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dietary mouse model via long-term treatment
of SiO, nanoparticles in drinking water
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Abstract

SiO, nanoparticles (SNPs), which are abundant in water and are used for various applications, for example, as food
additives and anticaking agents, are of growing concern because of rising exposure to human health. Research

has reported low potential side effects in animal models treated with SNPs; however, a few in vivo studies have shown
cause for concern. Presently, high-fat foods have changed our lives and increased the incidence rates of fatty liver,
obesity, and overweight, and high-fat foods issue is prevalent in our modern society. To understand the rising SNPs
exposure in life and modern dietary habits combined effect, we design experiments to study this research.

Institute of Cancer Research mice fed a normal or high-fat diet were treated with different concentrations of SNPs

for long-term effects. Blood and liver tissue were collected and prepared for blood biochemical assays, histology
analysis, silicon and triglycerides (TGs) accumulation, immunohistochemistry, fibrosis staining, and terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling staining to analyze the influence of the combination of SNPs and a high-
fat diet.

This research found that the presence of SNPs in drinking water with the consumption of a high-fat diet was associ-
ated with the accumulation of SNPs and TGs in liver tissue, elevated aspartate aminotransferase and alanine ami-
notransferase levels in serum, activation of fibrosis and inflammation, increased oxidative stress through 4-hydrox-
ynonenal, and the development of liver steatosis. The results showed that the long-term effect of SNPs in drinking
water might induce liver steatosis, particularly under modern dietary habits such as a high-fat diet. This study investi-
gated the interactions between environmental nanoparticles, such as the long-term risk of exposure to SNPs, and die-
tary factors, suggesting a significant risk to liver health, especially in human health.
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1 Introduction

Dietary habits lead to various health effects. Sedentary
lifestyles, infrequent exercise, and the transformation
of modern nutritional patterns, especially regarding the
popularity of refined foods, sugary beverages, and fast
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the liver, leading to fatty liver, obesity, and overweight
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[1-3]. According to statistics from the Ministry of Health
Services in Taiwan, rates of obesity and overweight,
which lead to fatty liver, cirrhosis, and liver cancer, are
increasing yearly. Hence, the evidence shows that mod-
ern nutritional patterns are an important factor related
to liver function. The liver, the largest organ in the body,
has the function of detoxification and is also a key site
for nanoparticle accumulation [2—4]. Nonalcoholic fatty
liver disease, a common cause of chronic liver disease
that includes a range of presentations such as simple
steatosis, fibrosis, cirrhosis, and hepatocytic carcinoma
[2, 3, 5-7], is characterized by abnormally accumulated
lipids and liver steatosis due to modern dietary habits,
and its pathogenesis and progression are still incom-
pletely understood. In addition, studies have reported
that mouse models fed with a high-fat diet have similar
pathological features as patients with fatty liver [2, 8, 9].
Many researchers have reported the correlation
between the quality of drinking water and diseases such
as those related to embryo development, neurodegenera-
tion, cardiovascular disease, and obesity [10, 11]. One of
the key roles of drinking water treatment plants is parti-
cle removal following the process of coagulation, floccu-
lation, and sedimentation [12, 13]. Although the turbidity
of drinking water must be lower than 2 NTU according
to most drinking water regulations, such a low turbid-
ity of water still contains many nanoparticles (NPs) such
as SiO, NPs (SNPs) [12, 13]. SNPs are the most com-
mon inorganic NPs and are used in different areas. For
instance, manufacturers use SNPs to produce many daily
necessities, from glass to semiconductors. SNPs are used
as anticaking and additive agents in the food industry.
Adding SNPs to foods allows for long-term preservation
and lengthened shelf-life, helps powdered ingredients
stick together, protects against the effects of moisture,
and allows liquid food to flow smoothly [14, 15]. In ster-
ile bulk food-grade SNPs, the concentration of SNPs is in
the range of 2 to 200 mg SNPs per serving size [14, 15].
SiO, is considered biocompatible; however, the gradu-
ally increasing use of SNPs in a wide variety of applica-
tions, including engineering, biomedicine, agriculture,
and cosmetics, has increased the chances of chronic
exposure and growing concern in the potential long-term
risks to human health in our lives [7, 16—20]. Increas-
ing toxicological evidence has demonstrated that SNPs
cause liver damage and induce oxidative stress, apopto-
sis, inflammation, fibrosis, etc. [17, 19, 21-26]. In addi-
tion, increased lactate dehydrogenase levels, rates of liver
cell necrosis, hepatocytic swelling, and fatty liver induces
were also found in a mouse model exposed to SNPs [27].
The effects of SNPs on various cell lines include cellular
cytotoxicity, reactive oxidative stress, apoptosis induc-
tion, mitochondrial damage, and DNA damage [28-30].
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Several experiments have shown that the uptake of NPs
changes fatty liver indices, such as aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) lev-
els, in serum [20, 25, 27, 31]. The relatively small size
of SNPs compared to other SNPs could induce higher
serum levels of AST and ALT in mouse models [32].
Global proteomics showed that the SNPs exposure was
related to cytotoxicity and lipid metabolism [33]. The evi-
dence revealed that exposure to SNPs might affect liver
function and fat accumulation in liver tissue. However,
those studies focused on the short-term effects of daily
NP treatment by oral gavage or tail vein administration
for less than two months [4, 21, 27, 34]. The long-term
impact of SNP exposure is still unclear.

The rising long-term exposure to SNPs in our lives and
the evidence of induced liver steatosis through SNPs in
cell lines [28-30], proteomics [33], and mice models [4,
21, 27, 34] reveal that SNPs may play a crucial role in
the liver. The modern dietary habits, which uptake more
high-fat food, are highly related to liver steatosis [2, 8, 9].
Both SNPs and high-fat food show similar evidence of
liver steatosis. However, little evidence shows the rela-
tionship between long-term exposure to SNPs and high-
fat food. Therefore, Institute of Cancer Research (ICR)
mice models were used in our research to understand the
increasing chronic exposure risk to SNPs, which exacer-
bates liver damage under modern dietary habits in con-
temporary society and may give the widespread use of
SNPs in various applications and their potential health
implications. ICR mice are the most commonly used out-
bred mice stock and are often used in cancer trials and
drug screening because of the strain heterozygosity, con-
venient management of feeding, short life cycle, and high
similarity of genetics to Homo species. In our ICR mouse
model, mice were treated with either a normal diet (ND)
or a high-fat diet (HFD) and different concentrations
of SNPs by oral gavage to mimic long-term exposure in
drinking water for 25 weeks. Histology, accumulation of
silicon and triacylglycerol in tissue, blood biochemical
assays, picrosirius red/Masson trichrome staining, termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining, and immunohistochemical staining
were used to determine the correlation between long-
term treatment of SNPs in drinking water and modern
dietary habits in our model.

2 Materials and methods

2.1 Materials

40 nm SiO, nanoparticles were purchased from UniRe-
gion Bio-Tech. Male Bltw: CD1 (ICR) mice, which were
20-26 g in weight at eight weeks of age, ND (AIN-93G
Diet), which contained 16.7% of calories from fat, and
HFD (High-fat AIN-93G purified Rodent Diet), which
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contained 52.4% of calories from fat were purchased from
BioLASCO Taiwan Co. Isoflurane (Cat. No. 792632),
formalin (Cat. No. 47608), hydrofluoric acid (Cat. No.
7664-39-3), Tween-20 (Cat. No. 9005-64-05), Ethanol
(Cat. No. 64-17-5), xylene (Cat. No. 1330-20-7), Mount-
ing medium (Cat. No. 06522), trisodium salt dihydrate
(Cat. No. 6132-04-3), Masson’s trichrome staining kit
(Cat. No. HT15), TUNEL assay kit (Cat. No. S7101) were
obtained from Sigma-Aldrich. Hydrogen peroxide (Cat.
No. 31642) was acquired from Fluka-Honeywell. Lipid
extraction kit (Cat. No. K216-50) was purchased from
BioVision. Peroxidase (Cat. No. 31487) was received from
Thermo Scientific. The hematoxylin and eosin staining
kit (H&E) (Cat. No. H2502) was obtained from vector
laboratories. Cluster of differentiation 3 (CD3) antibody
(EMD Millipore, Cat. No. PC630), 4-hydroxynonenal
(4-HNE) antibody (R&D, Cat. No. MAB3249), tumor
necrosis factor—alpha (TNF-a) antibody (Genetex, Cat.
No. GTX110520), and interleukin-6 (IL-6) (Genetex, Cat.
No. GTX110527) were prepared for immunohistochem-
istry (IHC). Picrosirius red solution (Cat. No. SRS25) was
purchased from Scy Tek. The citric acid solution was pre-
pared with 10 mM trisodium salt dihydrate pH 6.0 and
0.5% Tween-20. The reverse osmosis water (turbidity <1
NTU) was prepared from a pure water system (Arium
611DI, Sartorius Stedim). TEM grid (PELCO® Center-
Marker Grids, 500 mesh, 3.0 mm O.D., Copper) (Cat. No.
1GC500) was purchased from Ted Pella, Inc.

2.2 The preparation and characterization of Si02
nanoparticles

The different stock concentrations of the 40 nm amor-
phous SNPs were freshly prepared in reverse osmosis
water and sterilized by autoclave at 121 °C for 15 min for
each oral gavage in our animal model. 0.01 g of SNPs was
diluted by 50 mL of absolute alcohol and vertex for 5 min.
One drop of the diluted sample was put on the transmis-
sion electron microscopy (TEM) grid and air dry. The

Table 1 Conditions of experiment groups of mice
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image of the SNPs was obtained by field emission TEM
(JELO, JEM-F200) from the National Yang-Ming Chiao
Tung University Instrument Resource Center. Image ]
software (National Institutes of Health, Bethesda, MD)
was used to measure the size of the nanoparticles. The
hydrodynamic sizes of nanoparticles in reverse osmosis
water and the zeta potential were analyzed by a Zetasizer
Nano series (Malvern). Purity and endotoxin determi-
nation were obtained by Agilent’s inductively coupled
plasma (ICP) atomic emission spectrometer (Agilent
720, USA) and gel-clot limulus amebocyte lysate assay,
separately.

2.3 Animal model

All ICR mice were housed at 21+2 °C, 55-60% humid-
ity, and 12 h light/dark cycle conditions. They were fed
an ND or HFD, ad libitum. ICR mice were fed twice per
week with different concentrations of SNPs (suspended
by vibration for 3 min) and were separated into eight
groups (n=6 per group). The detailed experimental con-
ditions are shown in Table 1. In choosing the SNP admin-
istration method, oral gavage instead of a water bottle for
drinking was used because the SNPs precipitate easily
in reverse osmosis water. Therefore, the amount of SNP
intake could not be accurately predicted by using a water
bottle. Based on previous studies showing that the aver-
age concentration of SNPs administered to mice with no
outcomes of abnormal behavior or only minor or absence
of toxicological findings were observed between 1.0 and
333 mg kg~! mouse body weight of SNP treatment con-
centrations [4, 21, 27, 34], even at very high doses (1-2.5
g kg™! body weight d™1) [35, 36], the total weekly amount
of silica administered we used was lower than the mice’s
maximum metabolic cycle and the most tolerance of
mice. Therefore, we design the treatment of SNPs con-
centration ranging from 100 to 300 mg kg™ mouse body
weight twice weekly. Circadian rhythms in liver homeo-
stasis play fundamental roles by regulating glucose and

Experiment groups mice numbers Diet SNPs treatment
concentrations (mg kg~" mice
body weight)

ND-SNPO 6 Normal Diet 0mg kg™ (reverse osmosis only)

ND-SNP100 6 Normal Diet 100 mg kg™’

ND-SNP200 [§ Normal Diet 200 mg kg™

ND-SNP300 6 Normal Diet 300 mg kg™

HFD-SNPO 6 High-fat Diet 0mg kg™ (reverse osmosis only)

HFD-SNP100 6 High-fat Diet 100 mg kg™’

HFD-SNP200 6 High-fat Diet 200 mg kg™

HFD-SNP300 6 High-fat Diet 300 mg kg™
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lipid metabolism [37-39]. Therefore, we treated the
SNPs twice weekly at the exact fixed times each week to
decrease the SNPs’ metabolism difference through the
circadian rhythms effect. Blood was collected from the
tail veins of the mice after 6 and 12 weeks of SNP treat-
ment. Mice were sacrificed under 4% isoflurane anesthe-
sia by a gas anesthesia machine, and the liver tissue and
blood obtained by heart puncture from the mice exposed
to SNPs for 25 weeks were preserved. Blood and liver
organs fixed with 10% formalin were subjected to further
blood biochemical assays, histopathological examina-
tions, measurements of silicon element and triglyceride
(TG) accumulation in the liver, and IHC at the Taiwan
Mouse Clinic.

2.4 Serum preparation and blood biochemical assays

The blood was transferred to a BD microtainer' (BD,
365967 Gold BD SST™). Blood clotting was allowed to
proceed at room temperature for 20-30 min but not
for longer than 3 h to circumvent hemolysis. Serum was
obtained by centrifuging whole blood at 3,000 rpm for
15 min at 4 °C. The supernatant was transferred to a new
1.5 mL Eppendorf tube, and the serum was stored at —80
°C for future experiments. 10 pL of serum was analyzed
directly by a biochemical analyzer (HITACHI 3100 ana-
lyzer, Japan) for each liver function-related biomarker,
such as high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL), total choles-
terol (T-CHO), TG, ALT, and AST [25, 27].

2.5 Histopathological examination

The dissected liver tissues were weighed, photographed,
fixed in 10% formalin, embedded in paraffin, sectioned,
and stained with H&E staining for histological examina-
tion by the Taiwan Mouse Clinic. After H&E staining,
the slides with fatty droplet areas were observed by opti-
cal microscopy (Nikon, ECLIPSE Ci) and photographed
by NIS-Elements BR software (Nikon). 20 images from
each mouse were analyzed by Image-Pro software (Total-
smart Technology Co., Taichung, Taiwan) to determine
each mouse’s steatosis percentage.

2.6 Silicon element accumulation in liver tissue

The liver tissues were homogenized in liquid nitrogen.
One-half gram of homogeneous liver tissue was digested
with 5 mL of hydrofluoric acid at 80 °C for 30 min, and
after digestion, the cooled sample was incubated with 1
mL of 30% hydrogen peroxide for complete oxidation at
80 °C for 30 min. The completely oxidized sample was
cooled to room temperature and filtered through a 0.45
pm filter. The standard silicon concentration was used for
the quantitative standard curve by ICP (Agilent Technol-
ogies ICP-OES 700 Series) from the National Yang-Ming
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Chiao Tung University Environment Technology &
Smart System Research System. The silicon element con-
centration in each sample was analyzed using ICP and
the quantitative standard curve.

2.7 Accumulated TGs in liver tissue

A lipid extraction kit was used to extract TG from liver
tissue. Liver tissue (0.5 g) was mixed with 500 pL of lipid
extraction buffer and homogenized on ice. The superna-
tant-containing tube was left open and dried in a 37 °C
incubator, and the lipid extract was resuspended in 50
uL of lipid suspension buffer. The lipid extract was soni-
cated for 10 min at 37 °C. The lipid extract was used for
measuring the amount of TG by an automated biochemi-
cal analyzer (Hitachi 3100 analyzer, Japan) at the Taiwan
Mouse Clinic.

2.8 Liver fibrosis staining

Liver paraffin sections were stained with picrosirius red
solution or Masson’s trichrome staining kit. The sections
were deparaffinized with xylene and a series of decreas-
ing ethanol series. The specimen sections were incubated
with picrosirius red solution or with aniline blue solu-
tion for 60 min at room temperature, and the slides were
washed with acetic acid solution and absolute alcohol.
The slides were dehydrated and mounted. The percent-
age of the positive staining area was observed by optical
microscopy (Nikon, Eclipse Ci) and photographed using
NIS-Elements BR software (Nikon). To determine each
mouse’s fibrosis percentage, 20 images from each mouse
were analyzed by Image-Pro software (Total-smart Tech-
nology Co., Taichung, Taiwan).

2.9 IHC

For IHC, 8-10 pm of paraffin-embedded tissue sam-
ples were deparaffinized with xylene and a series of
decreasing ethanol dilutions. The hydrated sections were
pretreated with a citric acid solution for 8 min. For non-
specific blocking, peroxidase was applied for 10 min at
room temperature. After blocking, the slides were stained
with the primary antibodies against CD3 at a dilution of
1:500, 4-HNE at a dilution of 1:200, TNF-« at a dilution
of 1:200, and IL-6 at a dilution of 1:200 overnight. After
primary antibody incubation, the appropriate second-
ary antibody was applied for 1 h at room temperature.
A mounting medium was used to envelop the slides. The
percentage of the positive staining area was observed by
optical microscopy (Nikon, Eclipse Ci) and photographed
using NIS-Elements BR software (Nikon). To determine
each mouse’s positive areas, 20 images from slides were
analyzed using Image-Pro software (Total-smart Tech-
nology Co., Taichung, Taiwan).
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2.10 TUNEL staining

The paraffin sections dewaxed by xylenes and a series of
decreasing ethanol series were stained by a TUNEL assay
kit to assess liver apoptosis. A proteinase k digestion
(20 pg mL™!) was carried out for 15 min at room tem-
perature. Endogenous hydrogen peroxidase activity was
quenched by 3% hydrogen peroxide. dUTP was added
to the FREE 3’ -OH break-ends of DNA by terminal
deoxynucleotidyl transferase enzyme for 60 min, and the
labeled DNA was detected for 30 min using anti-digox-
igenin-peroxidase. The application of diaminobenzidine
tetrahydrochloride resulted in a brown reaction prod-
uct. The positively staining cells were observed by optical
microscopy (Nikon, Ci) and photographed using NIS-
Elements BR software (Nikon). To quantify each mouse’s
apoptosis cells, 20 slide images from each sample were
analyzed using Image-Pro software (Total-smart Tech-
nology Co., Taichung, Taiwan).

2.11 Statistical analysis

The results are presented as the means + standard errors
of the means and were analyzed using SigmaPlot v14.0
software (Systat Software Inc, Palo Alto, CA). Two-way
analysis of variance (ANOVA) was used to assess statis-
tically significant differences, which were considered *,
p<0.05, **, p<0.005, and ***, and p <0.001.

3 Results and discussion

3.1 Characterization of SiO2 nanoparticles

TEM was used to characterize the SiO, nanoparti-
cles in Fig. S1. The average size of SiO, is 40.8 +5.6 nm
(means t standard error of the means). The hydrody-
namic size of SiO, nanoparticles in reverse osmosis water
is 390.2 +4.8 nm (means + standard error of the means).
The zeta potential is 37.5£0.9 mV. The morphology is
amorphous (Fig. S1). The purity of SNPs was 99.99%. No
endotoxin existed in the SNPs.

3.2 SNP effects on the body weight and silicon
accumulation in the liver

Figure 1a shows the body weight variations in the ICR

mice after oral administration of different concentra-

tions of SNPs in the presence of the ND or HFD. All

mice tolerated oral gavage doses between 100 to 300

(See figure on next page.)
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mg kg™! twice weekly during the experimental period.
The body weights in each group were slightly increased
in a time-dependent manner. After 12 weeks of treat-
ment, the body weights were significantly increased in
the HFD-SNPO group compared to those of the ND-
SNPO group (p<0.01-0.05, ANOVA) (Fig. la). The
results showed that HFD led to an increase in body
weight after 12 weeks of treatment because the HFD
provided higher calorie intake and increased body
weight. Within each diet, no statistically significant
body weight differences were observed due to the con-
sumption of different dosages of SNPs compared to the
respective control (ND-SNPO or HFD-SNPO0), which
was treated with reverse osmosis water only (p >0.05,
ANOVA) (Fig. 1a). Silica was found in natural such as
water, soil, plant, and animal [40, 41]. Therefore, both
ND-SNPO and HFD-SNPO had silicon accumulation in
the liver (Fig. 1b) because it is from the silicon naturally
present in the mouse liver. During the experimental
period, no abnormal behavior, such as labored breath-
ing or arching of the back; no clinical signs, such as
bloating and vomiting; and no induced apparent toxic-
ity were noted. After sacrifice at the end of 25 weeks,
no visible changes in organ morphology were observed.
Therefore, simulated SNPs had no immediate or notice-
able impact on our mouse model, similar to previous
research [35, 36].

ICP, a method for quantifying specific elements pre-
sent samples, was used to quantify the average silicon
accumulation (mg silicon g~! liver). The amount of sili-
con in the livers of mice in the ND groups showed no
significant differences (p>0.05, ANOVA) compared
with ND-SNPO, except in the ND-SNP300 groups
(p<0.05, ANOVA) (Fig. 1b). With the increasing doses
of SNPs, silicon accumulation levels in the HFD groups
were significantly increased (p<0.001-0.05, ANOVA)
(Fig. 1b). The relative extent of accumulated silicon in
the ND-SNP300 group was significantly increased com-
pared with those of the HFD-SNP300 group (p <0.001,
ANOVA) (Fig. 1b). Our results further demonstrated
that an HFD deteriorated silicon accumulation in the
liver; likewise, in previous research, the main silicon
accumulated in liver tissue [4, 7, 40].

Fig. 1 Body weight change in the experimental period and silicon accumulation in the liver. Body weight changes in mice treated with 0, 100,
200, or 300 mg of SNPs kg™ mouse body weight by oral gavage twice per week in the presence of an ND or HFD (a). Each point represents
the means +standard error of the means (n=6). *, p <0.05 and **, p <0.01 when the HFD-SNPO group was compared with the ND-SNPO groups
using ANOVA. Body weight differences were observed in the ND and HFD mice fed with distinct SNPs (p>0.05, ANOVA). No significance (n.s.).
Silicon accumulation in liver tissue (mg silicon g’1 liver) was measured at 25 weeks by ICP (b). Data are expressed as the means +standard error
of the means (n=6). #, p<0.001 when the HFD-SNP300 group was compared with the ND-SNP300 group using ANOVA
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3.3 Liver degeneration due to a combination of SNPs

and HFD treatment
Mice were maintained on the ND or HFD with different
dosages of SNPs until they were sacrificed at 25 weeks. To
determine indices of liver degeneration, the liver weights
and liver weights/body weights were assessed. The liver
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weights were measured after sacrifice. The liver weights
in grams in the HFD-SNPO group were significantly
increased compared to those of the ND-SNPO group
(p<0.05, ANOVA) (Fig. 2a); this finding suggested that
the HFD could cause increased liver dysfunction, which
was similar to findings in previous research [2, 8, 42]. In

@)
z 21 - .
-s /
(b) y [ ND-SNP100 [ ND-SNP300 HFD-SNP100 B HFD-SNP300
* |
— 0.05 - * l|
.‘; 0.04 7
g 0.03 4 Z
.'%* 0.02 - %
5 0.01 4 /
0.00 %

(] ND-SNPO [ ND-SNP200 HFD-SNPO  EZZ2 HFD-SNP200

(] ND-SNP100 [ ND-SNP300 HFD-SNP100 @2 HFD-SNP300
Fig. 2 The average weight of the liver and liver weight per mouse body weight. The average weight of the liver in grams was measured at sacrifice
after 25 weeks (a). The liver weight per mouse body weight (g g™') was calculated after intragastric administration of SNPs for 25 consecutive weeks
(twice per week) (b). Data are expressed as the means + standard error of the means (n=6)
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the ND treatment group, there was no significant liver
weight difference in the ND-SNPO group compared with
the ND-SNP100, ND-SNP200, or ND-SNP300 groups
(p>0.05, ANOVA) (Fig. 2a). In each SNP treatment con-
dition, the liver weights in the ND groups were lower
than those in the HFD groups (p <0.001-0.05, ANOVA)
(Fig. 2a). Figure 2b shows the liver weight/body weight
(g liver weight/g mouse body weight). Liver weight/
body weights were higher in the HFD-SNPO group than
in the ND-SNPO group (p <0.05, ANOVA); this evidence
suggests that the HFD might induce liver dysfunction.
There were no significant liver weight/body weight differ-
ences in the ND groups (p>0.05, ANOVA) (Fig. 2b). In
contrast, in the HFD-SNP300 groups, the liver weight/
body weight was increased as compared with those of
the HFD-SNPO group (p<0.05, ANOVA) (Fig. 2b), which
indicated that injury might be caused in mice after long-
term feeding with SNPs by oral gavage. Due to the silicon
accumulation in liver tissue and liver weight/bodyweight
results, liver dysfunction might be triggered by SNPs in
HFD-fed mice.

3.4 Induction of steatosis in the presence of SNPs
in the HFD groups

To understand the microscopic organ structure and
functions, H&E stains were used. In a healthy liver,
hepatocytes express abundant clear cytoplasm due to
the presence of glycogen [35, 43, 44]. The HFD-induced
steatosis was apparent, which is based on the histopatho-
logical morphology and percentage of steatosis, in the
HFD-SNPO group compared with the ND-SNPO group
(p<0.01, ANOVA) (Fig. 3a, b and i). In the ND-SNP100
and ND-SNP200 groups, H&E staining of hepatocytes
showed an abundant clear cytoplasm, and no abnormal
morphology transformations were seen in the mice com-
pared with those in the ND-SNPO group (Fig. 3a, ¢ and
e), suggesting the presence of normal hepatocytes in the
ND-SNP100 and ND-SNP200 groups. Liver histopatho-
logical images illustrated that small numbers of clear fat-
containing vacuoles and mild hepatic swelling could be
seen in the mice of the ND-SNP300 group compared with
those in the ND-SNPO group (Fig. 3a and g), suggest-
ing slight hepatocyte steatosis induced by SNPs. Previ-
ous studies with no or minor concern about SNPs found
results similar to those in our ND groups subjected to
SNP exposure [4, 36, 45]. Therefore, only SNPs may have
no or minor influence on the liver, which is why SiO, is
used as a food additive. In the HFD groups, however,
the livers of the mice treated with 100, 200, and 300 mg
kg~! SNPs had enlarged hepatocytes, hepatocyte swell-
ing, an increase in the degree of steatosis and the num-
ber of fat vacuoles, and a phenotype of deformed nuclei
such as nuclear shrinkage and chromatin condensation,
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compared to those in the HFD-SNPO group (Fig. 3b, d, f
and h), indicating overall liver degeneration. The percent-
age of steatosis (fat droplet area/total area) was analyzed
by Image-Pro software and is shown in Fig. 3i. Based on
the statistical results, the percentage of steatosis in the
liver of mice in the ND-SNP300 group was significantly
higher than that in the ND-SNPO group, indicating an
increase in steatosis due to SNPs (p<0.05, ANOVA)
(Fig. 3i). In the presence of administration of 200 or 300
mg kg~! SNPs in HED group, the percentage of steatosis
was increased compared to HFD-SNPO group (p<0.001,
ANOVA), implying that liver steatosis was enhanced by
SNPs in the HFD groups (Fig. 3i). Based on the statisti-
cal results, our evidence indicates that the injury might
occur in mice after the intragastric administration of
SNPs, which was confirmed by further experiments.

SNPs may pass through the cell membrane via endo-
cytosis, including phagocytosis, pinocytosis, and recep-
tor-mediated endocytosis, thereby damaging the plasma
membrane and impairing the gut barrier [46]. In vitro
binding assays have revealed that fatty acids and bovine
serum albumin can interact with SNPs [47, 48]. Hence,
the smaller the SNP diameter is for the same mass, the
greater the surface area. A larger surface area increases
the rates of interaction between SNPs and materials such
as proteins, lipids, or other biohazardous chemicals and
leads to a greater accumulation of the material through
adsorption. Interestingly, other studies have shown that
SNPs lead to reduced lipid absorption in vivo and in vitro
[49, 50]. However, the correlation between SNPs and
material adsorption and its underlying mechanisms are
still unclear.

The percentage of fat droplets within the liver tissue
indicates the level of liver steatosis. A healthy liver has
less than 5% fat droplets in hepatocytes; mild fatty liver
is indicated by 5-33% fat droplets in hepatocytes; moder-
ate fatty liver is defined as 34—66% fat droplets in hepat-
ocytes; and severe fatty liver contains more than 66% of
fat droplets in hepatocytes [51, 52]. In our results, 0 mg
kg™ SiO,-treated mice fed an ND showed normal liver
morphology, but a combination of administration of 300
mg kg~! SNPs with an ND induced mild fatty liver, sug-
gesting that SNPs might promote fatty liver formation.
Similar results were found in the HFD groups; the HED-
SNPO, HFD-SNP100, and HFD-SNP200 groups showed
mild fatty liver, and the HFD-SNP300 group showed
moderate fatty liver. Therefore, NPs are a significant fac-
tor in fatty liver formation in mice fed an HFD.

The percentage of steatosis was increased in the SNP-
treated groups of both the ND and HFD groups. How-
ever, the body weights did not change due to the SNP
dose. Therefore, SNPs may have different effects in dif-
ferent tissues based on different underlying mechanisms.
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expressed as the means +standard error of the means (n=6)
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Environmental nanoparticles, such as Titanium oxide
and polystyrene NPs, have distinct chemical properties
and actuate liver dysfunction, such as oxidative stress and
apoptosis [53-56], duplicate our animal model. When
particle size is in the nano level, many chemical and phys-
ical properties are changed, for example, semiconduc-
tor area. In summary, we suppose that NP size, not NP
properties, may play a key role in induced liver dysfunc-
tion. To assess whether the effects of the different NPs in
drinking water occur via similar mechanisms, more evi-
dence is needed from further in vivo investigations.

3.5 Biochemical analyses in the serum of mice and TG level
in mice liver

Our research analyzed levels of biochemical blood

parameters, such as AST, ALT, T-CHO, TG, LDL, and

HDL-C, in the serum of mice subjected to SNP admin-

istration to determine liver function in the mice. Bio-

chemical analysis outcomes measured at 6, 12, and
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25 weeks were compared, and no detectable differ-
ences were observed in T-CHO, TG, LDL, and HDL-C
levels in either the ND or HFD SNP-administrated
groups compared to their relative controls, which were
only given reverse osmosis water (p>0.05, ANOVA)
(Table S1). The serum levels of AST and ALT were
increased at 25 weeks in the HFD-SNPO group com-
pared with the ND-SNPO group (p<0.05, ANOVA)
(Fig. 4a and b). AST and ALT levels were not changed
at 25 weeks in the ND-SNP100 and ND-SNP200 groups
compared to the ND-SNPO group (p>0.05, ANOVA)
(Fig. 4a). However, an increase in AST level (p<0.05,
ANOVA), but no change in ALT level (p>0.05,
ANOVA), was found when in the ND-SNP300 group
compared with the ND-SNPO group (Fig. 4a). In the
HFD-SNP200 and HFD-SNP300 groups, the levels
of AST and ALT were significantly higher than those
in the HFD-SNPO group at 25 weeks (p <0.001-0.05,
ANOVA) (Fig. 4a and b).
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Fig. 4 The expression of AST and ALT in serum and TG in liver tissue. Serum level of ASTin IU L' (@) and ALT in IU L' (b) induced by SiO,
nanoparticles in the ND and HFD groups at 25 weeks. The accumulation of liver TG content (mg of TGs ™' liver) in ICR mice was measured at 25
weeks (c). Data are expressed as the means + standard error of the means (n=6)
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Lipid droplets are intracellular organelles special-
ized for the storage of energy in the form of neutral
lipids such as TGs, the main content in lipid droplets.
To further assess TG accumulation in liver tissue, a TG
extraction method was performed in homogeneous liver
tissue. TG accumulation was promoted by the HFD in
the HFD-SNPO group compared with the ND-SNPO
group (p<0.05, ANOVA) (Fig. 4c). The accumulation of
TGs, which is another confirmation of liver dysfunction,
revealed that fatty liver was developed in the mice of the
ND-SNP300 and HFD-SNP300 groups compared with
those in the ND-SNP0O and HFD-SNPO groups (p<0.01-
0.05, ANOVA) (Fig. 4c). Further, the presence of SNPs in
drinking water might have a deep influence over the long
term and combined with HFD cause severely liver steato-
sis in our study.

The usual ranges of AST and ALT in ICR mice are
42-106 TU L' and 28-59 IU L7}, respectively [57]. The
amounts of AST and ALT in the serum were used to esti-
mate the liver injury level and overweight/obesity, such
as due to induction by NPs, fatty acid accumulation in
the liver, viruses, and drugs [20, 25, 27, 31, 32, 58]. Under
normal conditions, both enzymes are stored in the liver,
and the contents of both enzymes in the blood are low.
Therefore, the authors concluded that combining envi-
ronmental NPs and high-fat food might stimulate aggra-
vated liver damage formation. When the liver is seriously
damaged by cirrhosis, only a high AST abnormality is
often found [58]. Our results showed only a high serum
level of AST in the ND-SNP300 group; more evidence
is needed to prove this hypothesis, which SNPs could
induce cirrhosis. In the HFD-fed mice, serum levels of
biochemical parameters, including AST and ALT, and
TGs in liver tissue were increased with long-term SNP
treatment; therefore, SNP intake carries a potential risk
and aggravates the impact of overweight/obesity and
liver dysfunction in an HFD setting, which is representa-
tive of modern eating habits.

3.6 Liver steatosis characteristics in a mouse model

When fatty liver develops, nonalcoholic steatosis, which
causes fat accumulation, occurs in liver cells. Hepatocyte
swelling, inflammation, cell apoptosis, and fibrosis are
observed during the progression of fatty liver formation
[2,3,5-7].

3.6.1 Induction of apoptosis

In fatty liver cells, apoptosis is considered a basic bio-
logical and physiological process. Its dysregulation
is found in many pathologies and diseases, including
damage through NP/common environmental pollut-
ant toxicity, virus infection, immune cells, tumors, and
metabolism [59, 60]. It is characterized by the presence
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of concentrated chromatin and DNA breakage. TUNEL
staining is a classical method for the detection of DNA
breakage and analyzing the percentage of apoptosis.
TUNEL-positive cells were observed in the HFD-SNP200
and HFD-SNP300 groups of mice (Fig. 5f and h). Quan-
titation of TUNEL-positive cells demonstrated a sig-
nificant increase in apoptosis in the HFD-SNP200 and
HFD-SNP300 groups of mice when compared with the
HFD-SNPO group (p<0.05-0.001, ANOVA) (Fig. 5i).
These data show evidence that hepatocyte apoptosis can
be induced by SNPs in modern dietary habits.

Cells such as those derived from the human liver
(Hep G2), human kidney (HK-2 and HL-7702), human
keratinocyte (HaCaT), human astrocytoma (U87), human
epithelial (HeLa), human bone marrow (SH-SY5Y), and
human lung (A549) treated with SNPs exhibit lipid per-
oxidation, oxidative stress, DNA repair, apoptosis, and
cell cycle progression [22, 28, 61-64]. The mRNA and
protein expression levels of the cell cycle checkpoint gene
p53 and of apoptotic genes such as Bax and caspase-3
were upregulated, while the expression of the antiapop-
totic gene Bcl-2 was downregulated [22, 61]. The expres-
sion levels of the cell signaling protein proteins ERK,
p-ERK, NADH dehydrogenase subunit six, and mito-
chondrial DNA-encoded cytochrome C oxidase subunit
II were altered [63]. These previous studies demonstrated
that the SNP effect was highly related to apoptosis and
was consistent with our experiment results. Previ-
ous studies reported that besides causing DNA dam-
age, global genomic hypomethylation was induced by
SNPs [65-67]. DNA damage could make the cell apop-
tosis already known. Epigenetic dysregulation may have
long-term effects on gene expression and lead to long-
term untoward effects in our mice model. However, the
detailed mechanism of apoptosis through epigenetic dys-
regulation induced by SNPs is still unclear.

3.6.2 Induction of fibrosis

Long-term steatosis leads to liver fibrosis buildup and
the replacement of healthy liver tissue. The liver tissue
also loses function since the healthy liver cells are lost.
Without therapy or changing eating behavior, fatty liver
will develop into cirrhosis or liver cancer [5, 6, 21]. Pic-
rosirius red staining and Masson’s trichrome staining
were used to examine the liver fibrosis level in this study.
In images of tissue stained with picrosirius red, no obvi-
ous fibrosis was observed in the ND diet groups that
underwent treatment with SNPs compared with the ND-
SNPO group (Fig. 6a, ¢, e and g), and induction of fibro-
sis was observed in the HFD-SNP200 and HFD-SNP300
groups compared with the HFD-SNPO group (p <0.001—
0.01, ANOVA; Fig. 6b, £, h and i). Similarly, in images
of tissue stained with Masson’s trichrome, induction of
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fibrosis caused by SNPs was found in the HFD-SNP200
and HFD-SNP300 groups compared with the HFD-SNPO
group (p<0.001, ANOVA) (Figs. S2b, S2f, S2h and S2i).
Controlling peroxisome proliferator-activated recep-
tor (PPAR)a/S, Galectin-3, apoptosis signal-regulating
kinase 1, and PPARy were the possible mechanisms for
liver fibrosis [68—71]. Some studies have shown that NPs
can downregulate PPARy and promote fibrosis [72]. The
liver fibrosis seen in our mouse model may be caused
by decreased PPARYy expression in liver tissue, but the
author can not rule out another possibility.

3.6.3 Induction of inflammation

C-reactive protein (CRP) is a factor in predicting inflam-
mation in the mouse model. When liver injury, infection,
or other diseases occur, CRP levels increase and cause
inflammation. CRP level did not change in our animal
model (data not shown). Because no evident bodily dam-
age was found in our animal model, no acute inflamma-
tion, an immediate, adaptive response to bodily damage
such as a bite or a cut, could be found. Hence, chronic
inflammation, considered to be slow, long-term inflam-
mation over several months to years, is another poten-
tial possibility. To understand chronic inflammation
caused by SNPs, CD3 is expressed in the cell membrane
and cytoplasm and is usually found in cytotoxic T and
T helper cells. The number of CD3% immune cells was
increased in the ND-SNP-300, HFD-SNP200, or HFD-
SNP300 groups compared to the ND-SNPO or HFD-
SNPO groups (p<0.05-0.001, ANOVA) (Fig. 7a, b, f, g, h
and i).

Liver dysfunction could lead to the accumulation of
inflammatory cells in liver tissue, causing liver dam-
age and the secretion of proinflammatory cytokines,
including TNF-«a and IL-6 [73]. To determine the level
of inflammation, IHC was used to detect the secretion
of TNF-a and IL-6. IL-6 expression in the HFD-SNP200
and HFD-SNP300 groups was increased compared to
that in the HFD-SNPO group (p<0.01-0.001, ANOVA)
(Figs. S3f, S3h and S3i). However, TNF-a expression
was not distinct in our model (Fig. S4). Based on the
increased CD3™ cells and secretion of IL-6, inflammation
is thought to be induced in our model.

3.6.4 Increased oxidative stress by 4-HNE staining

Oxidative stress caused by NP injury is a common fea-
ture in chronic liver disease [9, 74]. The 4-HNE protein
expression in the cytoplasm is a marker of oxidative
stress [75] and can inhibit the expression of PPARy and
enhance oxidative stress levels [76]. The 4-HNE level
in liver tissue was shown by IHC staining. The results
showed a reinforced 4-HNE-positive area in mice fed
300 mg of SNP kg™ mouse body weight in the HFD
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group compared with 0 mg of SNP kg~! mouse body

weight in the HFD group (Fig. 8b and h). In Fig. 8i,
the quantitative data analyzed by Image-Pro showed
that the percentage of the 4-HNE-positive area was
increased to 3.9% when the HFD-SNP300 group was
compared to the HFD-SNPO group (p <0.05, ANOVA),
showing that hepatic oxidative stress was exacerbated
in the HFD-SNP300 group.

Increasing amounts of evidence suggest that the devel-
opment of liver steatosis is related to environmental fac-
tors, especially the enormous influence of NPs exposure
[53-56]. The liver is commonly regarded as the accumu-
lative organ for NP absorption. Previous research has
revealed that SNP exposure can cause liver injury, steato-
sis, fibrosis, inflammation, and apoptosis [17, 19, 21-26].
In the pathophysiology of fatty liver disease, accumulated
TG is thought to exceed and affect the oxidative catabo-
lism of free fatty acids [77]. Indeed, our data reveal that
SNP exposure combined with HFD facilitated the aggra-
vated development of liver steatosis using in vivo inves-
tigations. In the HFD group mice fed SNPs, the chronic
exposure to SNPs promoted fatty liver in the liver and the
levels of AST and ALT in the serum and the histopatho-
logical analysis. Consistently, TG accumulation, fibrosis,
inflammation, apoptosis, and oxidative stress were also
enhanced in HFD-treated mice fed SNPs.

Recently, metabolomics has been applied to metabolic
disorder analysis and analysis of biomarkers in different
disease states [78]. Perturbed metabolism, such as that of
amino acids, lipids, and glucose, is crucial to the develop-
ment of fatty liver disease [79]. The amount of AST and
ALT in serum may be sensors of global metabolic dysreg-
ulation. In the abnormal accumulation of TG in the liver,
elevated aminotransferases are a marker for liver meta-
bolic disorder. Other explorations related to liver metab-
olism have shown that raising AST and ALT levels may
not come from liver damage. The elevated AST and ALT
levels may be the consequence of unusual amino acid
and energy metabolism in the liver [80]. Certainly, an
in-depth exploration of the observed metabolites is par-
ticularly important to fully elucidate the effect of SNPs on
aggravated liver injury in modern dietary habits.

As drinking water is rich in NPs, increasing levels
of NPs may, due to the increased serum levels of AST
and ALT, possibly lead to liver injury. Interestingly, our
research found increased AST but not ALT in ND-
treated mice fed SNPs. AST is expressed not only in the
liver but also in other organs, such as the skeletal muscles
and heart [81]. One of the most common non-hepatic
causes of elevated AST levels is skeletal muscle damage
(rhabdomyolysis) [82]. In cardiovascular disease patients,
increased serum AST is routinely used for the diagnosis
of acute myocardial infarction [83]. In our animal model,
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Fig. 7 The proportion of CD3™ cells is shown by immunohistochemistry stain. Mice were fed the ND (a, ¢, e, g) or HFD (b, d, f, h) for 25 weeks.
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immune cells with the CD3 marker. The CV is indicated. Scale bars are 100 um (a—h). The quantity of CD3* cells was analyzed by Image-Pro (i). Data
are expressed as the means + standard error of the means (n=6)
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SNPs might induce serum AST at 25 weeks, and injury
may occur not only in the liver but also in other organs.

Inflammatory cytokines play significant roles in the
progression of liver steatosis. For instance, SNPs pro-
moted the expression of IL-6 and TNF-a in cell lines
or patients with nonalcoholic steatohepatitis [20]. The
TNEF-a and IL-6 may play a key role in lipid metabolism
[84, 85]. In our animal model, IL-6 levels, rather than
those of TNF-qa, were increased. Therefore, IL-6 is crucial
for hepatocyte homeostasis and is implicated in meta-
bolic function in the liver.

The stability of SNPs has been inconsistent [86, 87].
When SNPs interact with the biological medium, the sta-
bility of the SNP structure and the interaction between
SNPs and media may determine the activity of nanoma-
terials in vivo. Silicosis, a type of progressive, irreversible,
and fatal lung inflammation and fibrosis, is a lung disease
caused by inhaling silicon dioxide. Even after exposure
to silica, the silica NPs remain in the lungs and continu-
ally damage the lungs toward the development of chronic
silicosis. This evidence suggests that SNPs are stable and
cannot easily break down in the body. To date, the half-
life of SNPs and breakdown metabolism in the liver is still
poorly understood. Clarifying the half-life mechanism
of SNPs will help to understand the role of SNPs in liver
steatosis.

PPARa, highly expressed in normal mouse and human
livers, activates transcription and represses lipid accu-
mulation [88, 89]. Some studies have shown that NPs
can inhibit PPAR« in the liver [90]. Yu et al. have dem-
onstrated that PPARa and target genes for PPARaq, such
as Acyl-CoA dehydrogenase, lipoprotein lipase, and
Acyl-CoA oxidase 1, inhibit lipid accumulation and liver
steatosis [91]. Therefore, the potential mechanism of liver
steatosis in a combination of SNPs and a high-fat diet
mice model may be decreased PPARa and target genes
for PPARa.

Although a recent study explained how an HFD pro-
motes steatosis, the correlation between the SNPs and
the HFD was not reported. This study further corrobo-
rates our assumption that SNPs induce fat accumulation
in hepatic cells and induce steatosis through oxidative
stress in HFD-fed mice.

4 Conclusions

An animal study was carried out using SNPs, which were
used to imitate the NPs found in drinking water, either a
normal or high-fat diet, in a mouse model. Body weights,
liver weights, histology of the livers, blood biochemistry
assays, fibrosis staining, TUNEL staining, and immu-
nohistochemical staining were used to characterize the
effect of the administration of different SNP concentra-
tions (100-300 mg of SNP kg~! mouse body weight) over
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25 weeks. The results showed that animal weights did not
change in either the ND or HED groups fed different con-
centrations of SNPs. No abnormal clinical signs or animal
behaviors were found in our animal model. An increase
in the liver weight to body weight ratio and an accumula-
tion of silicon were observed and might be closely related
to liver degeneration in the presence of the combination
of SNPs and an HFD. Biochemical blood assays revealed
that T-CHO, TG, HDL-C, and LDL levels were not sig-
nificantly altered in our model. However, the enhanced
steatosis, analyzed by H&E morphology staining, and TG
accumulation in liver tissue showed that liver function
was affected. The increased ALT and AST levels also con-
firmed that liver damage was induced in mice fed SNPs
in the HED groups. Induced fibrosis and inflammation
were also observed in mice fed SNPs in the HFD groups.
Upregulated oxidative stress was identified by 4-HNE
IHC. Considering the results of our study, SNPs in drink-
ing water may represent a hazard to liver function in the
setting of modern dietary habits.

A modern dietary pattern, such as the consumption of
high-fat food, is becoming more common. SNPs already
exist in drinking water and are used in numerous appli-
cations, such as food additives and drug delivery. In
our mouse model, induced liver steatosis was observed.
Hence, our outcome demonstrates a correlation between
SNPs and modern dietary patterns. The detailed mecha-
nism of induced liver steatosis and its signal transduc-
tion by SNPs and HFD remains unclear; nevertheless,
the induction of oxidative stress was determined in our
model. Although outbred mice showed the relationship
between SNPs and modern dietary patterns, the mouse
model still differs from humans. To understand the
effects of SNPs on the human body, more experiments,
such as long-term monitoring of the accumulation of
SNPs in the environment and human body, are necessary.
Based on our conclusion, we cannot ignore the influence
of SNPs on the rise in our daily lives. The research pro-
vides valuable insights into environmental nanoparticles
and dietary factors, suggesting essential risks to liver
health.
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