellTiter 96 AQueous MTS Assay and GSH-Glo Glutathione Assay kits were
purchased from Promega (Madison, WI). The FAM-FLICA Caspase-1, Caspase-3/7 and
Magic Red Cathepsin B Assay Kits were purchased from ImmunoChemistry Technologies,
LLC (Bloomington, MN). The lipopolysaccharide (LPS) and GSDMD, NLRP3 and caspase
1 siRNAs were obtained from Sigma (St. Louis, MO). The ELISA kit for mouse IL-1p was
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purchased from R&D Systems (Minneapolis, MN). The ELISA kit for the mouse IL-1p pro-
form was purchased from Thermo Fisher Scientific (Waltham, MA). The mouse Kupffer
line, KUP5, was purchased from RIKEN CELL BANK (Japan). The hepatocyte cell line,
Hepa 1-6, was purchased from ATCC.

Physical Characterizations of Nanoparticles:

The nanoparticles were characterized as received without further purification or
modification. Their morphologies and primary sizes were assessed by TEM (JEOL 1200 EX
transmission electron microscope). For particle characterization in suspension, the stock
solutions were prepared at a concentration of 5 mg/mL in filtered deionized (DI) water,
followed by sonication for 15 min in a water bath sonicator. These suspensions were then
diluted in DI water or cell culture media to final concentrations of 50 ug/mL, followed by
further sonication for 15 min. The hydrodynamic diameters and C potentials of particles in
DI water and DMEM were determined using a ZetaPALS instrument (Brookhaven
Instrument, Holtsville, NY). The particles were collected and thoroughly washed with
deionized water before their morphology was characterized by TEM.

Fluorescence labeling of fumed silica nanoparticles:

2.5 mg of fluorescein isothiocyanate (FITC) was dissolved in 1.5 mL of dry toluene and 1.87
uL of 3-aminopropyltri ethoxy silane (APTES) was added and allowed to react under dry N»
for 2 h. The fluorescein/APTES mixture was added to 20 mL of 5 mg/mL fumed silica
nanoparticles suspension in dry toluene, and allowed to react overnight over dry N, at 80°C.
The FITC-labeled fumed silica was collected through centrifugation (7000 rpm for 2 min),
washed twice with toluene and twice with methanol. Fluorescein attachment was verified
through IR spectroscopy and UV-Vis spectroscopy.

Cell Culture:

KUPS cells were grown in high-glucose DMEM media supplemented with 10% fetal bovine
serum (FBS), 10 pg/mL bovine insulin, and 250 uM 1-thioglycerol. Hepa 1-6 cells were
grown in high-glucose DMEM media supplemented with 10% FBS and 100 U/mL-100
pg/mL penicillin streptomycin.

Assessment of cell viability:

The viability of KUP5 and Hepa 1-6 cells were assessed by the MTS assay. Cells were
exposed to the nanoparticles at the indicated concentrations for 24 h in a 96-well plate,
followed by removal of the medium and replacement with 120 L of complete cell culture
media containing 16.7 % of an MTS stock solution for 0.5 h at 37 °C. The plates were
centrifuged at 2000g for 10 min in an Eppendorf 5430 microcentrifuge, and then 100 pL of
supernatant was collected from each well and transferred into a new 96-well plate. The
absorbance was read at 490 nm on a SpectraMax M5e microplate reader (Molecular
Devices, Sunnyvale, CA).
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Determining Intracellular GSH Levels:

The intracellular GSH level for KUP5 and Hepa 1-6 cells was assessed by the GSH-Glo
Glutathione Assay. Cells were exposed to the nanoparticles at 50 pg/mL for 6 or 24 hiina
96-well plate, followed by removal of the medium and replacement with 100 pL of GSH-
Glo reagent. After 30 min incubation, 100 uL of reconstituted luciferin detection reagent
was added to the plate. Following 15 min incubation, luminescence was measured using a
SpectraMax M5e microplate reader (Molecular Devices, Sunnyvale, CA).

Western Blot Analysis for HO-1 Expression:

1.6 x 10° cells from each line were seeded into the wells of six-well plates (Costar, Corning,
NY). After overnight culture, each well received 1.6 mL of the appropriate culture medium
containing 12.5 pg/mL NPs for an additional 6 h. Untreated cells were used as a blank
control, while TiO, NPs were used as a negative control. Cells were washed with PBS three
times and harvested by scraping. The cell pellets were resuspended in cell lysis buffer
containing Triton X-100 and protease inhibitors. After sonication and centrifugation, the
protein content of the supernatants was measured by the Bradford method and 30 g protein
from each sample was electrophoresed by 10% SDS-PAGE and transferred to a PVDF
membrane. After blocking, the membranes were incubated with anti-HO-1 monoclonal
antibody (1:1000) (ENZO L.ife Sciences, Plymouth Meeting, PA) or anti-metallothionein
monoclonal antibody (1:1000) (Abcam, Cambridge, MA). The membranes were overlaid
with biotinylated secondary antibody (1:1000) before the addition of the HRP-conjugated
avidin-biotin complex (1:10 000). The proteins were detected using the ECL reagent
according to the manufacturer's instructions.

Determination of Mitochondrial ROS Generation:

KUP5 or Hepa 1-6 cells were exposed to nanoparticles at 37 °C and 5% CO». After 3 h
exposure to nanoparticles, the cells were washed twice with PBS and treated with 5 uM of
MitoSOX (Invitrogen, Carlsbad, CA) in HBSS at 37 °C and 5% CO, for 20 min. The cells
were fixed with 4 % paraformaldehyde in PBS, stained with Hoechst 33342 (5 pg/mL), and
imaged using a Leica Confocal SP8-SMD microscope.

Assessment of Pyroptotic Cell Death under Optical Microscopy:

Optical microscopy was used to monitor the morphology of wild type and GSDMD
knockdown KUP5 cells, pretreated with 1 pg/mL LPS for 4 h. Cells were exposed to 12.5
pg/mL nanoparticles for 6 h at 37 °C and 5% CO» in an 8-well Lab-Tek chamber slide. The
cells were examined using a Zeiss Optical Microscope. In order to monitor the time kinetics
of pyroptosis in LPS primed cells, 10 x 10* KUP5 cells/mL were exposed to 50 pg/mL
nanoparticles for 6 h in a 35 mm glass bottom dish (In Vitro Scientific) at 37 °C and 5%
CO». Light optic images were obtained using a Leica Confocal SP5 Blue microscope.

Determination of IL-1p Production:

KUPS5 and Hepa 1-6 cells were plated overnight at a density of 2 x 104 cells per well in a
96-well plate. The cells were primed by replacing the tissue culture medium with fresh
medium containing 1 pg/mL LPS for 4 h. The primed cells were exposed to nanoparticles at
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the indicated concentrations and time periods as shown in the figure legends. The cellular
supernatants were collected for IL-1p quantification by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer's instructions.

Determination of Pro-IL-1f Activity in LPS-Primed Cells:

KUPS5 and Hepa 1-6 cells were plated overnight in 96-well plates at 2 x 104 cells per well.
Following priming of the cells with 1 ug/mL LPS for 4 h, cells were lysed by using three
freeze—thaw cycles in 100 pL of lysis buffer (10 uM 2-ME, 9 mM MgC12, and 0.1% triton
X-100 in PBS). The cellular lysates were obtained after centrifugation and used for the
quantification of pro-1L-1p by ELISA (Thermo Fisher Scientific).

Assessment of Lysosomal Damage by Cathepsin B Staining:

After KUP5 cells were cultured overnight in an 8-well Lab-Tek chamber slide at 5 x 104
cells per well, the cells were primed with LPS (1 ug/mL) for 4 h and exposed to particles (50
ug/mL) for 1 h at 37 °C. The cells were washed with PBS and incubated with Magic Red
working solution for 30 min at 37 °C. Cells were washed with PBS and fixed with 4%
paraformaldehyde in PBS. Finally, the cells were stained with Hoechst 33342 (5 pg/mL),
washed with PBS, and imaged under a Leica Confocal SP8-SMD microscope.

Determination of Caspases 1, 3 and 7 Activation by Confocal Microscopy:

KUPS5 or Hepa 1-6 cells were cultured in an 8-well Lab-Tek chamber slide at 5 x 10*
cells/400 pL medium at 37 °C and 5% CO»,. The KUP5 cells were primed with LPS (1
ug/mL) for 4 h and incubated with nanoparticles at 50 pug/mL for 3 h. The treated cells were
washed with PBS and stained with FAM-FLICA Caspase-1 or Caspase 3/7 substrates for 1 h
at 37 °C according to the manufacturer’s protocol. Finally, the cells were fixed with 4%
paraformaldehyde in PBS, stained with Hoechst 33342 (5 pg/mL), and imaged using a Leica
Confocal SP8-SMD microscope.

Evaluation of Intracellular Potassium Efflux and Na*/K* ATPase activity:

NPs-induced potassium efflux in KUP5 cells was determined using PBFI AM (Molecular
Probes, Carlsbad, CA). The KUPS5 cells were primed with LPS (1 pg/mL) for 4 h and then
incubated with NPs at 50 pg/mL. PBFI AM was added to the cells at 5 uM and cells were
incubated at 37 °C and 5% CO, for 1 h. Triton X-100 (0.2%) treated cells were used as
controls. The fluorescence of PBFI AM was measured at excitation/emission at 340/505 nm,
using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA). For
determination of Na*/K* ATPase activity, ENM-treated KUP5 cells were incubated on ice
for 30 min and then sonicated (with power 25%, sonication 3 s, pause 10 s, repeat 30 times)
to collect lysates in a centrifuge tube. Following centrifugation, the supernatants were
removed and placed in a new centrifuge tubes on ice to assess the Na*/K* ATPase activity
by a commercial kit (MyBioSource).

Determining Particle Dissolution in Cell Culture Medium:

Particle suspensions were prepared at 50 ug/mL in 1.5 mL of DI water or DMEM. The
suspensions were incubated at 37 °C for 24 h, followed by centrifugation at 15,000 rpm for
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30 min. Dissolution rate at 0 h indicated that data collected after centrifugation of particle
suspension for 30 min. The supernatants were collected and subjected to acid digestion by
using 10 mL mixture of concentrated HNO3 (65—70%, trace metal grade, Fisher Scientific)
and HCI (35-38%, trace metal grade, Fisher Scientific) in a ratio of 1:3 at 95 °C for 2 days
in a HotBlock (SC100, Environmental Express). ICP-OES analysis was performed to
determine the metal content. The metal content was quantified by an ICP-OES (ICPE-9000,
Shimadzu, Japan), using triplicate analysis of each sample and standard in the presence of
2% (v/v) nitric acid. Digested DMEM and DI water, which do not contain nanoparticles,
served as blank reagent.

siRNA Knockdown in KUP5 Cells:

Knockdown of GSDMD gene was performed in KUP5 cells using electroporation at the
Integrated Molecular Technologies Core Facility (University of California, Los Angeles).
Briefly, 6 jig of siRNA in 100 pL of media was electroporated into 1 x 108 KUP5 cells.
After electroporation, cells were maintained in complete media for another 48 h before
cytotoxicity and IL-1p production analysis.

Statistical Analysis:

All the Statistical analysis represent mean+SD. Statistical significance was determined by
two-tailed Student's t test for two-group analysis or one-way ANOVA for multiple group
comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of nanoparticle morphology, dissolution characteristics, and cellular
uptake.
(A) TEM images of 16 nanoparticles provided by the consortium. The images were captured

using a JEOL 1200-EX TEM with accelerating voltage of 80 kV. (B) ICP-OES analysis of
nanoparticle dissolution. The graph shows the % metal dissolution for the individual
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nanoparticles in water and complete DMEM (DMEM with 10 % FBS) at two time points (0
and 24 h). The analysis was performed by suspending 100 pg/mL of each material in
deionized H,0, followed by incubation at 37 °C for 0 or 24 h. The supernatants were
collected by centrifugation at 15, 000 g for 30 min and digested by concentrated nitric acid
at 90 °C for 3 h. The digested solutions were dried by evaporation at 120 °C and dissolved in
3 mL of 5% nitric acid for ICP-OES analysis. (C) Cellular uptake of nanoparticles. After 4 h
treatment with 12.5 ug/mL nanoparticles, KUP5 and Hepa 1-6 cell pellets were collected
and acid digested for assessment of their metal content by ICP-OES.
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Figure 2. Cytotoxicity screening and cellular uptake of nanoparticles in KUP5 and Hepa 1-6
cells.

MTS and ATP assays were used to assess the viability of (A) KUP5 and (B) Hepa 1-6 cells
after particle exposure at a dose range of 12.5-100 pg/mL for 24 h. The results are reported
according to the material response characteristics. The left-hand panel shows profiling of
nontoxic materials, while the right-hand panel shows the response to particles with
significant toxicity. The viability of non-treated control cells was regarded as 100%. (C)
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Heat map display for KUP5 and Hepa 1-6 cells according to the color scale at the bottom.
The heat map was generated by using Excel, based on the MTS viability data in (A) and (B).
The viability of non-treated control cells was regarded as 100% and assigned green, while
the 0% viability was assigned red.
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Figure 3. Cellular mitochondrial ROS generation and oxidative stress in KUP5 and Hepa 1-6
cells post-exposed to nanoparticles.
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(A) Schematic to depict the hierarchical oxidative stress response to metals and metal oxide
nanoparticles as previously elucidated for profiled nanomaterials.[23] Abbreviations in the
schematic: JNK (c-Jun N-terminal kinases); ARE (Antioxidant Response Element); GSH
(glutathione); AP-1 (activating protein-1); PTP (permeability transition pore). (B)
Mitochondrial ROS generation was identified by MitoSOX red confocal microscopy
following exposure to nanoparticles at 25 pg/mL for 5 h. Cells were stained with 5 x 10-6 M
of MitoSOX for 20 min. The scale bar is 20 pm. (C and D) Impact on GSH levels as
determined by the Imninescence-based GSH-Glo assay. KUP5 (C) and Hepa 1-6 (D) cells
were treated with 50 pg/mL nanoparticles for 6 and 24 h. GSH levels were expressed as a
percentage of the luminescence intensity compared to control cells (100%). (*) p < 0.05,
compared to control. (E) HO-1 expression determined by immunoblotting. Both cell lines
were treated with 12.5 pg/mL NPs for 6 h. (F) Dose-dependent IL-1p release by the full
range of nanomaterials in KUPS5 cells. LPS-primed (1 ug/mL, 4 h) KUP5 cells were exposed
to nanoparticles (12.5-100 pg/mL) for 24 h. Supernatants were collected to measure I1L-1f
production by ELISA; *p < 0.05 compared to control cells. (G) Confocal microscopy images
showing nanoparticle-induced caspases 3/7 expression in KUP5 and Hepa 1-6 cells. LPS-
primed (1 pg/mL, 4 h) KUP5 and Hepa 1-6 cells were exposed to 25 pug/mL of chosen NPs
for 5 h and stained with the FAM-FLICA caspase reagent for 1 h. Cell nuclei were stained
with Hoechst 33342. The scale bar is 20 um.
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Figure 4. Assessment of nanoparticles to induce Caspase 1 and SiO» induced pyroptotic cell
death in KUPS5 cells.

(A) Optical microscopy images of ENM-treated KUPS5 cells. Optical microscopy images
showing the morphology of KUP5 cells exposed to seven of the NPs (fumed SiO,, Ag,
Ce0y, Cu0, V,0s, TiO, and Zn0O) at 12.5 pg/mL for 6 h. The scale bar is 25 um. The rest of
the optical images for other particles appear in Figure S3. (B) Assessment of caspase 1
activation in ENM-treated KUPS5 cells. The LPS-primed KUPS5 cells were incubated with
nanoparticles at 25 pg/mL for 5 h. Cells were washed with PBS and stained with FAM-
FLICA caspase substrate for 1 h at 37 °C. Cells were then stained with Hoechst 33342. (C)
Time-dependent activation of caspase 1 in V,Os-treated KUP5 cells. The LPS-primed KUP5
cells were incubated with fumed SiO, and V,05 for 5 and 16 h, and the staining process was
repeated. The cells were imaged using Leica Confocal SP8-SMD microscope. The scale bar
is 20 um.
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Figure 5. Generation of pyroptosis by fumed SiO5 in KUPS5 cells, including the effect of GSDMD
knockout.
(A) Schematic of the mechanism of fumed SiO, NPs toxicity following surface membrane

perturbation, potassimn efflux and the assembly of the NLRP3 inflammasome. (B) SiO,-
induced plasma membrane perturbation. Confocal image of KUP5 cells treated with FITC-
labeled fumed SiO, nanoparticles. KUP5 cells were exposed to fumed SiO, (100 pug/mL) for
12 h. The scale bar is 20 um. The cell membrane was stained with Alexa Fluor 594 WGA,
fumed SiO, was tagged with FITC, and the nucleus stained with Hoechst 33342 (blue). (C)
Intracellular K* efflux in KUPS5 cells, which were exposed to fumed SiO, NPs before
cellular staining with 5 pM PBFI-AM for 1 h. Triton X-100 (0.2 %) was used as positive
control. Data were expressed as % change of relative fluorescence intensity (RFI), which is
defined as the percentage change of fluorescence intensity of treated cells normalized to the
intensity of non-treated control cells; *p < 0.05 compared to control cells. (D) Optical
microscope images to compare the morphological changes by fumed SiO, NPs at 12.5
pg/mL for 6 h in wildtype and GSDMD ™~ KUPS5 cells. Following image acquisition with an
optical microscope, the % of cells (right panel) expressing at least two giant blebs were
determined. The scale bar is 20 um. GSDMD/B-actin mRNA ratio (left panel) to confirm
that the knockdown of GSDMD in KUPS5 cells. # p < 0.05 between wildtype and GSDMD
knockout KUP5 cells.

Small. Author manuscript; available in PMC 2021 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 26

+ + - T
A Membrane (Na*, K*) ATPase B Cell viability
4.0 120
-y
£ 100 - V,0; NPs
° —_—
£ 30 2 - == V5*ion
2 2
o
(7]
b S 60
& 20 ]
< ©
[} > 40
g 3
S 1.0 O,
£ 2 a
=
(B! . . . :
0.0 - 0 50 100 150 200
Ctrl TiO2 SiO2 V205 V5+ Triton Dose (ug/mL)
c Intracellular K* by PBFI D V,05 NPs
100% \‘r e®® o
i PONS
Ty TiO, NPs vva e
80% | 1) 2 ¥e "%
(%)
T 2 * l Na*/K* ATPase
o . Si0, NPs K* K+
S 60% . X QQQQQ\‘ ﬁ' IL-18
°g’, V,0, NPs WK, XA S - :
© ) via leak
5 40% - <" verion “ v channels -
= . L& 34
3
. o °
b Mitochondria %4 F ¥
20% - % o
weccli M
NLRP3 lnflammaéume » »

-

0% ; 3
0 3 6 9 12 15 18 21 24 pro-IL-18
Time (h)

Figure 6. The impact of VoOg ENM on NLRP3 inflammasome activation by inhibiting
membrane Na*/K* ATPase.

(A) Membrane Na*/K* ATPase activity in NPs-induced KUP5 cells. KUP5 cells, exposed to
V505, SiO,, TiO, NPs and V5 ions, were sonicated to collect the lysed cell pellets in a
centrifuge tube. The pellets were used to assess Na*/K* ATPase activity with a commercial
kit (MyBioSource). *p < 0.05 compared to control cells. (B) Cell viability. In response to
treatment with V,05 NPs and V°* ions in KUPS5 cells. An MTS assay was used to assess the
viability of LPS-primed (1 pg/mL for 4 h) KUPS5 cells that were subsequently exposed to
V5,05 NPs and \V°* ions for 18 h. The viability of nontreated control cells was regarded as
100%. *p < 0.05 compared to control cells. (C) Intracellular K* leakage in KUP5 cells.
Same experiment as in Figure 5C, using KUP5 cells exposed to V,0s, SiO,, TiOo NPs and
V>* jon. TiO, NPs were used as a negative control. Triton X-100 (0.2 %) was used as
positive control. Data were expressed as % change in RFI, which is defined as the
percentage change of fluorescence intensity of treated cells normalized to the intensity of
non-treated control cells. *p < 0.05 compared to control cells. (D) Schematic to explain the
mechanism of V,05 NPs toxicity through their effect on interference in Na*/K* ATPase
activity, potassium efflux, NLRP3 inflammasome assembly and IL-1p release.
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Table 1.
Metal, metal oxide and metal sulfite nanoparticle library, depicting the primary size,

hydrodynamic size and zeta potential.

The hydrodynamic size and zeta potential were determined in deionized water and complete DMEM
(supplemented with 10% fetal bovine serum).

Hydrodynamic z-Potential (mV)  Hydrodynamic Size (nm)  z-Potential (mV)

Nanoparticles  Primary Size (nm) Size (nm)
DI Water DMEM

Al,O4 199+125 109.8 £2.5 47909 153.3+24 -20.2+3.1
Cds 10828 436.3 +66.1 -154+09 406.4+5.8 -11.6+2.8
CeO, (10 nm) 9.7+37 103.9+24 379+1.0 1980+7.1 -10.9+0.9
CeO, (30 nm) 35.3+219 1432+22 391+14 225319 -13.9+3.8
Fe,0; (10 nm) 95440 721413 404+07 250.1+6.3 ~14.0+1.4
Fe,03 (100 nm) 97.9+52.1 997.4+72.2 26.6 0.5 1531.4 + 88.8 -11.8+1.9
MgO 255+9.1 544.3 + 8.7 18.7+0.8 896.9 + 70.2 -149+15
TiO, (30 nm) 27.0+9.7 202.0+1.6 327+15 564.9 +54.9 -16.0+ 1.6
TiO, (100 nm) 123.7£46.3 181.3+5.2 34323 4451+ 4.6 -146 £1.6
WO, 21.6+£8.9 79.4+0.8 -472+23 186.4+1.5 -12.2+0.8
zZnS 209.4 + 63.9 271.1+9.85 156+14 506.7 + 23.0 -135+14
Ag 200+£7.2 1144 +£1.7 -286+1.6 196.1+3.4 -15.6+2.4
CuO 62.2 £ 14.6 290958 -121+19 3621+7.1 -13.1+1.6
SiO, 16.1+4.9 153.8+4.9 -25.6+0.6 2216+58 -13.8+3.2
V,05 395.0 + 230.5 6104 +22.1 -220+£20 1079.6 +12.4 -11.3+21
ZnO 477174 209.9+59 -36.5+1.7 498.1+12.1 -141+17
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