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Abstract: Silica dioxide nanoparticles (SiONPs) have been applied to several fields, such as drug 
delivery and gene therapy. However, SiONPs are a constituent of fine dust and can induce excessive 
inflammatory responses in the lungs via the airways. Silibinin, a major component of silymarin, has 
been known for its anti-oxidant and anti-inflammatory effects. In the present study, we explored 
the protective effects of silibinin against SiONPs-induced airway inflammation and explored its 
underlying mechanism of action, focusing on thioredoxin-interacting protein (TXNIP)/mitogen-
activated protein kinases (MAPKs) in vitro and in vivo. In SiONPs-stimulated NCI-H292 airway 
epithelial cells, silibinin treatment effectively suppressed the elevation of the mRNA expression of 
tumor necrosis factor-α (TNF-α), interleukin (IL)-6, and IL-1β, which was accompanied by the 
reduction in the expression of TXNIP, MAPKs, and activator protein-1 (AP-1). In SiONPs-treated 
mice, silibinin administration inhibited the increase in inflammatory cell counts and 
proinflammatory mediators, and it alleviated airway inflammation by SiONPs exposure. In 
addition, silibinin administration effectively suppressed the elevation of TXNIP/MAPKs/AP-1 
signaling by SiONPs exposure. Taken together, silibinin effectively inhibited SiONPs-induced 
inflammatory responses, and this effect was closely related to the inhibition of TXNIP/MAPK/AP-1 
signaling. These results suggested that silibinin might be useful for reducing pulmonary 
inflammation induced by SiONPs. 

Keywords: silica dioxide nanoparticle; silibinin; airway inflammation; thioredoxin-interacting 
protein; mitogen-activated protein kinase; activator factor-1 
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1. Introduction 

Silica dioxide nanoparticles (SiONPs) are nanomaterials considered important in modern society 
because they offer various properties and applications, particularly in the field of biology, 
biotechnology, and medicine [1]. However, as SiONPs are not present in nature and are artificially 
produced, they become components of fine dust and can be a potential hazard to human health [2]. 
In particular, the lungs are the main target organ of SiONPs [3,4], and exposure to SiONPs is 
associated with pulmonary tuberculosis, chronic obstructive pulmonary disease, emphysema, 
silicosis, and lung cancer [5–8]. Moreover, SiONPs induce pathophysiological alterations in various 
cell types, including endothelial cells, lung cancer cells, and macrophages, and these alterations are 
mediated by reactive oxygen species (ROS), inflammation, apoptosis, and autophagy [9–13]. Owing 
to the recent increase in the use of SiONPs, their potential health risk has been increasing. 

The immune system plays a protective role in our body; it responds to tissue injury, infection, 
and harmful pathogens that enter the body [14]. However, excessive inflammatory responses can 
lead to tissue damage, organ failure, and ultimately death [15]. Activation of mitogen-activated 
protein kinases (MAPKs) signaling is recognized to be mediated by many stimuli and is associated 
with the induction of cell death and inflammation [16]. In recent studies, exposure to SiONPs induces 
an inflammatory response in human lung cells, and this effect is associated with the elevation of the 
MAPKs signaling pathway [17,18]. In addition, thioredoxin-interacting protein (TXNIP) plays a role 
as an oxidative stress activator by decreasing the antioxidant activity of thioredoxin (TRX) [19]. A 
previous study has shown that the downregulation of TXNIP ameliorates inflammatory responses 
by inhibiting the MAPKs pathway in mice [20]. TXNIP alleviates inflammatory responses by 
suppressing p38 MAPK signaling in lipopolysaccharide (LPS)-stimulated macrophages [21]. 
Therefore, suppression of the TXNIP/MAPKs pathway can be a strategy for controlling SiONP-
induced inflammation. 

Silibinin, a natural polyphenolic flavonoid, is the main component of silymarin, which is 
extracted from milk thistle [22]. Silibinin has anti-oxidant, anti-cancer, and anti-inflammatory 
properties [23]. A recent study has shown that silibinin attenuates pulmonary inflammation in 
cigarette smoke-induced chronic obstructive pulmonary disease mouse models by suppressing the 
extracellular signal-regulated protein kinases 1 and 2 (ERK1/2)/specificity the protein 1 pathway [24]. 
Silibinin also inhibits cytokine-induced activation of activator protein-1 (AP-1), c-Jun N-terminal 
kinase (JNK), ERK1/2, and p38 in human lung carcinoma cells [25]. However, it is unknown whether 
silibinin exerts a pulmo-protective anti-inflammatory mechanism by regulating TXNIP in the lungs. 

Therefore, we studied the effects of silibinin on airway inflammation induced by SiONPs 
exposure in vitro and in vivo. Furthermore, the action mechanism of silibinin was investigated with 
a focus on the TXNIP/MAPKs/AP-1 pathway. 

2. Materials and Methods 

2.1. Nanoparticles 

The particle size of SiONPs (Sigma–Aldrich, St. Louis, MO, USA) is <5–15 nm, according to 
manufacturer’s information. SiONPs were dissolved in phosphate-buffered saline (PBS) and 
sonicated for 3 min before administration. 

2.2. Cell Culture 

The NCI-H292 cells, as human airway epithelial cell line (American Type Culture Collection, 
Manassas, VA, USA) were maintained at 37 °C with 5% CO2 in RPMI 1640 medium with fetal bovine 
serum (FBS, 10%), penicillin (100 U/mL), streptomycin (100 μg/mL), and HEPES (25 mM). Fresh 
media were exchange per every 2–3 days. The cells were starved in the medium with 1% FBS for 5 h 
before use. 
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2.3. Measurement of Proinflammatory Cytokines mRNA Expression in NCI-H292 Cells 

were seeded into six-well plates (4 × 105 cells/well) for 24 h, and then treated with silibinin 
(Sigma–Aldrich) at 2.5, 5, 10, and 20 μg/mL based on the result of cell survival and TXNIP expression 
at basal condition (Supplementary Figure S1 and S2, respectively). The control and other treatments 
contained a 1:1000 dilution of dimethyl sulfoxide (DMSO). After incubation for 12 h, the cells were 
treated with SiONPs at 12.5 μg/mL for 6 h based on the preliminary experiment (Supplementary 
Figure 3). To perform real-time reverse-transcription polymerase chain reaction (qRT-PCR), total 
RNA was isolated using TrizolTM reagent (Invitrogen, Carlsbad, CA, USA) and then reverse-
transcribed using a cDNA kit (Qiagen, Hilden, Germany). qRT-PCR experiments were performed 
using specific forward and reverse primers (TNF-α: forward, 5′-CAA AGT AGA CCT GCC CAG AC-
3′, reverse, 5′-GAC CTC TCT CTA ATC AGC CC-3′; IL-6: forward, 5′- ATG CAA TAA CCA CCC 
CTG AC-5′, reverse, 5′- ATC TGA GGT GCC CAT GCT AC-3′; IL-1β: forward, 5′- AGC CAG GAC 
AGT CAG CTC TC-3′, reverse, 5′- ACT TCT TGC CCC CTT TGA AT-3′; GAPDH: forward, 5′-CAA 
AAG GGT CAT CTC TG-3′, reverse, 5′-CCT GCT TCA CCA CCT TCT TG-3′). We performed 
additional experiments using TXNIP small interfering RNA (siRNA) to investigate the role of TXNIP 
in the effects of silibinin on SiONPs-induced NCI-H292 cells. The siRNA for TXNIP (4392420) and 
scrambled siRNA (4390843) were purchased from Ambion (Waltham, MA, USA). Each siRNA (20 
nM) was transfected into NCI-H292 cells using LipofectamineTM RNAiMAX reagent (Invitrogen, 
Waltham, MA, USA) following the forward transfection method as instructed by the manufacturer. 

2.4. Animals 

Specific pathogen-free female BALB/c mice (6 weeks old, Samtako Co., Osan, Republic of Korea) 
were used after 1 week of quarantine and acclimatization. The mice were maintained at normal 
conditions (temperature: 23 ± 2 °C, a relative humidity: 50 ± 5%, artificial lighting: 08:00–20:00 and air 
change: 13–18 per hour) and were provided a standard rodent diet and water ad libitum. The animal 
experimental procedures were performed according to the NIH Guidelines for the Care and Use of 
Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of 
Chonnam National University. 

2.5. Experimental Procedure for Animal Experiments 

The mice were divided into one normal control (NC) group and four experimental groups, and 
each group consisted of six female mice. The experimental groups were divided into four groups as 
follows: SiONP group (SiONP instillation only), dexamethasone (DEX) group (SiONP instillation and 
2 mg/kg DEX administration), and Sili 20 and 40 groups (SiONPs instillation and silibinin 
administration at 20 and 40 mg/kg, respectively). DEX and silibinin were daily treated by oral gavage 
to the mice for 2 weeks. SiONPs were administered to the mice at 20 mg/kg in 50 μL of PBS via 
intranasal instillation on days 1, 7, and 13 under slight anesthesia using Alfaxan (Alfaxalone®; Jurox 
Pty Ltd., Hunter Valley, Australia). The NC group were administered with 50 μL of PBS via intranasal 
instillation. A tracheostomy was performed under anesthesia at 48 h after the final instillation using 
Alfaxan. The procedure to collect bronchoalveolar lavage fluid (BALF) was performed as previously 
described [18]. Differential cell counts of BALF were determined using Diff-Quik® reagent (IMEB Inc., 
San Marcos, CA, USA). 

2.6. Measurements of Proinflammatory Cytokines in BALF 

The IL-1β, IL-6, and TNF-α were determined by commercial enzyme-linked immunosorbent 
assay (ELISA) kits (BD Biosciences, San Jose, CA, USA). The absorbance was measured at 450 nm 
using a spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA). 

2.7. Histology and Immunohistochemistry (IHC) 

Lung tissues were fixed (4% (v/v) paraformaldehyde), embedded (paraffin), sectioned (thickness 
of 4 μm), and then stained with hematoxylin and eosin (Sigma–Aldrich) to estimate the status of 
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inflammation. The procedure of IHC was the same as previously described [26]. Primary antibodies 
were used: TXNIP (1:200 dilution; Novus Biologicals, Littleton, CO, USA) and AP-1 (1:200 dilution; 
Abcam, Cambridge, UK) antibodies. Airway inflammation and protein expression were 
quantitatively measured using an image analyzer (IMT i-Solution software, Vancouver, BC, Canada). 

2.8. Immunoblotting for Measuring Inflammatory Proteins in NCI-H292 Cells and Lung Tissues 

Immunoblotting was the same as previously described [26]. The following primary antibodies 
were used: TXNIP (Novus Biologicals), phospho-ERK1/2 (p-ERK; Cell Signaling, Denver, MA, USA), 
total ERK (t-ERK; Cell Signaling), phospho-JNK (p-JNK; Cell Signaling), total JNK (t-JNK; Cell 
Signaling), phospho-p38 (p-p38; Cell Signaling), total p38 (t-p38; Cell Signaling), AP-1 (Abcam), and 
β-actin (Cell Signaling). The relative protein expression was determined using ChemiDoc (Bio-Rad 
Laboratories). 

2.9. Statistical Analysis 

Data were shown as means ± standard deviation (SD). Statistical significance was determined 
by analysis of variance followed by Dunnett’s test. p-values less than 0.05 were considered as 
statistical significance. 

3. Results 

3.1. Effects of Silibinin on the mRNA Expression of Proinflammatory Cytokines in NCI-H292 Cells 
Stimulated with SiONPs 

As compared to the control group, the mRNA expression of TNF-α, IL-6, and IL-1β was 
increased in the SiONPs-treated cells (Figure 1a, 1b, and 1c, respectively). In contrast, compared to 
the SiONPs-only treated cells, silibinin significantly inhibited the elevation of the SiONPs-induced 
mRNA expression of proinflammatory cytokines in a concentration-dependent manner. 

 
Figure 1. Effects of silibinin treatment on the mRNA expression of proinflammatory cytokines in silica 
dioxide nanoparticles (SiONPs)-induced NCI-H292 cells as assessed by real-time reverse-
transcription polymerase chain reaction (qRT-PCR.) (a) mRNA expression of tumor necrosis factor-α 
(TNF-α). (b) mRNA expression of interleukin (IL)-6. (c) mRNA expression of IL-1β. Data are shown 
as means ± SD (n = 3). ## p < 0.01 vs. non-SiONPs-induced NCI-H292 cells, *,** p < 0.05 and < 0.01 vs. 
SiONPs-induced NCI-H292 cells, respectively. 

3.2. Effect of Silibinin on the Expression of TXNIP, MAPK, and AP-1 in NCI-H292 Cells Stimulated with 
SiONPs 

At basal condition, Silibinin treatment decreased the TXNIP expression in NCI-H292 cells 
(Supplementary Figure S2). However, SiONPs treatment increased the TXNIP expression in NCI-
H292 cells at basal condition (Supplementary Figure S3). SiONPs-stimulated cells significantly 
increased TXNIP expression compared to the control (Figure 2). However, silibinin treatment 
reduced TXNIP expression in SiONPs-stimulated cells. The phosphorylation of ERK, JNK, and p-38, 
increased in SiONPs-stimulated cells compared to the control; however, this phosphorylation was 
reduced by silibinin treatment, consistent with the results of TXNIP expression. In addition, silibinin 
treatment suppressed AP-1 expression induced by SiONPs stimulation. 
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Figure 2. Effects of silibinin treatment on thioredoxin-interacting protein (TXNIP), mitogen-activated 
protein kinases (MAPK), and activator protein-1 (AP-1) expressions in SiONPs-induced NCI-H292 
cells. Protein expression was determined by Western blotting analysis, and its densitometric value 
was assessed. Data are shown as means ± SD (n = 3). ## p < 0.01 vs. non-SiONPs-induced NCI-H292 
cells, * p < 0.05 and ** p < 0.01 vs. SiONPs-induced NCI-H292 cells, respectively. 

In addition, we had performed an in vitro experiment using siRNA to investigate the role of 
TXNIP in the effects of silibinin on SiONPs-stimulated cells. The control siRNA did not affect the 
TXNIP and MAPKs expressions, whereas TXNIP siRNA reduced their expressions (Figure 3). 
Furthermore, silibinin and TXNIP siRNA treated cells with SiONPs application showed a more 
decreased TXNIP and MAPKs expression than the silibinin and SiONPs-treated cells. 

 
Figure 3. Effects of TXNIP in the effects of silibinin on SiONPs-induced NCI-H292 cells. Protein 
expression was determined by Western blotting analysis, and its densitometric value was assessed. 
Data are shown as means ± SD (n = 3). ## p < 0.01 vs. non-SiONPs-induced NCI-H292 cells, *,** p < 0.05 
and < 0.01 vs. SiONPs-induced NCI-H292 cells, respectively, †,†† p < 0.05 and < 0.01 vs. silibinin-treated 
NCI-H292 cells induced by SiONPs, respectively. 

3.3. Effects of Silibinin on the Recruitment of Inflammatory Cell in the BALF from SiONPs-Treated Mice 

Compared to normal controls, SiONPs-treated mice showed increased total cell counts, 
particularly of neutrophils and macrophages, in their BALF (Figure 4). DEX-treated mice showed a 
reduction in inflammatory cell count, including macrophages and neutrophils, compared to SiONPs-
treated mice. Similarly, there was a significant decline in the inflammatory cell count in silibinin-
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treated mice compared to SiONPs-treated mice; this decline was clearly detected in the group with 
40 mg/kg silibinin. 

 
Figure 4. Inflammatory cell counts of the bronchoalveolar lavage fluid (BALF) from mice exposed to 
SiONPs. NC, normal control mice treated with PBS only; SiONPs, mice treated with SiONPs 
intranasal instillation; DEX, mice treated with dexamethasone (2 mg/kg) + SiONPs intranasal 
instillation; Sili 20 and 40, mice treated with silibinin (20 and 40 mg/kg, respectively) + SiONPs 
intranasal instillation. Data are represented as means ± SD (n = 6). ## p < 0.01 vs. NC group, *,** p < 0.05 
and < 0.01 vs. SiONPs group, respectively. 

3.4. Effects of Silibinin on Proinflammatory Mediators in the BALF from SiONPs-Treated Mice 

Compared to normal controls, SiONPs-treated mice showed markedly elevated production of 
TNF-α and IL-6 in their BALF (Figure 5a and 5b, respectively). However, DEX- and silibinin-treated 
groups showed significant decreases in the production of TNF-α and IL-6 compared to the levels in 
SiONPs-treated mice. In addition, the elevated IL-1β level in SiONPs-treated mice was reduced by 
silibinin administration, consistent with the results of TNF-α and IL-6 (Figure 5c). 

 
Figure 5. Effects of silibinin treatment on cytokines levels in BALF from mice exposed to SiONPs. (a) 
IL-6 level in BALF, (b) TNF-α level in BALF, (c) IL-1β level in BALF. NC, normal control mice treated 
with PBS only; SiONPs, mice treated with SiONPs intranasal instillation; DEX, mice treated with 
dexamethasone (2 mg/kg) + SiONPs intranasal instillation; Sili 20 and 40, mice treated with silibinin 
(20 and 40 mg/kg, respectively) + SiONPs intranasal instillation. Data are represented as means ± SD 
(n = 6). ## p < 0.01 vs. NC group, *,** p < 0.05 and < 0.01 vs. SiONPs group, respectively. 

3.5. Effects of Silibinin on Airway Inflammation in SiONPs-Treated Mice 

Compared to normal controls, SiONPs-treated mice showed marked inflammatory cell 
infiltration into lung tissues (Figure 6 and Supplementary Figure S4). However, inflammatory cell 
infiltration was significantly reduced in DEX-treated mice compared to SiONPs-treated mice. 
Silibinin-treated mice also showed declined inflammatory cell infiltration compared to SiONPs-
treated mice; this decline was evident in the high dose group (40 mg/kg). 
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Figure 6. Effects of silibinin treatment on pulmonary inflammation caused by SiONPs exposure. A 
representative figure in the lung tissue stained with hematoxylin and eosin (×200). Quantitative 
analysis of inflammatory response was determined by an image analyzer. Scale bars indicate 50 μm. 
NC, normal control mice treated with PBS only; SiONPs, mice treated with SiONPs intranasal 
instillation; DEX, mice treated with dexamethasone (2 mg/kg) + SiONPs intranasal instillation; Sili 20 
and 40, mice treated with silibinin (20 and 40 mg/kg, respectively) + SiONPs intranasal instillation. 
Data are represented as means ± SD (n = 6). ## p < 0.01 vs. NC group, *,** p < 0.05 and < 0.01 vs. SiONPs 
group, respectively. 

3.6. Effects of Silibinin on the Expression of TXNIP, MAPKs, and AP-1 in SiONPs-Treated Mice 

SiONPs-treated mice showed a marked elevation of TXNIP expression compared to the NC mice 
(Figure 7). However, DEX- and silibinin-treated mice showed a marked reduction in TXNIP 
expression compared to the SiONPs-treated mice. In addition, in comparison to the NC mice, 
SiONPs-treated mice showed marked elevations of the phosphorylation of ERK, JNK, and p38, as 
well as in the expression of AP-1. However, these increases induced by SiONPs exposure were 
significantly decreased by silibinin treatment, similar to the results of TXNIP expression. 

 
Figure 7. Effects of silibinin treatment on TXNIP, MAPK, and AP-1 expressions in the lung tissue from 
SiONPs-exposed mice. Protein expression was evaluated by Western blotting analysis, and 
densitometric value of protein expression was determined by Chemi-Doc. NC, normal control mice 
treated with PBS only; SiONPs, mice treated with SiONPs intranasal instillation; DEX, mice treated 
with dexamethasone (2 mg/kg) + SiONPs intranasal instillation; Sili 20 and 40, mice treated with 
silibinin (20 and 40 mg/kg, respectively) + SiONPs intranasal instillation. Data are represented as 
means ± SD (n = 6). ## p < 0.01 vs. NC group, *,** p < 0.05 and < 0.01 vs. SiONPs group, respectively. 
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3.7. Effects of Silibinin on TXNIP and AP-1 Expression in the Lung Tissues from SiONPs-Treated Mice 

The SiONPs-treated mice showed increased TXNIP and AP-1 expression in their lung tissues 
compared to normal controls (Figure 8). However, compared to SiONPs-treated mice, DEX-treated 
mice showed decreased TXNIP and AP-1 expression in their lung tissues. Similarly, compared to 
SiONPs-treated mice, silibinin-treated mice showed reduced TXNIP and AP-1 expression in their 
lung tissues; this reduction was evident in the group with 40 mg/kg silibinin. 

 
Figure 8. Effects of silibinin treatment on TXNIP and AP-1 expression in the lung tissue of SiONPs-
induced mice. (a) A representative figure of an alveolar lesion in the lung tissue (×200), (b) TXNIP 
expression value, (c) AP-1 expression value. NC, normal control mice treated with PBS only; SiONPs, 
mice treated with SiONPs intranasal instillation; DEX, mice treated with dexamethasone (2 mg/kg) + 
SiONPs intranasal instillation; Sili 20 and 40, mice treated with silibinin (20 and 40 mg/kg, 
respectively) + SiONPs intranasal instillation. Scale bars = 50 μm. Data are represented as means ± SD 
(n = 6). ## p < 0.01 vs. NC group, *,** p < 0.05 and < 0.01 vs. SiONPs group, respectively. 

4. Discussion 

Along with the rapid development of nanotechnology, concerns regarding the potential adverse 
effects of nanomaterials are increasing. Among the various nanomaterials, SiONPs induce 
pathophysiological alterations of various organs and, in particular, cause lung damage via excessive 
inflammatory responses [27,28]. In the present study, we explored the effects of silibinin on airway 
inflammation induced by SiONPs exposure in vivo and in vitro, with a focus on the modulation of 
TXNIP/MAPK/AP-1 signaling. Silibinin treatment reduced the elevations of proinflammatory 
mediators caused by SiONPs exposure in in vivo and in vitro and suppressed SiONPs-induced 
upregulation of TXNIP/MAPKs/AP-1 signaling. 

It is known that exposure to SiONPs causes inflammatory responses in the respiratory tract via 
the elevation of inflammatory mediator production [27–29]. Particularly, inflammatory cytokines act 
as a key player in the recruitment of inflammatory cells and the activation of their migration into 
tissues [30,31]. Previous studies have shown that SiONPs exposure increases the production of TNF-
α, IL-6, and IL-1β and elevates inflammatory cell recruitment into lung tissues, resulting in the 
aggravation of airway inflammation [8,32]. Therefore, reducing the levels of proinflammatory 
mediators is important for developing therapeutic agents to treat airway inflammation induced by 
SiONPs exposure. In this study, treatment with silibinin led to a marked reduction in the elevations 
of proinflammatory mediators in SiONPs-stimulated H292 cells. In addition, silibinin administration 
reduced inflammatory cell counts and cytokines in SiONPs-treated mice and also inhibited 
inflammatory cell infiltration into lung tissues. These results indicated that silibinin suppressed 
airway inflammation caused by SiONPs exposure. These effects caused by silibinin treatment were 
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supported by previous studies [33,34], wherein silibinin alleviated inflammatory response in 
radiation- or methotrexate-induced pulmonary injury via suppression of cytokine production. 

It is well known that MAPKs are involved in the development and aggravation of inflammatory 
responses, and they are grouped into three families, mainly ERK1/2, JNK, and p38 MAPK [35,36]. 
These MAPKs are phosphorylated by various stimuli and then activate AP-1 expression, resulting in 
the elevation of proinflammatory mediator production [37,38]. According to a previous study, 
MAPKs are closely related to SiONPs-induced inflammation [39]. SiONPs exposure induces the 
phosphorylation of MAPKs, which eventually causes the development and aggravation of airway 
inflammation. In this study, treatment with silibinin significantly reduced the phosphorylation of 
ERK1/2, JNK, and p38 in SiONPs-stimulated H292 cells and also reduced the expression of AP-1. 
These effects of silibinin were consistent with the result of our in vivo experiment. Silibinin 
administration markedly declined the phosphorylation of MAPKs and the expression of AP-1 in 
SiONPs-treated mice. These results were also supported by previous studies [24,25,40], in which 
silibinin attenuated cigarette smoke-induced pulmonary inflammation by suppressing ERK1/2 and 
downregulated the expression of MAPK and AP-1 in human lung carcinoma cells. Therefore, these 
results indicated that the therapeutic effects of silibinin on SiONPs-induced airway inflammation was 
involved in the suppression of MAPKs phosphorylation. In addition, treatment with silibinin 
significantly reduced TXNIP expression in SiONPs-stimulated H292 cells and SiONPs-treated mice. 
According to recent studies, TXNIP is involved in ROS production and MAPKs phosphorylation, and 
its overexpression induces the elevation of MAPKs phosphorylation, which, in turn, results in 
apoptosis and inflammation [19,41]. Therefore, TXNIP is considered an important factor in SiONPs-
induced inflammatory responses. The suppression of TXNIP expression by silibinin was also 
supported by the results of our immunohistochemistry (IHC) examination. SiONPs-treated mice 
showed increased TXNIP expression on their lung tissues, whereas decreased TXNIP expression was 
observed in silibinin-treated mice compared to SiONPs-treated mice. These results indicated that 
silibinin was associated with the suppression of TXNIP/MAPKs/AP-1 signaling to alleviate SiONPs-
induced airway inflammation. 

5. Conclusions 

Silibinin significantly declined the infiltration of inflammatory cells and the production of 
inflammatory mediators in human airway epithelial cells and lung tissues exposed to SiONPs, which 
were closely involved in the suppression of TXNIP/MAPKs/AP-1 signaling. Therefore, our study 
suggested that silibinin may be effective for the treatment of airway inflammation caused by SiONPs. 
In addition, further studies are needed to investigate the effects of silibinin on pulmonary 
inflammation caused by fine dust exposure as well as SiONPs in human to increase the potential as 
a therapeutic agent for silibinin. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4409/9/3/678/s1, Figure 
S1: Cell viability in the presence of silibinin in NCI-H292 cells, Figure S2: The effects of silibinin on TXNIP 
expression at the basal condition, Figure S3: The effects of SiONPs on TXNIP expression at the basal condition, 
Figure S4: Histopathology for lung tissue (magnification x100). 

Author Contributions: Conceptualization, J.S.K. and I.S.S.; methodology, J.O.L. and N.R.S.; formal analysis, 
J.O.L., N.R.S., I.C.L., Y.S.S., H.H.N., J.W.K., T.Y.J., and S.J.L.; investigation, J.O.L. and N.R.S.; resources, H.J.K. 
and Y.K.C.; data curation, I.C.L. and I.S.S.; writing—original draft preparation, J.O.L. and N.R.S.; writing—
review and editing, J.C.K., I.C.L., and I.S.S.; supervision, J.S.K.; project administration, J.O.L. and J.W.K.; funding 
acquisition, J.S.K. All authors have read and agreed to the published version of the manuscript. 
  



Cells 2020, 9, 678 10 of 12 

 

Funding: This research was supported by projects entitled “Evaluation of Effectiveness of Alternative Herbal 
Medicine Resources” (grant number: K18402) from the Korea Institute of Oriental Medicine (KIOM) and the 
National Research Foundation of Korea (NRF) grant funded by the Korea Government (MSIT) (No. NRF-
2019R1A2C4070145). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Xu, Z.; Ma, X.; Gao, Y.; Hou, M.; Xue, P.; Li, C.M.; Kang, Y. Multifunctional silica nanoparticles as a 
promising theranostic platform for biomedical applications. Mater. Chem. Front. 2017, 1, 1257–1272. 

2. Cha, K.E.; Myung, H. Cytotoxic effects of nanoparticles assessed in vitro and in vivo. J. Microbiol. Biotechnol. 
2007, 17, 1573–1578. 

3. Li, J.J.; Muralikrishnan, S.; Ng, C.T.; Yung, L.Y.; Bay, B.H. Nanoparticle-induced pulmonary toxicity. Exp. 
Biol. Med. 2010, 235, 1025–1033. 

4. Hassankhani, R.; Esmaeillou, M.; Tehrani, A.A.; Nasirzadeh, K.; Khadir, F.; Maadi, H. In vivo toxicity of 
orally administrated silicon dioxide nanoparticles in healthy adult mice. Environ. Sci. Pollut. Res. Int. 2015, 
22, 1127–1132. 

5. Calvert, G.M.; Rice, F.L.; Boiano, J.M.; Sheehy, J.W.; Sanderson, W.T. Occupational silica exposure and risk 
of various diseases: An analysis using death certificates from 27 states of the United States. Occup. Environ. 
Med. 2003, 60, 122–129. 

6. Napierska, D.; Thomassen, L.C.; Lison, D.; Martens, J.A.; Hoet, P.H. The nanosilica hazard: Another 
variable entity. Part. Fibre. Toxicol. 2010, 7, 39. 

7. Leung, C.C.; Yu, I.T.S.; Chen, W. Silicosis. Lancet 2012, 379, 2008–2018. 
8. Murugadoss, S.; Lison, D.; Godderis, L.; Van Den Brule, S.; Mast, J.; Brassinne, F.; Sebaihi, N.; Hoet, P.H. 

Toxicology of silica nanoparticles: An update. Arch. Toxicol. 2017, 91, 2967–3010. 
9. Lin, W.; Huang, Y.W.; Zhou, X.D.; Ma, Y. In vitro toxicity of silica nanoparticles in human lung cancer cells. 

Toxicol. Appl. Pharmacol. 2006, 217, 252–259. 
10. Manke, A.; Wang, L.; Rojanasakul, Y. Mechanisms of nanoparticle-induced oxidative stress and toxicity. 

Biomed. Res. Int. 2013, 2013, 942916. 
11. Lehman, S.E.; Morris, A.S.; Mueller, P.S.; Salem, A.K.; Grassian, V.H.; Larsen, S.C. Silica Nanoparticle-

Generated ROS as a Predictor of Cellular Toxicity: Mechanistic Insights and Safety by Design. Environ. Sci. 
Nano. 2016, 3, 56–66. 

12. Lee, K.; Lee, J.; Kwak, M.; Cho, Y.L.; Hwang, B.; Cho, M.J.; Lee, N.G.; Park, J.; Lee, S.H.; Park, J.G.; Kim, 
Y.G.; et al. Two distinct cellular pathways leading to endothelial cell cytotoxicity by silica nanoparticle size. 
J. Nanobiotechnology 2019, 17, 24. 

13. Zhao, X.; Wei, S.; Li, Z.; Lin, C.; Zhu, Z.; Sun, D.; Bai, R.; Qian, J.; Gao, X.; Chen, G.; et al. Autophagic flux 
blockage in alveolar epithelial cells is essential in silica nanoparticle-induced pulmonary fibrosis. Cell Death 
Dis. 2019, 10, 127. 

14. Sansbury, B.E.; Spite, M. Resolution of acute inflammation and the role of resolvins in immunity, 
thrombosis, and vascular Biology. Circ. Res. 2016, 119, 113–130. 

15. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses 
and inflammation-associated diseases in organs. Oncotarget 2017, 9, 7204–7218. 

16. Nagai, H.; Noguchi, T.; Takeda, K.; Ichijo, H. Pathophysiological roles of ASK1-MAP kinase signaling 
pathways. J. Biochem. Mol. Biol. 2007, 40, 1–6. 

17. Sahu, D.; Vijayaraghavan, R.; Kannan, G.M. Silica nanoparticle induces oxidative stress and provokes 
inflammation in human lung cells. Experiment. Nanosci. 2015, 10, 983–1000. 

18. Ko, J.W.; Lee, H.J.; Shin, N.R.; Seo, Y.S.; Kim, S.H.; Shin, I.S.; Kim, J.S. Silicon dioxide nanoparticles enhance 
endotoxin-induced lung injury in mice. Molecules. 2018, 23, E2247. 

19. Li, J.; Yue, Z.; Xiong, W.; Sun, P.; You, K.; Wang, J. TXNIP overexpression suppresses proliferation and 
induces apoptosis in SMMC7221 cells through ROS generation and MAPK pathway activation. Oncol. Rep. 
2017, 37, 3369–3376. 

20. Wu, M.; Li, R.; Hou, Y.; Song, S.; Han, W.; Chen, N.; Du, Y.; Ren, Y.; Shi, Y. Thioredoxin-interacting protein 
deficiency ameliorates kidney inflammation and fibrosis in mice with unilateral ureteral obstruction. Lab. 
Invest. 2018, 98, 1211–1224. 



Cells 2020, 9, 678 11 of 12 

 

21. Kim, D.O.; Byun, J.E.; Seong, H.A.; Yoon, S.R.; Choi, I.; Jung, H. Thioredoxin-interacting protein-derived 
peptide (TN13) inhibits LPS-induced inflammation by inhibiting p38 MAPK signaling. Biochem. Biophys. 
Res. Commun. 2018, 507, 489–495. 

22. von Schonfeld, J.; Weisbrod, B.; Muller, M.K. Silibinin, a plant extract with antioxidant and membrane 
stabilizing properties, protects exocrine pancreas from cyclosporin A toxicity. Cell Mol. Life Sci. 1997, 53, 
917–920. 

23. Tong, W.W.; Zhang, C.; Hong, T.; Liu, D.H.; Wang, C.; Li, J.; He, X.K.; Xu, W.D. Silibinin alleviates 
inflammation and induces apoptosis in human rheumatoid arthritis fibroblast-like synoviocytes and has a 
therapeutic effect on arthritis in rats. Sci. Rep. 2018, 8, 3241. 

24. Park, J.W.; Shin, N.R.; Shin, I.S.; Kwon, O.K.; Kim, J.S.; Oh, S.R.; Kim, J.H.; Ahn, K.S. Silibinin inhibits 
neutrophilic inflammation and mucus secretion induced by cigarette smoke via suppression of ERK-SP1 
pathway. Phytother. Res. 2016, 30, 1926–1936. 

25. Chittezhath, M.; Deep, G.; Singh, R.P.; Agarwal, C.; Agarwal, R. Silibinin inhibits cytokine-induced 
signaling cascades and down-regulates inducible nitric oxide synthase in human lung carcinoma A549 
cells. Mol. Cancer Ther. 2008, 7, 1817–1826. 

26. Shin, I.S.; Shin, N.R.; Park, J.W.; Jeon, C.M.; Hong, J.M.; Kwon, O.K.; Kim, J.S.; Lee, I.C.; Kim, J.C.; Oh, S.R.; 
et al. Melatonin attenuates neutrophil inflammation and mucus secretion in cigarette smoke-induced 
chronic obstructive pulmonary diseases via the suppression of Erk-Sp1 signaling. J. Pineal Res. 2015, 58, 50–
60. 

27. Park, H.J.; Sohn, J.H.; Kim, Y.J.; Park, Y.H.; Han, H.; Park, K.H.; Lee, K.; Choi, H.; Um, K.; Choi, I.H.; et al. 
Acute exposure to silica nanoparticles aggravate airway inflammation: Different effects according to 
surface characteristics. Exp. Mol. Med. 2015, 47, e173. 

28. Yang, H.; Wu, Q.Y.; Li, M.Y.; Lao, C.S.; Zhang, Y.J. Pulmonary toxicity in rats caused by exposure to 
intratracheal instillation of SiO2 nanoparticles. Biomed. Environ. Sci. 2017, 30, 264–279. 

29. Yu, Y.; Zhu, T.; Li, Y.; Jing, L.; Yang, M.; Li, Y.; Duan, J.; Sun, Z. Repeated intravenous administration of 
silica nanoparticles induces pulmonary inflammation and collagen accumulation via JAK2/STAT3 and 
TGF-β/Smad3 pathways in vivo. Int. J. Nanomedicine 2019, 14, 7237–7247. 

30. Gonzalez, A.; Sahaza, J.H.; Ortiz, B.L.; Restrepo, A.; Cano, L.E. Production of pro-inflammatory cytokines 
during the early stages of experimental Paracoccidioides brasiliensis infection. Med. Mycol. 2003, 41, 391–
399. 

31. Silva-Carvalho, R.; Silva, J.P.; Ferreirinha, P.; Leitão, A.F.; Andrade, F.K.; Gil da Costa, R.M.; Cristelo, C.; 
Rosa, M.F.; Vilanova, M.; Gama, F.M. Inhalation of bacterial cellulose nanofibrils triggers an inflammatory 
response and changes lung tissue morphology of mice. Toxicol. Res. 2019, 35, 45–63. 

32. Kusaka, T.; Nakayama, M.; Nakamura, K.; Ishimiya, M.; Furusawa, E.; Ogasawara, K. Effect of silica 
particle size on macrophage inflammatory responses. PLoS One 2014, 9, e92634. 

33. Kalemci, S.; Topal, Y.; Celik, S.Y.; Yilmaz, N.; Beydilli, H.; Kosar, M.I.; Dirican, N.; Altuntas, I. Silibinin 
attenuates methotrexate-induced pulmonary injury by targeting oxidative stress. Exp. Ther. Med. 2015, 10, 
503–507. 

34. Son, Y.; Lee, H.J.; Rho, J.K.; Chung, S.Y.; Lee, C.G.; Yang, K.; Kim, S.H.; Lee, M.; Shin, I.S.; Kim, J.S. The 
ameliorative effect of silibinin against radiation-induced lung injury: Protection of normal tissue without 
decreasing therapeutic efficacy in lung cancer. BMC Pulm. Med. 2015, 15, 68. 

35. Kaminska, B. MAPK signalling pathways as molecular targets for anti-inflammatory therapy--from 
molecular mechanisms to therapeutic benefits. Biochim. Biophys. Acta. 2005, 1754, 253–262. 

36. Abraham, S.M.; Lawrence, T.; Kleiman, A.; Warden, P.; Medghalchi, M.; Tuckermann, J.; Saklatvala, J.; 
Clark, A.R. Antiinflammatory effects of dexamethasone are partly dependent on induction of dual 
specificity phosphatase 1. J. Exp. Med. 2006, 203, 1883–1889. 

37. Gannett, P.M.; Ye, J.; Ding, M.; Powell, J.; Zhang, Y.; Darian, E.; Daft, J.; Shi, X. Activation of AP-1 through 
the MAP kinase pathway: A potential mechanism of the carcinogenic effect of arenediazonium ions. Chem. 
Res. Toxicol. 2000, 13, 1020–1027. 

38. Frigo, D.E.; Tang, Y.; Beckman, B.S.; Scandurro, A.B.; Alam, J.; Burow, M.E.; McLachlan, J.A. Mechanism 
of AP-1-mediated gene expression by select organochlorines through the p38 MAPK pathway. 
Carcinogenesis 2004, 25, 249–261. 

 



Cells 2020, 9, 678 12 of 12 

 

39. Christen, V.; Fent, K. Silica nanoparticles induce endoplasmic reticulum stress response and activate 
mitogen activated kinase (MAPK) signalling. Toxicol. Rep. 2016, 3, 832–840. 

40. Rodriguez-Garcia, A.; Hevia, D.; Mayo, J.C.; Gonzalez-Menendez, P.; Coppo, L.; Lu, J.; Holmgren, A.; Sainz, 
R.M. Thioredoxin 1 modulates apoptosis induced by bioactive compounds in prostate cancer cells. Redox 
Biol. 2017, 12, 634–647. 

41. Al-Gayyar, M.M.; Abdelsaid, M.A.; Matragoon, S.; Pillai, B.A.; El-Remessy, A.B. Thioredoxin interacting 
protein is a novel mediator of retinal inflammation and neurotoxicity. Br. J. Pharmacol. 2011, 164, 170–180. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


