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Abstract 

SiO2 nanoparticles (SNPs), which reportedly have low potential side effects, are used in various applications, for exam‑
ple, as food additives, for drug delivery, and as semiconductors, but these NPs are a growing concern because a few 
studies have shown potential risks to human health, such as fatty liver formation. In recent years, dietary habits have 
changed, and more refined foods, sugary beverages, and fast food are being increasingly consumed during daily 
life; therefore, the dietary habits have changed toward increasing consumption of high‑fat diets, which may increase 
the incidence of liver and kidney disease. Our in vivo study demonstrated that the administration of SNPs in drinking 
water in combination with a high‑fat diet was associated with the accumulation of SNPs and triglycerides in renal 
tissue; elevations in the blood urea nitrogen, uric acid, and creatinine levels in serum; the formation of basophilia 
and tubular cell sloughing; abnormal renal parenchyma, cysts, and hyaline casts; the induction of proliferating cell 
nuclear antigen and markers for chronic kidney disease such as vimentin, lipocalin 2, kidney injury molecule; the acti‑
vation of fibrosis and inflammation; increased oxidative stress; and the development of chronic kidney disease. 
The evidence showed that long‑term treatment of SNPs in drinking water might induce renal injury in individuals 
with modern dietary habits and provided important results for evaluating the safety of SNPs, especially for human 
health.
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1 Introduction
Obesity, which usually results from modern dietary hab-
its, has been recognized as an independent and impor-
tant factor in the development of chronic kidney disease 
(CKD) [1]. Obesity, a component of metabolic syndrome, 
is often observed in patients with hyperglycemia, dia-
betes, and cardiovascular disease, among other diseases 

[2]. A chronic inflammatory state not only is induced by 
many adipokines, cytokines, and chemokines due to the 
accumulation of triacylglycerols (TGs) but also affects 
insulin resistance, which contributes to the release of free 
fatty acids in the blood and free fatty acids cause lipotox-
icity to tissues such as the liver and kidney [3]. The kid-
ney, which contains very small filter glomeruli in each 
nephron, has the major function of removing waste, for 
instance, urine, uric acid, and nitrogen waste. In chronic 
hyperlipidemic conditions, excess lipids accumulate 
and cause lipotoxicity, driving the activation of fibrosis, 
inflammation, apoptosis, and renal dysfunction [4, 5]. 
Renal lipid metabolism syndrome and oxidative stress 
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have been found to induce lysosomal dysfunction and 
mitochondrial dysfunction, leading to kidney injury in 
mice fed a high-fat diet for a long time [6, 7].

Chronic kidney disease, also known as chronic renal 
failure, has influenced more than 10% of the world’s 
population and is characterized by an unclear etiology 
and irreversible deterioration of renal capacity; however, 
factors such as sex, age, diet, and hormones may affect 
its occurrence. CKD is a common renal disease, espe-
cially in older and diabetic populations and in patients 
with hypertension. CKD causes glomerular and tubu-
lointerstitial pathology, has degenerative and regenera-
tive characteristics, and is usually age-dependent. Early 
lesions in the kidney exhibit tubular basophilia, basement 
membrane thickening, and infiltration by immune cells. 
With the progression of CKD, an increase in the number 
of abnormal renal parenchyma, prominent hyaline casts, 
and an increase in the incidence of proliferative lesions 
are found in the kidney. When the glomerular filtration 
rate decreases, CKD may progress to the end-stage kid-
ney and subsequently cause death. However, the find-
ing that nanoparticles (NP) and toxicants, such as  SiO2 
NP (SNPs) and heavy metals, could contribute to CKD 
pathogenesis and that exposure can occur through inges-
tion, such as from contaminated drinking water, are con-
cerns [8, 9].

Although the turbidity of drinking water must be lower 
than 2 NTU according to most drinking water regula-
tions, drinking water still contains many NPs, such as 
SNPs [10]. SNPs are the most common inorganic NPs 
and are widely used in different industries, such as bio-
medicine, agriculture, and cosmetics. In vivo and in vitro 
effects of SNPs include cellular cytotoxicity, reactive oxi-
dative stress, induction of apoptosis, mitochondrial and 
DNA damage, abnormal hepatocyte morphology, lipid 
metabolism dysfunction, oxidative stress, fibrosis, and 
inflammation [11–17]. SNPs may accumulate in major 
organs such as the liver, kidney, and lung and induce 
hepatic steatosis, renal disease, and pulmonary fibro-
sis [18–20]. Global hypoacetylation, which is induced 
by SNPs, results in global epigenomic activity through 
decreases in the mRNA and protein levels of methyl-
transferases and DNA-binding proteins [21]. cDNA 
microarray and proteomic studies have shown that 
SNPs can affect inflammation-related gene expression 
via alterations in chemokines and cytokines, apoptosis, 
the transcription and translation of regulatory genes, 
and oxidative stress [22, 23]. Therefore, due to the rapid 
development and use of nanotechnology products, the 
gradually increasing use of amorphous SNPs in com-
mercial products, such as cosmetics and toothpaste, has 
increased human exposure to SNPs and the potential risk 
to human health [24]. In India, CKD has been linked to 

groundwater, which is exposed to silica [25]. Northern 
Sri Lanka, which contains a CKD-related endemic area, 
also has high levels of silica in its groundwater [26]. The 
oral administration of silica is reportedly associated 
with renal lesions in rats [27]. Thus, the toxicity of silica 
remains a potential factor in CKD. However, fewer stud-
ies have focused on the combined long-term effects of 
SNPs and modern dietary habits, both of which are asso-
ciated with lipid metabolism dysfunction.

To understand the correlation between SNPs and mod-
ern dietary habits, we used Institute of Cancer Research 
(ICR) mice, which are highly similar in genetics to 
Homo sapiens. To establish our ICR mouse model, mice 
were administered either a normal diet (ND) or a high-
fat diet (HFD) with different concentrations of SNPs by 
oral gavage for 25  weeks to mimic long-term exposure 
to drinking water. Histology observation, analyses of the 
accumulation of silicon and TG in tissue, blood biochem-
ical assays, picrosirius red/Masson trichrome staining, 
and immunohistochemical staining were used to deter-
mine the correlation between SNPs in drinking water and 
modern dietary habits in our model. This study investi-
gated the interactions between environmental NPs, such 
as the long-term risk of exposure to SNPs, and dietary 
factors, suggesting a significant risk to human health.

2  Materials and methods
2.1  Preparation and properties of  SiO2 NPs
Stock solutions of the 40-nm amorphous SNPs (UniRe-
gion Bio-Tech) were freshly prepared in reverse osmosis 
water and sterilized by autoclaving at 121 ℃ for 15 min 
prior to administration via oral gavage to our animal 
model. The morphology of the NPs was determined 
via by field emission transmission electron microscopy 
(TEM) (JELO, JEM-F200) at the National Yang-Ming 
Chiao Tung University Instrument Resource Center. 
ImageJ software (National Institutes of Health, Bethesda, 
MD, USA) was used to measure the size of the NPs. 
The hydrodynamic sizes and zeta potentials of the NPs 
in reverse osmosis media were analyzed using a Zeta-
sizer Nano series instrument (Malvern, UK). The purity 
and endotoxin levels were determined by an Agilent 
inductively coupled plasma atomic emission spectrom-
eter (Agilent 720, USA) and a gel-clot limulus amebocyte 
lysate assay, respectively.

2.2  Animal model
Male ICR mice, aged eight weeks and weighing 20–26 g, 
were purchased from BioLASCO Taiwan Co. All the 
mice were housed under conditions of 21 ± 2 ℃, 55 ~ 60% 
humidity, and a 12 h light–dark cycle. The animals were 
fed ad libitum either an ND (AIN-93G Diet, BioLASCO 
Taiwan Co.) providing 16.7% of the calories from fat, or 
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an HFD (high-fat AIN-93G purified Rodent Diet, Bio-
LASCO Taiwan Co.) providing 52.4% of the calories from 
fat. The ICR mice were fed twice per week with different 
concentrations of the SNP stock media (suspended by 
vibration for 3 min) and separated into six groups (n = 6 
per group): (1) ND-SNP0, ICR mice fed the ND and given 
reverse osmosis water by oral gavage; (2) ND-SNP100, 
ICR mice fed the ND and treated with 100 mg of SNPs 
 kg−1 mouse body weight by oral gavage (100  mg   kg−1); 
(3) ND-SNP300, ICR mice fed the ND and treated with 
300 mg of SNPs  kg−1 of mouse body weight by oral gav-
age (300  mg   kg−1); (4) HFD-SNP0, ICR mice fed the 
HFD and given reverse osmosis water by oral gavage; (5) 
HFD-SNP100, ICR mice fed the HFD and treated with 
100 mg of SNPs  kg−1 mouse body weight by oral gavage 
(100  mg   kg−1); and (6) HFD-SNP300, ICR mice fed the 
HFD and treated with 300  mg of SNPs  kg−1 of mouse 
body weight by oral gavage (300 mg  kg−1). When choos-
ing the SNP administration method, we opted for oral 
gavage instead of a water bottle for drinking because 
SNP precipitation easily occurs in reverse osmosis water. 
Therefore, we cannot accurately predict the intake of 
SNPs based on the amount of drinking water. Accord-
ing to previous studies, average concentrations of SNP 
administered to mice that did not exhibit abnormal 
behavior or have no obvious macroscopic effects ranged 
from 1.0 to 333 mg SNP  kg−1 mouse body weight [18, 28–
30], even at very high doses (1–2.5 g   kg−1 body weight/
day) [31, 32]. The total amount of silica we administered 
per week was below the maximum metabolic cycle of the 
mice and the best-tolerated mice. Therefore, we selected 
SNP therapeutic concentrations ranging from 100 to 
300 mg  kg−1 mouse body weight for long-term treatment. 
To understand the long-term effects of SNPs, we chose 
100 and 300  mg of SNPs  kg−1 of mouse body weight 
that were different from the real SNP concentration in 
drinking water for the experiment design. The mice were 
sacrificed under 4% isoflurane anesthesia via a gas anes-
thesia machine. Blood obtained by heart puncture and 
kidney tissue were collected from the mice continuously 
exposed to SNPs for 25 weeks. Blood and kidney organs 
fixed with 10% formalin were subjected to further blood 
biochemical assays, histopathological examinations, 
measurements of silicon in the kidney, and immunohis-
tochemistry (IHC) at the Taiwan Mouse Clinic.

2.3  Serum preparation and blood biochemical assays
The blood was transferred to a BD  microtainer1 (BD, 
365967 Gold BD SST™). Blood clotting was allowed to 
occur at room temperature for 20–30 min but not longer 
than 3 h to avoid hemolysis. Serum was obtained by the 
centrifugation of whole blood at 3,000 rpm for 15 min at 
4 ℃. The supernatant was transferred to a new 1.5  mL 

Eppendorf tube, and the serum was stored at -80 ℃ for 
future experiments. 10 µL of serum were directly used for 
the analysis of various kidney function-related biomark-
ers, such as alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), blood urea nitrogen (BUN), 
uric acid (UA), creatinine (CRE) and C-reactive protein 
(CRP), with a biochemical analyzer (HITACHI 3100 ana-
lyzer, Japan).

2.4  Histopathological examination
The removed kidney tissues were fixed in 10% formalin, 
embedded in paraffin, sectioned, stained with hema-
toxylin and eosin (H&E) for histological examination by 
the Taiwan Mouse Clinic. After H&E staining, the slides 
were consulted by a nephrologist from the Taiwan Mouse 
Clinic and were observed and photographed with an 
optical microscope (Nikon, ECLIPSE Ci).

2.5  Silicon element accumulation in kidney tissue
The kidney tissues were homogenized in liquid nitrogen, 
and 0.5 g of homogenized kidney tissue was digested with 
5 mL of hydrofluoric acid (Sigma, 7664–39-3) at 80 ℃ for 
30 min. After digestion, the cooled sample was incubated 
with 1 mL of 30% hydrogen peroxide (Fluka-Honeywell, 
31642) for complete oxidation at 80 ℃ for 30  min. The 
completely oxidized sample was cooled at room tem-
perature and filtered through a 0.45-µm filter. The silicon 
concentration was analyzed using inductively coupled 
plasma (ICP) (Agilent Technologies ICP-OES 700 Series) 
at the National Yang-Ming Chiao Tung University Envi-
ronment Technology & Smart System Research System.

2.6  Accumulated triglycerides in kidney tissue
A lipid extraction kit (BioVision, K216-50) was used for 
the extraction of TGs from kidney tissue. Kidney tissue 
(0.5 g) was mixed with 500 µL of lipid extraction buffer 
and homogenized on ice. The supernatant was left open 
and dried in an incubator at 37 ℃, and the lipid extract 
was then resuspended in 50 µL of lipid suspension buffer. 
The lipid extract was sonicated for 10  min at 37 ℃ and 
used to measure the TG amount using an automated bio-
chemical analyzer (HITACHI 3100 analyzer, Japan) at the 
Taiwan Mouse Clinic.

2.7  Quantitative reverse transcription polymerase chain 
reaction (RT‑PCR)

Total RNA was extracted from mouse kidney tissue 
with TRI Reagent (Sigma-Aldrich), and the mRNA lev-
els of vimentin (Vim), lipocalin 2 (Lcn2), kidney injury 
molecule (Kim-1), and protein kinase, AMP-activated, 
alpha 1 catalytic subunit (Prkaa1) in mice kidneys were 
analyzed using SYBR Green-induced PCR through the 
CFX Opus Real-Time PCR system (Bio-Rad). Relative 
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mRNA expression was calculated using the delta-delta  Ct 
method to normalize the target gene mRNA to Gapdh.

The following primers were used: Gapdh, forward 5’ –
ACC CAG AAG ACT GTG GAT GG-3’ and reverse 5’ -GGA 
TGC AGG GAT GAT GTT CT-3’; Vim, forward 5’ -CTGC 

ACG ATG AAG AGA TCCA -3’ and reverse 5’ -AGC 
CAC GCT TTC ATA CTT GTTT -3’; Lcn2, forward 5’ 
-GAA ATA TGC ACA GGT ATC CTC-3’ and reverse 5’ 
-GTA ATT TTG 
AAG TAT TGC TTG TTT-3’; Kim-1, forward 5’ -CTG 
GAA TGG CAC TGT GAC ATCC-3’ and reverse 
5’ -GCA GAT GCC AAC ATA GAA GCCC-3’; and 
Prkaa1, forward 5’ -GG
TGT ACG GAA GGC AAA ATG GC-3’ and reverse 5’ 
-CAG GAT TCT TCC TTC GTA CA CGC -3’ [33].

2.8  Observation of kidney fibrosis by picrosirius red stain 
or Masson’s trichrome staining

Kidney paraffin sections were stained with a picrosirius 
red kit (Scy Tek, SRS25) or Masson’s trichrome staining 
kit (Sigma-Aldrich, HT15) following the manufacturer’s 
protocol for the assessment of kidney fibrosis. The paraf-
fin sections were deparaffinized with xylene and a series 
of decreasing ethanol series. The specimen sections were 
incubated with picrosirius red solution or aniline blue 
solution for 60 min at room temperature, and the slides 
were washed with acetic acid solution and absolute alco-
hol. The slides were dehydrated, mounted, and evaluated 
using an optical microscope (Nikon, ECLIPSE Ci). To 
observe the degree of fibrosis in kidney tissue, the per-
centage of the positively stained area was analyzed using 
an optical microscope (Nikon, ECLIPSE Ci), and the 
Image-Pro software (Total-smart Technology Co., Tai-
chung, Taiwan).

2.9  IHC
For IHC, 8–10 µm thick paraffin-embedded tissue sam-
ples were deparaffinized with xylene and a series of 
decreasing ethanol series. The hydrated sections were 
pretreated with a citric acid solution (10 mM Trisodium 
salt dihydrate pH 6.0, 0.5% Tween-20) for 8  min. For 
nonspecific blocking, the sections were incubated with 
peroxidase (Thermo Scientific, Catalog N0. 31487) for 
10  min at room temperature. After blocking, the slides 
were incubated overnight with the primary antibod-
ies against proliferating cell nuclear antigen (PCNA) at 
a dilution of 1:200 (Genetex, GTX100539),  p21Clip1 at 
a dilution of 1:200 (Genetex, GTX629543), 4-hydrox-
ynonenal (4-HNE) at a dilution of 1:200 (Genetex, 
GTX01087), tumor necrosis factor-alpha (TNF-α) at a 
dilution of 1:200 (Genetex, GTX110520), transforming 

growth factor beta (TGF-β) at a dilution of 1:200 (Gene-
tex, GTX110527), or interleukin 6 (IL-6) at a dilution of 
1:200 (Genetex, GTX130023). Subsequently, the slides 
were incubated with the appropriate secondary antibody 
for 1  h at room temperature. A mounting medium was 
used to envelop the slides. To observe the staining pat-
tern of kidney tissue, the percentage of the positively 
stained area was analyzed using an optical microscope 
(Nikon, ECLIPSE Ci) and the Image-Pro software (Total-
smart Technology Co., Taichung, Taiwan).

2.10  Statistical analysis
The results are presented as the means ± standard errors 
of the mean and were analyzed using SigmaPlot v14.0 
software (Systat Software Inc, Palo Alto, CA, USA). 
Two-way analysis of variance (ANOVA) was used for 
the assessment of the significance of the differences: *, 
p < 0.05, **, p < 0.005, and ***, p < 0.001.

3  Results and discussion
3.1  Characterization of the  SiO2 nanoparticles
As shown in Fig. S1, the morphology of the SNPs was 
amorphous and dispersed, with an average diameter of 
39.7 ± 5.2 (mean ± standard error). The hydrodynamic 
sizes and zeta potentials of the SNP stock solutions in 
reverse osmosis water are presented in Table S1. In addi-
tion, the purity of the SNPs was 99.99%. Free endotoxin 
was detected in our SNP sample.

3.2  SNPs aggravated the body weight of mice 
fed with an ND or HFD, and silicon deposition 
in the kidney

Figure 1a shows the body weight variations in the ND- or 
HFD-fed ICR mice after the oral administration of dif-
ferent concentrations of SNPs. All mice tolerated twice 
weekly doses between 100 and 300  mg   kg−1 adminis-
tered oral gavage during the experimental period. The 
body weights of each group were slightly increased in a 
time-dependent manner. After 8  weeks of treatment, 
the body weights of the HFD-SNP0 group were signifi-
cantly higher than those of the ND-SNP0 group (p < 0.01, 
ANOVA) (Fig.  1a). The results showed that the HFD 
led to an increase in body weight after 8 weeks of treat-
ment because the HFD provided a higher caloric intake. 
Regardless of the diet, no significant differences in body 
weight were observed in ND and HFD groups. (p > 0.05, 
ANOVA) (Fig.  1a). During the experimental period, no 
abnormal behavior, such as labored breathing or arching 
of the back; no clinical signs, such as bloating and vom-
iting; and no apparent induced toxicity, were observed. 
After sacrifice at the end of the 25-week experimental 
period, no visible changes in organ morphology were 
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detected. Therefore, the simulated SNPs had no immedi-
ate or noticeable impact on our mouse model.

ICP, a method used for quantifying specific elements 
present in samples, was used to analyze the average sili-
con accumulation (µg silicon  g−1 kidney). The amount 
of silicon in the kidneys of mice in the ND-SNP100 and 
ND-SNP300 groups was significantly different from 
that in the ND-SNP0 group (p < 0.001–0.01, ANOVA), 

respectively (Fig.  1b). The silicon accumulation in the 
HFD groups significantly increased with increases in the 
SNP dose (p < 0.001–0.01, ANOVA) (Fig. 1b). Our results 
further demonstrated that SNPs might accumulate in the 
kidney and similarity, previous research has shown that 
silicon accumulates in kidney tissue [34].

Materials such as NPs can be taken up into the cells 
passing through the plasma membrane by endocytosis, 

Fig. 1 Body weight changes in mice. Mice treated with 0, 100, or 300 mg  kg−1 SNPs by oral gavage twice per week and fed an ND or HFD (a). Each 
point represents the mean ± standard error of the mean (n = 6). **, p < 0.01 for the comparison of the HFD‑SNP0 group with the ND‑SNP0 group, 
as revealed by ANOVA. Body weight differences were observed between the ND‑ and HFD‑fed mice treated with different concentrations of SNPs 
(p > 0.05, ANOVA). No significance (n.s.). The accumulation of silicon in kidney tissue (mg of silicon per kidney gram) was measured at 25 weeks 
by ICP (b). The data are presented as the means ± standard errors of the means (n = 6)
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which engulfs the NPs, and the cell membrane invagi-
nates these particles into the cell by forming an intracel-
lular vesicle [35]. However, the NP uptake mechanism 
should be considered with caution because the cellular 
uptake mechanism depends on the particle size (e.g., iso-
lated or aggregated particles), surface modification (e.g., 
hydrophilic functional group), surface charge, dosage, 
exposure time, treatment media (e.g., content in media), 
and cell type used as a model. According to this study, the 
silicon accumulated in the kidney, and we speculated that 
the SNPs might enter the kidney tissue through endocy-
tosis. Not only the kidneys but also other organs, such as 
the liver and lungs, are the position in which SNP could 
accumulate [18–20]. However, the uptake of SNPs still 
has many unclear questions that need to be discussed in 
depth.

3.3  Blood biochemical parameter analyses of the serum 
of mice and TG expression in kidney tissue

Our study evaluated the levels of biochemical blood 
parameters, such as AST and ALT, in the serum of mice 
administered SNPs to determine the physical condition 
of the mice. At 25 weeks, the serum AST and ALT lev-
els were higher in the HFD-SNP0 group than in the ND-
SNP0 group (p < 0.05, ANOVA) (Fig.  2a and b), and no 
changes in the AST and ALT levels were observed in the 
ND-SNP100 or HFD-SNP100 groups compared with the 
ND-SNP0 or HFD-SNP0 groups, respectively (p > 0.05, 
ANOVA) (Fig.  2a and b). However, an increase in the 
AST level (p < 0.05, ANOVA), but no change in the ALT 
level (p > 0.05, ANOVA), was found in the ND-SNP300 
group compared with the ND-SNP0 group (Fig.  2a and 
b). At 25 weeks, the HFD-SNP300 group has significantly 
higher serum levels of AST and ALT than the HFD-SNP0 
group (p < 0.01–0.001, ANOVA) (Fig. 2a and b).

Based on its clinical significance and laboratory find-
ings, AST is present in large amounts in the liver, heart, 
muscle, and other tissues and can be used to diagnose 
myocardial infarction, hepatobiliary disease, and muscle 
disorders [36–38]. Violent viral hepatitis, acute hepati-
tis, hepatocellular necrosis, alcoholic hepatitis, traumatic 
necrosis of the heart or skeletal muscles, and excessive 
exercise significantly increase the serum AST concentra-
tion [36–38]. However, an HFD not only induces fatty 
liver, obesity, and overweight but also promotes renal 
injury through oxidative stress and mitochondrial dys-
function [7]. In a 5/6 nephrectomized rat model, which 
has been used to study CKD, the AST and ALT levels 
are induced in CKD [39]. Previous studies have shown 
that inhaled SNPs could cause chronic kidney disease 
[34]. These data showed that the increased serum AST 
and ALT levels not only affect liver function but also 
may control kidney function [34, 36–39]. Therefore, we 

hypothesized that the kidney might be injured in our 
mice fed an HFD and administered SNPs.

To determine kidney function, various biochemi-
cal blood parameters, such as BUN, UA, and CRE, were 
measured in the serum of mice administered SNPs and 
fed an ND or an HFD to determine their kidney func-
tion. No significant change in the serum levels of BUN 
and CRE (p > 0.05, ANOVA) was detected in the ND-
SNP100 or ND-SNP300 group compared with the ND-
SNP0 group (Fig.  2c and e). Increased serum levels of 
BUN and CRE were found in the HFD-SNP100 and HFD-
SNP300 groups compared with the HFD-SNP0 group 
(p < 0.01–0.001, ANOVA) (Fig. 2c and e). The serum UA 
concentration was higher in the ND-SNP300 or HFD-
SNP300 group than in the ND-SNP0 or HFD-SNP0 
group, respectively (p < 0.05–0.001, ANOVA) (Fig.  2d). 
To analyze the TG levels in kidney tissue, TGs were 
extracted from homogenous renal tissue and analyzed 
with an automated biochemical analyzer (HITACHI 3100 
analyzer, Japan). The HFD-SNP0 group exhibited higher 
TG levels than the ND-SNP0 group (p < 0.001, ANOVA) 
(Fig. 2f ). Similar results were also found in other studies 
[7]. Among the ND groups, the TG levels in tissue were 
greater in the ND-SNP300 group than in the ND-SNP0 
group (p < 0.05, ANOVA) (Fig.  2f ). Among the HFD-
treated mice fed SNPs, the TG levels in kidney tissue 
were higher in the HFD-SNP300 group compared with 
the HFD-SNP0 group (p < 0.001, ANOVA) (Fig. 2f ). The 
accumulated TG concentration was higher in the HFD-
SNP300 group than in the ND-SNP300 group (p < 0.001, 
ANOVA) (Fig.  2f ), which indicated that the increase in 
TG accumulation may be induced by the HFD.

Although estimated Glomerular filtration rate can be 
more useful than BUN and CRE to evaluate the func-
tion of the kidney, it is not possible to calculate [40, 41]. 
Therefore, we used BUN and CRE to estimate the renal 
function. The general blood parameters are BUN (nor-
mal range, 16–25  mg  dL−1) and CRE (normal range, 
0.3–0.4 mg  dL−1) [42], which reflect the level of urinary 
toxins and the quality of renal function, respectively. 
BUN, which indicates possible kidney damage, can eas-
ily be filtered from the renal glomerulus due to its small 
size. In contrast to BUN, CRE is derived from muscle 
tissue metabolism. Although CRE is also excreted in 
urine, it is less affected by food intake. Notably, at the 
early stages of renal impairment, BUN and CRE are 
easily filtered and excreted from the renal glomerulus 
due to their small molecular sizes: in particular, renal 
tubules also have the ability to secrete and excrete BUN 
and CRE. Hence, neither BUN nor CRE are excreted 
at the early stage of renal disease until kidney func-
tion decreases to approximately one-third or less of 
its normal levels. In other words, once the serum CRE 
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level increases to an abnormal level, an expert should 
be consulted for further inspection and confirmation. 
Consistently, our data showed that the elevated serum 
levels of BUN and CRE were strongly associated with 

kidney disease in our mice fed an HFD and SNPs. To 
illustrate the development of kidney disease in our 
model, the morphology of the kidney and CKD mark-
ers were confirmed by H&E staining and quantitative 
RT-PCR.

Fig. 2 The expression of blood biochemical markers in serum and TG in kidney tissue. Serum AST levels in U  L−1 (a), ALT levels in U  L−1 (b), BUN 
levels in mg  dL−1 (c), UA levels in mg  dL−1 (d), CRE levels in mg  dL−1 (e), and accumulated TG levels (µg  mg−1 protein) (f) in kidney tissue induced 
by treatment with  SiO2 nanoparticles in the ND and HFD groups at 25 weeks. The data are expressed as the means ± standard errors of the means 
(n = 6). No significance (n.s.)
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3.4  Induced CKD in a mouse model by SNPs and HFD
Figure  3a–d show the normal morphology of the kid-
ney, which has a clear lumen space. In the ND-SNP100 
and ND-SNP300 groups, we observed injured tubules 
(fragmented cytoplasm), basophilia, and tubular cell 
sloughing, which are the most common early signs of 
CKD; the results suggested that CKD might be induced 
by SNP treatment (Fig. 3e, f, i and j). Increased immune 
cell infiltration, which is characteristic of CKD, was 
found in the HFD-SNP100 and HFD-SNP300 groups 
(Fig.  3g, h, k and l). We also observed the cysts that 
arose from tubular dilation with homogenous eosino-
philic fluid (Fig. 3k and l). Eosinophilic and homogene-
ous casts (prominent hyaline casts) and increasingly 
affected renal parenchyma, which are usually observed 
in advanced CKD (Fig.  3m and n), were observed in 
our mice fed the HFD and treated with 300 mg of SNPs 
 kg−1 mouse body weight.

We carried out quantitative RT-PCR of vimentin 
(Vim), lipocalin 2 (Lcn2), and kidney injury molecular 
1 (Kim-1) using RNA extracted from the mouse kid-
ney. Vim, a marker for kidney fibrosis [43], and Lcn2, 
which also referred to neutrophil gelatinase-associated 
lipocalin and Kim-1, markers for tubular damage [44], 

increased significantly in our mice treated with SNPs 
with HFD (p < 0.05–0.001, ANOVA) (Fig. 4a–c).

Previous studies have shown that multifocal areas of 
basophilia and tubular cell sloughing can be observed 
at the early stage of CKD, and increased abnormal renal 
parenchyma, cysts, hyaline casts, and immune cell infil-
tration can be noted in the late-stage lesions [45]. The 
common markers such as Vim, Lcn2, and Kim-1 were 
activated in CKD [43, 44]. It has been reported that 
AMPK plays a crucial role in renal cell dysfunction, and 
activating AMPK might improve kidney dysfunction 
[46–48]. Our results showed that the mRNA expression 
of Prkaa1 (catalytic subunit in AMPK) decreased in SNPs 
and HFD treatment (p < 0.01, ANOVA) (Fig. 4d). There-
fore, the mechanism of induced CKD might be through 
the AMPK pathway. Based on our experiment results, we 
hypothesized that the CKD induced in our mice treated 
with SNPs and the HFD would accelerate the develop-
ment of CKD.

Long-term HFD feeding has been shown to induce 
lysosomal dysfunction and alter renal lipid metabolism, 
leading to renal injury [6, 49]. SNPs can induce chronic 
kidney disease [34]. The related research provides evi-
dence showing that renal dysfunction may develop via 

Fig. 3 The degree of CKD is shown by H&E staining. The mice were fed the ND (a, b, e, f, i and j) or HFD (c, d, g, h, k, l, m and n) for 25 weeks 
and treated with 0 (a, b, c and d), 100 (e, f, g and h), or 300 (i, j, k, l, m and n) mg  kg−1 SNPs twice per week. The red scale bars represent 500 µm (a, 
c, e, g, i, k and m) and the white scale bars represent 100 µm (b, d, f, h, j, l and n). The yellow arrows indicate basophilia with a thickened basement 
membrane, and the orange arrows indicate immune cell infiltration
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stimulation through the combined effect of SNPs and 
HFD. Therefore, NPs such as SNPs and modern die-
tary habits are two important factors that affect human 
health.

In addition to histopathology, CKD is a regenerative 
and degenerative disease observed in autoradiographic 
and immunohistochemical cell proliferation studies and 
can cause chronic renal failure and death. The regenera-
tive aspect of the process is supported by studies that 
examined PCNA expression [50]. PCNA expression 
peaks at the G1/S phase of interphase, and at this point, 
the protein is located mainly in the cell nucleus. PCNA 
is a potential marker for cells with proliferative poten-
tial and for identifying the proliferation status of tissue. 
Despite the increases in the incidence and severity of 
CKD with age, the evidence indicates that CKD should 
be regarded as a specific disease entity. To determine 
the aging effect of aging in our study,  p21Clip1, which is a 
marker of aging, was usually used to identify age-related 
diseases [51]. ND groups showed no positive immuno-
histochemical staining (Fig.  5a, c and e). Figure  5d and 
f show that the tubules of CKD mice were immunohis-
tochemically stained for PCNA as a cell proliferation 
marker. The quantitative data also revealed the induction 
of regeneration in the HFD-SNP300 group compared 
with the HFD-SNP0 group (p < 0.01, ANOVA) (Fig.  5g). 
The results showed the presence of regenerative renal 
tissue in our mouse model, which was consistent with 
the findings of previous research. No signs of aging were 
detected by  p21Clip1 immunochemical staining (Figs. 
S2a–f) or quantitative analysis (p > 0.05, ANOVA) (Fig. 

S2g). Both sets of IHC staining results showed that regen-
erative CKD occurred after HFD and SNP treatment and 
may not occur due to aging.

3.5  Induction of IL‑6 and TNF‑α in HFD‑fed mice 
administered SNPs

One of the hallmarks of CKD, which results in its devel-
opment, progression, and complications, is continu-
ous and low-grade inflammation. Inflammation, which 
occurs in response to different stimuli, is a necessary and 
normal body reaction. Immune cells that stimulate target 
sites, such as injury sites, can migrate to the target site 
following a series of steps facilitated and coordinated 
by cytokines, chemokines, and acute-phase proteins. 
In acute conditions, this process provides a resolution 
against human pathology. Chronic inflammation can 
lead to tissue damage and fibrosis formation. Therefore, 
inflammation has been associated with numerous dis-
eases, including CKD and fatty liver disease [52]. Pre-
vious studies have shown that the cytokine markers of 
inflammation in CKD patients are interleukins, TNF, and 
TGF [53]. Cytokines play important effector and messen-
ger roles in the development and activity of the immune 
system. Chronic inflammation, either due to inappropri-
ate reactions against self-antigens or prolonged stimu-
lation by chemical, physical, or biological stimuli, can 
prove to be problematic because it can lead to the devel-
opment of persistent inflammation [52].

CRP, which is a factor that predicts inflamma-
tion levels, did not change in our animal model (data 
not shown). No systemic inflammatory response was 

Fig. 4 Markers for CKD. Quantitative RT‑PCR was used to analyze the kidney mRNA levels of Vim (a), Lcn2 (b), Kim-1 (c), and prkaa1 (d) in mouse 
treatment with SNPs in the ND and HFD groups at 25 weeks. The data are expressed as the means ± standard errors of the means (n = 6)
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observed in our mouse model. Hence, to understand 
chronic inflammation in our experimental model, the 
levels of cytokines, including IL-6, TNF-α, and TGF-β, 
were analyzed by IHC. IHC staining revealed no signif-
icant changes in IL-6 or TNF-α expression in the ND 
groups treated or not treated with SNPs (Figs. 6a, c, e, 
7a, c and e); nevertheless, IL-6 and TNF-α expression 
was increased in the HFD-SNP100 and HFD-SNP300 

groups compared with the HFD-SNP0 group (Figs. 6b, 
d, f, 7b, d and f ). IHC quantitative data (p < 0.01–0.001, 
ANOVA) (Figs.  6g and 7g) demonstrated that the 
IL-6 and TNF-α expression was induced in the HFD-
SNP100 and HFD-SNP300 groups compared with the 
HFD-SNP0 group. However, TGF-β expression was not 
activated in our animal model (p > 0.05, ANOVA) (Figs. 
S3a–g).

Fig. 5 Level of PCNA detected by using immunohistochemical staining. Mice were fed the ND (a, c and e) or HFD (b, d and f) for 25 weeks 
and treated with 0 (a, b), 100 (c, d), or 300 (e, f) mg of SNPs  kg−1 body weight twice per week. The scale bars represent 100 µm (a–f). The percentage 
of PCNA‑positive cells was analyzed using Image‑Pro (g). The data are presented as the means ± standard errors of the means (n = 6)
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In kidney disease, IL-6 is related to proinflammatory 
actions such as B-cell stimulation [54, 55], the estimated 
glomerular filtration rate [56], and atherosclerosis [57]. 
Hence, IL-6 expression not only induces inflammation 
but also affects kidney function. Another possible role 
of IL-6 is increasing the transcription level of fibroblast 
growth factor 23 (FGF23), which regulates the phosphate 
homeostasis in the kidney, and this finding suggests that 

phosphate is excreted in the urine [58, 59]. Therefore, 
IL-6 plays an important role in CKD.

The cytokine TNF-α is released by immunologic cells 
such as monocytes and macrophages and is associated 
with several known functions: the control of cell death, 
inflammation, and the control of adaptive immunity [60, 
61]. One of the possible ways TNF-α can act on CKD is 
by increasing the FGF23 levels, which causes mineral and 

Fig. 6 The level of IL‑6 was determined by immunohistochemical staining. Mice were fed the ND (a, c and e) or HFD (b, d and f) for 25 weeks 
and treated with 0 (a, b), 100 (c, d), or 300 (e, f) mg of SNPs  kg−1 body weight twice per week. The scale bars represent 100 µm (a–f). The percentage 
of positive IL‑6 staining/area was analyzed using Image‑Pro (g). The data are presented as the means ± standard errors of the means (n = 6)
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bone disorders and is related to the mortality of CKD 
patients [62]. A mice study has revealed that TNF-α 
confers kidney protection via macrophage recruitment, 

histopathological changes, a reduction in the serum 
creatinine level, and albuminuria in the kidneys [63]. 
Therefore, the risk of exposure to SNPs associated with 

Fig. 7 The level of TNF‑α was determined by immunohistochemical staining. Mice were fed the ND (a, c and e) or HFD (b, d and f) for 25 weeks 
and treated with 0 (a, b), 100 (c, d), or 300 (e, f) mg of SNPs  kg−1 body weight twice per week. The scale bars represent 100 µm (a–f). The percentage 
of TNF‑α positive cells/area was determined using Image‑Pro (g). The data are presented as the means ± standard errors of the means (n = 6)
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modern dietary habits provides important experimental 
evidence for evaluating the safety of SNPs, especially with 
regard to human health.

3.6  Increased fibrosis and oxidative stress through 4‑HNE 
in the mouse model

Picrosirius red staining and fibrosis quantitative data 
showed that kidney fibrosis was induced in the HFD-
SNP0 group compared with the ND-SNP0 group, which 
illustrated that an HFD could increase the fibrosis in 
the kidney (p < 0.05, ANOVA) (Fig.  8a, b, and g). ND-
SNP100 and ND-SNP300 showed no positive stain-
ing (Fig. 8c and e). In the HFD groups, kidney fibrosis 

was increased in a dose-dependent manner in the mice 
fed increasing doses of SNPs (p < 0.05–0.01, ANOVA) 
(Fig.  8b, d, f and g). Similarly, kidney fibrosis was also 
observed by Mason’s trichrome staining and quan-
titative analysis (p < 0.001, ANOVA) (Fig.  8h–n). In 
ND groups, no positive 4-HNE staining, an oxidative 
stress marker, was observed (Fig.  9a, c and e). Among 
the mice continuously fed the HFD and treated with 
SNPs, the expression of 4-HNE was increased in the 
HFD-SNP100 and HFD-SNP300 groups compared with 
the HFD-SNP0 group, as revealed by IHC staining and 
quantitative analysis (p < 0.001, ANOVA) (Fig.  9b, d, f 
and g).

Fig. 8 The degree of fibrosis was observed by picrosirius red staining (a–f) and the Masson’s Trichrome stain (h–m). Mice were fed the ND 
(a, c, e, h, j and l) or HFD (b, d, f, i, k and m) for 25 weeks and treated with 0 (a, b, h and i), 100 (c, d, j and k), or 300 (e, f, l and m) mg of SNPs 
 kg−1 body weight twice per week. The arrow indicates positive picrosirius red staining. #, p < 0.001 for the comparison of the HFD‑SNP0 group 
with the ND‑SNP0 group, as revealed by ANOVA. The scale bars represent 100 µm (a–f, h–m). The degree of fibrosis was quantified using Image‑Pro 
(g, n). The data are expressed as the means ± standard errors of the means (n = 6)
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A diverse array of stressors, such as reactive oxygen 
species (ROS), DNA damage, mitochondrial dysfunc-
tion, nephrotoxins, mechanical stress, and oxidative 
stress, can induce kidney fibrosis [64]. Various stressors 
induce kidney fibrosis via different signaling pathways 
and increase senescence-associated secretory pheno-
type expression, which leads to fibroblast activation, 
abnormal extracellular matrix accumulation, and renal 
fibrosis [64, 65]. Signaling pathways such as the TGF-β 

and 4-HNE pathways participate in oxidative stress, 
suggesting kidney injury and fibrosis. One of the key 
controlling factors appears to be TGF-β which induces 
fibrosis via the action of TGF-β/Mathers against decap-
entaplegic homolog 3 [66, 67]. The peroxidation of fatty 
acids elevates the production of 4-HNE, which induces 
ROS, inflammation, apoptosis, and fibrosis [68–70]. 
In our study, the induction of renal fibrosis may have 
occurred as a result of increased 4-HNE expression but 

Fig. 9 The degree of oxidative stress was determined by immunohistochemical staining for 4‑HNE. Mice were fed the ND (a, c and e) or HFD (b, d 
and f) for 25 weeks and treated with 0 (a, b), 100 (c, d), or 300 (e, f) mg of SNPs  kg−1 body weight twice per week. The scale bars represent 100 µm 
(a–f). The percentage of positive 4‑HNE staining/area was analyzed using Image‑Pro (g). The data are presented as the means ± standard errors 
of the means (n = 6)
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not elevated TGF-β expression; however, the underly-
ing mechanism remains unknown.

In this study, we demonstrated that the combination 
of long-term HFD and the administration of SNPs can 
induce kidney injury in the ICR mice. Our data showed 
that 25 weeks of HFD consumption and SNP treatment 
via feeding induced abnormal lipid accumulation in 
the kidney, which is consistent with previous findings 
[4]. Additionally, the manifestations of kidney injury in 
HFD-fed and administered SNP mice included tubular 
basophilia, basement membrane thickening, immune 
cell infiltration, an increased number of abnormal renal 
parenchyma, and prominent hyaline casts; moreover, the 
pathological consequences revealed kidney malfunction.

Previous studies found that HFD and SNPs affect kid-
ney organs. For example, lipogenic enzymes are stimu-
lated by an HFD and inhibit lipolysis; therefore, excess 
lipids within the kidney alter the metabolism of lipids 
and lead to glomerulosclerosis, interstitial fibrosis, and 
albuminuria [49]. Lipotoxic effects induced via the accu-
mulation of lipids are reflected by oxidative stress, mito-
chondrial fission, and lipid metabolism dysfunction 
[4, 7]. Yamamoto et  al. reported that kidney injury was 
induced by the accumulation of phospholipids in lys-
osomes within renal proximal tubular cells [6]. Sasai et al. 
reported that SNPs caused kidney damage with tubular 
injury and inflammation in rats and that these effects 
persisted even after the rats were no longer exposed to 
SNPs [34]. CKD is presumed to be due to possible envi-
ronmental toxins, including water and food-related tox-
ins and element exposure, such as lead, chromium, and 
silica [71–73]. Therefore, it appears that an HFD and 
SNPs can cause the same result: kidney injury formation.

Activating transcription factor 3 (ATF3) was upregu-
lated in cells treated with SNPs and was also detected 
through a cDNA array [22]. ATF3 is a transcription fac-
tor that plays a key role in the regulation of apoptosis, 
oncogenesis, inflammation, and DNA repair. This tran-
scription factor enhances hepatic triglyceride hydroly-
sis, intestinal lipid absorption, and fatty acid oxidation 
[74]. Therefore, ATF3 was proposed to be a target mol-
ecule involved in steatosis. Lee et  al. [75] used global 
proteomics to study SNP-induced mechanisms. Most 
proteins induced by SNP treatment are involved in 
lipid metabolism, and the expression of genes encoding 
sphingolipid delta(4)-desaturase DES1, lysophospho-
lipid acyltransferase 7, neutral cholesterol ester hydro-
lase 1, choline transporter-like protein 1, microsomal 
glutathione S-transferase 3, medium-chain specific acyl-
CoA dehydrogenase mitochondrial and glycosylphos-
phatidylinositol anchor attachment 1 protein, was 
significantly upregulated [75]; these results are consist-
ent with the increased TG levels detected in our mouse 

model. The evidence showed that SNPs are strongly asso-
ciated with lipid metabolism; however, the mechanism 
through which SNPs induce lipid metabolism remains 
unclear.

A modern diet rich in fats is believed to be a major fac-
tor affecting the development of fatty liver, obesity, and 
overweight worldwide, and obesity has been recognized 
as a key risk factor for the development of CKD [7, 76]. 
Our study identified SNPs as another important factor in 
the development of kidney injury in HFD-fed individu-
als. Hence, in addition to carefully controlling dietary or 
molecular contents, removing NPs, such as SNPs, can 
lead to diabetes, hypertension, fatty liver, obesity, and 
overweight [18, 77, 78], and these particles might also be 
therapeutic targets for preventing CKD formation.

The study has several limitations. Although our results 
suggest that SNPs are major drivers of renal injury, we 
did not directly elucidate the detailed biological mecha-
nism induced by these SNPs. Moreover, the parameters 
used to define kidney injury in our mouse model may 
differ from the glomerular filtration rate, which is used 
in clinical settings. The HFD used in this study was not 
the same as the modern or Western diets consumed by 
humans. We may need to keep this fact in mind when 
evaluating our conclusion.

4  Conclusions
A mouse model was generated by treatment with SNPs 
and HFD, which mimic the SNPs in drinking water and 
modern dietary habits. Analyses of the body weight, 
kidney tissue histology, blood biochemistry assays, pic-
rosirius red staining, quantitative RT-PCR, and immu-
nohistochemical staining were used to assess the effects 
of the administration of different concentrations of SNPs 
(100 and 300 mg of SNP  kg−1 mouse body weight) over 
25  weeks. The results showed that the body weight did 
not change in either the ND- or HFD-fed mice adminis-
tered SNPs. During the experimental period, no abnor-
mal animal behaviors or clinical signs were observed by 
the naked eye in our mouse model. The accumulation of 
silicon and TGs was observed and might be related to 
renal injury in the mice administered SNPs and fed the 
HFD. Biochemical blood assays, H&E morphology obser-
vations, and CKD markers revealed that increased serum 
levels of BUN, CRE, and UA and induced mRNA levels 
of Lcn 2, Kim-1, and Vim also confirmed kidney dysfunc-
tion in the mice administered SNPs and fed the HFD. 
Increased local inflammation, renal fibrosis, and oxida-
tive stress, as indicated by IHC for IL-6, TNF-α, 4-HNE, 
and by picrosirius red and mason trichrome staining 
for fibrosis. Based on the results of our study, the long-
term effect of SNPs in drinking water may represent a 
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hazard to kidney function in the setting of modern die-
tary habits.

In our experimental model, the induction of CKD was 
observed. Hence, our results illustrate the combined 
effect of modern dietary habits and SNPs provide impor-
tant experimental evidence for the safety evaluation of 
SNPs, especially in human health. However, the mecha-
nism of CKD remains unclear; nevertheless, oxidative 
stress was observed in our model. Our studies showed 
that renal damage is accelerated by an HFD and SNP 
treatment because SNPs, which are soldiers hidden in a 
Trojan horse, are a risk factor. The accumulation of SNPs 
could transform the metabolic confusion in kidney cells. 
To prevent the effects of SNPs on humans, long-term 
monitoring of the accumulation of SNPs in our envi-
ronment is required. The influence of SNPs cannot be 
ignored, and we need to prevent the increases in poten-
tial risks during daily life.
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