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nanoparticles induces pulmonary inflammation
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TGF-β/Smad3 pathways in vivo
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Background: The health hazards of silica nanoparticle (SiNP) are raising worldwide concern as

SiNPs has become the second largest manufactured nanomaterial in global markets. However,

insufficient data for the adverse health effects and safety evaluation of SiNPs are remaining a big

question.

Purpose:Weevaluated the effects and relatedmechanismof SiNPs on pulmonary inflammation and

collagen production through repeated intravenous administration in mice in a 45-day observation

period.

Methods: Morphological and ultrastructural change, ultradistribution of SiNPs in

lungs were observed in ICR mice through intravenous administration. Oxidative

damage, pro-inflammatory cytokines, hydroxyproline content, the marker of fibroblasts

and epithelial-mesenchymal transition (EMT), and JAK2/STAT3 and TGF-β1/Smad3

signaling pathways were detected to explore the lung injuries and related mechanism.

Results: The results showed repeated intravenous exposure of SiNPs increased the weight of lung

tissues anddestroyedpulmonaryhistomorphological structure.The increasedMDAcontent, depletion

of SOD andGSH-Px in lungs were observed in SiNP-treatedmice. The protein expressions of JAK2/

STAT3 pathway were upregulated in lungs, and the levels of inflammatory cytokines TNF-α, IL-1β,

and IL-6 in serum and lungswere also elevated in SiNPs treated group. The increased hydroxyproline

content indicated collagen accumulation in lungs of SiNP-treated mice. Meanwhile, the protein

expressions of the marker of myofibroblast (a-SMA), the regulators in connective tissue remodeling

(CTGF), TGF-β, and p-Smad3 were all upregulated in lungs. In addition, we found intravenous

administration of SiNPs-induced ultrastructural changes in type II alveolar epithelial cells but without

downregulation of the protein expression of the key markers of epithelial cells (E-Cadherin).

Conclusion:Our results revealed that oxidative stress and inflammation contributed to the collagen

accumulation through activation of JAK2/STAT3 and TGF-β/Smad3 pathways. It suggests that

pulmonary aberrant inflammation and collagen accumulation induced by nanoparticles should be

seriously considered for the safety application in diagnostics or therapeutics.

Keywords: Silica nanoparticles, repeated intravenous administration, inflammation, collagen

accumulation, JAK2/STAT3 signaling pathway, TGF-β/Smad3 signaling pathway

Introduction
Nanotechnology environmental health and safety, normally known as NanoEHS, is

a new emerged research discipline on nanotoxicity which warrants global rigorous

attention on the hazard and risk potential of manufactured nanomaterials.1 Silica
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nanoparticles (SiNPs) have the nano-scaled size and the

unique physicochemical properties such as higher surface

reactivity and increased surface-to-volume ratio.2,3 Due to

the appealing properties of SiNPs, they have been widely

applied in the areas of coating, cosmetics, and food.4 The

2017 World Health Organization (WHO) guidelines indi-

cated the annual production volume of SiNPs was 1.5

million tonnes, suggesting SiNPs have been the second

largest manufactured nanomaterial in global markets.5 In

this regards, the hazard risks of population exposure and

environmental exposure to SiNPs have been raised.

Furthermore, with the high biocompatibility and stability,

SiNPs are the perfect candidate in the biomedical applica-

tion of imaging, drug delivery, and gene therapy, in which

SiNPs could enter the human body directly.4,6 Due to the

large-scale production of SiNPs and increased potential of

SiNPs exposure, it is necessary to pay attention to the

health hazard and safety evaluation of SiNPs. Although

US Food and Drug Administration (FDA) permitted a

cancer-targeted probe of SiNPs for Stage I clinical trials

as early as 2011,7 there is still insufficient or lack of data

available for the adverse health effects of SiNPs.8

In the biomedical application such as disease diagnosis

or gene therapy, intravenous injection is the usual route of

SiNPs exposure. The reticuloendothelial system, espe-

cially in liver, is thought to be the main target organ and

it was reported that intravenous injection of SiNPs could

induce liver granuloma and fibrosis in vivo.9 A few

researches reported that the lung is one of the first three

organs that SiNPs mainly accumulated in after intravenous

injection.10,11 Our previous study found that intravenous

injection of SiNPs induced CD68-positive macrophages

infiltration in mice lungs in an acute toxicity study.10

Serge et al found that intravenous injection of SiNPs

induced mast cells accumulation in lungs and increased

collagen fibers in the alveolar septa, but they did not

further explore the related signal pathways involved in

this process.12 Recently, Raziye reported that SiNPs

caused lung thrombosis and inflammation through intrave-

nous injection in vivo.13 But the later scenarios, more

details and related mechanisms need further exploration.

This study was aimed to assess the pulmonary toxicity of

SiNPs and further investigate the related mechanism through

repeated intravenously administration in mice. Morphological

changes, ultrastructural changes, and ultradistribution of

SiNPs in lungs were observed. Oxidative damage was used

to assess lung injury. Pro-inflammatory cytokines in the serum

and lungs were detected to assess the systemic and pulmonary

inflammation. The collagenous fiber content, the marker of

fibroblasts, and epithelial–mesenchymal transition (EMT)

were tested to evaluate collagen accumulation. The activation

of JAK2/STAT3 and TGF-β1/Smad3 signaling pathways was

detected to confirm whether these two pathways had partici-

pated in the progress of inflammation or collagen accumula-

tion in lungs induced by SiNPs. Moreover, the subacute and

chronic pulmonary injuries after intravenous administration of

SiNPs with three time points were set in this study. It will

provide a comprehensive understanding and valuable evi-

dence for the safety evaluation and the biomedical application

of SiNPs in diagnostics or therapeutics.

Materials and methods
SiNPs preparation and characterization
The SiNPs were prepared as previously described.10 The

shape and size of SiNPs were observed by transmission

electron microscope (TEM, JEM2100, Japan). The Zeta

potential and hydrodynamic sizes of SiNPs in dispersion

media were determined by Zeta electric potential granul-

ometer (Malvern Nano-ZS90, UK). The content of endo-

toxin in SiNPs was analyzed using Gel clot Limulus

Amebocyte Lysate (LAL) assay.

Animals and experimental design
ICRmice (weight 20–22 g, 8 weeks old, male) were obtained

from Vital River Laboratory Animal Technology Company

(Beijing, China). Prior to the final treatment, the mice were

kept fasted overnight. All the animal experiments were

approved by the Committee of Laboratory Animal Care

andUse in Capital Medical University, and all the procedures

followed the National Guidelines for Animal Care and Use.

The dosage of repeated intravenous administration of SiNPs

was 20 mg/kg body weight, which was based on our previous

study on the acute toxicity of SiNPs. The mice were intrave-

nously administrated with SiNPs at 20 mg/kg body weight

repeatedly, once per three days, five times totally. Themice in

control groups were injected with the same volume of saline

intravenously. The animal mortality and clinical manifesta-

tion in each groupwere recorded. Themice were sacrificed at

15th day, 30th day, and 60th day after first injection, and the

blood and the lungs were harvested. The experimental design

is shown in Figure S1.

Histopathology
The lungs were fixed in 10% formalin for 24 hrs, and then

were embedded in paraffin. Four-millimeter sections were
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deparaffinized and stained with hematoxylin and eosin.

Then, the histopathology examination was conducted

using the optical microscope (X71-F22PH, Olympus,

Japan). The pathologist was completely blinded to the

experiment design.

Ultrastructural observation by TEM
The fresh mice lungs were excised and immediately put in

2.5% glutaraldehyde. Then, the lungs were quickly cut

into small pieces as 0.5 mm×0.5 mm. After fixation over-

night, the lung samples were rinsed with 0.1 M PB and

embedded in 2% agarose gel. Then, the samples were

post-fixed in 4% osmium tetroxide. After being stained

with 0.5% uranyl acetate and dehydrated in ethanol with

concentration gradients, the lung samples were embedded

in epoxy resin. The ultrathin sections (50 nm) were

obtained and were observed using TEM.

Assessment of oxidative stress
The lung tissues (100 mg) were homogenized in saline on ice.

The homogenates were then centrifuged at 3000 rpm, 4°C, for

10 mins. The supernatants were collected to measure the

MDA content and the SOD and GSH-Px activities with com-

mercially available kits (Nanjing Jiancheng, China).

Meanwhile, the total protein concentration of the homogenates

was detected using the kits of bicinchoninic acid (BCA)

protein assay (Nanjing Jiancheng, China).

Determination of pulmonary

hydroxyproline (HYP) content
The HYP content in lungs (100 mg) was measured through

Kivirikko’s method with some modification using HYP assay

kits (Nanjing Jiancheng, China).14 The HYP contents were

expressed as milligrams of HYP per gram of wet lung weight.

Inflammatory cytokines measurement
Blood samples were collected via the ocular vein at 15th day,

30th day, and 60th day. The serum was obtained by centrifu-

gation of the whole blood at 3000 rpm for 15 mins. The

supernatants of lung tissues were prepared as mentioned in

the section “Assessment of oxidative stress”. The levels of

mouse interleukin-1β (IL-1β), mouse interleukin-6 (IL-6),

and mouse tumor necrosis factor-α (TNF-α) in serum and

in the lungs were measured by ELISA kits (Lanbing,

Dakewei, China) according to the manufacturer’s protocols.

Absorbance at 450nm was tested by a microplate reader

(Thermo Multiskan™ MK3, USA). The total protein

concentration of the lung homogenates was detected using

BCA protein assay kits (Nanjing Jiancheng, China).

Immunohistochemical staining
The expression of α-Smooth Muscle Actin (αSMA), the

marker of myofibroblast, and connective tissue growth factor

(CTGF), the main regulators in connective tissue remodeling

or fibrosis, was detected using immunohistochemical stain-

ing in the paraffin-embedded lung sections. After deparaffi-

nating, rehydration, and antigen retrieval, the lung sections

were treated with 3% H2O2 in order to quench endogenous

peroxidase activity. Then, the sections were incubated with

primary antibodies: αSMA [Cell Signaling Technology

(CST), USA], CTGF (Abcam, USA), at 4°C overnight after

blocking with 10% normal goat serum. The equivalent

amount of normal goat IgG was added as a negative control.

The sections were then stained with 3-3ʹ diaminobenzidine

substrate and counterstained with hematoxylin following the

standard procedure. All the analysis of the slides was blind to

the pathologist. A brown staining indicates the positive

expression. Then, the histopathology examination was con-

ducted using the optical microscope. The pathologist was

completely blinded to the experiment design.

Western blot analysis
Tissue Total Protein Extraction Kit (KeyGEN, China) was

used to extract the total protein of lung tissue and the total

protein concentration was determined by using the BCA

protein kit. A total of 40 μg lysate proteins were loaded on

SDS-polyacrylamide gels and transferred to nitrocellulose

membranes (Pall 66,485, USA). Then, the membrane was

blocked using fat-free milk at room temperature for 2 hrs and

incubated at 4°C overnight. The primary antibodies E-cad-

herin, vimentin, and JAK2 were purchased from Cell

Signaling Technology (CST), USA. The primary antibodies

STAT3, p-STAT3, TGF-β, p-Smad3, and Smad3 were pur-

chased from Abcam, USA. Finally, the photodensitometric

analysis of the protein bands was conducted with the Image

Lab™ Software (Bio-Rad, USA).

Statistical analysis
All the data were presented as mean±standard deviation

(SD). A 2×2 factorial analysis was performed to determine

the significance between groups. The statistical analysis was

conducted using IBM SPSS Statistics version 21. Statistical

difference was determined significantly at P<0.05.

Dovepress Yu et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
7239

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Results
Characterization of SiNPs
The characterization of SiNPs was demonstrated in the

supplemental material. The average size of the SiNPs

was 62±7.1 nm (Figure S2), and the SiNPs had good

monodispersability both in distilled water and saline

(Table S1). The purity of the SiNPs was higher than

99.9% and no endotoxin was detected in the SiNPs by

the LAL assay (Table S2).

Lung injuries induced by intravenous

injection of SiNPs
The coefficients of lungs slightly elevatedwith time both in the

SiNP-treated group and in the control group in the period of

observation at three time points. The values in the SiNP-

treated groups were significantly higher than that in the control

groups at 15th day, 30th day, and 60th day (Figure 1A).

The lung sections of control groups revealed normal

bronchial structure. In the SiNP-treated groups at 15th day,

a large amount of red blood cells appeared in the area of

alveoli induced indicating SiNPs induced severe conges-

tion and hemorrhage of alveoli (Figure 1B d). At 30th day

and 60th day, obvious alveoli septum thickening and

inflammatory cell infiltration were observed in the lungs

of the SiNP-treated mice (Figure 1B e and f).

Ultrastructural observation revealed that SiNPs

were occasionally observed aggregated and enclosed

with lysosome membranes in the cells of the lungs at

15th day (Figure 1C a and b). Alveolar macrophages
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Figure 1 Lung injuries induced by SiNPs through intravenous injection in mice. (A) The coefficients of lungs increased significantly in the SiNP-treated group. Data are

expressed as means±SD (n=5). *P<0.05 compared with control. (B) Histopathologic changes in mice lungs induced by SiNPs. Black arrow: red blood cells in the area of

alveoli; Red arrow: alveoli septum thicken and inflammatory cell infiltration. Scale bar: 20 µm. (C) Ultrastructural observation in mice lungs observed by TEM. (a, b) SiNPs

(red arrows) deposited in lungs at 15th day. Scale bar: (a) 1 µm; (b) 200 nm. (c, d) Ultrastructural changes of alveolar macrophages in lungs of SiNP-treated mice at 30th day:

extensive vacuolization (red star), mitochondrial fusion (red hollow triangle), mitochondrial cristae disappearance (red asterisk). Scale bar: (c) 0.5 µm; (d) 200 nm. (e, f)

Vacuolization (red triangle) in the basophilic granulocyte in lungs of SiNP-treated mice at 30th day. Scale bar: (e) 1 µm; (f) 100 nm. (g, h) Cell cluster consisted of

multinucleate cell (hollow star) and type I alveolar epithelial cell (hollow diamond) in lungs of SiNP-treated mice at 60th day. Scale bar: (e) 2 µm; (f) 1 µm.
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showed destruction of organelle such as mitochondrial

fusion, mitochondrial cristae disappearance, and an

extensive vacuolization in the SiNP-treated groups at

30th day (Figure 1C c and d). The vacuolization was

also observed in the basophilic granulocyte in the lungs

of SiNP-treated mice (Figure 1C e and f). At 60th day,

the cell cluster appeared in the lungs in the adminis-

tration group, which consisted of multinucleate cell and

typeⅠalveolar epithelial cell (Figure 1C g and h).

Effects of SiNPs on the oxidative damage,

inflammation, and JAK2/STAT3 signaling

pathway in lungs
As shown in Figure 2A, the content of MDA, which is a

product of lipid peroxidation, increased significantly in

the lungs in the SiNP-treated mice compared with that

in the control groups (p<0.05) at 15th day, 30th day, and

60th day and was 1.40-fold, 1.26-fold, and 1.16-fold

higher than that in the control groups, respectively. On

the contrary, the activities of SOD and GSH-Px which

belong to the defense systems against free radical attack

decreased at 15th day and 30th day in lungs in the

SiNP-treated mice, and recovered and even elevated at

60th day. But only the changes of SOD activities in

lungs in the SiNP-treated groups had significant statis-

tical differences compared with control groups at three

time points (P<0.05).

In order to assess the status of inflammation systemi-

cally and locally, we detected the pro-inflammatory

cytokines in serum and in lungs. As shown in

Figure 2B, SiNPs induced higher TNF-α, IL-1β, and

IL-6 levels in lung tissues in experimental groups than

in control groups at 15th day, at 30th day, and at 60th

day. In SiNP-treated mice, TNF-α and IL-6 levels

reached the peak value at 60th day while IL-1β levels

at 15th day, which means IL-1β might be the most

sensitive marker in local inflammation in lungs.

Similarly, the serum TNF-α, IL-1β, and IL-6 levels

were elevated significantly in SiNP-treated mice com-

pared with that in control groups at 30th day and at 60th

day (Figure 2C). Serum TNF-α level kept increasing

while serum IL-1β and IL-6 decreased mildly in the

whole observation period.

Figure 2D shows the protein expressions of key mole-

cules in JAK2/STAT3 a pathway by Western blot. The

densitometric analysis of the bands indicated the pulmon-

ary expression of JAK2, p-STAT3, and STAT3 all

increased significantly in SiNP-treated mice compared

with that in control groups at three time points. The results

turned out intravenous injection of SiNPs activated the

JAK2/STAT3 pathways in lungs at 15th day, 30th day,

and 60th day.

Effects of SiNPs on the myofibroblast

activation, collagen production, and TGF-

β/Smad3 signaling pathway in lungs
Figure 3A shows the expression of αSMA, the marker of

myofibroblast by immunohistochemical staining in the

lungs. Normally the expression of αSMA distributed in

the vascular wall or the mesenchyme in lungs in control

groups. In SiNP-treated mice, the number of αSMA posi-

tive cells increased in the pulmonary mesenchyme espe-

cially in pulmonary alveolar wall, and the αSMA positive

cells always located in the area of inflammatory cells

infiltration.

The immunohistochemistry of CTGF, which is one of

the main regulators in connective tissue remodeling or

fibrosis, is shown in Figure 3B. CTGF immunohistochem-

istry revealed more prominent pulmonary alveolar or inter-

stitial CTGF staining in SiNP-treated mice than in control

groups.

As the index of collagen accumulation, the hydroxy-

proline content was raised in lungs in the SiNP-treated

mice with significant difference compared with control

groups at three time points (Figure 3C). The changes of

collagen content did not show obvious time tendency in

the period of study, and SiNPs induced the pulmonary

hydroxyproline contents elevated 1.07-, 1.16-, and 1.08-

fold over control values at 15th day, 30th day, and 60th

day, respectively.

The protein expressions of key molecules in TGF-β/
Smad3 pathway by Western blot are shown in Figure 3D.

The densitometric analysis of the bands indicated the

pulmonary expression of TGF-β, p-Smad3, and Smad3

all increased significantly in SiNP-treated mice compared

with that in control groups at three time points. The results

illustrated intravenous injection of SiNPs activated TGF-β/
Smad3 pathway in lungs at 15th day, 30th day, and

60th day.

Effects of SiNPs on the status of EMT in

lungs
Intravenous administration of SiNPs induced ultrastruc-

tural changes in type II alveolar epithelial cells in lungs.
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Figure 2 Effects of SiNPs on the oxidative damage, inflammation, and JAK2/STAT3 signaling pathway in lungs. (A) Effects of SiNPs on the oxidative damage in lung tissues.

Data are expressed as means±SD (n=5). *P<0.05 compared with control. (B) Effects of SiNPs on the pro-inflammatory cytokines in lung tissues. Data are expressed as

means±SD (n=5). *P<0.05 compared with control. (C) Effects of SiNPs on the pro-inflammatory cytokines in serum. Data are expressed as means±SD (n=5). *P<0.05
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and 60th day. Data are expressed as means ± SD *P<0.05 compared with control.
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The type II alveolar epithelial cells in control groups

appeared round shape and attached to the inner side of

alveolar wall, with normal structure of nucleus, mitochon-

dria, and lamellar body. In the SiNP-treated mice, the type

II alveolar epithelial cells were viewed with irregular

shape, nucleus irregularly shaped with folded membrane,

lamellar bodies highly expansion, as well as collagenous

fibers accumulation near the cell (Figure 4A).

The protein expression of E-cadherin, the key markers of

epithelial cells, was significantly upregulated in lungs in the

SiNP-treated mice compared with control groups at 15th day,

30th day, and 60th day, and appeared in a time-dependent

manner (Figure 4B). Interestingly, SiNPs induced the protein

expression of vimentin elevated at 15th day but decreased at

30th day and 60th day, without any statistical difference.

Thus, our data confirmed that intravenous injection of

SiNPs induced pulmonary inflammation and collagen

accumulation via JAK2/STAT3 and TGF-β/Smad3 path-

ways in vivo. A schematic model of the underlying

mechanisms on how SiNPs regulate pulmonary injury is

presented in Figure 5.

Discussion
As the rapid development of nanotechnology, concerns about

the potential adverse biological outcome ofmanufactured nano-

materials are getting great attention. As one of the cornerstones

of sustainability, the studies on NanoEHS to fill the large

knowledge gaps in thisfield are required for the implementation

and safe development of nanotechnology. For the first time, our

study systemically evaluated the subchronic lung toxicity

induced by repeated intravenous exposure of SiNPs in vivo.

The results demonstrated that repeated intravenous injection of

SiNPs could indeed cause pulmonary inflammation and col-

lagen accumulation in vivo. It is helpful for the understanding

of the organic toxicity through intravenous exposure of nano-

particles, so as to reduce the side effects in biomedical applica-

tion of nanoparticles in diagnostics or therapeutics.

Most in vivo pulmonary toxicity studies of SiNPs

chose intratracheal instillation exposure because it was

the most common way for SiNPs exposure which

mimicked the occupational exposure in human.15–17 In

intratracheal instillation exposure, SiNPs had direct
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Figure 3 Effects of SiNPs on themyofibroblast activation, collagen production, and TGF-P/Smad3 signaling pathway in lungs. (A) Immunochemical staining of αSMA in lung sections.

Black arrows: αSMA positive cells. Scale bar: 20 µm. (B) Immunochemical staining of CTGF in lung sections. Black arrows: CTGF positive cells. Scale bar: 20 µm. (C) The

hydroxyproline level in lung tissues. Data are expressed as means±SD. *P<0.05 compared with control. (D) Western blot and relative densitometric analysis indicated SiNPs

activated the TGF-I3/Smad3 signaling pathway in lung tissues at 15th day, 30th day, and 60th day. Data are expressed as means±S.D. *P<0.05 compared with control.
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contact with the lung tissues and then deposited in situ,

thus led to pulmonary injuries.18–20 Ferri et al observed

that systemic sclerosis patients with occupational exposure

showed high serum levels of SiNPs, indicating SiNPs in

the blood circulation acted as a co-factor involved in the

etiopathogenesis of lung injuries.21 In the present study,

intravenous exposure of SiNPs increased the weight of

lung tissues and destroyed pulmonary histomorphological

structure and cellular ultrastructure (Figure 1). The results

implied pulmonary injuries should be seriously taken into
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Figure 4 Effects of SiNPs on the status of epithelial–mesenchymal transition in lungs. (A) Ultrastructural changes of type II alveolar epithelial cells observed by TEM in mice

lungs at 60th day. (a) Type II alveolar epithelial cell in the control group at 60th day. Scale bar: 0.5 µm; (b,c) Type II alveolar epithelial cell with irregular shape, nucleus

transformation with fold membrane (red arrow), lamellar bodies expansion (red asterisk). Scale bar: 0.2 µm. (d, e) Type II alveolar epithelial cell with lamellar bodies highly

expansion (red asterisk) and collagenous fibers accumulation nearby the cell (red hollow triangle). Scale bar: (d) 1 µm; (e) 0.2 µm. (B) Western blot and relative

densitometric analysis of E-cadherin and vimentin in lungs at 15th day, 30th day, and 60th day. Data are expressed as means±S.D. *P<0.05 compared with control.
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consideration in intravenous exposure of nanomaterials in

the biomedical application.

Oxidative stress is considered as one of the most

important toxic mechanisms of nanomaterials including

SiNPs.8,22 With silicon-bonded hydroxyl groups and the

unsaturated bond on the particle surface, SiNPs are prone

to contribute to the generation of reactive oxygen species

(ROS) and oxidative stress.2 It was reported that SiNPs

induced oxidative stress in a dose-dependent manner in

vitro.23–25 In present study, we observed SiNPs signifi-

cantly increased oxidative stress markers MDA, depletion

of SOD and GSH-Px in lung tissues through intravenous

administration (Figure 2A). Oxidative stress mediated

inappropriate activation of JAK2 and then activated the

transcription factors STAT3 whose aberrant activation has

been implicated in inflammation and carcinogenesis.26,27

We detected the protein expression of JAK2/STAT3 sig-

naling pathway and the results indicated SiNPs induced

the activation of JAK2/STAT3 pathway (Figure 2B).

Meanwhile, SiNPs elicited systemic inflammation and pul-

monary inflammation illustrated by the elevation of TNF-

α, IL-1β, and IL-6 levels in serum and lung tissues in mice

(Figure 2C). Recently, Juthika Kundua et al also reported

that SiNPs induced inflammation through JAK2/STAT3

pathway activation mediated by oxidative stress in

human keratinocyte (HaCat) cells.28 So our study demon-

strated that the intravenous administration of SiNPs could

elicit oxidative stress mediating JAK2/STAT3 pathway

activation thus to cause pulmonary and systemic inflam-

mation in the 45 days observation period in vivo.

During the tissue repair and wound healing, fibroblasts

are promoted to transdifferentiate into myofibroblasts

which are characterized by the de novo expression of

αSMA and mainly in charge of production of extracellular

matrix components including collagen, fibronectin, and

others.29 In our study, we demonstrated that intravenous

injection of SiNPs induced moderate increase of αSMA

expression and collagen accumulation in lung tissues in

SiNPS intravenous injection

Pulmonary oxidative damage

JAK2/STAT3 pathway activation

Inflammatory cytokines

TGF-β/Smad3 pathway activation

No obvious EMT
fibroblast activation

Collagen accumulation

Pulmonary injury needs urgent attention in the biomedical application
of SiNPs or other nanomaterials by intrevenou injection.

Figure 5 A schematic model on how SiNPs modulate pulmonary inflammation and collagen accumulation through repeated intravenous injection was presented. Briefly,

SiNPs exposure causes oxidative stress-mediated JAK2/STAT3 signaling pathway activation thus to elicit pulmonary and systemic inflammation in the 45 days observation

period in vivo, including of the elevation of TNF-α, IL-1β, and IL-6 levels in lungs and serum. The chronic inflammatory process activates TGF-Iβ/Smad3 signaling pathway so

as to promote the transdifferentiation from fibroblast into myofibroblast, and finally accelerates the collagen production in lungs. However, the epithelial–mesenchymal

transition in type II alveolar epithelial cells seems not involved in the process mentioned earlier.
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the 45 days observation period (Figure 3A and C), indicat-

ing that SiNPs was likely to promote the transdifferentia-

tion from fibroblast into myofibroblast thus to accelerate

the production of extracellular matrix in lungs. Chronic

inflammatory process is involved in the dysregulation of

pulmonary fibroblast proliferation and contributes to over-

production of extracellular matrix.30 Recently, it was

reported that STAT3 mediated TGF-β production through

the modulation of pro-inflammatory cytokines of IL-6 in

pulmonary fibrosis.31 We observed the upregulated protein

expression of TGF-β and p-Smad3 in lungs in the SiNP-

treated mice (Figure 3D). So in our study, the elevated

protein expression of STAT3 and IL-6 contributed to the

TGF-β production which promoted the transdifferentiation

from fibroblast into myofibroblast so as to accelerate the

collagen production in lungs.29

Generally, the origins of myofibroblasts are considered

from interstitial fibroblasts through transdifferentiation, or

from bone-marrow-derived fibrocytes in the blood circulation,

or the alveolar epithelial cells type Ⅱ via EMT.32,33 In our

study, we observed SiNPs induced the ultrastructural changes

in alveolar epithelial cells type II in lungs, but the protein

expression of epithelial marker E-cadherin was elevated rather

than reduced (Figure 4), which implied that most of the

myofibroblasts involved in the excessive pulmonary extracel-

lular matrix production did not originate from the transition of

alveolar epithelial cells typeⅡ in SiNP-treated mice. Hinz et

al reported that myofibroblasts primarily generated from the

transdifferentiation of the resident fibroblasts at the injury

sites.34 Yet, the underlying mechanism of the above issue

required more investigation.

In summary, we found that SiNPs caused pulmonary

inflammation and collagen accumulation through repeated

intravenous injection in mice models. Furthermore, we

revealed that oxidative stress and inflammation contributed

to the collagen production through activation of JAK2/

STAT3 and TGF-β/Smad3 signaling pathways, which is rare

to see in previous toxicological researches on the lung tissues

through repeated intravenous administration of SiNPs. It sug-

gests that aberrant inflammation and collagen accumulation in

lung tissues induced by nanoparticles should be seriously

considered for the safety application in diagnostics or thera-

peutics, especially in the intravenous administration.
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