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ABSTRACT: The adverse respiratory outcomes motivated by Exposure Cell Specific Response
silica nanoparticles (SiNPs) exposure have received increasing
attention. Herein, we aim to elucidate the interplay of diverse cell
populations in the lungs and key contributors in triggering lung l:"“’m:("“"l
injuries caused by SiNPs. We conducted a subchronic respiratory
exposure model of SiNPs via intratracheal instillation in Wistar rats,

SiNPs

where rats were administered with 1.5, 3.0, or 6.0 mg/kg body ' l
weight SiNPs once a week for 12 times in total. We revealed that i
SiNPs caused pulmonary interstitial injury in rats by histopatho- gg%
logical examination and pulmonary hydroxyproline determination. Lung injory

Further, a single-cell RNA-Seq via screening 10 457 cells in the rat
lungs disclosed cell-specific responses to SiNPs and cell-to-cell
interactions within the alveolar macrophages, epithelial cells, and fibroblasts from rat lungs. These disturbed responses were
principally related to the dysregulation of protein homeostasis (proteostasis), accompanied by an inflammatory response in
macrophages, cell death in epithelial, proliferation, and extracellular matrix deposition in fibroblast. These cell-specific responses may
serve a synergistic role in the pathogenesis of pulmonary interstitial disease triggered by SiNPs. In particular, the analyses of gene
interaction networks and gene—disease associations filtered out heat shock proteins (Hsps) family genes crucial to the observed
pulmonary lesions caused by SiNPs. Of note, both GEO database analysis and our experiments’ validation indicated that Hsps,
especially Hspdl, may be a key contributor to pulmonary interstitial injury, possibly through triggering oxidative stress, immune
response, and disrupting protein homeostasis. Taken together, our study provides insights into pulmonary toxic effects and
underlying molecular mechanisms of SiNPs from a single-cell perspective.
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1. INTRODUCTION There is ample evidence to disclose the lung as the
preliminary target site upon the inhalation of SiNPs, especially
in the occupational scenario.'”'" For example, a series of in
vivo and in vitro experimental investigations have reported that
SiNPs could promote pulmonary inflammation, asthma,
chronic obstructive pulmonary disease (COPD), pulmonary
fibrosis, and even cancer."*”'” Also, epidemiological evidence
has shown that exposure to SiNPs resulted in prominent
changes in the antioxidant enzyme (GPX) and lung function
(forced expiratory flow at 25%, FEF25%) during the 6-month
followup of the workers.'® Nevertheless, the related patho-
genesis, cellular or tissue response, cell-to-cell association, and
underlying mechanisms for the pathological pulmonary lesions
upon inhaled SiNPs stimuli still need to be further explored.

Due to excellent physical and chemical properties and the
development of nanotechnology, silica nanoparticles (SiNPs)
have been applied in more and more extensive fields, such as
industrial manufacture, biological medicine, and food addi-
tives." Meanwhile, SiNPs and their related products were
inevitably released into the environment in large quantities,
thus resulting in increased environmental burden and risks to
human health.” Especially, the nanohandling workers and
nanoproduct consumers would stand at the forefront of
exposure. SiNPs were listed as one of the priority nanoma-
terials for toxicity evaluation by the Organisation for Economic
Cooperation and Development, OECD.? Nevertheless, the
updated risk management and safety evaluation of SiNPs still
lag far behind the development of nanotechnology. Accumu-

lating research has illustrated some pathological diseases Received: March §, 2024 B gt
attributed to SiNPs exposure, including impairments in Revised:  June 8, 2024
respiratory, cardiovascular, reproductive, digestive, and neuro- Accepted: June 11, 2024

logical systems.*~” However, many issues regarding its adverse Published: July 1, 2024

effects, in particular cell-specific responses, potential functional
actions, and molecular mediators, remain not yet answered.
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Based on next-generation sequencing technology (RNA-
Seq), some investigators have certified transcriptome at the
organ level in the human body."” However, it only presented
the average expression of all cells and cloaked the state of
single cells or certain cell clusters in the sample. An in-depth
study on the transcriptional status of individual cells is needed.
Single-cell RNA sequencing (scRNA-seq), an essential branch
of system biology, describes the transcriptome landscape and
provides a deeper picture of injury or disease based on cellular-
level features from a cellular mapping perspective.”””
Moreover, it can recognize known or novel cell populations,
reliably identify the closely related cell populations and
heterogeneity of gene expression, and then analyze the cell
populations at the single-cell level under physiological and
pathological conditions.””** According to the literature, the
lung is a highly complex organ comprised of more than 58 cell
populations in the body,”*** including epithelial cells,
endothelial cells, immune cells, stromal cells, fibroblasts, and
various subtypes evolved from these cells and their crosstalk.
Currently, the cellular crosstalk and cell-specific response in
the adverse outcomes of SiNPs in lungs remain largely
unknown. In this context, by using single-cell Seq, we
comprehensively evaluated the changes of individual cell
clusters and gene expressions in rat lungs with a 3-month
repeated SiNPs exposure. Our data would allow us to clarify
the complex cellular interactions and identify underlying
molecular mechanisms contributing to SiNPs-induced pulmo-
nary toxicity, which may help in assessing the health risks of
SiNPs and benefit the safety development of nanotechnology.

2. METHODS AND MATERIALS

2.1. Animal Studies

Male Wistar rats (6-week old) were obtained from China Vital River
Laboratory Animal Technology Co., Ltd., and maintained in the
specific pathogen-free (SPF) animal facility of Capital Medical
University. After 1 week of adaption, the rats were randomly divided
into four groups (one control and three SiNPs groups) and
administered 0.9% saline (control rats) or SiNPs suspension (1.5,
3.0, or 6.0 mg/kg body weight (bw)) via intratracheal instillation. The
treatment was provided with the controlled volume at 200 + 20 uL
once every 7 days for 12 times in total. The experimentation was
terminated after a 6-week interval from the last particle admin-
istration. Lastly, the rats were fasted overnight, lung samples were
harvested and weighed, and the organ coefficient was calculated.
SiNPs were synthesized using the Stober approach, and their
characterization was previously described.'® The administered dosage
was set based on the permissible concentration of amorphous SiO, (§
mg/m?) in the workplace and the respiration physiology of the rat
(0.86 mL/breath, 85 breaths/min). The animal experiment was
approved by the Animal Care and Use Committee at Capital Medical
University (ethical number: AEEI-2021-088).

2.2. Histopathological Examination

Fresh lung tissue was immersed in 4% paraformaldehyde solution for
24 h and embedded into paraffin. Then, the lung sections were
stained with hematoxylin and eosin (HE; Jiancheng, China) and
Masson’s trichrome (Jiancheng, China) for lung histopathological
assessment. All lung sections were digitized by scanning using the
automatic slice scanning system (3D HISTECH, Hungary) and
analyzed in Image]. Moreover, the scoring of lung injury was done
using the Ashcroft scale.

2.3. Hydroxyproline (HYP) Assay

HYP is a sensitive indicator of collagen deposition and fibrosis. Its
lung level was analyzed by a Hydroxyproline Assay Kit (Jiancheng,
China) based on the product manual.
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2.4. scRNA-seq

2.4.1. Experiment Process. After collection, the fresh lung
tissues from the control and 6.0 mg/kg bw SiNPs groups were washed
with ice-cold RPMI1640 (Gibco, UK), dissociated using Multitissue
dissociation kit 2 (Miltenyi, Germany), and erythrocytes removed by
red blood cell lysis solution (Miltenyi, Germany) in order according
to the instructions. Cell number and viability were estimated by a
fluorescent cell analyzer (Countstar Rigel S2), and cell viability was
above 95%; then, the fresh cells were washed in the RPMI1640
(Gibco, UK) and resuspended in phosphate buffer saline (PBS;
Gibco, UK) and bovine serum albumin at 1 X 10° cells/mL. Next,
library preparation was performed by using a SeekOne Digital Droplet
Single Cell 3’ library preparation kit (SeekGene, China). Fastp
(v0.20.1)*° was employed to trim primer sequence and low-quality
bases of raw reads and then gather the original statistics.

2.4.2. Processing Data and Clustering Markers. The Seekone
Tools pipeline was used to process the cleaned reads and generate the
transcript expression matrix. We excluded cells with less than 300
detected genes. Then, the mitochondria gene expression was
calculated via the Seurat package’s percentage feature set function.
To eliminate low-activity cells, we excluded cells expressing
mitochondria genes with over 26.18% and 24.41%, respectively, in
the control and SiNPs group. The filtered data were used to apply
subsequent analyses. We normalized the data and completed the
visualization via clustering with Uniform Manifold Approximation and
Projection (UMAP) by the Seurat R package.

2.4.3. Cell-Cell Communication Analysis. Cell—cell commu-
nication analysis was conducted using the CellChat R package to
investigate potential interactions among cell subsets in the rat lungs.
In brief, specific cell-cell communication was inferred by recognizing
differentially signaling genes (p value < 0.05) and ligands and
receptors in clusters. Subsequently, signaling pathways, influences,
and more information were obtained from network analysis, which
were displayed with a circle plot.

2.4.4. Analysis of Gene Differential Expression and Path-
way. The threshold set for up- and downregulated differential
expression genes (DEGs) was adjusted to p value less than 0.0S by
Bonferroni. DEGs showed up on the heatmap. Functional enrich-
ments by Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis were performed. Then, GO chords
were employed to connect the vital DEGs and corresponding
enriched GO pathways using the circlize package of R. The pathways
with corrected p value less than 0.05 by Bonferroni and DEGs with
fold change (IFCI) > 2 were considered significantly enriched. To
filter out the key genes, gene interaction networks were visualized via
String and Cytoscape. The top genes were ranked by the Maximal
Clique Centrality (MCC) method. Then, the relationship of these
genes to lung-related disease was analyzed via the DisGeNET
platform. Moreover, key gene expressions were extracted by the
Seurat package and visualized through the ggplot2 and dplyr package.

2.4.5. Single-Cell Trajectory Analysis. Trajectory analysis was
conducted by the Monocle R package to order single cells in
“pseudotime”.”’ The trajectory of a treelike structure in the
dimensional space was visualized, including branches and tips.

2.5. Quantitative Reverse Transcription-Polymerase Chain
Reaction (qRT-PCR)

The total RNA extracted from pulmonary tissues was applied to
process the qRT-PCR analysis. 1000 ng of total RNA was reversely
transcribed to cDNA using PrimeScriptTM RT Master Mix (Takara,
Japan), and real-time PCR was carried out in a quantitative thermal
cycler (Bio-Rad, USA) using SYBR Premix Ex Taq II (Takara, Japan).
Relative gene expression was normalized to f-actin. Primers are listed
in the supplementary file, Table S1.

2.6. mRNA Array Analysis

Referring to the gene expression profile of patients with pulmonary
interstitial disease in the Gene Expression Omnibus (GEO) database
(GSE92592), gene expressions of the Hsps family genes were
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Figure 1. Lung injury induced by SiNPs. (A) HE staining showed a thickened alveolar wall (n = 4). Masson staining (B) and its semiquantitative
analysis (C) manifested a dose-dependent increase in collagen deposition. n = 4; magnification, 100X or 200X ; scale bar, S0 or 100 ym. (D)
Ashcroft score analysis suggested pulmonary injury caused by SiNPs (n = 4). (E) HYP, as an indicator for collagen hyperplasia, was greatly
aggravated in the high-dose (6.0 mg/kg bw) SiNPs exposure group (n = 4). (F) Organ coefficient of the lung (n = 6). *p < 0.0S, compared with

control.

analyzed by limma packages. Then, the nomogram was used to
predict disease onset or progression through multiple indicators.

2.7. Cell Culture and Treatment

For investigating the impact of SiINPs on epithelial, macrophage, and
fibroblast cells in vitro, BEAS-2B cells (Cell Resource Center;
Shanghai, China), PMA-activated THP-1 cells (Peking Union
Medical College; Beijing, China), and MRC-S cells (Cell Resource
of the Chinese Academy of Science; Beijing, China) were utilized and
routinely cultured in the cell incubator (Thermo Fisher Scientific,
USA). In brief, BEAS-2B cells were cultured in DMEM medium
(Corning, USA) containing 10% fetal bovine serum (FBS; Gibco,
Australia). THP-1 cells were cultured in RPMI 1640 medium
(Procell, China) containing 10% FBS and 100 ng/mL PMA
(MedChemExpress, USA) for 48 h (named THP-1-Mg). MRC-S
cells were seeded in MEM medium (HyClone, USA) containing 10%
FBS and 1% Non-Essential Amino Acids (NEAA; Gibco, USA).
When 80% confluency was reached, BEAS-2B or THP-1-Mg cells
were exposed to SiNPs (0, 12.5, 25, and S0 pg/mL) for 24 h. The
dosage selection of SiNPs was in accordance with the corresponding
cell viability assessment by MTT assay. The detailed data are shown
in Supporting Information Figure S1. The supernatants were collected
and filtered with 0.22 pm filter membranes (Millipore, Billerica,
USA). Afterward, MRC-S cells were incubated with the culture
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supernatants from BEAS-2B cells or THP-1-Mg without or with
SiNPs (named as SB-Ctr/SB-SiNPs or ST-Ctr/ST-SiNPs) for 24 h.

2.8. Western Blot

Proteins were extracted using the Protein Extraction kit (KeyGEN,
China) and quantified by BCA assay (Dingguo, China). The
expressions of HSP90AB1, HSPD1, HSPB1, and DNAJAl were
measured and normalized by GAPDH. The images were pictured by
the Odyssey CLx Imaging System (Gene Company Limited, Hong
Kong) and quantified by Image] software.

2.9. Statistical Analysis

Except for the scRNA-seq data, all data were presented as “mean +
standard deviation (SD)”, and statistical analysis was performed by
SPSS 22.0 software. One-way ANOVA was used to compare more
than two groups. Then, the post hoc test of the homogeneous data was
analyzed by the Dunnett (T) test, while heterogeneous data was
analyzed by Dunnett’s T3 test. A two-sided p value less than 0.05 was
determined as statistically significant. The correlation analysis was
performed by the Pearson method via corrplot, ggplot2, and tidyverse
R packages.
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Figure 2. scRNA-seq profiling of the rat lung after SiNPs exposure. (A) Flowchart of the present project. Lung tissues from rats administered with
saline or 6.0 mg/kg bw SiNPs were dissociated into single-cell suspensions for subsequent analysis. Cells were clustered and visualized through
UMAP, which presented all cells grouped into 16 distinct cell types (B) with the identification of cells from the control and SiNPs group (C). (D)
The cell type annotation was based on the canonical marker gene expression (right), and then cell counts of each cluster were calculated per group
(left). (E) Canonical markers genes were applied to sign clusters as presented in the UMAP plot. Subsequently, cell types were grouped as immune,
epithelial, endothelial, and mesenchymal. (F) The composition percentage of each cell type was analyzed.

789

https://doi.org/10.1021/envhealth.4c00052
Environ. Health 2024, 2, 786—801


https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig2&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Differential number of interactions

0y

Differential interaction strength

A

Alvolar Macrophages

@® Plasma B
B cell

O~k

@ cell

@ Alveolar T

©® Alveolar 1T
FibroblastC!41+
Fibroblasts1+

SMC

@ Endothelial

@ Neutrophil

@ Monocyte®

@ Monocyte
Interstitial Macrophages

Circulatory proliferatin;
Macrophages s

TR

[\
V)

(4 0 o

B Number of interactions - Control Number of interactions - SiNPs
11 10

Endothelial Endothelial

1y 12
N

P 8 53
56 267
Mesench Immune
49 49
C Interaction strength - Control Interaction strength - SiNPs
0.7 0.4
End';thelial Engthelial
0.4 0.8
0.9 % 0.3 s
01 s 02 g <
— 227 219
Mesenchymal 1.4 ‘bl‘ngn:‘me IJl'ésenVch*ymal 13 *‘I}r‘)‘igune

0.8 4 1 102

0.4 o ) 0.5 o% f

N 2.7 N 2.8
‘é;ilhelial \ipithelial

24 32

SEMAA4A - PLXNB2 -
PROSI - AXL
LAMB2 - DAG1+
LAMB2 - CD44
LAMA4 - DAG1+
LAMA4 - CD44
ITGB2 - ICAM1 +
ICAM1 - ITGAX+ITGB2) -
HC - C5AR1+
GRN - SORT1
GAS6 - MERTK -
GAS6 - AXLA

FN1 - SDC4+

FN1 - SDC1+

FN1 - CD44+

F11R - F11R
CXCL3 - CXCRI1
CXCL1 - CXCR1 A
CSF1 - CSF1R
COL6A2 - SDC4
COLG6A2 - SDC1
COLG6A2 - CD44 -
COLAAS - SDC4
COLA4AS - SDCT1 -
COLA4AS - CD44 -
COLA4AL1 - SDC4
COLA4A1 - SDC1 -
COLA4A1 - CD44 -
COL1A1 - SDC4 -
COLI1A1 - SDC1
COLI1A1 - CD44
C3 - ITGAX+ITGB2) -
APP - CD744

D p-value
o 0.01<p<0.05

e p<0.01

Commun. Prob.

I max
I min

Figure 3. Interaction analysis for cell populations affected by SiNPs in lung tissue. (A) The number and strength of interactions. Line width
represents the cognate receptor—ligand pairs. The red or blue lines indicated the up- or downregulation of interaction signals, respectively. (B)
Number of intracellular communication between four subgroups. (C) Interaction strength between four subgroups. (D) Ligand—receptor

interaction studies.

3. RESULTS

3.1. Pulmonary Toxicity Caused by SiNPs

According to the HE images of lung tissues, partially destroyed
alveoli were observed in the lungs of rats exposed to low-dose
SiNPs (1.5 mg/kg bw), and thickened alveoli septum was
manifested in rats exposed to a higher dose (Figure 1A).
Masson staining and its semiquantitative analysis (Figure 1B—
C) reflected the collagen deposition in the lung upon SiNPs
stimuli. Pathological evaluation of rat lung tissue showed that
the score of Ashcroft was dose-dependently increased after
SiNPs administration (Figure 1D). Meanwhile, the HYP
content was greatly elevated in the SiNPs-exposed lung tissue
(Figure 1E). No significant difference was noticed in the organ
coefficient of lung (Figure 1F). Taken together, our results
illustrated that SiNPs exposure via intratracheal instillation
induced obvious pathological and interstitial fibrotic alterations
in the rat lung.

3.2. scRNA-Seq Identified Cell Types in the Wistar Rat’s
Lung

In order to explore the impact of SiNPs on the lung across cell
types, we applied a scRNA-seq in the rat administered with
SiNPs (6.0 mg/kg bw, once per week for 12 times). The details
of the experimentation are shown in a flowchart diagram
(Figure 2A). In total, 10 457 cells were applied for integrated
scRNA-Seq analysis, including 5433 cells from the control lung
and 5024 cells from SiNPs-treated rat lung (Figure 2B—C).
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Sixteen distinct cell types (Figure 2B) were identified based on
the expressions of specific markers (Figure 2D—E), including
alveolar cells (type I and II), fibroblasts“°"*!* fibro-
blasts“°"132*  smooth muscle cells (SMC), endothelial,
neutrophil, monocyteCD o monocyteCD14_, alveolar macro-
phages, circulatory proliferating macrophages, interstitial
macrophages, plasma cells, B cells, natural killer cells (NK),
and T cells. Each cluster included cells from the control and
SiNPs-exposure groups (Figure 2C). Next, we divided all cells
into four subgroups, immune (88.04% vs 92.19%, Control vs
SiNPs), epithelial (2.28% vs 2.13%), endothelial (4.58% vs
2.03%), and mesenchymal cells (5.10% vs 3.65%), and
calculated their proportion (Figure 2F).

3.3. Cell Communication Analysis in Lung Damage Caused
by SiNPs

Cell-to-cell communication plays a crucial role in lung injury,
coordinating the actions of various cells and performing as a
whole. Here, we generated network-level maps of cell—cell
signaling across 16 clusters, including epithelial, endothelial,
mesenchymal, and immune cell types based on computational
assessments of predicted ligand—receptor interactions (Figure
3A). Further, we evaluated the intercellular interactions among
four subgroups, i.e, immune, epithelial, endothelial, and
mesenchymal cells (Figure 3B and C). The enhanced
intercellular interactions were shown in epithelial targeting
mesenchymal or immune cells. This phenomenon may be
attributed to the increased exosome secretion in epithelial

https://doi.org/10.1021/envhealth.4c00052
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cells,”® contributing to the activation of lung inflammation and
fibrogenesis.”” ' The receptor—ligand interactions amon
alveolar macrophages, alveolar II, and fibroblasts®*1* are
present in Figure 3D. It illustrates that fibroblast®*!* can
interact with alveolar macrophages and alveolar II cells mainly
via COL1A1-CD44 and COL1A1-SDC4, ultimately leading to
lung injury and collagen accumulation.

3.4. SiNPs Triggered Immune Response and Proteostatic
Stress Response in Alveolar Macrophages

In light of their crucial role in the histopathology of lung
interstitial injury, the transcriptional profiles of immune cell
populations were assessed. In total, 9414 individual immune
cells were captured, divided into 10 distinct clusters. All major
immune cell types were identified, including neutrophil,
monocyteCD14+, monocyteCD 4= alveolar macrophages, circu-
latory proliferating macrophages, interstitial macrophages,
plasma cells, B cells, natural killer cells (NK), and T cells
(Figure 4A—B). Although all of these major cell types were
present in both the control and SiNPs-treated lungs, the cell
proportion was varied (Figure 4C). The proportions of
alveolar macrophages and interstitial macrophages were greatly
increased after SiNPs exposure in comparison to the control
group, while that of NK, neutrophil, and monocyte“"'*~ cells

792

was reduced. According to the number of DEGs per cluster in
the immune cell population (Figure 4D), the transcriptome of
alveolar macrophages (including 449 DEGs) was the most
affected by SiNPs. Herein, we focused on the DEGs on the
alveolar macrophages cluster between the control and SiNPs
group (Figure 4E). The following GO enrichment analysis
clarified that DEGs (IFCl > 2, adjusted p < 0.05) attributed to
SiNPs exposure were tightly related to immune response,
proteostatic stress response (proteostasis), and cell adhesion
(Figure 4F—I). The significant pathways identified by
upregulated DEGs focused on immune response, protein
folding, and cell stress (Figure 4F). Then the GO chord was
used to connect the essential upregulated genes and biological
processes (Figure 4G). Protein homeostasis was essential for
the normal physiological function of alveolar macrophages,
with 9 of 10 vital genes involved. Besides, two of the nine
enriched genes overlapped in alveolar macrophage-mediated
immune response elicited by SiNPs (Figure 4G), which were
Hspalb and Hspdl. It hints at a possible link between the
immune response activation and proteostatic stress response
induced by SiNPs. Comparatively, downregulated DEGs were
mainly involved in the regulation of cell adhesion and immune
response (Figure 4H—I). Taken together, we speculated SiNPs
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Figure 6. Mesenchymal subtype’s transcriptome responses to SiNPs exposure. (A) The proportion of mesenchymal subtypes for each group. (B)
The DEGs numbers for each lung cell type in fibroblast“#!'* cells. (C) Heatmap analysis of the DEGs revealed the perturbations of SiNPs on
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primarily triggered immune response, proteostatic stress contribute to the pathogenesis of pulmonary inflammation and
response, and cell adhesion in the alveolar macrophages to resultant lung interstitial injury.
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show their expressions in the whole lung, and the dot plot (F) was applied to show their expressions in each cell cluster. (G) Hsps genes involved in
immune response, protein folding, apoptotic signaling pathway, and response to ROS participated in pulmonary diseases. (H) qRT-PCR verified
SiNPs activated the expressions of Hspbl, Hsp90aal, Hspdl, Hsp90abl, Dnajbl, and Dnajal (n = 4). The correlation between Hsps genes (I) and
between Hsps genes and lung injury-related indicators (J) was calculated. The red color indicates a positive correlation. *p < 0.05, compared with

control.

794 https://doi.org/10.1021/envhealth.4c00052

Environ. Health 2024, 2, 786—801


https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/envhealth.4c00052?fig=fig7&ref=pdf
pubs.acs.org/EnvHealth?ref=pdf
https://doi.org/10.1021/envhealth.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environment & Health

pubs.acs.org/EnvHealth

Control SiNPs I Class Class
.Contrul
. . - - HSPDI
10 4 \r:‘ « \ . o IPF
= :I 54 A i : a\: N HSP90ABI § |
Y
o <Et 0 B .\ & .. HSP90AAI [l
T 2 s ‘LR R &
- NP DNAJAI o
-10 4 ¥ & -1
. DNAJB4
-2
1 \ te @ R e HSPBI
2 o« F- O Y P NI N ey —
s o %a . Ya o AR S Yo N P N NNt R A N
2 % 0{% @ « & I N S O S S A e
n‘ E v d Mltﬂlhlfﬂlh/Mlfﬂlhlﬁlhlh/%lhlhlh/hl%lhl‘ﬂlhlh/‘thlfﬂlhlhlfﬂlhlfﬂlhlhlfﬂlhl@lh/hlhlh/
w .
D —5 4 . 0 100 20 30 4 50 6 70 8 9 100
: 13 g;v’ .‘“ ¢ C Points L f L L N L L ! L ) |
. DNAJATL —mr—————F—— 17—
18 16 14 12 1 08 06 04 02
10 4 e \ "ow DNAJB4 L o o o e o |
- ) s 216 106 0
g N| 51 o \ D &s"' "‘s
= & 0 2 & \ HSP90AA1 2r;rrrrlrrrﬂ
X é . \ S Y
2 < «
@2 o 54 Sy w HSP90AB1 Lo e o e e e s e e o e e
s & 02 05 08 1 12 L5
—101 ) i HSPBI T
22 18 14 1 06
" 3, . HSPD1 - T T T T T T . r .
10 = "a‘ * 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
= N5+ 1[_?‘ A 5% % | Total Points T T T T T T T T T T |
S A . a . . 0 20 40 60 80 100 120 140 160 180 200
< 04 & € = \ .
= » . B s Risk — T
8 £ s ) %?.@ 0.0010.050.50.950.999
A
~104 &X ROC CURVE
= 4
10 %
J . e g =2
T o 3 : 3
o—
E 20 ~
= z 3 % ‘-.J'-‘)
= - -5 £ - - b e -
& z°
-10 1 Z j
§ AUC: 0.958
wn
p . = -
10 1 < n =
- 5 ":"'t 3 s*’
s A a
% E 0' . =)
> & 2
= 5 -5 po o
_10. i z -
— T — T T T
-10 -5 0 5 10 -10 -5 0 5 10 0.0 0.5 1.0
UMAP_1 UMAP_1 1 - Specificity

Figure 8. Hsps gene expressions in the lung. (A) The UMAP reflected the Hsps gene expressions in each cell cluster. (B) Heatmap analysis of the
Hsps genes in the IPF patients. (C) A nomogram for predicting the risk of IPF was conducted and verified by AUC.

3.5. SiNPs Disturbed Proteostatic Stress Response,
Oxidative Stress, and Cell Death in Alveolar Epithelial
Cells

It is generally accepted that lung epithelial cells had an
important role in maintaining lung homeostasis, function, and
injury repair. Herein, we captured all alveolar epithelial cell
populations in control and SiNPs exposure rats. As shown in
Figure SA, more than 80% of captured alveolar epithelial cells
were type II in the control lung, and a declined proportion of
alveolar II cells was noticed upon SiNPs exposure. That may
be explained by the differentiation of alveolar II into alveolar I
in response to the damage on pulmonary alveolar epithelial
cells by SiNPs.”*~** DEGs were detected in alveolar II cells
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upon SiNPs exposure but not in alveolar I cells owing to its
small quantity. SiNPs exposure distinctly varied 18 genes’
expression in alveolar II cells, including 17 upregulated and 1
downregulated genes (Figure SB—C). The following GO
annotation analysis (Figure SD—E) showed the three major
biological processes initiated by SiNPs were proteostasis,
oxidative stress, and cell death. Figure SE represents the
correlation between key upregulated genes (IFCl > 2, adjusted
p < 0.05) and biological processes. According to the GO chord
graph, five pivotal genes were all involved in the protein folding
and protein refolding process, revealing proteostasis as the
most affected bioprocess in alveolar epithelial cells after SINPs
exposure. Besides, proteostasis may be associated with the
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Figure 9. Hsps genes expressions in vitro and in vivo. gqRT-PCR verified the expressions of candidate Hsps genes in BEAS-2B epithelial cells (A)
and its supernatants stimulated MRC-$ fibroblasts (B) and THP-1-Mg, (C) and its supernatants stimulated MRC-$ fibroblasts (D). Then, Western
blot verified the expressions of filtered Hsps, HSP90AB1, HSPD1, DNAJA1, and HSPB1 in BEAS-2B cells (E) and its supernatants stimulated
MRC-5 cells (H, left) and THP-1-Mg, (F) and its supernatants stimulated MRC-S cells (H, right). Correlation analysis showed the negative
regulatory relationships between SiNPs-induced HSP9OAB1/HSPD1 expression and cellular viability in either BEAS-2B (Figure 9G-a,c) or THP-1-
M, cells (Figure 9G-b,d). Consistently, Hspd1 was also upregulated in the lung tissue (I). n = 3, *p < 0.05, compared with control or SB-Ctr/ST-
Ctr.
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activation of oxidative stress and cell death, since three of the
five enriched genes overlapped in oxidative stress and three of
the five genes in cell death. These data highlighted that SiNPs
could disturb the proteostatic stress response and activate
oxidative stress and cell death in lung epithelial cells,
contributing to the onset and progression of pulmonary
interstitial injury.

3.6. SiNPs Induced Proteostatic Stress Response,
Extracellular Matrix Deposition, and Cell Proliferation in
Lung Fibroblasts

As shown in Figure 6A, most of the identified cells in lung
interstitium were fibroblasts, especially the fibroblasts with
positive expression of Coll4al (fibroblast®!*!*), The cell
proportion in each cluster was similar between the control and
SiNPs group. Sixty-three DEGs were assessed in fibro-
blast®*!* of which 34 were significantly upregulated and
29 were downregulated (Figure 6B,C). GO analysis revealed
the key biological processes in fibroblasts owing to SiNPs
exposure, that is, proteostatic stress response attributed to the
upregulated DEGs (Figure 6D), while extracellular matrix
(ECM) organization and cell proliferation were responsible for
the downregulated DEGs (Figure 6F). As depicted in Figure
6E,G, GO chord disclosed the correlation between crucial up-
and downregulated genes (IFCl > 2, adjusted p < 0.05) and
corresponding biological process. Interestingly, we observed
that KIf4 was downregulated in both alveolar II cells and
fibroblast™"**!* and was involved in the biological process of
epithelial cell proliferation (Figure 6G). Further, the cell
trajectory of epithelial and interstitial cells in the lungs was
conducted (Figure 6H). Alveolar epithelial cells and lung
interstitial cells were in separate branches of the trajectory, an
indication of their distinct differentiation states. SMC cells
were between the epithelial cells and fibroblast branches,
implying the intermediate differentiation state. The fibroblast
activation was observed in the final stage. In brief, the lung
insult by SiNPs may result in abnormal crosstalk between
epithelial cells and fibroblasts and even the occurrence of
epithelial—mesenchymal transition (EMT).

3.7. Perturbed Heat Shock Stress May Contribute to the
Pulmonary Injury Caused by SiNPs

According to the gene interaction analysis of all DEGs in
alveolar macrophages cells (Figure 7A), alveolar II cells (Figure
7B), and fibroblast®'*!* cells (Figure 7C) via the MCC
method, we were surprised to discover that the genes of the
heat shock protein (Hsps) family were dominant in all these
three types of cells. Based on the interaction network analysis,
gene expression, and disease-targeting prediction (Figure 7D),
10 out of the 13 Hsps family genes were thought to be
involved in lung injury and pulmonary diseases. Meanwhile,
the expressions of these genes in alveolar II cells, macrophage,
fibroblasts, and the whole lung tissue are shown in Figure 7E—
F. As manifested in Figure 7G, the alterations of Hsps family
genes may affect the onset and development of SiNPs-elicited
lung disease through apoptotic signaling pathway, immune
response, protein folding, and response to reactive oxygen
species (ROS). The verification by qRT-PCR (Figure 7H)
showed increased transcription of seven Hsps in lung tissue
upon SiNPs stimulation, which were closely interconnected
(Figure 7I). Moreover, the correlations analysis (Figure 7])
implied the six candidate Hsps family genes (Hsp90abl,
Hsp90aal, Hspbl, Dnajal, Hspdl, Dnajb4) as the potential
mediators in SiNPs-elicited lung impairments.
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3.8. Hspd1 May Play a Crucial Role in the Pulmonary
Interstitial Injury

We have discerned the ubiquitous expression of six candidate
genes across a spectrum of pulmonary cell types, implying their
potential participation in the regulation of diverse cells
throughout the stages of disease onset and progression (Figure
8A). Based on the GEO database, the gene expression of
related Hsps was manifested in heatmap (Figure 8B). Then, we
constructed a nomogram for pulmonary interstitial according
to the filtered variables (Figure 8C), and AUC was more than
0.9, indicating favorable discrimination by the nomogram. Of
note, HSPD1 (coefficient = 18.4405, p < 0.05; Table S2) may
be a crucial candidate gene to indicate pulmonary interstitial
injury. A consistent result was found in the nomogram for
pulmonary parenchyma (Figure S2), based on alveolar II data
(Hspd1 coefficient = 0.5746, p < 0.0S; Table S3). To confirm
our findings, we measured the expressions of Hsp90abl,
Hsp90aal, Hspbl, Dnajal, Hspdl, and Dnajb4 in the different
models in vitro by qQqRT-PCR and Western blot (Figure 9A—
H). Upon the exposure to SiNPs, HSP90AB1 and HSPD1
expressions in lung epithelial (BEAS-2B) and macrophages
(THP-1-Mg) were remarkably upregulated, which were
correlated to SiNPs-elicited cell viability decline (Figure 9G).
In particular, HSPD1 was greatly upregulated in fibroblasts
(Figure 9H). In line with the in vitro data, the enhanced
expression of Hspdl was also validated in the SiNPs-treated
lung tissue (Figure 9I). Taken together, our data hinted that
Hspdl may be an essential indicator in SiNPs-caused lung
interstitial injury.

4. DISCUSSION

Considering the applicability and accessibility of SiNPs, the
toxicity of SiNPs should be exactly estimated. A large number
of studies have confirmed that SiNPs could enhance lung
permeability,®® exacerbate pulmonary inflammation®® and
fibrosis progression,””*” and even present the carcinogenic
potential of lung cancer.'® Likewise, we noticed lung interstitial
injury in rat lung tissues exposed to SiNPs, as manifested by
alveolar septa thickening (Figure 1A) and collagen hyperplasia
(Figure 1B—C). Still, the molecular mechanisms and
intercellular crosstalk regarding SiNPs-elicited respiratory
diseases have not been comprehensively revealed. Diverse
and heterogeneous biological processes and various cell types
were involved in the pathogenesis of pulmonary impairments.
For these issues, we disclosed the cell-specific response at the
single-cell level in the rat lung owing to SiNPs exposure. Based
on the biological process in GO and KEGG analysis (Figures
4—6), the disordered effects among the various pulmonary
cells were principally linked with proteostasis, accompanied by
the immune response in macrophages (Figure 4), oxidative
stress, and cell death process in epithelial cells (Figure S) and
ECM organization and proliferation in fibroblasts (Figure 6).

The major cell types responsible for pulmonary diseases are
macrophages, alveolar epithelial cells, and fibroblasts. Dysre-
gulation of these cells exerts their profibrotic roles via affecting
pathological mechanisms such as immune response, oxidative
stress, cell proliferation, and apoptosis, which ultimately results
in the development of pulmonary impairments. The activated
alveolar macrophage was the dominant cell type in the rat lung,
as identified in our scRNA-seq analysis. In accordance with
experimental evidence, macrophages were considered as
dominant internalized cells upon NPs stimuli in the lung®
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and triggered immune response, exaggerated cascades of
inflammatory response to precede lung inflammation, or
even profibrotic development.””** Epithelial remodeling was
another important feature of pulmonary toxicity.”' Concert-
edly, we previously revealed that SiNPs exposure could trigger
oxidative stress, mitochondrial dysfunction, and ultimate
irreversible cell death via apoptosis in lung epithelial
cells.">** Plenty of evidence has confirmed that the insult to
alveolar epithelial cell integrity was in a central stage in disease
susceptibility and initiation and/or progressmn of a wide host
of lung diseases, especially in lung fibrosis.*’ In response to
injured or stimulated lung epithelial cells by inhalants,
interstitial repair via fibroblasts ensued, but its abnormal
activation, proliferation, and excessive ECM deposition would
drive the fibrosis occurrence and progression.*”** Of note, the
interaction between epithelial cells and fibroblasts was well
explained in the cell trajectory analysis (Figure 6H). The
myofibroblasts in the lungs could be derived from EMT apart
from the activation of resident fibroblasts. For another, SiNPs
triggered heat shock response,”® further affecting the
proliferation and death of fibroblasts (Figure 6E and G)."
Also, the activation of macrophage-mediated inflammatory
response by SiNPs may promote the proliferation and
differentiation of fibroblasts.”” Collectively, all these cell-
specific responses triggered by SiNPs and intercellular crosstalk
in the lungs together constituted the pathogenesis of lung
injury.

Cellular integrity depends on the correct protein folding of
its protein components to maintain the specialized functions,
support normal physiology, and protect humans from disease
pathology. Interestingly, the dysregulated proteostasis was
noticed in macrophages, alveolar epithelial cells, and also
fibroblasts, which in particular served as the most influenced
biological processes upon SiNPs stimuli. According to the
literature, proteostasis perturbations have been identified in a
series of pulmonary disorders."**’ Disturbances in cellular
proteostasis can be harmful to the cell. An accumulation of
evidence indicated that failing proteostasis may activate
inflammatory responses.”’ The consequent release of proin-
flammatory mediators and excessive inflammation may
contribute to dysfunctional proteostasis.”"** Likewise, Shin et
al>® reported that altered proteostasis could result in
inflammasome activation in macrophages. Even more,
Watanabe et al®* concluded that ISRIB (an inhibitor of
integrated stress response) promoted epithelial differentiation
by resetting proteostasis and restoring protein translation to
alleviate epithelial injury-mediated pulmonary fibroplasia.
Besides, the activation of oxidative stress through ROS
accumulation, a well-known crucial player in the adverse
effects elicited by SiNPs, may lead to proteostasis disruption in
the lungs.>® Thereby, further clarification of the individual
steps of proteostasis and inflammation, epithelial cell death and
fibroblast-mediated ECM deposition, especially in humans, will
offer a better apprehension of the cellular processes and open a
window/path for the development of new intervention
strategies for pulmonary injury elicited by SiNPs.

Hsps genes were known to participate in the protein quality
control by promoting accurate folding of newly synthesized
proteins and refolding of denatured proteins under a vast range
of cellular stressor conditions.® Accumulative evidence has
illustrated some specific Hsps may be the novel targets of viral
lung diseases, fibrotic interstitial lung diseases, COPD, and
lung cancer.”’® The dominant types of Hsps consist of five
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primary and highly conserved families, which are small heat
shock protems (sHsps), Hsp60s, Hsp70s, Hsp90s, and
Hsp100s.°" Our data suggested that SiNPs triggered Hsps
stress, as evidenced by the upregulated transcription of Hspbl
(also known as Hsp27), Dnajal (a class I member of Hsp40),
Dnajbl (a class II member of Hsp40), Hspd1(also known as
Hsp60), Hsp90aal, and Hsp90ab1 (Figure 7). That may affect
protein folding, apoptotic signaling pathway, immune
response, and response to ROS, ultimately leading to lung
diseases (Figure 7). It was worthy to note a consistent
alteration in the expressions of Hsp27 Hsp40, Hsp60, and
Hsp90 when cells were stimulated.”” In particular, the
validation of Hsps on SiNPs-elicited pulmonary toxicity
using a set of in vitro models revealed that among these
candidate Hsps, Hspdl (Hsp60) showed more pronounced
differences in lung cells or tissues upon the exposure to SiNPs
(Figure 9). These data hinted at Hsps interventions, especially
on Hspdl, probably as a potential target for therapeutic
intervention to SiNPs-elicited lung impairments.

As the most abundant member of the sHsps, Hspbl
maintains denatured protelns in a fold-competent state,
resulting in stress resistance.”” The inhibition of Hspbl by
J2 (an inhibitor of Hspbl) has been pointed out to
significantly attenuate inflammation and collagen accumulation
in lung tissue.”* Also, Hsp27 was reported to participate in the
EMT process through activating the IkBa-NFxB pathway.®®
Both Dnajal and Dna]bl bound to unfolded proteins to
prevent thelr degradation® and were incorporated into stress
granules.”” According to the literature, Dnajbl caused p-
catemn and its phosphorylation at PKA phosphorylation site
$675,°° resulting in the induction of inflammation and ﬁbr051s
further. In contrast, Hsp40 could activate ATPase of Hsp70*
and may serve as a potential therapeutic target to lessen lung
damage.”

Hsp60 is a chaperone protein that normally acts within
mitochondria to maintain protein homeostasis,”' including
protein folding, unfolding, and disaggregation.”” Hsp60 has
been reported to participate in the pathogenesis of
inflammatory diseases through promoting higher levels of
transformmg growth factor (TGF-f8) and interleukin-8 (IL-8)
release.”””* When compared to healthy people, a remarkably
high level of Hsp60 was present in patients with acute
exacerbation of COPD.”>’® Meanwhile, Hsp60 plays a crucial
role as a node in intracellular molecular networks and a linking
molecule in intercellular immune networks.”” Evidence has
illustrated that Hsp60 released from recurrently infected
epithelial cells and macrophages caused prolonged antigenic
stimulation so as to amplify chronic inflammation,” ultimately
resulting in pathological tissue damage. Besides, as a critical
regulator of proteostasis, Hsp90 has become a potential
therapeutlc target for diseases associated with protein
misfolding.”” The inhibitors of Hsp90 (AUY-922% and 17-
AGG8®") have been confirmed to decrease the overexpression
of collagen and ECM proteins and thereby to suppress lung
fibrosis. Certainly, limited reports have documented the role of
Hsps in the nanoparticles-elicited pulmonary toxicity. Hence,
the underlying impact and potential mechanisms still remain
issues that need to be explored.

5. CONCLUSION

The findings of our study first illuminated the pulmonary
toxicity of SiINPs in Wistar rats from a cell-specific responses
perspective. SiNPs disturbed proteostasis, and induced the
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immune response in macrophages, oxidative stress and cell
death in epithelial cells, and proliferation and ECM changes in
fibroblasts, contributing to the pulmonary fibrotic effect. Also,
we highlighted the Hsps through interfering proteostasis,
especially Hspd1, as an underlying mediator to SiNPs-caused
pulmonary interstitial disease. Certainly, more work was
urgently needed to illuminate the mode of action and
mechanisms of Hsps to participate in the fibrosis interstitial
injury upon SiNPs stimuli. All in all, this study presented a
comprehensive understanding of cellular-specific response in
SiNPs-driven lung impairments and also provided novel
insights into further mechanistic investigations and explora-
tions for preventive and treatment interventions.
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