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Background: As a promising nanocarrier in biomedical fields, silica nanoparticles (SiNPs) could 

transfer from the circulatory system to multiple organs. Among these, blood–liver molecular 

exchange is a critical factor in biological response to NPs. However, the potential effect of SiNPs 

on hepatic lipid metabolism is unclear. In this study, we employed three models to attempt 

discover whether and how SiNPs disturb hepatic lipid metabolism in vivo and in vitro. 

Methods: Firstly we used ICR mice models to evaulated the effects of SiNPs on the serum 

and hepatic lipid levels through repeated intravenous administration, meanwhile, the protein 

expressions of protein markers of lipogenesis (ACC1 and FAS ), the key enzyme of fatty acid 

β-oxidation, CPT1A,and leptin levels in liver were detected by western blot. For verification 

studies, the model organism zebrafish and cultured hepatic L02 cells were further performed. 

The TLR5 and adipocytokine-signaling pathway were verified.

Results: Inflammatory cell infiltration and mild steatosis induced by SiNPs were observed in 

the liver. Cholesterol, triglyceride, and low-density lipoprotein cholesterol levels were elevated 

significantly in both blood serum and liver tissue, whereas the ratio of high-density:low-density 

lipoprotein cholesterol was markedly decreased. Protein markers of lipogenesis (ACC1 and FAS) 

were elevated significantly in liver tissue, whereas the key enzyme of fatty acid β-oxidation, 

CPT1A, was decreased significantly. Interestingly, leptin levels in the SiNP-treated group were 

also elevated markedly. In addition, SiNPs caused hepatic damage and steatosis in zebrafish 

and enhanced hyperlipemia in high-cholesterol diet zebrafish. Similarly, SiNPs increased the 

release of inflammatory cytokines (IL1β, IL6, IL8, and TNFα) and activated the TLR5-signaling 

pathway in hepatic L02 cells. 

Conclusion: In summary, our study found that SiNPs triggered hyperlipemia and hepatic 

steatosis via the TLR5-signaling pathway. This suggests that regulation of TLR5 could be a 

novel therapeutic target to reduce side effects of NPs in living organisms.

Keywords: silica nanoparticles, hyperlipemia, hepatic steatosis, hepatic lipid metabolism, 

TLR5-signaling pathway

Introduction
With their unique physiochemical properties, silica nanoparticles (SiNPs) are 

becoming one of the most widely used nanomaterials. In recent years, SiNPs have 

been designed in biomedical fields for drug delivery, gene therapy, cancer diagnosis, 

cell imaging, and photothermal therapy.1,2 According to a WHO report, SiNPs are 

now listed in the top two manufactured nanomaterials in the global market, with 

production volume of nearly 1.5 million tons per year.3 However, accompanied by 

the large-scale industrial production of SiNPs, possible adverse health and biological 

effects on humans or environmental organisms may also be raised. Currently, the 

research discipline of nanotechnology environmental health and safety is receiving 
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more and more attention, due to the biomedical application 

of nanotechnology needing to be balanced by concerns 

about the potential health effects of nanomaterials.4

Although recently a cancer-targeted probe of SiNPs was 

permitted by the US Food and Drug Administration for Phase 

I clinical trials,5 SiNPs still present new challenges because of 

their potential adverse effects and safety evaluation.6 Biodistri-

bution and clearance studies have confirmed that the liver is the 

largest holder of SiNPs by intravenous injection.7 Impressively, 

NPs accumulated and were retained in the liver for 84 days.8 

Studies have reported that SiNPs exhibit the hepatic toxicity in 

living organisms.9,10 Our research has demonstrated that acute 

exposure to SiNPs can induce liver injury via macrophage infil-

tration and granuloma formation,11 whereas repeated exposure 

to SiNPs led to liver fibrosis in vivo.12 However, biological 

effects and molecular mechanisms of SiNPs on liver are still 

largely unknown, especially with regard to the signal–network 

interaction between liver and blood.

As the central metabolic site of lipogenesis (lipid synthe-

sis) and fatty acid β-oxidation (lipid utilization), the liver is the 

dominant organ regulating the process of lipid metabolism, 

and disturbances in hepatic lipid metabolism, characterized 

as aberrant hepatic lipid accumulation, are closely linked to 

various metabolic and cardiovascular diseases, including 

metabolic syndrome, nonalcoholic fatty liver disease, athero-

sclerosis, and diabetes.13,14 It is well known that hepatocytes 

are crucial cells involved in hepatic lipid metabolism. Fatty 

acids are synthesized in hepatocytes and then converted into 

triglycerides and finally exported into the blood circulation. 

Similarly, cholesterol can be derived from de novo synthesis 

in hepatocytes and transported into the circulation.15 Our 

laboratory has confirmed that SiNPs can trigger cytotoxicity 

in human hepatic L02 cells,16 but the underlying mechanism 

between SiNPs and hepatic lipid metabolism was unclear.

In view of these issues, we hypothesized that SiNPs could 

disturb hepatic lipid metabolism, induce hyperlipemia, and 

eventually lead to hepatic steatosis. To prove this hypothesis, 

three in vitro and in vivo models were applied for this study: 

a cell culture model with hepatic L02 cells, a mammal model 

with ICR mice, and a model organism with zebrafish embryos. 

There is no doubt that the zebrafish (Danio rerio) is a wonderful 

model to bridge in vitro and in vivo data. This unique organism 

has emerged as an established model in genetic study, devel-

opmental biology, human diseases, and recently metabolism 

disorder.17,18 Furthermore, based on our microarray data of 

SiNPs, Toll-like receptor (TLR)- and adipocytokine-signaling 

pathways were also explored to clarify potential mechanisms 

involved in hepatic lipid metabolism. Our study provides 

valuable evidence and potential targets for improving design 

strategy in nanomaterial-based diagnostics or therapeutics.

Methods
characterization of siNPs
SiNPs were prepared and characterized as described 

previously.19 Before experimental tests, SiNPs in suspen-

sion was decentralized by sonication (Bioruptor UCD-200; 

Diagenode, Seraing, Belgium). The shape and form of 

SiNPs were visualized using transmission electron micros-

copy (TEM; JEM-2100; JEOL, Tokyo, Japan). In addition, 

hydrodynamic size by dynamic light scattering analysis and 

ζ-potential of SiNPs in different media were measured with 

a Zetasizer (Nano ZS90; Malvern Instruments, Malvern, 

UK). The endotoxin content of SiNPs was determined using 

a limulus amebocyte lysate assay.

animals and experimental design
ICR mice (male, 8-week old, weight 20–22 g) were purchased 

from Vital River Laboratory Animal Technology Company 

(Beijing, PR China). All animal experiments were approved 

by the Committee of Laboratory Animal Care and Use of 

Capital Medical University and followed the regulations on 

administration of laboratory animals of Beijing. Dosage selec-

tion of repeated exposure to SiNPs (20 mg/kg body weight) 

was based on an acute toxicity study.11 After an adaptation 

period of 7 days, mice were repeatedly injected with SiNPs 

through the tail vein at 20 mg/kg once every 3 days for five 

injections in total. Mice in control groups were injected with 

the same volume of saline intravenously.12 There were ten 

male mice in each group. Mortality and clinical manifestations 

of the mice were recorded. The mice were fasted overnight 

before the final treatment. At days 15 and 60 after the first 

injection, the mice were killed and blood and livers harvested. 

The experimental protocol is shown in Figure S1.

Zebrafish husbandry and intravenous 
microinjection of siNPs
Zebrafish strains were provided by Hunter Biotechnology. The 

accreditation number from the Association for Assessment 

and Accreditation of Laboratory Animal Care is 001,458. 

Zebrafish lived in a circulating aquarium system controlled 

with a 14-hour light/10-hour dark cycle. As we described 

previously, the dosage of SiNPs was based on no observed 

adverse effect level (NOAEL) regarding morphological 

assessments in zebrafish, determined as 3 ng/nL SiNPs.20 

Chosen as experimental dosages for toxicological tests were 

⅓ NOAEL, ⅔ NOAEL, 1 NOAEL, and 2 NOAEL. SiNPs 
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were injected intravenously (10 nL at 1, 2, 3, and 6 ng/nL) 

using a microinjector (PCO-1500; Zgenebio, Taipei, Taiwan) 

at 2 days postfertilization. Each control or treatment group 

contained 30 zebrafish embryos. Control groups were injected 

intravenously (with ultrapure water) or served as blank 

controls (without injection). Fertilized eggs were collected 

and liver malformation in zebrafish embryos observed under 

stereomicroscopy (SMZ645; Nikon, Tokyo, Japan).

cell culture of hepatic cells and exposure 
to siNPs
The human hepatic L02 cell line was purchased from KeyGen 

Biotech (Nanjing, PR China). Cells were cultured in DMEM 

(Thermo Fisher Scientific, Waltham, MA, USA) containing 

10% FBS. For in vitro experiments, L02 cells were seeded 

in six-well plates or petri dishes with about 105 cells/mL 

for 24 hours and treated with various SiNP concentrations 

(0, 12.5, 25, 50 µg/mL) for 24 hours, with five replicate wells 

for each group. Controls were treated with an equivalent 

volume of DMEM.

Ultrastructural observation by TeM
For animal experiments, fresh mouse livers were excised, 

immediately put in 2.5% glutaraldehyde, cut into 0.5×0.5 mm 

pieces, and fixed overnight. For the cell culture, L02 cells 

were treated with SiNPs (50 µg/mL) for 24 hours and then 

centrifuged for 10 minutes. After that, cell samples were fixed 

in 2.5% glutaraldehyde for 1.5 hours. After fixation, liver 

and cell samples were rinsed with 0.1 M PBS, embedded in 

2% agarose gel, postfixed in 4% osmium tetroxide solution 

for 1 hour, and stained with 0.5% uranyl acetate for 1 hour. 

Then, samples were dehydrated in a graded ethanol series 

and finally embedded in epoxy resin. Ultrathin sections were 

cut and images observed using TEM.

cell uptake and cytoskeleton structure 
by laser scanning confocal microscopy 
(lscM)
After endothelial cells had been placed in petri dishes, they 

were cultured with red fluorescence-labeled SiNPs for cell 

uptake observation. L02 cells were fixed with paraformalde-

hyde (4%), then washed with 0.1% Triton X-100. After that, 

hepatic L02 cells were incubated with 100 nM Acti-stain 488 

fluorescent phalloidin (Cytoskeleton, USA) for 30 minutes. 

Then, nuclei of L02 cells were stained with DAPI (5 µg/mL; 

Sigma-Aldrich, St Louis, MO, USA) for 5 minutes. Cellular 

uptake of SiNPs and cytoskeleton structure were observed 

under LSCM (TCS SP5; Leica, Wetzlar, Germany).

assessment of cytotoxicity induced by 
siNPs in hepatic cells
After L02 cells had been exposed to SiNPs (0, 12.5, 25, and 

50 µg/mL) for 24 hours, cell viability was measured with a 

Cell-Counting Kit-8. An lactate dehydrogenase (LDH) kit 

was selected to measure cell membrane integrity. Briefly, 

100 µL supernatants of cell culture medium was collected 

for LDH activity measurement at 440 nm absorbance using 

ultraviolet-visible spectrophotometry (DU-640B; Beckman 

Coulter, Brea, CA, USA).

Inflammatory cytokine measurement
After L02 cells had been exposed to SiNPs (0, 12.5, 25, and 

50 µg/mL) for 24 hours, cellular supernatants were collected. 

Levels of human IL1β, IL6, TNFα, and IL8 were then mea-

sured with ELISA kits (RayBiotech, Norcross, GA, USA) 

according to the manufacturer’s protocols. Absorbance at 

450 nm was tested by a microplate reader (Multiskan MK3; 

Thermo Fisher Scientific).

histopathology
Zebrafish embryo samples and mouse livers were fixed in 

10% formalin for 24 hours. Then, samples were embedded 

in paraffin following standard procedures. Sections of 4 mm 

thickness were deparaffinized and H&E staining performed. 

Then, the histopathology of each slide was observed and 

evaluated by a pathologist blinded to all experimental 

design using optical microscopy (X71-F22PH; Olympus, 

Tokyo, Japan).

Detection of lipids from blood and liver 
in mice
Blood samples were collected and centrifuged at 3,000 rpm 

for 15 minutes to obtain the serum. Mouse livers (100 mg) 

were weighed and homogenized in icy saline and liver 

homogenates then centrifuged at 3,000 rpm at 4°C for 

15 minutes to get the supernatants. Levels of cholesterol, 

triglyceride, low-density lipoprotein-cholesterol (LDL-C), 

and high-density lipoprotein-cholesterol (HDL-C) in serum 

or supernatants were measured with a biochemical analyzer 

(7200–202; Hitachi, Tokyo, Japan). Ratios of HDL-C:LDL-C 

were calculated to assess cholesterol metabolism.

Blood-lipid detection by oil red 
O staining
Assessment of blood lipid in zebrafish with oil red O staining 

has previously been performed.21 After zebrafish embryos 

had been injected with SiNPs at 2 days postfertilization and 
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observed for 3 days, zebrafish larvae was fed with 0.1% egg 

yolk to establish the hyperlipidemia model for 48 hours. 

After that, zebrafish were fixed with 4% paraformaldehyde 

and incubated with oil red O staining (0.5%; Sigma-Aldrich) 

for 24 hours. Then, stain-labeled images were collected 

by dissecting stereomicroscopy. To quantify blood-lipid 

content, Image-Pro Plus 6.0 software was used to calculate 

the red intensity of integrated optical density for blood-

lipid levels.

Microarray and bioinformatic analysis
Microarray and bioinformatic analysis of SiNPs were con-

ducted as described previously.22 mRNA expression profiling 

of SiNP-treated zebrafish embryos was done with a Zebrafish 

Gene 1.0 ST array (Affymetrix GeneChip; Thermo Fisher 

Scientific), with 59,302 gene-level probes set for each chip. 

Microarray data of SiNPs in zebrafish exposure are available 

in the NCBI Gene Expression Omnibus (accession number 

GSE73427).

Quantitative reverse-transcription Pcr 
analysis
Fifty zebrafish embryos for each treated group were col-

lected and extracted for total RNA using Thermo Fisher 

Scientific reagent. Equal amounts of total RNA were reverse-

transcribed with random hexamer primers by ThermoScript 

according to the manufacturer’s protocol. In addition, quanti-

tative reverse-transcription PCR was run with an ABI Prism 

7500 sequence detection system (Thermo Fisher Scientific) 

with biological repeats and duplicated three times. Primers 

used in this study are listed in Table S1.

Western blot analysis
Lysate proteins (40 µg) from mouse livers or hepatic L02 

cells were loaded in SDS-PAGE and transferred onto nitro-

cellulose membranes (Pall 66485). After blocking with skim 

milk at 25°C for 2 hours, membranes were incubated over-

night with primary antibodies at 4°C. The primary antibodies 

ACC1, FAS, and NFκB were purchased from Cell Signaling 

Technology. CPT1A, leptin, TLR5, MYD88, and TRAF6 

were purchased from Abcam. Finally, protein bands were 

assessed by densitometry analysis with Image Lab software 

(Bio-Rad, Hercules, CA, USA).

statistical analysis
SPSS 18.0 software was used for statistical analysis. 

Independent sample t tests were used to compare two treat-

ment groups. ANOVA was performed for comparisons of 

three or more treatment groups. Differences between groups 

were analyzed with least significant difference tests. For 

bioinformatic analysis, identification of differential mRNA 

expression was assessed by random variance model t tests. 

Significant pathways were selected using Fisher’s exact test. 

P,0.05 was considered significant.

Results
characterization of siNPs
The SiNPs used in our study were fully characterized as 

described previously.19 TEM of SiNPs exhibited a relatively 

spherical shape with good dispersion (Figure 1A). The size 

distribution of SiNPs detected by ImageJ software showed 

the average diameter was 62±7.1 nm (Figure 1B). Our results 

showed that SiNPs had stabilized ζ-potential in distilled 

Figure 1 characterization of siNPs.
Notes: (A) siNPs were near-spherical and well dispersed; (B) average siNP diameter was 62±7.1 nm.
Abbreviation: siNPs, silica nanoparticles.
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water, physiological saline, and DMEM at different time 

points (Table S2). SiNPs had good monodispersibility in 

different exposure media. In addition, the SiNPs did not 

contain any endotoxin in suspensions (Table S3).

effects of siNPs on histopathological and 
ultrastructural changes in mouse livers
As shown in Figure 2A, the hepatic histopathological 

examination found that granulomas were constituted of a 

number of macrophages, minimal-necrosis hepatocytes, 

and infiltrated lymphocytes in the SiNP-treated group at 

day 15 (end of the administration period), while at day 60 

(after 45 days’ observation), the granulomas appeared with 

fewer cells and pink collagen fibers. More importantly, we 

also observed mild steatosis in mouse livers at day 60 com-

pared to controls: round fat vacuoles were presented in the 

cytoplasm of hepatocytes, and some of these vacuoles fused 

into bigger ones.

Consistently with these results, ultrastructural observa-

tion (Figure 2B) revealed many round osmiophilic vacuoles 

of different sizes distributed in the hepatocytes at day 60, 

indicating the steatosis occurred in the liver, despite a long 

recovery period from SiNP exposure. Meanwhile, hepato-

cytes in SiNP-treated mice appeared with crescent-shaped 

nuclei with chromatin margination and condensation of 

mitochondria. Also, we found that SiNPs were internalized 

into the perisinusoidal space, accompanied by some col-

lagen fibers. These results indicated that liver treated with 

repeated SiNP exposure might progress from inflammation 

to steatosis.

effects of siNPs on lipid levels in blood 
and livers of mice
Indicators (cholesterol, triglyceride, LDL-C, HDL-C:LDL-C) 

of lipid metabolism were measured in both blood sera and 

liver tissue. As shown in Figure 3A, serum levels of cho-

lesterol, triglyceride, and LDL-C in SiNP-treated groups 

were all higher than control groups at day 60. Meanwhile, 

the ratio of blood HDL-C:LDL-C induced by SiNPs had 

declined at both days 15 and 60. Interestingly, hepatic lipid 

levels (Figure 3B) showed that cholesterol and triglyceride 

had decreased significantly at day 15, indicating impair-

ment of hepatic metabolic function. At day 60, cholesterol, 

triglyceride, and LDL-C were significantly elevated in 

SiNP-treated groups compared to control groups, whereas the 

HDL-C:LDL-C ratio had obviously decreased. Hepatic and 

blood-lipid levels demonstrated that SiNPs triggered hyper-

lipidemia and disturbed hepatic lipid metabolism in vivo.

To gain insight into possible mechanisms triggered by 

SiNPs, protein markers of lipogenesis (ACC1 and FAS) 

and fatty acid β-oxidation (CPT1A and leptin) in liver were 

further detected (Figure 3C). At the ending point (day 60), 

Figure 2 histopathological and ultrastructural changes in mouse liver induced by siNPs.
Notes: (A) histopathology revealed that siNPs had induced granulomas (black arrows) in mouse liver at days 15 and 60, and mild steatosis in hepatocytes (green arrows) 
were observed at day 60. (B) Ultrastructural changes in mouse liver at day 60 observed by transmission electron microscopy. (a, b) Many round osmiophilic vacuoles of 
different sizes were distributed in hepatocytes (green arrows). Bar 2 µm (a). Bar 0.5 µm (b). hepatocytes in siNP-treated mice appeared with crescent-shaped nuclei with 
chromatin margination (red arrow) and condensation of mitochondria (blue arrow); bar 0.5 µm (c). (d) siNPs (yellow arrows) were internalized into the perisinusoidal space, 
accompanied by some collagen fibers (orange arrows). Bar 0.5 µm.
Abbreviations: siNPs, silica nanoparticles; con, control.
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protein levels of ACC1 and FAS were elevated significantly 

in SiNP-treated groups compared to controls, suggesting 

SiNPs improved the process of lipogenesis, while CPT1A 

expression decreased significantly, reflecting SiNPs had an 

inhibitory effect on lipid utilization. Surprisingly, leptin 

levels in SiNP-treated groups were also elevated markedly 

compared to controls, which might be attributed to leptin 

resistance in liver.

Morphological and histopathological 
changes in livers of zebrafish
As shown in Figure 4A, the hepatic malformations were 

observed in SiNP-exposed zebrafish embryos, including liver 

degradation, hepatomegaly, and delayed yolk-sac absorption. 

Consistently with morphological changes, histopathological 

assessment demonstrated that control groups had normal 

cellular shape with tight cell–cell contact in zebrafish liver. 

With increased dosage, liver injury was more severe in SiNP-

treated groups: cell–cell connection was loosened, accom-

panied by abnormal shape and lipid vacuoles (Figure 4B). 

Taken together, our results demonstrated that exposure to 

SiNPs can cause hepatic damage and steatosis in zebrafish.

Visualization of blood lipids in high-
cholesterol diet zebrafish
As shown in Figure 5A, SiNP-induced blood lipids were 

stained by oil red O in high-cholesterol diet zebrafish larvae. 

Red denoted blood lipids visualized in the caudal vena 

of zebrafish. Quantitative analysis demonstrated that the 

relative intensity of blood lipids increased gradually in a 

dose-dependent manner (Figure 5B). When concentrations 

were higher than the SiNP NOAEL (3 ng/nL), blood-lipid 

Figure 3 effects of siNPs on lipid levels in blood and liver of mice.
Notes: cholesterol, triglyceride, lDl-c, and hDl-c:lDl-c levels in blood (A) and liver (B) of mice. (C) Protein expression of lipogenesis markers (acc1, Fas) and 
fattyacid β-oxidation marker (cPT1a, leptin) in mouse liver at day 60. Data expressed as mean ± sD (n=5). *P,0.05 compared with control.
Abbreviations: siNPs, silica nanoparticles; lDl-c, low-density lipoprotein-cholesterol; hDl-c, high density lipoprotein-cholesterol.
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Figure 4 Morphological and histopathological changes in liver (L) of zebrafish.
Notes: (A) Morphological observation of zebrafish. SiNP exposure induced liver degradation, hepatomegaly (green dotted lines) and delayed yolk-sac (Y) absorption (red 
dotted lines) in zebrafish embryos. (B) Histopathological examination of zebrafish liver. SiNPs induced abnormal shape and lipid vacuoles (red arrows) in hepatocytes.
Abbreviation: siNP, silica nanoparticle.

Figure 5 Visualization of blood lipids in high-cholesterol diet zebrafish.
Notes: (A) Oil red O staining for blood lipids in high-cholesterol diet zebrafish larvae. (B) Quantitative analysis of relative intensity of blood lipids stained by oil red O. Data 
expressed as mean ± sD (n=30). *P,0.05 compared with control.
Abbreviation: siNP, silica nanoparticle.
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content had a significant difference compared to controls. 

At the highest concentration of SiNPs, the relative content of 

blood lipids was 1.4-fold higher than control groups. Our data 

indicated that SiNPs elevated triacylglycerol and cholesterol 

levels, resulting in hyperlipemia in zebrafish.

effect of siNPs on lipid-metabolism 
pathways in zebrafish
The expression of genes involved in lipid metabolism, TLR-

signaling and adipocytokine-signaling pathways was exam-

ined with microarray and bioinformatic analysis (Table S4). 

A heat map was created from significant pathways (Figure 6A). 

Furthermore, quantitative reverse-transcription PCR assays 

were applied to verify the upregulation of genes involved in 

TLR-signaling (Cd40, Ticam1, Nfkbiaa, Fos, Tlr5b, Tlr4ba, 

Il1b, Ctsk, Myd88, and Stat1b) and adipocytokine-signaling 

pathways (Nfkbie, Stat3, Socs3b, Lepa, Tnfrsf1a, Acsl4l, 

Traf2b; Table S5). SiNPs increased all these gene levels, 

except Tlr4ba (Figure 6B). Our data suggested that SiNPs 

can activate lipid-metabolism pathways and might have a 

special influence on the TLR5-signaling pathway.

subcellular localization and cytotoxicity 
of siNPs in hepatic l02 cells
Cellular uptake and subcellular localization of SiNPs in 

L02 cells were observed by TEM and LSCM. Ultrastruc-

tural analysis images (Figure 7A) showed that SiNPs 

were internalized and induced mitochondrial vacuolation, 

autophagolysosome formation, breaking, and disappearance 

of mitochondrial cristae. In addition, we further analyzed 

the cellular uptake of red fluorescence-labeled SiNPs by 

LSCM. In line with TEM results, red-labeled SiNPs entered 

L02 cells, while there was no obvious change in F-actin 

structure in SiNP-treated groups compared to control groups 

(Figure 7B). Cell viability and LDH-activity results demon-

strated that SiNPs triggered cytotoxicity in a dose-dependent 

manner in hepatic L02 cells (Figure S2).

Effect of SiNPs on inflammation and 
Tlr5-signaling pathway in hepatic cells
Since the inflammatory response is closely associated with 

lipid metabolism pathways, proinflammatory cytokines 

and the TLR5-signaling pathway were further evaluated 

in SiNP-treated L02 cells. As shown in Figure 8A, IL1β, 

TNFα, IL6, and IL8 were significantly increased in SiNP-

treated groups compared to controls. Among these, IL6 and 

IL8 were the cytokines most sensitive to SiNP exposure. 

Significant difference appeared as early as 25 µg/mL SiNP 

dosage, whereas IL1β and TNFα were elevated markedly 

when dosage reached 50 µg/mL.

Finally, protein levels involved in the TLR5-signaling 

pathway were examined in SiNP-exposed hepatic cells 

(Figure 8B). Our data showed that critical proteins in 

the TLR5 pathway, such as TLR5, MyD88, TRAF6, and 

NFκB, were upregulated by SiNPs. It is worth mentioning 

that leptin, a core indicator of lipid metabolism, was also 

activated by SiNP exposure. As such, our data confirmed the 

results obtained from in vivo study where SiNPs disturbed 

Figure 6 Effect of SiNPs on lipid-metabolism pathways in zebrafish.
Notes: (A) Heat map of significant pathways. (B) results of quantitative reverse-transcription Pcr assay applied to verify upregulation of genes involved in Toll-like receptor- 
and adipocytokine-signaling pathways. Data expressed as mean ± sD (n=50). *P,0.05 compared with control.
Abbreviations: siNPs, silica nanoparticles; con, control.
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hepatic lipid metabolism via the TLR5-signaling pathway. 

A schematic model of the underlying mechanisms on how 

SiNPs regulated hepatic lipid metabolism is presented in 

Figure 9.

Discussion
Nowadays, nanotechnology environmental health and safety 

is required to have better understanding of toxicological 

responses of engineered nanomaterials in living organ-

isms, since it is beneficial for the design strategy of safe 

nanotechnique-based diagnostics or therapeutics.23 This study 

was built on our previous work to elaborate on hepatic lipid 

metabolism disturbed by SiNPs in vivo and in vitro. For 

the first time, we reveal that the TLR5-signaling pathway is 

responsible for impaired hepatic lipid metabolism induced 

by SiNPs. Our study could be helpful in understanding the 
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Figure 7 subcellular localization of siNPs in hepatic l02 cells.
Notes: (A) subcellular localization of siNPs and ultrastructural changes in hepatic l02 cells. control group; bar 2 µm (a). control-group cells with intact mitochondria; bar 
1 µm (b). cells treated with siNPs at 50 µg/ml; bar 2 µm (c). siNPs were internalized through endocytosis by hepatic l02 cells and dispersed in membrane-bound cytoplasm 
(red arrows); bar 2 µm (d). siNPs (red arrows) induced mitochondrial vacuolation, breaking, and disappearance of mitochondrial cristae (yellow arrows) in hepatic l02 
cells bar 1 µm (e). autophagolysosomes (green arrows) consisted of mitochondria and siNPs (red arrows); bar 0.5 µm (f). (B) cytoskeleton structure and ultrastructural 
observation in siNP-treated hepatic l02 cells: F-actin (green); DaPI (blue); siNPs (red).
Abbreviation: siNPs, silica nanoparticles.
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signal–network interaction between liver and blood. It could 

also be considered for reducing the side effects of NPs in 

biomedicine applications.

In this study, after 45 days’ repeated exposure to SiNPs, 

histomorphology and ultrastructure analysis implied that 

the liver might progress from inflammation to steatosis 

(Figure 2). To date, few studies have explored the adverse 

effects of NPs on hepatic steatosis. It has been reported that 

oral exposure to black carbon NPs induced lipid accumula-

tion in livers of lean Zucker rats.24 Similarly, oral exposure 

to silver NPs promoted progression from steatosis to steato-

hepatitis in overweight mice.25 In contrast, cerium oxide NPs 

were found to reduce steatosis and display anti-inflammatory 

properties in liver-fibrosis rats.26 However, the possible 

mechanisms of steatosis induced by NPs were unclear.

We further detected hepatic and blood-lipid levels in 

mice, which demonstrated that SiNPs triggered hyper-

lipidemia and disturbed hepatic lipid metabolism in vivo. 

Specifically, our results showed that SiNPs enhanced lipid 

synthesis by activating the key enzymes of ACC1 and FAS 

and suppressed fatty acid β-oxidation by inhibiting the 

protein level of CPT1A (Figure 3). An imbalance of lipo-

genesis and lipid utilization will lead to lipid-metabolism 

disorder, which is one of the most critical factors in the 

progression of fatty liver diseases and atherosclerosis.27,28 

This suggested that repeated exposure to SiNPs could be 

a hazardous factor for hepatic steatosis or atherogenesis. 

Last but not least, our data found that leptin levels in SiNP-

treated groups increased significantly, which might be 

attributed to leptin resistance in the liver (Figure 3). To our 

best knowledge, there has been no report focusing on the 

relationship between NPs and leptin resistance. It has been 

well documented that several inflammatory factors, such as 

IL1β or TNFα, can elevate leptin levels, eventually leading 

to hyperleptinemia and leptin resistance.29 Further studies are 

urgently required to clarify the molecular interaction between 

NP exposure and leptin resistance. This will help to define 

the systematic biological response regarding nanomedicine-

based therapeutic strategies.

To gain comprehensive understanding of SiNP-induced 

lipid-metabolism disorder, hepatic L02 cells and the model 

organism zebrafish were further employed in this study. 

In line with results from the mammal model, our data 

indicated that SiNPs triggered hyperlipemia and hepatic 

steatosis in zebrafish (Figures 4 and 5). Based on microarray 

and bioinformatic analysis, we further confirmed the two 

α β

κ

κ

Figure 8 Effect of SiNPs on inflammation and TLR5-signaling pathway in hepatic L02 cells.
Notes: (A) Effects of SiNPs on proinflammatory cytokines in hepatic L02 cells. (B) Western blot and relative densitometry analysis indicated that siNPs activated the Tlr5-
signaling pathway in a dose-dependent manner. Data expressed as mean ± sD. *P,0.05 compared with control.
Abbreviation: siNPs, silica nanoparticles.
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lipid-metabolism pathways of TLR signaling and adipocy-

tokine signaling were involved in SiNP-induced hyperlipemia 

(Tables S4 and S5). In particular, the adipocytokine-signaling 

pathway is downstream of the TLR-signaling pathway and 

can be activated by the latter in a cellular signal network.30 

Therefore, we can infer that activation of TLR-signaling path-

ways plays an important role in lipid-metabolism disorder 

induced by SiNPs. As pattern-recognition receptors, TLRs 

respond to a variety of bacterial and viral cell components via 

pathogen-associated molecular patterns initiating the innate 

immune system and activating the inflammatory response.31,32 

Our findings verified that SiNPs had a special influence on 

the TLR5-signaling pathway, since the Tlr4ba gene coding 

the TLR4 protein was not upregulated (Figure 6).

Nevertheless, the mechanisms of the TLR5-signaling 

pathway induced by SiNPs are currently unknown. Therefore, 

we finally evaluated cytotoxicity, inflammatory cytokines, 

and the TLR5-signaling pathway in SiNP-treated hepatic 

L02 cells, finding that SiNPs increased IL1β, TNFα, IL6, 

and IL8 levels and also activated critical proteins in the 

TLR5-signaling pathway, such as TLR5, MyD88, TRAF6, 

and NFκB (Figures 7, 8, and S1). Moreover, a schematic 

model of the underlying mechanisms in Figure 9 is presented 

to illustrate how SiNPs regulate hepatic lipid metabolism. 

It has been reported that TLR5 activation was followed by 

IL1β and TNFα release.33,34 However, among the 12 members 

of the TLR family, TLR2 and TLR4 are the most studied.35 

The TLR5-signaling pathway had not been investigated with 

metabolic disorders until recently.36 A human study found 

that TLR5 expression in adipose tissue was associated with 

lipid contents in liver.37 More importantly, there was cross 

talk between TLR5 expression and free fatty acid levels, indi-

cating that TLR5 upregulation could lead to hyperlipemia. 

In turn, hyperlipemia will enhance TLR5 expression in 

↑
↑

↑

β ↓

α β
↑

Figure 9 schematic model of underlying mechanisms for how siNPs regulate hepatic lipid metabolism.
Notes: siNPs exposure activated the Tlr5–MyD88–TraF6–NFκB pathway, thus increasing secretion of the proinflammatory cytokines TNFα, Il8, Il6, and Il1β. 
These proinflammatory cytokines induced the elevated protein expression of key lipogenesis enzymes FAS and ACC1 to contribute to the increased production of 
lipid levels. Meanwhile, these cytokines raised leptin levels, but inhibited fatty acid β-oxidation by downregulating cPT1a expression, which implied that siNPs might 
induce leptin resistance in the liver. In summary, siNPs accelerated lipogenesis and suppressed fatty acid β-oxidation to disturb lipid metabolism in the liver via the Tlr5-
signaling pathway.
Abbreviations: siNPs, silica nanoparticles; Tg, triglyceride.
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the liver.38 Therefore, further studies on reducing the side 

effects of nanomaterial-based products will be of value in 

this regard.

Further studies are suggested to perform reverse verifi-

cation of TLR5 gene functions, followed by confirming the 

downstream-signaling pathway with regard to SiNP-induced 

hyperlipemia and hepatic steatosis. To our best knowledge, 

this study is the first to reveal the potential adverse effects 

on the blood lipid and hepatic lipid metabolism caused by 

manufactured nanomaterials. Therefore, our research could 

provide valuable evidence for safety evaluation of nanomate-

rials, and is also meaningful in selecting potential molecular 

targets for improving design strategy in nanomaterial-based 

diagnostics or therapeutics.

Conclusion
In summary, using three models (culture cells, mammals, 

and zebrafish), our study found that SiNPs triggered hyper-

lipemia and hepatic steatosis. In addition, we revealed that 

the TLR5-signaling pathway was responsible for SiNP-

induced hepatic lipid-metabolism disorder. This suggests that 

blood–liver molecular exchange is a key factor in biological 

response to NPs. As such, hepatic lipid-metabolism disorder 

induced by NPs should be considered fully in safety strategies 

nanomaterial-related products. Moreover, this also implicates 

regulation of TLR5 as a novel therapeutic target to reduce 

side effects of NPs when applied in living organisms.
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Supplementary materials
assessment of cytotoxicity induced by 
silca nanoparticles (siNPs) in hepatic cells
After L02 cells had been exposed to SiNPs (0, 12.5, 25, and 

50 µg/mL) for 24 hours, cell viability was measured with a 

Cell-Counting Kit-8. An LDH kit was selected to measure 

cell membrane integrity. Briefly, 100 µL supernatants of 

cell culture medium was collected for LDH-activity mea-

surement at 440 nm absorbance using the ultraviolet-visible 

spectrophotometry (DU-640B; Beckman Coulter, Brea, 

CA, USA).

Microarray and bioinformatic analysis
For Affymetrix microarray profiling, the total RNA was 

isolated from 30 zebrafish embryos per SiNPs treat-

ment group(3 ng/nL) with Trizol reagent (Thermo Fisher 

Scientific, Waltham, MA, USA) and purified with an RNeasy 

minikit (Qiagen, Venlo, the Netherlands) according to the 

manufacturer’s protocol. The amount and quality of RNA 

were determined by a ultraviolet-visible spectrophotometry 

(NanoDrop 2000; Thermo Fisher Scientific) at an absorbance 

of 260 nm. mRNA expression profiling was carried out with 

a zebrafish gene 1.0 ST array (GeneChip; Thermo Fisher 

Scientific), which contains 59,302 gene-level probe sets. 

Microarray analysis was performed with Affymetrix Expres-

sion Console software (version 1.2.1). Raw data (CEL files) 

were normalized at transcript level using a robust multi array 

average workflow. Median summary of transcript expression 

was calculated. Gene-level data were then filtered to include 

only those probe sets in the “core” metaprobe list, which 

represent RefSeq genes.

For microarray data analysis, differentially expressed 

genes were identified based on random variance model t-tests. 

Differentially expressed genes were considered to be up- or 

downregulated at P,0.05. Genes with similar expression 

patterns often facilitate overlapping functions. Accordingly, 

cluster analysis of gene expression patterns was analyzed 

with cluster and Java TreeView software. Pathway analysis 

was used to find out significant pathways of differentially 

expressed genes according to Kyoto Encyclopedia of Genes 

and Genomes, BioCarta, and Reactome databases. Fisher’s 

exact test was performed to select significant pathways, with 

significance at P,0.05.

Figure S1 experimental design of repeated exposure of siNPs in Icr mice.
Notes: Black arrows, siNP injections from day 1 to day 13; red arrows, mouse death at days 15 and 60.
Abbreviation: siNPs, silica nanoparticles.

Table S1 Primers used for quantitative reverse-transcription Pcr

Gene Forward Reverse

Fos TTagcgcTggaTagcTcgTg TggaccaTccacTgcaagTc
Stat3 gcTTcagcagaaggTcTcgT gaTgacaaggggTcggTcag
Nfkbiaa TggcgTgTTTcTcagTccTc TgagTgTgTgcaccagaTcc
Nfkbie aggacgagacTgcTcTggaT TcTTccaggagTTgcagcag
Lepa TcagggaacacaTTgacggg aTgggTTTgTcagcgggaaT
Tnfrsf1a gTTgggTcaaTggggTTTgg TggTTcTTggaTggTgTaggc
Acsl4l gaaTgTgcTTcTgggaggcT gcTTgTccTggcTggTgTaT
Il1b cagaTccgcTTgcaaTgagc gagcaTgTccagcaccTcTT
Cd40 agacagcagagcagacagTTc TcacagcaTgacacaaggca
Ctsk acccgTgTcagTTggcaTag acTTcTTgccTcTcggTgTg
Tlr5b TgggTcgTcaTgTTgcgTTa cagcTcTggcaccTgaTgaa
Traf2b ccaggaaacaaccaaTgTacgc cccTgagcTggTcagTTgTT
Myd88 ggacTgggaaacTcgTccag cTccTgTgTTcgaggTccac
Ticam1 agaggcgacaggaggagaaT aggTcTacgacTcTTcggcT
Tlr4ba gccaTTacTTTcaagaTTTccgT ccacaagaacaagccTTTgc
Stat1b gccaccggTTaaaTgggaac gTgccTggagcTTTgTcTcT
β-actin gaTgcggaaacTggcaaagg gagggcaaagTggTaaacgc
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Table S2 hydrodynamic size and ζ-potential of siNPs in dispersion media

Distilled water Physiological saline DMEM

Diameter (nm) ζ-potential (mV) Diameter (nm) ζ-potential (mV) Diameter (nm) ζ-potential (mV)

1 hour 109.02±3.54 −43.51±4.67 110.26±4.81 −39.44±3.69 108.01±1.43 −40.13±4.29
3 hours 107.92±3.31 −40.20±2.13 108.93±2.79 −37.26±2.50 109.22±3.10 −38.62±2.76
6 hours 108.10±2.23 −42.53±3.84 107.64±2.33 −40.30±2.47 107.51±2.07 −40.05±3.60
12 hours 106.34±1.67 −43.11±4.06 105.42±3.01 −38.11±3.45 106.27±4.09 −38.74±2.91
24 hours 105.79±2.51 −44.45±3.71 105.65±2.18 −37.70±3.02 105.70±2.44 −39.10±2.83

Note: Data expressed as mean ± SD from five independent experiments.

Table S3 endotoxin detection by limulus amebocyte lysate assay

Dosage Sample Sample + positive 
control

Positive control Negative control

0.5 mg/ml – + + −
1 mg/ml – + + −
3 mg/ml – + + −
6 mg/ml – + + −
12 mg/ml – + + −

Table S4 Significant pathways involved in lipid metabolism by microarray and bioinformatic analysis

Pathway ID Pathway name Enrichment P-value FDR Gene ID Gene

04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 334561 Acsl4l
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 406596 Socs3b
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 557526 Traf2b
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 100037357 Zgc:163064
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 100150233 Lepa
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 30767 Stat3
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 406463 Nfkbiaa
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 406471 Tnfrsf1a
04920 adipocytokine signaling 5.12552182 0.000259 0.0064147 790944 Nfkbie
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 406463 Nfkbiaa
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 550475 Ctsk
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 403139 Tlr5b
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 403145 Myd88
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 403147 Ticam1
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 403131 Tlr4ba
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 100270764 Cd40
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 368481 Stat1b
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 405770 Il1b
04620 Toll-like receptor signaling 4.49906915 0.000318 0.0064147 394198 Fos

Abbreviation: FDr, false discovery rate.
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Table S5 Differentially expressed genes based on microarray and bioinformatics analysis

Gene P-value FDR SiNPs Control Fold change Style mRNA accession

Fos 5.00−6 0.0108 356.78 156.67 2.28 Up DQ003339
Stat3 1.49−5 0.0229 190.02 109.88 1.73 Up aB018219
Nfkbiaa 1.21−4 0.084 85.4 58.9 1.45 Up aY163840
Nfkbie 3.72−4 0.128 50.37 35.41 1.42 Up Bc128831
Lepa 1.33−3 0.223 8.48 5.97 1.42 Up NM_001128576
Tnfrsf1a 2.05−3 0.253 7.86 5.96 1.32 Up eNsDarT00000002493
Acsl4l 2.21−3 0.262 26.34 18.05 1.46 Up Bc107960
Il1b 5.12−3 0.343 50.39 15.92 3.17 Up aY340959
Cd40 5.63−3 0.352 39.58 27.06 1.46 Up FJ172754
Ctsk 8.37−3 0.392 66.69 46.7 1.43 Up Bc092901
Tlr5b 9.83−3 0.403 38.5 29.97 1.28 Up Bc163185
Traf2b 1.00−2 0.404 48.2 39.57 1.22 Up XM_678539
Myd88 2.07−2 0.477 32.36 26.69 1.21 Up DQ100359
Ticam1 2.19−2 0.48 23.19 19.21 1.21 Up DQ848679
Tlr4ba 2.53−2 0.493 6.7 5.28 1.27 Up eU551724
Stat1b 0.02795 0.507 4.78 3.95 1.21 Up FJ986224

Abbreviations: siNPs, silica nanoparticles; FDr, false discovery rate.

Figure S2 cytotoxicity induced by siNPs in hepatic l02 cells.
Notes: (A) Viability of l02 cells treated with siNPs was measured by ccK-8 assay after 24 hours’ exposure. (B) lDh activity of l02 cells after exposure to siNPs for 
24 hours. Data expressed as mean ± sD. *P,0.05 compared with control.
Abbreviation: ccK-8, cell-counting Kit-8; siNPs, silica nanoparticles.
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