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ARTICLE INFO ABSTRACT

Keywords: The metabolic associated fatty liver disease (MAFLD) is a public health challenge, leading to a global increase in

Silica nant?p.article chronic liver disease. The respiratory exposure of silica nanoparticles (SiNPs) has revealed to induce hepato-

;epaéo';ox’?lty toxicity. However, its role in the pathogenesis and progression of MAFLD was severely under-studied. In this
etabolomics

context, the hepatic impacts of SiNPs were investigated in vivo and in vitro through using ApoE ™/~ mice and free
fatty acid (FFA)-treated LO2 hepatocytes. Histopathological examinations and biochemical analysis showed
SiNPs exposure via intratracheal instillation aggravated hepatic steatosis, lipid vacuolation, inflammatory
infiltration and even collagen deposition in ApoE ™~ mice, companied with increased hepatic ALT, AST and LDH
levels. The enhanced fatty acid synthesis and inhibited fatty acid f-oxidation and lipid efflux may account for the
increased hepatic TC/TG by SiNPs. Consistently, SiNPs induced lipid deposition and elevated TC in FFA-treated
LO2 cells. Further, the activation of hepatic oxidative stress was detected in vivo and in vitro, as evidenced by ROS
accumulation, elevated MDA, declined GSH/GSSG and down-regulated Nrf2 signaling. Endoplasmic reticulum
(ER) stress was also triggered in response to SiNPs-induced lipid accumulation, as reflecting by the remarkable
ER expansion and increased BIP expression. More importantly, an UPLC-MS-based metabolomics analysis
revealed that SiNPs disturbed the hepatic metabolic profile in ApoE ™/~ mice, prominently on amino acids and
lipid metabolisms. In particular, the identified differential metabolites were strongly correlated to the activation
of oxidative stress and ensuing hepatic TC/TG accumulation and liver injuries, contributing to the progression of
liver diseases. Taken together, our study showed SiNPs promoted hepatic steatosis and liver damage, resulting in
the aggravation of MAFLD progression. More importantly, the disturbed amino acids and lipid metabolisms-
mediated oxidative stress was a key contributor to this phenomenon from a metabolic perspective.

Metabolic associated fatty liver disease
Oxidative stress

1. Introduction

At present, the number of nano-products is growing rapidly. By
2024, the global nanotechnology market is expected to exceed $125
billion in accordance with a white paper published by the Springer
Nature. However, the updated toxicological studies of nanomaterials
(NMs) associated with their possible environmental and human health
effects lag far behind the rapid rise in their application. Silica nano-
particles (SiNPs) as one of the most popular NMs, have been utilized in

biomedical fields for drug carriers, gene therapy, diagnosis, and mo-
lecular imaging [1]. Along with these applications, their potential side
effects on human health have got increasing attention. SiNPs can enter
into the human body via inhalation, ingestion, skin contact, and even
injection for medical applications [2]. It was commonly accepted
inhalation as the most principal route of human exposure to SiNPs,
particularly in occupational environment. There was evidence showed
inhaled SiNPs induced inflammation and epithelial cell proliferation in
lungs [3], and entered the circulatory system through the “blood-lung
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barrier”. It is well known that inhaled particles could be detected in
extrapulmonary organs [4,5]. To date, numerous studies have revealed
that SiNPs exposure led to harmful biological responses in diverse or-
gans [6,7].

The liver is the largest solid organ in the body where most toxins are
bio-transformed, and is also a major site for nanoparticles (NPs) accu-
mulation regardless of exposed route [8,9]. A number of toxicological
studies have indicated that SiNPs caused liver injury, including oxida-
tive stress, DNA damage, inflammation, disturbance in metabolism
[10-12], etc., probably contributing fibrosis and liver failure ultimately
[13-15]. Currently, the nano-safety of susceptible populations is of great
concern [7,16]. However, the interactions between SiNPs and biological
systems under disease-state condition, and underlying mechanisms are
poorly elucidated.

Metabolic associated fatty liver disease (MAFLD; previously named
as non-alcoholic fatty liver disease) [17], is known as the most common
cause of chronic liver disease in the world, which has a prevalence rate
of 20%-40%, and up to 95% patients with metabolic comorbidities, such
as hyperlipidemia, obesity and diabetes [18-20]. MAFLD is featured by
the abnormal accumulated lipids and steatosis of liver parenchyma cells,
and includes a board spectrum of liver diseases, e.g., simple steatosis,
fibrosis, cirrhosis and, ultimately, hepatocellular carcinoma [21,22], but
their pathogenesis and progression still incompletely understood.

Metabolomics, a powerful technique to discover new biomarkers, is
the qualitative and quantitative description of metabolic processes by
nuclear magnetic resonance and mass spectrometry [23]. As a new
branch of science after genomics and proteomics, metabolomics has
been used to elucidate mechanisms of many diseases and explore po-
tential biomarkers or therapeutic targets for clinical diagnosis and
treatment [24,25]. Currently, the benefits of metabolomics have been
gradually utilized in nanotoxicological research [10,26,27]. In addition,
studies have reported that apolipoprotein E knockout (ApoE ") mice
fed by high-fat diet (HFD) model closely resembles the pathophysiology
of progressive MAFLD in humans [28,29]. Also, the free fatty acid
(FFA)-treated hepatocyte is an in vitro cell model for hepatic steatosis.

In this context, we investigated the impacts of SiNPs exposure on the
improvement of MAFLD via in vivo and in vitro models, and in particular,
performed metabolomic analysis using ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) to reveal potential
mechanisms.

2. Materials and methods
2.1. The characterization of SiNPs

The obtained SiNPs by Stober method was characterized as previ-
ously described [30], including particle morphology observed under a
JEM2100 transmission electron microscope (TEM; JEOL, Japan) and
particle size distribution analyzed by using ImageJ software; zeta po-
tential and hydrodynamic sizes in dispersion media measured by a
Zetasizer Nano-ZS90 analyzer (Malvern, UK); purity and endotoxin
determination using Agilent’s inductively coupled plasma atomic
emission spectrometer (Agilent 720, USA) and gel-clot limulus amebo-
cyte lysate assay, separately.

2.2. In vivo experiments

2.2.1. Animal procedures

Male ApoE™/~ mice (specific pathogen free, SPF) from Vital River
Laboratory Animal Technology Co. Ltd (Beijing, China) were used for
the in vivo experiments. All the mice were housed in sterilized filter-
topped cages under conditions of controlled light (12 h light/dark
cycle), temperature (24 + 1 °C) and humidity (50 + 5%) with free ac-
cess to food and sterile water. At five weeks of age, all mice were
switched to a HFD feeding containing 21% fat, 0.15% cholesterol and
34% sucrose until the experimental termination. After 4-w on the HFD,
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the mice were randomly divided into the following four groups: (1) low-
dose SiNPs group (1.5 mg/kg-bw, n = 8), (2) middle-dose SiNPs group
(3.0 mg/kg-bw, n = 9), (3) high-dose SiNPs group (6.0 mg/kg-bw, n =
9), and (4) control group (same volume of 0.9% saline, n = 9). SiNPs or
vehicle was administered via intratracheal instillation, once per week for
12 times in total. In line with previous publishing [31,32], the dosage of
SiNPs was set on the basis of the permissible concentration-time
weighted average (PC-TWA) of amorphous silica dioxide (SiOo),
human respiratory parameters and equivalent dose conversion to mimic
actual workplace exposure scenarios. In the experimental period, food
intake and body weight were monitored and weighed every week.
Four-week after the cessation of SiNPs treatment, mice were fasted
overnight (8-10 h), then anesthetized and sampled. The liver tissues
were rapidly harvested and weighted, with a portion for histopatho-
logical examination and others immediately frozen at —80 °C until
subsequent analysis. All animal care and experimentation were con-
ducted according to National Guidelines for Animal Care and Use, and
approved by the Animal Experimental Ethics Committee of Capital
Medical University (Ethical number, AEEI-2018-002).

2.2.2. Histopathological examination

The mice liver samples were immediately immersed in a 10%
formalin solution for fixation, and then embedded in paraffin, sectioned
into 5-pm slices, and placed on glass slides. Hematoxylin & eosin (HE)
and Masson’s trichrome were carried out to evaluate histopathological
alterations in the liver. All slides were scanned using Pannoramic SCAN
system (3DHISTECH, Hungary). Subsequently, the histopathology of
each slide was observed, evaluated and scored by an investigator blin-
ded for the experiment, and checked by a certified veterinary patholo-
gist. Of note, the scoring criteria for MAFLD were based on the SAF
method (S: steatosis, A: activity, S: fibrosis) [33].

2.2.3. Lipid assay

0Oil Red O staining was applied for steatosis assessment. Moreover,
the contents of total cholesterol (TC) and triglyceride (TG) in liver tis-
sues (n = 8 per group) were analyzed using the corresponding com-
mercial kit according to the manufacture’s protocols (Nanjing
Jiancheng, China).

2.2.4. Biochemical analysis

The activities of lactate dehydrogenase (LDH), alanine aminotrans-
ferase (ALT) and aspartate transaminase (AST) in liver tissues (n = 8 per
group) were examined by using the commercial colorimetric assay kits
(Nanjing Jiancheng, China).

2.2.5. Ultrastructure observation

The fresh liver tissues were cut into 1 mm® and immediately
immersed in 2.5% glutaraldehyde for fixation. After three-time rinse
with 0.1 M phosphate buffer, all the samples were postfixed with 4%
osmium tetroxide. Then samples were rinsed, stained with uranyl ace-
tate and lead citrate, dehydrated in a graded series of ethanol, and
finally embedded them in epoxy resin. Random sections were cut (50
nm), collected on naked copper mesh grids, and viewed through a TEM
(Hitachi HT7700; Hitachi, Japan).

2.2.6. UPLC-MS-based non-targeted metabolomics

Metabolic profiles of the liver tissues were acquired by UPLC-MS
approach. The detailed procedure and corresponding analysis were all
provided in Supplementary files, Supplementary Methods.

2.2.7. Oxidative stress determination

Hepatic reactive oxygen species (ROS) level was evaluated by incu-
bating liver slides with DHE working liquid (1 mg/mL, 30 min; Sigma,
USA) at room temperature in darkness. The nuclei were stained with
DAPI (2 pg/mL, 10 min; Servicebio, China). Laterly, the slides were
observed under a fluorescence microscope (Nikon Eclipse C1, Japan).
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Ultimately, the fluorescence intensity was analyzed with Image J soft-
ware, which was calibrated with the number of DAPI. Moreover, the
hepatic ROS contents were quantitatively determined by using a com-
mercial kit (Bestbio, China) in strictly accordance with the product’s
manual.

In addition, liver samples (n = 8 per group) were lysed with protein
lysis buffer at a ratio of 1:9 (w/v). The supernatants were harvested for
the determination of reduced glutathione (GSH), oxidized glutathione
(GSSG) and malondialdehyde (MDA) with commercially available kits
(Nanjing Jiancheng, China), in accordance with the manufacturer’s
instructions.

2.2.8. Immunohistochemical analysis

The expression of glucose-regulated protein 78 (GRP78), also known
as immunoglobulin heavy chain binding protein (BIP) was detected by
immunohistochemical staining through using its rabbit monoclonal
antibody (CST, USA). Ultimately, sections (n = 3 per group) were
observed by an optical microscope (Olympus, Japan).

2.3. Invitro experiments

2.3.1. Cell model

Normal human hepatic cell line (L02) from Nanjing Keygen Biotech
cell library, China, were cultured in DMEM (Corning, USA) containing
10% fetal bovine serum (FBS; Thermo Fisher Scientific, USA) with 5%
CO; at 37 °C. When cells were grown to about 60% confluency, 2 mM
FFA (oleic acid/palmitic acid, 2:1 ratio, Sigma-Aldrich, USA) was added
for a 24-h incubation to induce steatosis in hepatocytes [34], followed
by another 24-h exposure to SiNPs (50 pg/mL). Furthermore, the dose of
SiNPs exposure was based on one-half of ICsg in our previous study [35].

2.3.2. Intracellular lipid analysis

In accordance with previous description [32], Oil Red O staining was
performed, and images were captured under an inverted optical mi-
croscope (Olympus IX81, Tokyo, Japan). The percentage of positive
staining area to the total cell area was analyzed using Image J software.
Moreover, the intracellular TC mass was quantified using a commercial
kit (Applygen, China).

2.3.3. ROS assay

The intracellular ROS content was measured by 2',7'-dichloro-
fluorescein diacetate (DCFH-DA; Beyotime, China) labeling according to
previous literature [36]. Briefly, the cells were incubated with DCFH-DA
working solution in the dark (10 mM, 37 °C, 30 min). Thereafter, the
cells were rinsed by phosphate buffered saline (PBS), and the fluorescent
intensity was detected using a NovoCyte flow cytometer (Agilent, USA).

2.4. Western blotting analysis

Expressions of BIP and C/EBP homologous protein (CHOP) proteins
were detected by Western blot assay and standardized by GAPDH. The
primary antibodies for BIP and CHOP were purchased from Proteintech,
USA, whilst that for GAPDH from CST, USA. Lastly, the fluorescent
signal was obtained by an Odyssey® CLx Imaging System (Gene Com-
pany Limited, Hong Kong), and analyzed using Image Studio™ software.

2.5. Quantitative real-time PCR

Total RNA was extracted from fresh frozen liver tissues (n = 4 per
group) and in vitro cultured hepatocytes (n = 3) using a total RNA kit
(TIANGEN, Beijing). An ultra-micro spectrophotometer (ThermoFisher,
USA) was utilized to analyze the quantity of all RNA samples. As pre-
viously described [37], 2 pg of the extracted RNA was
reverse-transcribed to cDNA, and the real-time PCR was performed. All
experiments were conducted in triplicates. Using f-actin as an internal
reference, the relative gene expression was ultimately calculated
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through fold induction (2722, The sequences of primers used were
detailed in Supplementary files, Table S1.

2.6. Statistical analysis

Metabolomics-related analysis methods have been described in
Supplementary Methods. Data were showed as mean =+ standard devi-
ation (SD). Statistical significance in SAF Score was determined through
Kruskal-Wallis followed by Nemenyi. For quantitative data, all the data
conformed to the normal distribution (Shapiro-wilk method). Student’s
t-test was performed for two-group comparison, and one-way analysis of
variance (ANOVA) was carried out for multiple comparison with Dun-
nett’s T3 (heterogeneous data) or Dunnett (T) (homogeneous data) for
post hoc test. Two-way ANOVA was used to analyze the interactions
between SiNPs and FFA. And also, the relationship between the differ-
ential metabolites and liver-related diseases was referred by the Human
Metabolome Database (https://hmdb.ca/). Pearson method was adop-
ted for correlation analysis. Differences were considered statistically
significant at bilateral p < 0.05.

3. Results
3.1. Characterization of SiNPs

As shown in Fig. 1, SiNPs had near-spherical shape, and dispersed
with average diameter of 59.98 nm. Their hydrodynamic sizes and zeta
potential in distilled water were present in Table 1. Besides, the syn-
thesized SiNPs was free of endotoxin and had purity more than 99.9%.

3.2. SiNPs aggravated histopathological progression and dysfunction in
the liver of HFD-fed ApoE~/~ mice

As depicted in Fig. 2A, disorder in arrangement and hierarchy of liver
cells, the degeneration and vacuolization of hepatocytes, and the infil-
tration of inflammatory cells in the liver, were clearly seen in SiNPs-
treated groups in comparison with the control group. Oil Red O stain-
ing and corresponding semi-quantitative analysis manifested an
increased lipid deposition upon SiNPs exposure (Fig. 2B and D). Even
worse, SiNPs exposure induced an increased collagen deposition in he-
patic tissue as reflected by Masson staining (Fig. 2C and E). A final
evaluation of these histopathological alterations was done using SAF
score analysis. See detail in Table 2.

As illustrated in Fig. 2F-H, significantly dose-dependent increase of

Fig. 1. Representative TEM image of tested SiNPs. Scale bar, 100 nm.
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Table 1

Characterization of SiNPs.
Characteristic SiNPs
Size and distribution, nm (mean + standard deviation) 59.98 + 5.71
Hydrodynamic size in water, nm (mean =+ standard deviation) 96.23 + 3.76
Zeta Potential (mV) —36.40 + 3.10
Morphology Spheroid
Aggregation Absent
Crystalline structure Amorphous
Purity (%) 99.99
Endotoxin Negative

Abbreviation: SiNPs, silica nanoparticles.

hepatic LDH, ALT and AST activities, the major parameters to reflect
liver function, were detected in SiNPs-exposed livers of mice. In line
with the Oil Red O staining, SiNPs led to a significant increase of hepatic
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TC and TG levels (Fig. 2I and J). PCR analysis showed that in comparison
to the control, SiNPs significantly up-regulated the mRNA levels of genes
related to fatty acid synthesis (i.e., Fasn, Elovl6 and Scd1), conversely,
down-regulated those involved in fatty acid beta-oxidation (Cptla,
Acox1 and Ppara) and lipid efflux (Scarbl, Abcal, Abcgl and Lxra;
Fig. 2K). The noticed increase of the transcriptional levels of Cptla and
Acox1 in low- or medium-dose group may represent negative feedback
in response to SiNPs-triggered lipid deposition in the liver. In addition,
SiNPs had no influence on body weight, weight gain and the coefficient
of liver (Supplementary files, Table S2).

3.3. SiNPs activated oxidative stress, endoplasmic reticulum (ER) stress,
and promoted lipid deposition in FFA-treated hepatocytes

Lipid accumulation had noticeably increased in the LO2 cells after
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Fig. 2. Histopathological alterations, injury and lipid accumulation caused by SiNPs in the liver. (A) Representative HE-stained images of liver tissues (n = 3 per
group). Fat vacuoles of different sizes (black arrow). Inflammatory cell infiltration (red arrow). The Mallory bodies (green arrow). Oil Red O (B) and Masson’s
trichrome staining (C) of liver tissues and corresponding semi-quantifications (D - E; n = 3 per group). Increased LDH (F), ALT (G) and AST (H) were detected in
SiNPs-treated liver (n = 8 per group). Moreover, the determination of TC (I) and TG (J) level in the liver (n = 8 per group) indicated advanced steatosis caused by
SiNPs. (K) Relative expression of genes related to lipid metabolism (n = 4 per group). The scale bar, 100 or 50 ym. Data are shown as mean + SD. *p < 0.05 vs
control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



A. Abulikemu et al.

Table 2
The SAF score in mice with metabolic associated fatty liver disease (MAFLD)
Group Steatosis Activity Fibrosis SAF P
Score Score Score Score
Control 0.33 £ 0.52 0.17 + 1.17 + 1.67 + <
0.41 0.41 0.52 0.001
1.5 mg/ 0.83 £0.75 0.67 + 233 + 3.83 £
kg-bw 0.82 0.52 0.98
3.0 mg/ 1.67 +£1.21 217 + 2.83 £ 6.67 +
kg-bw 0.98 0.41" 2.07"
6.0 mg/ 3.00 + 3.17 + 3.50 £ 9.67 +
kg-bw 1.26" 0.75" 0.55" 1.86"

Data are expressed as the means + SD, *p < 0.05 vs control. Statistical signifi-
cance is determined through Kruskal-Wallis followed by Nemenyi.

FFA treatment, and further remarkably increased upon SiNPs stimuli, as
evidenced by the lipid droplets staining by Oil Red O (Fig. 3A and B),
and the intracellular TC determination (Fig. 3D). That could be well
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demonstrated by the interaction assessment between SiNPs and FFA
using two-way ANOVA (Fig. 3C and E). Moreover, compared with FFA
treatment group, SiNPs could greatly increase the intracellular ROS level
(Fig. 3F and G), and up-regulated the protein levels of BIP and CHOP
(Fig. 3H).

3.4. SiNPs triggered oxidative stress and ER stress in the liver of HFD-fed
ApoE’/ ~ mice

As shown in Fig. 4A and B, an enhanced ROS level was clearly seen in
SiNPs-treated liver tissues when compared to the control. Consistently, a
dose-dependent increase in hepatic ROS accumulation was manifested
in Fig. 4C. Moreover, the SiNPs-exposed livers exhibited a dose-
dependent decrease in GSH content (Fig. 4D) and the ratio of GSH to
GSSG (Fig. 4F), whilst elevation in GSSG (Fig. 4E) and MDA level
(Fig. 4G). Interesting, the elevated ALT content in liver tissue showed
negative correlation with the ratio of GSH to GSSG (Fig. 4H), and pos-
itive correlation with the ROS content (Fig. 4I). Besides, RT-PCR results
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Fig. 3. Lipid accumulation, oxidative stress and ER stress in MAFLD cell model. Oil Red O staining (A) and corresponding semi-quantitative analysis (B), the
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Fig. 4. Oxidative stress and ER stress induced by
SiNPs in the liver. Representative images (A) and
corresponding analysis (B) of ROS staining in liver (n
= 3 per group), and also, the quantitative analysis of
hepatic ROS content by FCM (C; n = 8 per group)
were performed. The scale bar, 50 pm. According to
the biochemical determination, declined GSH (D) and
the ratio of GSH to GSSG (F), whilst increased GSSG
(E) and MDA content (G) were induced by SiNPs (n =
8 per group). Meanwhile, hepatic ALT level was
correlated with both GSH/GSSG (H) and ROS (I). (J)
Relative mRNA expression of genes involved in Nrf2
signaling pathways (n = 4 per group). (K) Ultra-
structure observation of mice liver by TEM. Mito-
chondrial deformation (yellow arrow), lipid droplets
(black arrow), and swollen, fractured ER (green
arrow) were seen. The scale bar, 2.0 or 5.0 pm.
Immunohistochemical images of BIP (L-a), and BIP
protein expression (L-b) and its analysis (L-c) in the
liver. The scale bar, 50 pm (n = 3 per group). Data are
shown as mean + SD. *p < 0.05 vs control. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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showed a significant down-regulation of Nrf2 signaling pathway caused
by SiNPs (Fig. 4J). Noteworthy, the transcriptional up-regulation of
some genes (Hmox1, Cat, Gclm and Gss) at a lower dose may due to a
compensatory mechanism to maintain redox balance. Anyway, these
results indicated SiNPs exposure triggered oxidative stress, leading to
lipid peroxidation and resultant liver injury.

Apart from oxidative stress, the induction of ER stress was also
detected in SiNPs-exposed liver tissues, as demonstrated by the ultra-
structural observation (Fig. 4K) and enhanced hepatic BIP level
(Fig. 4L). Upon SiNPs stimuli, hepatocytes manifested remarkable ab-
normalities in ER ultrastructure, ranging from spacing dilation, ribo-
some detachment to pronounced structural disruption: ER was swollen
and fractured, and its coherence was broken (Fig. 4K). Besides, mito-
chondrial deformation including cristae rupture and disappearance, as
well as larger amount of lipid droplet formation in the cytoplasm were
observed in the SiNPs-treated liver tissues when compared to that of the
control (Fig. 4K).
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3.5. Metabolomic analysis revealing the metabolic response to SiNPs in
the liver of HFD-fed ApoE ™/~ mice

Totally, 2238 positive and 820 negative ion peaks were obtained.
The cluster of QC samples exhibited stability and repeatability of the
metabolic analysis system (Fig. 5A). As the explanatory rate of model,
RX and Q? are the main parameters for judging quality and predicting
model, respectively. The following PCA score plot exhibited a clear
grouping trend among the groups (Fig. 5B). Moreover, as shown in
Fig. 5C and D, the samples of 3.0 or 6.0 mg/kg-bw group were signifi-
cantly segregated from those in the control group, in despite of over-
fitting occurred in 1.5 mg/kg-bw when compared to the control. The
details of three modes were shown in Supplementary files, Fig. S1.

Compared to the control, a total of 27 (3.0 mg/kg-bw) or 42 (6.0 mg/
kg-bw) significantly changed metabolites (SCMs) were filtered out and
identified based on VIP > 1.0 and p < 0.05 (FDR corrected) as shown in
Fig. 5E. Specifically, 25 kinds of SCMs were identified in both 3.0 and
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6.0 mg/kg-bw groups, and manifested dose-dependent decline trend
after SiNPs exposure, including 2 PC, 1 LysoPC, and 22 amino acids. See
details in Supplementary Table S3.

3.6. SiNPs disturbed amino acid and lipid metabolisms, contributing to
oxidative stress and lipid deposition in the HFD-fed ApoE~'~ mice liver

Taking advantage of MetaboAnalyst 4.0 software, the SCMs-related
potential pathways were analyzed. Interestingly, a series of amino
acid metabolic pathways were dysregulated in mice liver, in particular,
alanine, aspartate and glutamate metabolism, arginine and proline
metabolism and glycine, serine and threonine metabolism as the top
three pathways (Fig. 6A and B). Further metabolic pathway analysis as
depicted in Fig. 6C showed, levels of SCMs involved in the top-three
metabolism pathways were remarkably down-regulated by SiNPs in a
dose-dependent manner. Besides, the potential signaling pathways with
pathway impact greater than 0.1 were listed in Supplementary file,
Table S4.

Interesting, the 27 of 44 kinds of SCMs were involved in the occur-
rence and development of liver-related diseases (Fig. 7A). A visible
correlation network among these SCMs was calculated by using Cyto-
scape 3.6.1, suggesting that metabolic changes were not accidental,
instead, SiNPs caused an alteration in entire metabolic network
(Fig. 7B). Further, there was a clear statistical correlation between the
oxidative stress-related indicators (including MDA, ROS and GSH/
GSSG) and hepatic TC/TG levels (Fig. 7C), implying oxidative stress as a
crucial player in lipid accumulation caused by SiNPs. Moreover, well
correlations were also manifested between these identified SCMs
(Fig. 7D). More importantly, the correlations between SCMs and above-
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mentioned indicators were analyzed (Fig. 7E). It is worth mentioning
that the vast majority of SCMs were strongly correlated with the alter-
ations in hepatic TC, TG, MDA, ROS and GSH/GSSG. These indicated
SiNPs exacerbated metabolic-related oxidative injury in liver tissue, in
particular, via amino acid- and lipid-related metabolism disorder,
contributing to the lipid accumulation and hepatic steatosis in the pro-
gression of MAFLD.

4. Discussion

Increasing evidence suggested the development of MAFLD was
highly dependent on the environment, especially with tremendous in-
fluence by toxicant exposure [38]. Liver is commonly regarded as a
major organ for deposition of NPs after absorption. Previous studies
have revealed SiNPs exposure could cause inflammation, liver injury
and even hepatic fibrosis [7,39,40], hinting its possible role on the
development of MAFLD. Indeed, our data revealed SiNPs exposure
facilitated the progression of MAFLD using in vivo and in vitro in-
vestigations. In HFD-fed ApoE /'~ mice model, the sub-chronic exposure
to SiNPs greatly promoted lipid accumulation and even collagen depo-
sition in the liver based on histopathological analysis and hepatic TC/TG
quantification, resulting in greatly increased hepatic activities of ALT,
AST and LDH (Fig. 2). Consistently, lipid accumulation was also
enhanced by SiNPs in FFA-treated hepatocytes (Fig. 3). Among the pa-
tients with MAFLD, de novo lipogenesis (DNL) is considered to
contribute about one-third of the TG stored in the liver. In the patho-
physiology of fatty liver disease, TG accumulation is thought to exceed
and hinder oxidative catabolism of FFA [41]. What’s more, the increased
fatty acid synthesis whilst inhibited fatty acid p-oxidation and lessened
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lipid efflux contributed to the occurrence and progression of MAFLD,
which was in line with our findings (Fig. 2K). Oppositely, MAFLD was
improved by alleviating hepatic lipid accumulation and promoting fatty

acid p-oxidation [42,43].

Inflammatory cytokines serve as significant roles in the development
of MAFLD. For instance, the increased TNFa may play an important role

in lipid metabolism and also hepatocyte death [44,45]. TNFa could
promote cholesterol accumulation in hepatocytes by increasing intake
through low-density lipoprotein (LDL) receptors and by inhibiting efflux

through ABCG1. Lipid-accumulated hepatocytes are vulnerable to

apoptosis or cell death in the presence of TNFa [46]. Concertedly, SiNPs
promoted the expressions of IL-6, IL-8 and TNFa in FFA-treated LO2 cells
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(Supplementary files, Fig. S2). Uysal et al. found that the expression
levels of TNFa, IL-6 and IL-8 were significantly increased in patients
with nonalcoholic steatohepatitis (NASH), which aggravated disease
progression [47]. Oppositely, MAFLD was effectively alleviated in rats
with type 2 diabetes mellitus (T2DM) by inhibiting inflammation [48].

Currently, metabolomics has been extensively applied to detect
metabolic disorders and biomarkers in a variety of disease states [49].
When compared to histopathology and clinical chemistry, metabolomics
exhibits improved sensitivity in identifying early events of toxicity [50].
Studies have found the perturbed metabolisms of amino acids, lipid,
glucose, etc. were crucial to the fatty liver diseases [51,52]. ALT and AST
may be sensors of global metabolic dysregulation. In the context of
abnormally hepatic TG accumulation, the rise of aminotransferases was
a consequence of the need to cope with liver metabolic derangement.
Impressively, recent explorations on liver metabolism pointed out that
rather than liver injury, elevated ALT and AST may be the consequence
of impaired amino acid and energy metabolism in the liver [53]. In
consideration of a dose-dependent hepatic lipid deposition and injury,
the underlying mechanism involved was explored by UPLC-MS-based
metabolomics analysis. As a result, SiNPs caused a global abnormal
metabolism, as featured by disturbed PC, LysoPC, FFA, and amino acids
as the potential differential metabolites. Of note, apart from the close
associations among the identified differential metabolites, most of them
were significantly correlated with hepatic TC and TG contents, and also
the detected oxidative stress indicators (Fig. 7E). The findings high-
lighted the alterations of hepatic global metabolism as a key player in
the progression of MAFLD upon SiNPs stimuli. Certainly, further
in-depth exploration of the observed metabolites or pathway is of
particular importance to fully elucidate the liver injury aggravated by
SiNPs.

Notably, a majority of SCMs were amino acids, which was proposed
as the more dominant regulator of hepatic metabolism. Liver is a critical
organ for amino acid homeostasis, thereby confirming with our findings
of declined levels of a series of amino acids in the SiNPs-administered
liver and highlighting how disturbed amino acid metabolism can exac-
erbate hepatic injury. It is increasingly recognized that abnormality in
amino acids could potentially impact energy metabolism, protein syn-
thesis and proteolysis, fatty acid and urea synthesis, and cell signaling
[54-57]. Increased evidence suggested a close link between imbalanced
amino acid homeostasis and liver diseases. For instance, the intracellular
TG level was found to be increased by amino acid deficiency without
adding any lipid or hormones, and also low-amino acid diet facilitated
the development of fatty liver [58]. Oppositely, the amino acid supply,
such as citrulline [59], t-Carnitine [56], and L-Tryotophan [60], has
been revealed to prevent the development of MAFLD in human and
animal models, probably associated their anti-oxidant and
anti-inflammation properties. Branched-chain amino acids could
decrease plasma lipid levels and fat deposition in the liver [61]. Besides,
glycine was also involved in purine biosynthesis and collagen synthesis
within the liver [62], so it is therefore interesting to note that remark-
able decreases in SiNPs-treated liver tissue, where we see advanced
steatosis. In line with our findings, amnio acids, including glycine,
alanine, aspartic acid, glutamic acid, and proline, were decreased in the
liver of MAFLD rats induced by high-fat diet [63]. Besides, the dra-
matical reduction of glucogenic/ketogenic amino acids may attribute to
a response to hepatic energy demands, and also reflect the promotion of
gluconeogenesis as supported by the increased level of glycogen in
SiNPs-treated liver through Periodic Acid-Schiff (PAS) staining (Sup-
plementary files, Fig. S3). Interesting, a metabolomic study done by Lu et
al. showed glucose among the significantly altered metabolites in liver
tissue after SiNPs exposure [10].

Phospholipids are major structural components of cell membranes
and plasma lipoprotein. The diminished phospholipids in liver caused by
SiNPs may reflect a cascade of metabolic compensatory regulation for
the plasma membrane re-synthesis, in order to resist the degradation of
normal structural components [10]. Among these, PC was mainly

10

Redox Biology 59 (2023) 102569

synthesized by N-methylation reaction of PE in the liver [64]. Liver PC
was closely associated with steatosis and essential for the regulation of
TG biosynthesis and secretion [65]. It was unexpectedly revealed that
the membrane lipid PC can be a precursor of ~65% TG in the liver. A
declined PC content or insufficient synthesis of PC in liver was
commonly accepted as an important factor to the formation of fatty
liver. Puri et al. reported remarkable decline of hepatic PC and lipid
subclasses in MAFLD patients, and alterations in PC metabolism were
involved in MAFLD progression [66]. Walker et al. also found that
blocking PC synthesis could increase lipid droplet accumulation [67]. In
turn, a study provided evidence that PC supplement could execute
hepatoprotective and anti-inflammatory functions in MAFLD mouse
model through altering hepatic fatty acid composition [68]. Sphingoli-
pid metabolism was also involved in a series of liver diseases [69].
Additionally, accumulated ceramides and altered LysoPCs have been
implicated in the tissue impairment and dysfunction underlying meta-
bolic disorders, including MAFLD [70]. Intriguingly, declined levels of
one ceramide, Cer(d18:0/22:0), six LysoPC and seven types of PC were
identified in SiNPs-treated liver tissue. Similarly, diminished LysoPC
was detected by metabolomic analysis in mice models of alcoholic liver
injury and liver cancer [71], and in high-fat diet induced obesity [72],
especially LysoPC(16:0).

Increased levels of FFA in the liver is a sign of MAFLD, which are
eventually converted to TG and stored as fat droplets, a process regarded
as a protective mechanism for the liver to reduce toxic lipids. In contrast,
the lipotoxicity of FFA and TG have been highlighted, e.g, liver
inflammation and cell death [73]. Exactly, the metabonomic analysis
identified a marked accumulation of two saturated fatty acids (tricosa-
noic acid and tetracosanoic acid) and one monounsaturated fatty acid
(palmitoleic acid) in SiNPs group, whilst dramatically declined three
species of polyunsaturated fatty acids (docosapentaenoic acid, docosa-
trienoic acid and eicosadienoic acid). Unlike saturated fatty acids,
polyunsaturated fatty acids were considered to be beneficial to health,
and to execute some important physiologically functions, especially in
the regulation of cholesterol/TG content and inflammatory response
[74]. Meanwhile, ineffective disposal/storage of FFA can be a chronic
source of ROS and could expedite lipid steatosis, inflammation and
fibrosis in the development of MAFLD.

In agreement with our findings, the perturbations of arginine and
proline metabolism, alanine, aspartate and glutamate metabolism and
glycine, serine and threonine metabolism were also reported in hepa-
tocellular injury/carcinoma [75]. The identified SCMs including gluta-
mine, glutamic acid, asparagine, aspartic acid, alanine, citrulline,
proline, ornithine, threonine, glycine, serine, tryptophan and y-amino-
butyric acid were involved in the disorder of these metabolic process in
the progression of MAFLD upon SiNPs exposure. Similarly, declined
glutamine, glycine, serine and proline, but increased phenylalanine was
detected as the SCMs in the liver of 70 nm SiNPs-treated mice via
intravenously injection [10]. Glutamine, glutamic acid and glycine are
precursors of GSH, the liver’s first line to defense against free radicals,
and also inhibit inflammatory response and liver injury. Declined GSH
was proposed as the potential biomarker of hepatocytes under oxidative
stress stimuli [76]. Clinical study has demonstrated the reduced plasma
glutamic acid acting as a biomarker for patients in early stages of septic
shock with acute liver dysfunction [77]. The significant decreased levels
of hepatic glutamine, glutamic acid and glycine highlighted the pro-
motion of oxidative stress by SiNPs, as supported by the elevated ROS
level in the liver or hepatocytes, as well as increased MDA content whilst
declined GSH (Figs. 3 and 4). Importantly, in support of this notion, most
of differential metabolites were strongly negative correlated to both
hepatic ROS level and MDA content, whilst positive correlated to
GSH/GSSG content in the liver (Fig. 7E). Similarly, an in vitro metab-
olomic analysis also claimed SiNPs suppressed glutathione metabolism
and oxidative stress to trigger hepatoxicity [78]. Even worse, the
accumulated cholesterol could consume the mitochondrial GSH,
resulting in hepatic injury.
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Oxidative stress was a key toxic mechanism involved in the adverse
effects triggered by SiNPs [79-81]. Interestingly, oxidative stress was
closely correlated with lipogenesis or lipolysis [82], and involved in
pathological progression of MAFLD [83]. Ample evidence on the
reversion of fatty liver by antioxidants therapy has provided powerful
support for the contribution of oxidative stress to MAFLD [84].
Accordingly, the oxidative stress measurements in vivo (Fig. 4) and in
vitro (Fig. 3) and corresponding correlation analysis (as depicted in
Fig. 7C) have suggested SiNPs-elicited oxidative stress as a key
contributor to hepatic lipid accumulation, resulting in the progression of
MAFLD. In addition, we noted a down-regulated Nrf2 signaling in the
liver of SiNPs group, a well-known intrinsic anti-oxidant pathway.
Emerged evidence showed that the transcription factor Nrf2 also con-
tributes to lipid homeostasis, other than anti-oxidant and
anti-inflammatory stress [85]. And loss of Nrf2 enhanced the induction
of lipogenic genes and reduced the expressions of beta-oxidation genes
[86]. On the contrary, abnormal lipid metabolism can cause oxidative
stress through nuclear receptors [87].

Studies have gradually revealed the roles of amino acids in oxidative
stress and liver diseases. For example, 1-Leucine could protect DNA
damage from oxidative stress as a free radical scavenger [88], and
reverse fat accumulation and metabolic disorder in Balb/c mice caused
by cigarette [57]. Gamma aminobutyric acid (GABA) can reduce the
oxidative stress and prevent obesity in C57BL/6 mice fed with HFD [89].
In rats, i-glutamine and i-Arginine were confirmed to reduce
chemicals-induced hepatotoxicity through regulating GSH and lipid
peroxidation [54,90]. Likewise, the contents of MDA and ROS in mouse
hepatocytes could be decreased by glycine treatment [91]. Here,
remarkable associations with oxidative stress-related indicators (i.e.,
ROS, GSH/GSSG, MDA) and also hepatic steatosis (TC and TG) were
present in a majority of the identified SCMs (Fig. 7E). In this context, the
detected perturbations by SiNPs from the metabolic perspective may
account, at least in part, for the activation of oxidative stress and
resultant hepatic steatosis.

Hepatocytes have highly developed ER, where the liver synthesizes
fatty acids and metabolizes cholesterol. ER stress played a key role in the
progression of hepatic steatosis, and proposed as the origin of a vicious
pathological cycle in MAFLD [92]. Hepatic lipid overload could disturb
ER function, leading to the activation of chronic ER stress, simulta-
neously, ER stress could promote lipid accumulation in hepatocytes,
consequently causing or aggravating hepatic steatosis. ER stress has
been suggested as an earlier biomarker for nanotoxicological evaluation
[93]. We did confirm ER stress accompanied with mitochondrial
dysfunction and oxidative stress, accounted for the toxic effects caused
by SiNPs [94], including the emergency of perturbed lipid metabolism
[32,95]. Given the ER structural abnormalities and increased BIP in the
SiNPs-treated liver or hepatocytes (Figs. 3 and 4), the perturbations of
lipid homeostasis were intrinsically linked with ER stress. Changes in the
nutritional and energy states of the body can be sensed by ER [96].
When protein metabolism or membrane biogenesis/organization was
suppressed, the hepatic ER function would shift from protein meta-
bolism to lipid and carbohydrate metabolism [97]. That was in line with
our metabolomic analysis. ER stress could promote hepatic DNL while
inhibit hepatic fatty acid oxidation, contributing to the development of
steatosis.

Given liver as one of the richest organs in terms of number and
density of mitochondria, it is not surprising that mitochondrial
dysfunction was likely to be a central player in the development of
MAFLD [98]. Here, the ultrastructural observation also noticed the
mitochondrial damage in the liver of mice after SiNPs administration
(Fig. 4K). In line with this, SiNPs gradually impaired oxidative phos-
phorylation capacity and increased ROS level (Fig. 4A-C). Mitochon-
drion was confirmed as a key intracellular target for SiNPs [99,100,
101], as well as a major source for ROS generation. Our in vitro study
revealed the participation of mitochondrial dysfunction in hep-
atocytotoxicity caused by SiNPs [35]. Moreover, the disturbed
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mitochondrial quality control was responsible for particle-induced
oxidative stress, mitochondrial dysfunction and the ultimate cell death
[102,103,104]. In line with the disturbed amino acid-mediated oxida-
tive stress induced by SiNPs in the liver, aspartic acid has been found to
promote mitochondrial energy metabolism and prevent liver damage
[50], as well as acylcarnitines being biomarkers for mitochondrial
function [105,106]. Also, arginine could promote mitochondrial
biosynthesis [107], and regulate lipid metabolism in mammals [108].
Importantly, a growing body of evidence pointed out the interplay
among ER stress, oxidative stress and mitochondrial function. ER stress
can arise owing to redox imbalance, and also reported to be responsible
to the ROS generation and the induction of oxidative stress by SiNPs
[109], ultimately contributing to inflammation, hepatic lipid accumu-
lation and insulin resistance [110]. Collectively, these observations
suggested SiNPs exposure promoted dysfunction of mitochondrion and
ER in hepatocytes, thereby emerging chronic ER stress and oxidative
stress that modulated lipid metabolism and resulted in progressive
development of MAFLD. However, further functional studies are still in
need to elucidate their specific roles in the SiNPs-induced progression of
MAFLD, and to clarify the complex causal relationship between all these
pathologic responses and ER/oxidative stress. What’s more, it is still the
focus of future research to alleviate oxidative damage and then mitigate
MAFLD progress, probably through regulating metabolic strategy.

5. Conclusions

To our knowledge, this work firstly illuminated SiNPs led to the
aggravation of MAFLD progression by using in vivo and in vitro models,
mainly featured by the enhanced lipid accumulation and hepatic stea-
tosis, as well as inflammatory response and even collagen deposition.
The enhanced lipid deposition caused by SiNPs was associated with the
promoted DNL whilst suppressed fatty acid f-oxidation and lipid efflux.
More importantly, the metabolomic analysis revealed the disturbed
amino acids and lipid metabolisms-mediated oxidative stress were the
major contributors to hepatic injury aggravated by SiNPs. In general, our
findings may be helpful to disclose the toxicity of SiNPs and offer a novel
insight into the nanotoxicological investigation. The deleterious effects
of SiNPs on humans, especially diseased individuals, shouldn’t be
ignored. Of note, the observed hepatotoxicity caused by SiNPs was
dependent on the administered dosage, which would provide reference
for SiNPs-related nanosafety assessment and exposure limit
establishment.
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