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Abstract: Exposure to nanoparticles by various routes results in size-dependent translocation of
nanoparticles to the systemic circulation and subsequent accumulation in the liver. The purpose
of this study was to determine possible adverse effects in the liver of long-lasting nanoparticle
presence in the organ. Mice exposed to a single dose (162 pg/animal equivalent to 9 mg/kg body
weight) of TiO,, CeO, or carbon black nanoparticles by intratracheal instillation or intravenous
injection, resulting in relatively low or high liver burdens, were followed for 1, 28 or 180 days.
Clinical appearance, feed intake, body and liver weights, hematological indices, and transaminases
and alkaline phosphatase activities were unaffected by exposure. Exposure-related foreign material
persisted in the liver up to 180 days after intratracheal and intravenous exposure, mainly in sinusoids,
near Kupffer cells, or around blood vessels. Increased incidences of histological findings after
intratracheal or intravenous exposure included: initially, prominent nuclei of Kupffer cells, the
apparent increase in binucleate hepatocytes (TiO, and carbon black) and inflammatory infiltrations
(Ce0,); later, cytoplasmic vacuolation, pyknosis and necrosis, especially for CeO,. Thus, neither low
nor high nanoparticle burden in the liver affected enzymatic markers of liver injury, but indications
of exposure-related necrotic changes, particularly for CeO, nanoparticles, were noted.

Keywords: cerium oxide; titanium dioxide; tissue distribution; liver histology; hepatotoxicity;
pyknosis; nanotoxicology; ALT; AST; ALP

1. Introduction

Unique properties of nanoparticles, such as small size, large surface area and high
surface reactivity in comparison to bulk material, have led to a wide range of nanoparticle
applications. This increases the risk of adverse health effects following consumer and
occupational exposures. Inhalation of nanoparticles leads to pulmonary deposition and
especially alveolar deposition, resulting in prolonged particle presence in the lung and
inflammation [1,2]. A small fraction of the deposited particles undergoes translocation
and access systemic circulation directly or via the lymphatic system to reach the liver or
spleen [3-8]. Intravenously (IV) injected nanoparticles preferentially accumulate in the
liver [9]. The clearance of insoluble nanoparticles from the liver is slow [10], and little
is known about the adverse effects of the long-lasting presence of nanoparticles in the
organ [11,12]. On the other hand, there are examples of severe adverse effects following
liver accumulation of particles. Thorotrast, a colloidal suspension of thorium dioxide
particles, was used as a radiographic contrast agent in the US, Europe and Japan from
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1930 to 1960 [13]. The radioactive thorium dioxide particles were shown to accumulate in
the liver and spleen and caused primary liver cancer in exposed patients [14].

The nanoparticles used in this work, i.e., titanium dioxide (TiO;), cerium oxide (CeO5)
and carbon black, are high volume nanomaterials. TiO; is a white pigment used in paints,
coatings, cosmetics and pharmaceuticals [15]. It is also authorized in the EU as a food
additive E171 (Regulation (EC) No 1333/2008) but the European Food Safety Agency
(EFSA) recently concluded that TiO; (E 171) can no longer be considered safe when used
as a food additive [16]. CeO; is used as a diesel fuel additive [17], an abrasive agent for
chemical-mechanical planarization of advanced integrated circuits [18], and a polishing
agent for glass mirrors, television tubes and ophthalmic lenses [19]. There are also studies
of potential therapeutic uses of CeO, nanoparticles [20,21]. Carbon black is a black pigment
with broad applications [15]. Carbon black is a well-known reactive oxygen species (ROS)
generator and has been shown to be mutagenic and genotoxic [22-24]. Adverse effects
on the lung after pulmonary exposure to these nanoparticles are well-established [25-37].
TiO, particles including nanosized particles (<100 nm) were detected in human liver
and spleen [38,39], human placenta and meconium of newborn infants [40]. This raises
questions of a possible health hazard of nanoparticles present in these organs [11,12,41].

Translocation of TiO,, CeO, and carbon black nanoparticles from lungs to the liver
was studied by us previously in laboratory mice [24,42]. Increasing liver concentrations of
titanium and cerium in the liver tissue up to 180 days after intratracheal instillation (IT) con-
firmed continuous translocation and prolonged nanoparticle presence in the organ [24,42].
The rate of translocation following intratracheal exposure to TiO, nanoparticles was sim-
ilar to the translocation rate following inhalation exposure to TiO; nanoparticles [42,43].
Translocation of carbon black was confirmed by brightfield microscopy.

The aim of the present study was to investigate possible adverse effects in the liver
following long-lasting internal exposure to TiO,, CeO, and carbon black nanoparticles.
Thus, we examined livers of mice from a previously published study [24,42], where mice
were exposed intravenously or intratracheally to the three nanoparticles, resulting in
high and low liver burdens, respectively. Liver effects were assessed by conventional
histological technique and enhanced darkfield microscopy, and by liver weight and activity
of enzymes recognized as biomarkers of liver injury. Furthermore, we also assessed
standard toxicological parameters—such as changes in body weight, feed intake and
hematological parameters—as endpoints indicative of the clinical condition of the mice in
the study.

2. Materials and Methods

Physicochemical properties of the studied nanoparticles, preparation of the particles
for exposure and animal exposures were reported previously [24,42], and therefore, only
brief descriptions are provided below.

2.1. Characterization of Nanoparticles and Nanoparticle Suspensions

TiO, was provided by NanoAmor, CeO, by Degussa-Quimidroga and carbon black
(Printex 90) by Evonik Degussa. All tested nanomaterials were received as powders. The
nanoparticles were characterized previously, and selected physicochemical parameters
are presented in Table 1. TiO; nanoparticles were pure rutile nanorods with a length of
50-60 nm and a diameter of 10-15 nm [42,44]. The CeO, nanoparticles were cubic (fluorite
structure) with primary particles of few to tens of nanometres. Carbon black nanoparticles
were spherical amorphous carbon particles with a primary particle size around 14 nm [45].
None of the nanoparticles were surface-modified. TiO, and carbon black are considered
insoluble, whereas CeO, nanoparticles were partly soluble [42,46].
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Table 1. Selected physicochemical parameters of the tested nanomaterials.

Tested Nanomaterial Source Primary Particle Size Specific Surface Area Particle Density
TiO, (rutile) NanoAmor [44] 10.5 nm [44] 139.1 m? /g [44] 4.23 g/cm? [47]
CeO, Degussa/Quimidroga [48] 13.0 & 12.1 nm [48] 56.7 m?/g [48] 7.29 g/cmd [48]
Carbon black Evonik-Degussa 14 nm [45] 295 m?2/ g [49] 21g/ cm? [49]

Nanoparticle suspensions of 3.24 mg/mL were prepared in 2% v/v mouse serum
in nanopure water (as vehicle) as described [34,35,41,42] and were sonicated for 15 min
on ice, using a probe sonicator operating at 100 W/22.5 kHz (Microson ultrasonic cell
disruptor, XL-2000 Microson™, Qsonica, LLC., equipped with disruptor horn with a
diameter of 3.2 mm and maximum peak-to-peak amplitude of 180 um). The control
vehicle, 2% v/v serum in nanopure water, was also sonicated prior to administration. The
hydrodynamic size distribution of each sonicated nanoparticle suspension was determined
by dynamic light scattering (DLS) (Zetasizer Nano-ZS, Malvern Instruments, Malvern, UK)
before administration as described previously [24,25,42,50]. The median particle diameter
measured for TiO,, CeO, and carbon black nanoparticles in suspension was 68 nm, 68 nm,
and 51 nm, respectively [24]. Z-average and polydispersity index were 131.4 and 0.120,
respectively, for TiO,; 148.8 and 0.174, respectively, for CeO,; 104.3 and 0.157, respectively,
for carbon black nanoparticles. Preparation and analysis of electron microscopy samples of
TiO, and CeO, nanoparticles used in our study together with data on the size distribution
of TiO,, CeO, and carbon black particle suspensions obtained by DLS were published
previously [24,42].

2.2. Animal Handling and Exposure to Nanoparticles

The animal study was approved by the Danish Animal Experimental Inspectorate
under the Ministry of Justice (Permission 2012-15-2934-00089 C6) and overseen by the Ani-
mal Welfare Committee for Animal Care and Use of the National Food Institute, Technical
University of Denmark, Denmark.

Two hundred and sixteen C57BL/6 (B6/BOM-F) female mice (6 weeks old, body weight
of 17.5 £ 0.9 g (mean + SD) from Taconic, Ry, Denmark) were randomly divided into
experimental and control groups (n = 9/group) and acclimated for 2 weeks. The mice were
housed in polypropylene cages (Type IlI with Tapvei bedding and enrichment—nesting
material and den), 5 or 4 mice per cage, under the controlled environmental conditions
(12 h light/12 h dark cycle with the lights on from 7 p.m. to 7 a.m., room temperature
of 22 °C =+ 1°, relative humidity of 55% = 5) and offered a standard pelleted diet (Altro-
min No. 1324) and citric acid acidified water (to avoid microbiological contamination of
drinking water), both ad libitum. At the start of the study, the mice were anesthetized
with 0.5 mL/100 g body weight (bw) of Hypnorm® (Fentanyl citrate 0.315 mg/mL and
Fluanisone 10 mg/mL, Nomeco, Copenhagen, Denmark) and Dormicum® (Midazolam
5 mg/mL, Roche, Hvidovre, Denmark) by subcutaneous injection. Intratracheal instillation
was performed as described earlier [24,26,42,45]. We have previously shown an overall
even pulmonary distribution of particles using this exposure technique [51,52]. For intra-
venous exposure, a tail-vein injection was performed using a 0.4 x 20 mm needle (Terumo
Europe, n.v. 3001, Leuven, Belgium). The mice received—by intratracheal instillation or
intravenous injection—a single dose of 50 pL of the vehicle (all vehicle control groups) or
of 162 ug of TiO,, CeO, or carbon black nanoparticles dispersed in 50 uL vehicle that corre-
sponded to 9 mg nanoparticles/kg bw. After the exposure, anesthetized mice were placed
back to their cages, heated with a heating lamp and/or warming blanket and monitored
until they recovered from anesthesia. During the study, clinical appearance was checked
twice daily. Feed intake was recorded weekly, and body weight was recorded once a week
up to 28 days post-treatment and every second week thereafter.
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2.3. Selection of the Dose

The intratracheally deposited dose of the nanoparticles was selected based on the Dan-
ish occupational exposure limit for TiO; and an inhalation study with TiO, nanoparticles
in mice [53]. In that study, the lung burden of the mice was reported to be 0.8 mg/lung
for TiO;, whereas the mice in the current study were exposed to 0.162 mg. The mice in the
inhalation study inhaled 0.0018 m®/h x 18 h/day x 7 mg/m?3 = 0.2268 mg per day, 5 days
a week for 13 weeks. Thus, the cumulated inhaled dose was 0.2268 mg x 5 days/week
x 13 weeks = 14.742 mg/mouse. The lung deposition rate was 0.8 mg/14.742 mg x 100%
= 5.43%. Thus, the calculated daily pulmonary deposition in the inhalation study was
0.0018 m*/h x 0.054 x 18 h x 7 mg/m? = 0.0122 mg. The applied dose in the current study
(162 ug) would thus correspond to 162 pg/12.2 ug/day = 14 exposure days in the cited
animal study or exposure during 21 8-h working days at 10 mg/m3 (the current Danish
occupational exposure limit for TiO,). Based on similar calculations, and assuming 33%
pulmonary deposition [27], the intratracheally deposited dose of carbon black would be
comparable to a lung burden after exposure during 10 8-h working days at 3.5 mg/m? (the
current Danish occupational exposure limit for carbon black).

2.4. Necropsy and Sample Collection

Before the terminations on days 1, 28 and 180, the non-fasted mice were weighed.
Approximately 100 pL of blood was collected from the facial vein of all mice in each group
in EDTA-coated tubes for hematology analysis. Thereafter, mice were anesthetized by sub-
cutaneous injection of the Hypnorm/Dormicum mixture (0.5-0.7 mL/100 g body weight),
exsanguinated by withdrawing the heart blood and subjected to necropsy. In the intratra-
cheally exposed mice, bronchoalveolar lavage (BAL) was performed (1 = 6 mice/group)
and reported previously [24]. Lungs from three mice from each group were fixed in situ
(by cannulating the trachea and delivering 4% neutral buffered formaldehyde solution via
the cannula at a constant fluid pressure of 25 cm before the thorax was opened), excised
and immersed into 4% neutral buffered formaldehyde solution for further microscopic
examination. The livers from all animals were weighed, and specimens were fixed in
4% neutral buffered formaldehyde solution. Samples of liver (n = 9/group) and lung
(n = 6/group) were collected for comet assay and determination of the total mass concen-
tration of titanium (Ti) and cerium (Ce) in the lungs and the liver by inductively coupled
plasma-mass spectrometry (ICP-MS) (Table 2), and the size distribution of CeO, in the liver
after intratracheal and intravenous exposure by single particle ICP-MS measurement, as
reported previously [24,42].

2.5. Hematology Parameters and Activity of Transaminases and Alkaline Phosphatase

Hematology parameters were examined in EDTA-stabilized tubes using an abc™ An-
imal Blood Counter instrument (Horiba Abx Scil Abc Vet Animal Blood Counter). Alanine
transaminase, aspartate transaminase and alkaline phosphatase enzyme activities were
measured in plasma obtained by centrifugation for 10 min, at 4 °C, at 2500 x g of sodium-—
heparin-stabilized blood collected on day 28 from the mice using Pentra 400 (Horiba ABX,
Montpellier, France) and commercially available kits (Horiba ABX Medical, Montpellier,
France; catalog no. A11A01627, A11A01626 and A11A01629, respectively). Samples from
each exposure group were run in the same batch in a random order to decrease variation.
A control sample was included for every 15th sample.
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Table 2. Initial and final body weights, feed intake, absolute and relative liver weights and titanium or cerium content of mice liver.

1 Day 28 Days 180 Days
Control TiO, CeO, CB Control TiO, CeO, CB Control TiO, CeO, CB

Intratracheal instillation

Initial body weight (g) 1863 +1.66 1744+174 19.02+091 17.86+144 1830+09  1820+140 1850+090 18.00+1.00 18.60=+052 18.00+1.03 1830+ 094  18.00 & 0.98
Final body weight (g) 1779 +£1.35 1661 +173 17.84+0.69 1767 +135 21.18 4089 2152+124 2154+074 21104127 2470+0.85 24.90+099 2540+1.93  25.05=+1.50
& /ie;gvlvn/tgl;;) A - - - - 181.8+21.6 187.8+19.8 1859+3.8 1965+234 16854133 171.3+7.6 161.8+100 187.1+407
Absolute liver weight (g) 0.9 + 0.09 077 £0.09 0894+004 084-+008 1.04+004 105+012 110£006 1.06+£007 1154007 1214012 120+£017  1.21+0.15
Rela“z’ge /li‘égrg”)"mght 4794+027  466+033  499+021  478+039  490+£016  488+£049  5104£020 505+0.17  467+£021  485+030  4.69+036 4804037
Ti content in liver (ug/g) B 0.41+£0.20 0.25 +0.15 n.a. n.a. 0.30 + 0.06 0.54 +0.31 n.a. n.a. 0.18 = 0.11 157 +1.38 n.a. n.a.
Ce content in liver (pg/g) B 0.02 £0.01 na. 0.03 £ 0.02 na. 0.02 + 0.02 na. 0.82 +0.71 na. 0.00 £0.00 na. 2.03 +2.63 na.
Intravenous injection
Initial body weight (g) 19.14 +0.81 18724+ 0.65 1956+096 1942+081 1820+13  1820+12  1820+10  1880+1.1 1856+095 1830+1.33 17.184+1.10 1830+ 1.42
Final body weight (g) 18.08 £0.79  18.03+0.69 18494075 1810+0.75 2129+1.32 21314087 2074+140 2139+1.22 2540+171 2410+114 2570+225  26.00 & 1.41
& /iegegvg‘/tgg;) A - - - - 182.1 £3.9 181.8+£92  1924+174  1735+69 1802 +49 201.1+214 1834+84  186.0+19.3
Absolute liver weight (g) 090 +007 086+007 0944010 088+009 1.00+007  1.06+007  1.01+0.11 1.05+008 1224016  117+010 1.18+0.16  1.2040.19
Relatl(vge/li‘(;grgv)velght 491 +044  476+028  508+038  483+034 4714008  496+022  488+033  489+0.19  480+038  482+026  456+033  4.62+0.67
Ti content in liver (1g/g) B 042 +0.14 40.4 + 33.0 n.a. n.a. 0.49 + 0.15 33.1+27.1 n.a. n.a. 0.40 + 0.19 222 +223 n.a. n.a.
Ce content in liver (ug/g) B 0.03 £ 0.03 na. 40.0 +47.8 na. 0.01 £0.01 na. 36.9 £ 53.0 na. 0.02 +£0.03 na. 48.0 £37.5 na.

N =9/group, except for 8 in the intravenous control group after 28 days and in the intratracheal carbon black (CB) and intravenous TiO, groups after 180 days. All values are mean £ SD. Bodyweight, feed
intake, liver absolute and relative weights in the exposed groups were not statistically significantly different from the controls (p > 0.05, analysis of variance (ANOVA)) A Feed intake was not recorded during 24 h
after exposures, as the mice were anesthetized prior to dosing by intratracheal or intravenous routes, and this procedure is known to affect feed intake. B Titanium (Ti) and cerium (Ce) content in the liver
measured by ICP-MS was previously published [42]. ICP-MS is not appropriate for quantification of carbon in liver tissue due to a high endogenous content of carbon. Brightfield microscopy provided visual
evidence on the internal exposure of carbon black in the liver. n.a.: not analyzed.
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2.6. Histological Examination

The 4% neutral buffered formaldehyde solution fixed lung (n = 3/group) and liver
samples (n = 9/group, except for 3 groups with 1 case of a spontaneous death each; see Re-
sults) were embedded in paraffin, sectioned in 4-6 um slices and stained with hematoxylin
and eosin (H&E staining). Histological examination by light microscopy in brightfield
mode was performed by two operators, at first with knowledge of treatment groups and
thereafter blindly [54]. INHAND proposal for diagnostic nomenclature of microscopic
changes in rodents was followed [55,56]. Inflammatory cell infiltrates (focal infiltrations
of mono- and polynuclear and/or histiocytic cells) in the liver were divided into two
categories: small (<10 inflammatory cells, sporadically accompanied by necrotic hepa-
tocytes with distinct eosinophilic cytoplasm) and big (>10 inflammatory cells typically
surrounded by necrotic hepatocytes with distinct eosinophilic cytoplasm and with apop-
totic bodies/debris often present), and their numbers were recorded. For other changes,
the presence was recorded, and incidence for each group reported.

2.7. Detection of Foreign Material in Lung and Liver by Enhanced Darkfield and
Brightfield Microscopy

The presence and the localization of foreign material in H&E stained histological
lung and liver sections after exposures to TiO; and CeO, were examined by the enhanced
darkfield mode of Cytoviva enhanced darkfield hyperspectral system (Auburn, AL, USA) at
40 x. Aggregates of foreign material originating from TiO, and CeO; exposure show intense
light scattering in enhanced darkfield [24,42]. Presence of carbon black was examined by
brightfield microscopy at standard magnifications (10x—40x). Carbon black was visible as
black spots. Images were acquired at 40 x and 100 x on an Olympus BX 43 microscope with
a Qimaging Retiga4000R camera for darkfield and a Nikon DS-Fi2 camera for brightfield.

2.8. Statistical Analysis

All presented values were expressed as mean =+ standard deviation (SD). One-way
or two-way analysis of variance (ANOVA) was used to analyze the data sets (body and
liver weights, feed intake, hematology, enzyme activity). In order to fulfill the normality
and variance homogeneity criteria, some variables were logarithmically transformed,
and some were ranked before applying nonparametric one-way or two-way ANOVA
analysis. If the statistical significance was reached in the ANOVA analysis, the Tukey
post-hoc multiple comparison test was used to examine the differences between the test
groups. p-value < 0.05 was considered statistically significant. The statistical analyses were
performed using SAS 9.4 statistical software (SAS Institute Inc., Cary, NC, USA). Incidence
data from histological examination of the liver were analyzed by Fisher’s exact test (the
software package Graph Pad Prism 7.02, Graph Pad Software Inc., La Jolla, CA, USA), and
the non-normally distributed data on number of inflammatory cell infiltrations in the livers
were assessed by the Mann—-Whitney U-test (Complex Online Web Statistical calculators
https:/ /astatsa.com, accessed on 1 June 2021).

3. Results
3.1. General Appearance, Body Weight, Feed Intake and Liver Weight

The clinical appearance of mice remained unaffected up to 180 days post-exposure,
but three spontaneous deaths occurred before the scheduled termination: one in the
intravenous 28-day control group, one in the intravenous 180-day TiO; group, and one in
the intratracheal 180-day carbon black group. Necropsy did not clarify the cause of death.
At the scheduled terminations, no test substance-related gross changes were observed.
Body weight, feed intake, liver absolute and relative weights were comparable between
the control and exposed groups (Table 2).
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3.2. Hematology

Slightly but statistically significantly lower values, as compared with vehicle controls,
were recorded for some of the calculated erythrocyte indices (mean corpuscular volume,
mean corpuscular hemoglobin or mean corpuscular hemoglobin concentration) after intra-
tracheal instillation of CeO, or carbon black nanoparticles, or after intravenous exposure to
CeO, nanoparticles on day 180. In addition, a lower platelet count was recorded on day 1 in
the intravenously exposed TiO; group as compared to that in the control group (Table S1).
The observed differences to controls were small without a consistent pattern, and the
values were within the normal ranges. Consequently, the differences in hematology were
considered chance findings of no toxicological relevance. Our results are in accordance
with previous studies, where no effects on hematological parameters in laboratory rodents
after a single or repeated dose of TiO; or CeO; nanoparticles by inhalation or intravenous
exposure were observed [57-60].

3.3. Activities of Enzymes Indicative of Liver Injury

There were no statistically significant differences in alkaline phosphatase, aspar-
tate transaminase and alanine transaminase activities measured in plasma 28 days post-
exposure (Table 3).

Table 3. Activity of transaminases and alkaline phosphatase (mean + SD) in plasma of mice 28 days after a single exposure

to 162 pg of TiO,, CeO, and carbon black nanoparticles administered by intratracheal instillation or intravenous injection.

Enzyme Intratracheal Instillation Intravenous Injection
(U/L) Control TiO, CeO, CB Control TiO, CeO, CB
ALP 119+ 17 138 £ 16 113+ 13 133 £ 19 125+ 17 121 +13 119+ 13 128 + 14
AST 185 £ 141 132 + 78 293 + 179 213 +119 151 + 85 91 +£20 136 £+ 25 120 £ 56
ALT 35+8 38+3 41+9 47 £ 13 39+5 34+7 39£8 38+8

ALP: alkaline phosphatase, AST: aspartate transaminase, ALT: alanine transaminase, CB: carbon black. Activities of transaminases and
ALP in the exposed groups were not statistically significantly different from the controls (p > 0.05, analysis of variance (ANOVA)). The
number of animals per group was 9, except in the intravenous control group where there were 8. Furthermore, one outlier was identified
(for AST in the carbon black group exposed by intratracheal instillation) and removed from the data sets, as its value deviated by more than
two standard deviations from the respective mean value.

3.4. Lung Histology

Intratracheal exposure to TiO,, CeO, or carbon black nanoparticles induced inflamma-
tion in terms of increased influx of neutrophils in bronchoalveolar lavage fluid, as reported
previously [24], and histopathological changes in lung tissue. Histopathological changes
were to a lesser degree observed following intravenous exposure to the three nanoparti-
cles. The lung morphology and incidence of changes and localization of nanoparticles in
lungs are presented in the Supplementary File (Table S2, Figures S1-53). The observed
histopathological inflammatory changes in the lung after intratracheal or intravenous
exposure to TiO,, CeO, or carbon black nanoparticles are in accordance with previous
reports [25-37,61-63].

3.5. Localization of Nanoparticles in Liver
3.5.1. Localization in Liver after Intravenous Exposure

One day after intravenous exposure to TiO,, CeO, or carbon black nanoparticles, small
agglomerates of foreign material were evenly distributed across whole liver sections, mainly
in sinusoids and often close to Kupffer cells (liver macrophages) (Figures 1D,G and 2J).
In the carbon black group, foreign material was also observed in some central venules
(Figure 2J). Then, 180 days after intravenous exposure, the foreign material was visible in
fewer but larger agglomerates (Figure 1E,H and Figure 2L). The agglomerates were mainly
located in sinusoids or accumulated around blood vessels just below the endothelium.
Occasionally, small agglomerates were possibly seen in endothelial cells (not shown).
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Foreign material was also present in some but not all infiltrations of inflammatory cells in
the liver, both 1 and 180 days after intravenous exposure.

1 day after IV 180 days after IV 180 days after IT

C

Vehicle control

TiO,

CeO,

Figure 1. Liver tissue 1 and 180 days after intravenous (IV) or intratracheal (IT) exposure to vehicle control (A-C), TiO,
(D-F) and CeO; (G-I) nanoparticles. Enhanced darkfield microscopy. (D,G): Agglomerates of foreign material (white)
were distributed across liver sections 1 day after intravenous exposure and often appeared phagocytized by Kupffer cells
(inserts in (D,G)). (E,H): 180 days after intravenous exposure, material was accumulated in fewer and larger agglomerates.
(FI): Agglomerates seen 180 days after intratracheal instillation were small and much less frequent (arrowheads). Scale
bars in A and in the insert in D apply to all images.
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Figure 2. Microscopic changes in the liver of mice 1, 28 or 180 days after single intravenous injection of a vehicle (A-C), TiO,
(D-F), CeO; (G-I) or carbon black (CB) (J-L) nanoparticles. Focal infiltration of inflammatory cells (long arrows); necrotic
hepatocytes with distinct eosinophilic cytoplasm (arrowheads); binucleate hepatocytes (BH); cytoplasmic vacuolation (white
spaces in hepatocytes); prominent nuclei of Kupffer cells (tiny arrows); sinusoidal dilatations (SD); area of necrosis (asterisk);
hyperplasia of Kupffer cells (thick arrow); apoptotic body (AB); pyknosis of nuclei of hepatocytes (P); black foreign material
(FM). HE stain, scale bar in A applies to all images.

3.5.2. Localization in Liver after Intratracheal Instillation

180 days after intratracheal exposure to TiO, and CeO; nanoparticles, foreign material
was also seen in the liver (Figure 1EI), as previously described by us [24,42]. These
agglomerates were smaller and much less frequent than the agglomerates detected in the
liver 180 days after intravenous exposure. The small agglomerates were mainly scattered
in sinusoids occasionally appearing phagocytized by Kupffer cells (insert in Figure 1F)
and at veins either below the endothelium or sometimes possibly in endothelial cells
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(insert in Figure 1I). The agglomerates were rarely observed at locations indicating uptake
by hepatocytes.

Overall, the enhanced darkfield microscopy observations were in concordance with
the different concentration levels of titanium and cerium following intratracheal and
intravenous exposure measured by ICP-MS (Table 2), as previously reported [42].

3.6. Effect of Nanoparticle Exposure on Liver Histology

The microscopic changes in the liver were predominantly of inflammatory and necrotic
types (Table 4, Table S3 and S4 and Figures 2 and 3).

Day 28

Vehicle control

Figure 3. Microscopic changes in the liver of mice 28 (A,C,E,G) or 180 days (B,D,F H) after sin-
gle intratracheal instillation (IT) of a vehicle (A,B), TiO, (C,D), CeO; (EJF) or carbon black (CB)
(G,H) nanoparticles. Prominent nuclei of Kupffer cells (tiny arrows); binucleate hepatocytes (BH);
focal infiltration of inflammatory cells (double arrows); necrotic hepatocytes with distinct eosinophilic
cytoplasm (arrowheads); pyknosis of nuclei of hepatocytes (P); cytoplasmic vacuolation (white spaces
in hepatocytes); area of necrosis (asterisk); hyperplasia of Kupffer cells (thick arrows). HE stain, scale
bar in A applies to all images.
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Table 4. Microscopic liver changes—statistically significantly different from control groups—I1, 28 or
180 days after a single exposure of mice to 162 ng of TiO;, CeO, and carbon black (CB) nanoparticles

administered by intratracheal instillation or intravenous injection.

Days Intratracheal Instillation Intravenous Injection
Post-Exposure  Control TiO, CeO, CB  Control TiO, CeO, CB

Focal infiltration of inflammatory cells (small)

day 1 5/9  2/9  6/9  1/9 3/9 7/9  8/9%  6/9
(8) ) 12  o* (6) (11) (12) (10)
day 28 9/9  9/9  8/9  4/9*  5/8 8/9  6/9 1/9*
(25) an* @) an* (13) (12) (15) m*
day 180 6/9  5/9 5/9  2/8 5/9  3/8  6/9  3/9

(11) ©) (8) ) (10) ©) (13) ©)

Focal infiltration of inflammatory cells (big)

day 1 3/9 4/9  3/9  3/9 6/9 2/9  6/9  1/9*
®) ®) (®) ®) (10) (2) am e

day 28 4/9 4/9  3/9  6/9 4/8 7/9  3/9  6/9
(6) ®) (4) (13) (4) (11) ) (15)

day 180 6/9 3/9  6/9  2/8 4/9 4/8  4/9  5/9

(1) (6) (10) @) ®) (10) ©) ©)
Hepatocytes with pyknotic nuclei (single)

day 1 0/9 0/9 0/9 1/9 1/9 0/9 1/9 0/9
day 28 0/9 1/9 5/9* 2/9 3/8 1/9 0/9 2/9
day 180 1/9 0/9 0/9 1/8 1/9 3/8 5/9 2/9
Hepatocytes with pyknotic nuclei (area)
day 1 0/9 0/9 1/9 0/9 3/9 7/9 1/9 4/9
day 28 1/9 1/9 2/9 0/9 0/8 2/9 7/9** 2/9
day 180 3/9 8/9* 8/9* 3/8 0/9 2/8 1/9 5/9%
Necrosis (area)
day 1 0/9 0/9 0/9 2/9 8/9 9/9 3/9 4/9
day 28 3/9 4/9 6/9 2/9 1/8 1/9 6/9* 4/9
day 180 5/9 8/9 9/9 6/8 2/9 1/9 5/9 6/9
Prominent nuclei of Kupffer cells
day 1 0/9 0/9 0/9 0/9 3/9 9/9 ** 3/9 9/9 **
day 28 2/9 0/9 0/9 2/9 5/8 4/9 4/9 7/9
day 180 1/9 0/9 1/9 1/8 0/9 1/8 0/9 2/9
Apparent increase in binucleate hepatocytes
day 1 0/9 6/9 ** 1/9 1/9 0/9 5/9* 3/9 5/9*
day 28 0/9 4/9 2/9 4/9 1/8 2/9 0/9 0/9
day 180 0/9 2/9 0/9 0/8 0/9 0/8 0/9 2/9
Cytoplasmic vacuolation (hydropic degeneration) in hepatocytes

day 1 0/9 0/9 0/9 0/9 0/9 0/9 2/9 0/9
day 28 2/9 4/9 8/9* 0/9 6/8 4/9 6/9 5/9
day 180 2/9 7/9 3/9 6/8 5/9 0/8 4/9 6/9

Changes are expressed by their incidence: the number of animals with a given change of the total number of
animals examined in the group, * denotes p <0.05, ** denotes p < 0.01, Fisher’s exact probability test. Values in
parentheses refer to total number of inflammatory cell infiltrations per group, #. p < 0.05, Mann—-Whitney U-test.
N =9/group, except for 8 in the intravenous control group after 28 days, and in the intratracheal carbon black
and intravenous TiO, groups after 180 days.

The incidence of inflammatory changes was statistically significantly higher only in
the CeO, group for small inflammatory cell infiltrations on day 1 after intravenous expo-
sure (Table 4). The incidence and/or number of inflammatory infiltrations were statistically
significantly lower in the carbon black group on day 1 after intravenous exposure (big
infiltrations) and intratracheal exposure (small infiltrations) and on day 28 after intratra-
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cheal and intravenous exposure (small infiltrations). Furthermore, the number of small
inflammatory cell infiltrations was statistically significantly lower in the TiO, group 28 days
after intratracheal exposure (Table 4).

The observed necrotic changes included necrotic hepatocytes (hepatocytes with dis-
tinct eosinophilic, i.e., dark-pink, cytoplasm surrounding focal inflammatory infiltrations),
single hepatocytes with pyknotic nuclei (dark, round, homogenous mass smaller than
normal nuclei), areas with hepatocytes with pyknotic nuclei usually adjacent to areas of
necrosis, and focal necrosis (area of either missing or partially retained morphological
outline, in which hepatocytes had either pale or distinct eosinophilic cytoplasm lack-
ing vacuolated appearance; and nuclei of some of the hepatocytes appeared pyknotic)
(Figures 2 and 3, Table 4 and Table S4).

Incidence of necrotic changes was statistically significantly higher for CeO, nanoparti-
cles relative to controls on day 28 after intratracheal instillation (single hepatocytes with
pyknotic nuclei) and intravenous injection (areas of hepatocytes with pyknotic nuclei and
necrosis), and on day 180 after intratracheal exposure (area of hepatocytes with pyknotic
nuclei) (Table 4). Moreover, a statistically significantly higher incidence of areas of hepato-
cytes with pyknotic nuclei was recorded on day 180 for TiO, after intratracheal instillation
and for carbon black after intravenous exposure.

Furthermore, a statistically significantly higher incidence as compared to vehicle
controls was recorded for an apparent increase in binucleate hepatocytes on day 1 after
intratracheal and intravenous exposure to TiO, and after intravenous exposure to carbon
black, for the presence of Kupffer cells with prominent nuclei (Kupffer cell karyomegaly) on
day 1 after intravenous exposure to TiO, and carbon black, and for cytoplasmic vacuolation
in hepatocytes on day 28 after intratracheal exposure to CeO, (Table 4). Cytoplasmic
vacuolation was slight, as it generally affected single hepatocytes located midzonally.

Other microscopic changes observed after intratracheal or intravenous exposure were
hyperplasia (increased presence) of Kupffer and oval cells, and of connective tissue near
bile ductules or venules, sinusoidal dilatation and congestion (Supplementary Table S4).
Due to the sporadic occurrence and the non-statistically significant incidence as compared
to vehicle control groups, none of these effects could be considered exposure-related.

4. Discussion

Pulmonary and intravenously administrated nanoparticles accumulate in the liver,
and nanoparticle clearance from the liver is slow [9,12,42,64—66]. The aim of the present
study was to investigate whether the liver accumulation of TiO,, CeO, and carbon black
nanoparticles could adversely affect liver function and morphology over time. The tested
nanoparticles were of a similar primary size, but with different physicochemical properties
(Table 1), which may affect toxicity.

4.1. Relevance of the Exposure by Intratracheal Instillation

Although pulmonary exposure via inhalation is considered a golden standard in
occupational risk assessment, exposure via intratracheal instillation is considered useful for
hazard assessment. This is supported by concordance between the toxicological responses
and induction of biological pathways in lungs following intratracheal instillation and
inhalation [67,68], although intratracheal instillation can induce more inflammation [69].
Furthermore, the translocation of nanosized TiO, from lung to liver was similar following
inhalation and intratracheal instillation [42,43]. Intratracheal exposure allows control
of the deposited dose, whereas pulmonary deposition following inhalation exposure
varies depending on the aerosolization and the size distribution of the aerosolized particle
agglomerates [1,67].

4.2. Liver Burden of Nanoparticles

In the present study, the same dose was administered by intratracheal and intravenous
exposure, resulting in different nanoparticle burdens of the liver as quantified for TiO, and
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CeO; (Table 2) [42]. The kinetics of the nanoparticle accumulation in the liver differed by
exposure route, as previously shown for TiO; nanoparticles [65,66]. Following pulmonary
administration, the liver concentration of titanium and cerium increased over time to
about 2 pg/g after 180 days [42]. Conversely, intravenous exposure resulted in a high
liver content of titanium and cerium of about 40 pg/g already 1 day post-exposure, as
expected, and remained at a high level for 180 days. The levels of titanium in the liver
in the current study 1, 28, and 180 days after intratracheal exposure [42] (Table 2) were
approximately 6, 14 and 40 times higher, respectively, and 1 day after intravenous exposure,
the titanium level was 1000 times higher than the average level detected in human liver
(0.04 £ 0.02 ug titanium/g human liver tissue) [38]. The human liver samples were most
likely reflecting environmental and consumer exposure to titanium, although no data on
the sources of exposure were available for the human samples [38]. The titanium burden
in the human liver samples was thus more comparable to the titanium levels found in
livers from vehicle controls in the current study (0.4 £ 0.2 pg titanium/g). Thus, in the
present study, the internal liver exposure to the nanoparticles ranged from a level with
occupational relevance (intratracheal exposure) to a very high level (intravenous exposure)
as compared to the levels reported in the human liver, likely reflecting consumer and
environmental exposure levels [38].

4.3. Body Weight, Feed Intake, Hematology, Transaminases and Alkaline Phosphatase, and
Liver Weight

Neither intratracheal nor intravenous exposures or the subsequent deposition of
nanoparticles in the liver affected the clinical condition of the mice, as evaluated by means
of body weight, feed intake, hematology, activity of aminotransferases and alkaline phos-
phatase or liver weight, up to 180 days post-exposure. The finding of no effect on the
activity of alanine aminotransferase, aspartate aminotransferase and alkaline phosphatase
(Table 3) is in agreement with several reports where considerably higher pulmonary or
intravenous doses of TiO; or CeO, nanoparticles were applied [57,59,70-72]. On the other
hand, a single intratracheal dose of 7 mg CeO, nanoparticles/kg bw slightly but statistically
significantly elevated the activity of alanine aminotransferase and decreased absolute and
relative liver weight in rats [73,74]. We consider it plausible that the difference in our
result could originate from the use of another animal species, different CeO, nanoparticles
and vehicles.

4.4. Liver Histology

The most frequently observed histological changes in the liver were inflammatory
infiltrations, pyknosis (a sign of the onset of necrotic changes) and necrosis.

Focal inflammatory infiltrations are common findings in the liver of aging mice, but
toxicant insult may affect their severity and incidence [75]. Inflammatory liver infiltrations
were reported after single intratracheal exposures to low doses of CeO, nanoparticles in
rats [73], TiO, and carbon black nanoparticles in mice [26,76], and after single intravenous
exposure of mice to a relatively high dose of TiO; nanoparticles [57]. The internal liver
burden was only measured in one of these studies [73]. These reports suggest the relation
of inflammatory liver changes with exposure to nanoparticles. We found indications
of reduced inflammation in the liver following carbon black exposure, as the incidence
and/or number of inflammatory cell infiltrations on day 1 and day 28 after intratracheal and
intravenous exposure were lower compared to vehicle controls. In accordance, the carbon
black exposures did not induce hepatic acute phase response whereas TiO, and CeO,
nanoparticles did [24]. Moreover, previous studies of gene expression in the liver following
intratracheal exposure to carbon black showed only modestly increased expression of acute
phase response signaling genes 1 day post-exposure, which had declined to baseline at
days 3 and 28 [77]. The hepatic transcriptional response consisted mainly of increased
transcription of genes related to the 3-hydroxy-3-methylglutaryl-Coenzyme A reductase
pathway on days 1 and 28, whereas no inflammatory signature was observed [77]. In
the present study, although the incidence and /or number of inflammatory changes were
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statistically significantly different compared to controls for some exposures and time points,
a high background of inflammatory liver changes in control groups [78] did not allow any
firm conclusion on their relation to exposure. On the other hand, an increase in the size
of inflammatory liver changes was reported after oral exposure, resulting in an internal
liver exposure to titanium in the same range as after intratracheal exposure in the present
study [79]. The diverging result could be caused by the use of a different TiO, (food grade)
and study design.

Although hepatocellular necrosis (dead cells or tissue) is an incidental focal finding in
the liver of aging mice, a hepatic injury may result in cell death involving individual or
groups of hepatocytes [75]. Pyknosis is an irreversible condensation of the nucleus of a cell
undergoing necrosis or apoptosis (programmed cell death). Pyknosis of single hepatocytes
was previously observed after single intratracheal exposure to TiO, and carbon black
nanoparticles [76], and focal liver necrosis was reported after relatively high intravenous
doses (645 mg/kg bw and above) of TiO; nanoparticles [57]. To our knowledge, pyknosis
and necrosis have not been reported previously for CeO, nanoparticles [11,58,71,73,80,81],
However, increased apoptosis of hepatocytes induced by CeO, nanoparticles was re-
ported [74]. This finding is supportive of our observation of increased pyknosis. Although
apoptosis is considered a physiological process, increased apoptosis, as well as necrosis,
are viewed as adverse effects, as both may affect the physiological status of the organ.

In the current study with known internal liver exposure, increased incidence of
necrotic changes was observed already 28 days after intratracheal and intravenous exposure
to CeO,. This indicated an earlier onset of necrotic changes compared to the vehicle
control group and the two other nanoparticle groups (Table 4). The severity of necrotic
changes differed for the two exposure routes, with only single pyknotic hepatocytes after
intratracheal instillation and areas of pyknosis and necrosis for intravenous injection.
This difference could be due to the kinetics: intratracheal exposure results in continuous
translocation and nanoparticle uptake in the liver, whereas intravenous exposure results in
a high nanoparticle liver burden already on the exposure day. The necrotic effect persisted
over time, as increased incidence of areas of hepatocytes with pyknotic nuclei was seen
180 days after intratracheal exposure to CeO; (and TiO,). Furthermore, the incidence of
areas of necrosis 180 days after intratracheal and intravenous exposure was higher than in
the control groups but did not reach statistical significance (Table 4).

The necrotic changes could be due to the presence of CeO, nanoparticles in the liver,
or a sequel of systemic inflammation and hepatic acute phase response previously reported
by us [24]. However, since both carbon black and TiO, exposure induced similar levels of
pulmonary inflammation and TiO, exposure induced similar hepatic acute phase response
as CeOy, the former is more likely. Furthermore, CeO; nanoparticles are slightly soluble
at the low pH in the lysosome and undergo partial dissolution in the liver [42,46], and
this could potentially contribute to pyknosis and necrosis. It was also suggested that the
accumulation of CeO, nanoparticles in the liver after intratracheal exposure causes hepatic
oxidative stress and apoptosis [74].

Owverall, our results indicate that the continuous translocation of a small fraction of
CeO;, nanoparticles following pulmonary exposure as well as a high cerium liver burden
may be related to necrosis in the liver. This calls for further investigation of nanoparticle
fate in the liver, especially for CeO, nanoparticles.

Furthermore, an increased incidence of cytoplasmic vacuolation (hydropic degener-
ation) on day 28 in the intratracheal CeO, group was observed in our study. This is a
reversible change, but it can lead to cell death. Its presence on day 28 in the intratracheal
CeO, group corroborates with the increased incidence of single-cell pyknosis at that time
point. Hydropic degeneration of hepatocytes was also reported after translocation of CeO,
nanoparticles from the lung after intratracheal exposure in mice or in rats [73,80].

Due to their phagocytic action, Kupffer cells attract attention in the discussion of
potential hazardous effects of nanoparticle accumulation in the liver [4,5,9,65,66,82—-84].
Internalization of CeO, into Kupffer cells was reported in mice after repeated inhalation of
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CeO;, nanoparticles at cerium liver levels of about 0.6 mg/g tissue or above [58] and after
intravenous exposure of rats as demonstrated by electron microscopy [71]. In the latter
study, Kupffer cell hypertrophy was reported. Hypertrophy of Kupffer cells (cytoplasmic
volume increase) was not seen in the present study, but increased incidence of Kupffer cells
with prominent nuclei was recorded 1 day after intravenous exposure to TiO; or carbon
black nanoparticles. This could indicate activation of Kupffer cells. In addition, exposure-
related foreign material appeared phagocytized by Kupffer cells at all time points post-
exposure. On day 180 after intravenous injection, the foreign material appeared to collect
in fewer and larger agglomerates and often around blood vessels, but the surrounding
tissue appeared unaffected similar to a previous observation for gold nanoparticles [10].
Whether this condensation of foreign material would adversely affect the surrounding
tissue with chronic exposure to nanoparticles is unknown.

Another histologic observation, which deserves attention, is a transiently increased
incidence of an apparent increase in binucleate hepatocytes relative to the control back-
ground 1 day after intratracheal and intravenous exposure to TiO, nanoparticles and
after intravenous exposure to carbon black (Table 4). Although binucleate hepatocytes are
common in the mouse liver, this observation may indicate a treatment-related hepatocytic
activation [85]. The apparent increase in binucleate hepatocytes was previously reported
after intratracheal exposure of mice to a single dose of 162 pg/mouse of TiO, [45,76] or rats
to 7 mg CeO, /kg bw [73].

5. Conclusions

Exposure-related foreign materials were present in mouse livers up to 180 days fol-
lowing translocation from the lungs after intratracheal instillation, or after intravenous
injection, of either TiOy, CeO,, or carbon black nanoparticles, resulting in relatively low
or high liver burdens, respectively. Intratracheal exposure induced previously reported
long-lasting pulmonary inflammation and acute phase response, and both intratracheally
and intravenously dosed carbon black induced hepatic genotoxicity [24,42]. In the present
investigation, no additional adverse effects were seen on clinical appearance, feed intake,
body and liver weights, hematological parameters and enzymatic markers of liver in-
jury. Histological examination revealed indications of early onset of CeO,-related necrotic
changes in the liver following the continuous translocation of CeO; nanoparticles from
lungs as well as following intravenous exposure resulting in relatively high cerium liver
burden. Whether a continuous and long-lasting deposition of nanoparticles in the liver
following chronic exposure would lead to adverse functional or morphological changes in
the liver remains to be established.
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.3390/applnano2030016/s1, Figure S1: Particle detection in the lung, Figure S2: Lung histology after
intratracheal instillation, Figure S3: Lung histology after intravenous injection, Table S1: Hematology
results, Table S2: Lung histology, Table S3: Inflammatory cell infiltrations in the liver, Table S4:
Additional liver histology.
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