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Abstract

Background

Long-term exposure to respirable crystalline free silica (SiO,) is one of the most common and persistent

hazards in occupational environments, leading to silicosis and causing progressive fibrotic lung disease,
although its fibrogenic molecular mechanisms have not yet been fully elucidated.

Objective

Objective: This study aims to investigate the role of LCN2 in silica-induced pulmonary fibrosis, with a
focus on its regulatory effect on pathological lymphangiogenesis and the underlying molecular
mechanisms.

Methods

To investigate the regulatory role of LCN2 in silica-induced lymphangiogenesis and fibrosis, serum levels
of LCN2 and VEGF-C were measured by ELISA in 73 silicosis patients and 15 healthy controls. A silicosis
mouse model was established by intratracheal instillation of SiO,, and the effects of the LCN2 inhibitor
ZINC00640089 were evaluated by histopathological staining (HE, VG, and Sirius red), micro-CT imaging,
and Western blot analysis of fibrosis and lymphangiogenesis-related markers. Additionally, RNA
sequencing was performed to identify differentially expressed genes and signaling pathways modulated
by ZINC00640089. To further validate the functional role of LCN2 in lymphatic endothelial cells, in vitro
scratch assays and Matrigel tube formation assays were conducted using human lymphatic endothelial
cells (HLECs).

Results

Serum LCN2 and VEGF-C were significantly elevated in silicosis patients. In the silicosis mouse model,
ZINC00640089 attenuated pulmonary fibrosis and inflammatory infiltration, accompanied by
downregulation of VEGF-C, VEGFR-3, and LYVE-1. Transcriptomic analysis revealed that ZINC00640089
modulated pathways related to inflammation and lymphangiogenesis, including VEGF signaling.
Immunofluorescence confirmed LCN2 colocalization with LYVE-1 in lung tissues. In vitro, ZINC00640089
suppressed Si0O,-induced HLEC migration and tube formation.

Conclusion

This study demonstrates that targeting LCN2 can prevent abnormal lymphatic remodeling and alleviate
Si0,-induced pulmonary fibrosis, providing a promising therapeutic strategy for silicosis.

1. Introduction
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Silicosis is the most prevalent and harmful type of pneumoconiosis. It is a progressive and irreversible
systemic disease characterized by diffuse pulmonary fibrosis, caused by long-term inhalation of free
silicon dioxide (SiOz)[”. The pathogenesis of silicosis is complex, and requires further research to
develop effective treatment methods. Therefore, the search for new intervention targets and prevention
methods is one of the hotspots and focuses in the research field of silicosis prevention and treatment.

The lymphatic system is an important systemic circulatory system within the body, functioning to
remove large molecules from the interstitial fluid and maintaining the balance of the internal
environment of tissues!?. Lymphatic vessels are an important part of the lymphatic system. They assist
in immune surveillance, returning exuded interstitial fluid to the bloodstream, and absorbing dietary lipids
from the intestine, thereby maintaining the balance of the interstitial environment!3l. Studies have shown
that the SiO, inhaled into the lungs can be drained out of the body through the lymphatic vessels within

the lungs, reducing the silicon content in the lung tissuel¥. This indicates that the pulmonary lymphatic
circulation may play a significant role in the progression of silicosis.

Lipocalin-2 (LCN2) is a secreted innate immune protein that can promote pulmonary fibrosis through the
STAT3-TGF-B1-Smad3 signaling pathway[5]. In addition to serving as a biomarker, LCN2 can also act as a
secreted signaling molecule. It can promote the proliferation and lumen formation of lymphatic
endothelial cells (LEC) by activating the PI3K-VEGFC-VEGFR-3 signaling axis, thereby driving pathological
lymphangiogenesis!®l. Previous studies have confirmed that the VEGFC/VEGFR3 pathway can regulate
the lymphatic vessel formation in silicosis, thereby influencing the progression of silicosis fibrosis!L. It is
suggested that LCN2 may play a significant role in the process of lymphatic vessel formation in silicosis.
ZINC00640089 is a selective small molecule antagonist targeting LCNZ2. It initially demonstrated the
ability to inhibit tumor cell proliferation and reduce Akt phosphorylation levels in an inflammatory breast
cancer model!®l. It is worth noting that recent in vivo studies have expanded its application scope beyond
the oncology field, demonstrating that in a mouse model of renal ischemia-reperfusion injury,
pharmacological LCN2 inhibition using ZINC00640089 can alleviate ferroptosis and tissue damage[g].
This suggests that targeted inhibition of LCN2 and its-mediated pathological lymphangiogenesis
becomes an important intervention strategy for blocking the fibrotic process of silicosis. We speculate
that ZINC00640089 may affect the progression of silicosis by blocking LCN2 and remodeling the
structure and function of pulmonary lymph circulation.

Therefore, this study employs ZINC00640089 as a pharmacological tool to investigate the regulatory role
of LCN2 inhibition on lymphatic vessel formation in silicosis and its impact on pulmonary fibrosis,
providing new targets and experimental evidence for the clinical prevention and treatment of silicosis.

2. Materials and methods

2.1 Population sample selection
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This study selected 73 male patients with silicosis who underwent large-volume whole lung lavage for
the first time at the Beidaihe Rehabilitation Hospital of the Ministry of Emergency Management in 2022.
15 healthy males were used as serum controls. The patients' diagnoses were based on "Diagnosis of
Occupational Pneumoconiosis" (GBZ70-2015), and patients with infectious diseases, abnormal liver
function, hyperlipidemia, and those with active pulmonary diseases such as pneumonia were excluded.
The research protocol was approved by the Medical Ethics Committee of North China University of
Science and Technology (2021041), and all participants signed informed consent forms.

2.2 Animal grouping and treatment

Male SPF-grade C57BL/6 mice (SCXK 2020-0001, Liaoning, China), 6—8 weeks old and weighing 16-18
g, were purchased from Liaoning Changsheng Biotechnology Co., Ltd. The mice were housed in a barrier
facility at the Experimental Animal Center of North China University of Technology under controlled
conditions: constant temperature (22 + 2°C), humidity (50%-60%), and a 12-hour light-dark cycle, with ad
libitum access to food and water. All experimental procedures were approved by the Animal Ethics
Committee of North China University of Technology (2025322) and conducted in accordance with
animal welfare guidelines. After one week of acclimation, C57BL/6 mice were randomly divided into four
groups: (1) Control group (n = 8): mice received a single tracheal instillation of 50 pyL 0.9% saline,
followed by intraperitoneal injections of 100 puL 0.9% saline every other day for 4 weeks; (2)
ZINC00640089 group (n = 8): mice received a single tracheal instillation of 50 pyL 0.9% saline, followed by
intraperitoneal injections of 100 yL 2 mg/mL ZINC00640089 (10 mg/kg) every other day until the end of
week 4; (3) Silicosis group (n = 8): mice received a single tracheal instillation of 100 mg/mL SiO,
suspension!'®! (Sigma, USA), followed by intraperitoneal injections of 100 yL 0.9% saline every other day
until week 4; (4) Silicosis+ZINC00640089 group (n = 8): mice received a single tracheal instillation of 100
mg/mL SiO, suspension, followed by intraperitoneal injections of 100 pL 2 mg/mL ZINC00640089 every
other day until week 4. At the end of week 4, blood was collected via orbital puncture, plasma was
separated and stored at - 80°C. The left lung was fixed in 4% paraformaldehyde for histopathological
staining, while the remaining lung tissue was rapidly frozen in liquid nitrogen and stored at - 80°C.

2.3 Cell culture and treatment

Human lymphatic endothelial cells (HLECs) were obtained from Science Cell (USA). The cells were
cultured in complete ECM medium (Gibco, USA) supplemented with 10% fetal bovine serum, under the
conditions of 37°C and 5% CO, in a cell incubator. The cells were then divided into four groups: (1)
Control group; (2) ZINC00640089 group: treated with 2 pg/mL ZINC00640089 for 24 hours; (3) SiO,
group: treated with 50 pg/mL SiO, for 36 hours; (4) SiO,+ZINC00640089 group: first treated with 50
pg/mL SiO, for 36 hours, and at the 12-hour mark, further treated with 2 pg/mL ZINC00640089 for 24
hours.

2.4 Enzyme-linked immunosorbent assay (ELISA)

Peripheral venous blood samples were collected from 73 silicosis patients and 15 healthy controls. After

clotting at room temperature for 30 minutes, the serum was separated by centrifugation at 3000 rpm for
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15 minutes and stored at -80°C. Serum concentrations of LCN2 and vascular endothelial growth factor C
(VEGF-C) were quantified using ELISA kits (Abclonal Company, USA) according to the manufacturer's
instructions. Absorbance values were measured at a wavelength of 450 nm using a microplate reader.

2.5 RNA sequencing

Mice were euthanized after 4 weeks of feeding, and appropriate amounts of lung tissue were collected
and stored in liquid nitrogen. RNA sequencing of the lung tissues was perfomed by Guangke Ande
Biotechnology Co., Ltd. in Hangzhou, China. Differentially expressed genes (DEGs) were identified
between the Control group and Silicosis group, as well as between the Silicosis group and the
Silicosis+ZINC00640089 group. Genes with a P-value < 0.05 and Fold Change > 2 were selected as
screening criteria to identify differentially expressed genes in mouse lung tissues, followed by GO
enrichment and KEGG pathway analysis.

2.6 Micro computed tomography

After inducing inhalation anesthesia in mice with isoflurane (Ante Animal Husbandry, Jinan, China), in
vivo mouse lung computed tomography images were obtained using the NEMO-II NMC-20 micro-CT
scanner (Pingsheng, Jiangsu, China). Mice were positioned supine, and data were reconstructed offline
using the recon software, while the avatar software was used to acquire and analyze the data.

2.7 Hematoxylin and Eosin Staining

After fixation, dehydration, and paraffin embedding of lung tissue, 5 pm sections were cut. The sections
were baked at 60°C, dewaxed and hydrated with xylene and graded ethanol, then stained with
hematoxylin for 5 minutes. After differentiation with 2% alcohol acid and bluing under running water, they
were counterstained with eosin for 1 minute. Subsequently, the sections were dehydrated through
graded ethanol, cleared with xylene, and mounted with neutral gum. Histopathological changes in the
lung tissue were observed under a microscope.

2.8 VG staining

After the lung tissue underwent fixation, dehydration, paraffin embedding, and sectioning as described
above, it was stained using a picric acid acid fuchsin staining kit (VG, Solarbio, China) to assess collagen
deposition in the lung tissue. The stained samples were examined and imaged under an Olympus DP80
optical microscope.

2.9 Western blot

Proteins were extracted from lung tissues and cells of different experimental groups, and factors related
to lymphangiogenesis, inflammation, and fibrosis were detected by Western blot. The primary antibodies
used in this study included: B-Actin (1:10000, Abclonal, USA), COL K(1:1000, HuaAn Biotechnology,
China), Lipocalin-2 (1:1000, Affinity, USA), FN (1:1000, HuaAn Biotechnology, China), VEGFR-3 (1:1000,
HuaAn Biotechnology, China), Eca (1:1000, GeneTex, USA), VEGF-C (1:1000, HuaAn Biotechnology,
China), LYVE-1 (1:1000, HuaAn Biotechnology, China), IL-1B8 (1:1000, Ruipate, China), and IL-6 (1:1000,
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Ruipate, China). The secondary antibodies were anti rabbit (1:5000, Cell Signaling, USA) and anti-mouse
(1:5000, Seracare, USA).

2.10 Immunohistochemical

After dewaxing and hydration of the paraffin sections, they were subjected to high-pressure heat repair
using sodium citrate buffer. The endogenous peroxidase was inactivated with 3% H,0,, and non-specific
sites were blocked with 3% BSA. One-antibody LCN2 (1:50) and LYVE-1 (1:100) were dropped onto the
sections and incubated at 4°C in a humid box overnight. The next day, HRP-labeled secondary antibody
(1:200) was added and incubated at 37°C for 30 minutes. DAB staining was performed, followed by
hematoxylin re-staining. The sections were dehydrated, transparentified, and sealed with neutral gum.
Images were collected using an optical microscope.

2.11 Immunofluorescence

As described above, after dewaxing and rehydration of paraffin sections, antigen retrieval was performed
using sodium citrate buffer under high-pressure heat treatment. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxide, followed by incubation with 3% BSA at room temperature for
blocking. Primary antibody mixture (LCN2, 1:50; LYVE-1, 1:100) and a-SMA (1:50) were separately applied
and incubated overnight at 4°C in a humidified chamber. The next day, fluorescently labeled secondary
antibody (goat anti-rabbit IgG, 1:200) was added and incubated at 37°C in the dark for 90 minutes. After
washing with PBS, slides were mounted with DAPI containing anti-fade mounting medium, then
observed and imaged under a fluorescence microscope.

2.12 Cell scratch assay

Cells were seeded into a 6-well plate until reaching 90% confluence, and a scratch was made vertically
across the bottom of the plate using a sterile 200 pL pipette tip. The cells were washed three times with
PBS to remove floating cells, then the medium was replaced with fresh medium containing 2% FBS.
Images were captured at the same field of view at 0 h and 24 h. Cell migration rate was calculated using
Image J software: migration rate (%) = (scratch area at 0 h - scratch area at 24 h) / scratch area at 0 h x
100%.

2.13 Tube formation assay

Pre-coat 24-well plates with Matrigel (Mogengel, Xiamen, China) and allow polymerization at 37°C for 45
minutes. Subsequently, seed HLECs cell suspension and continue culturing in a 37°C, 5% CO, incubator.
Observe and photograph tube-like structures under an inverted microscope at 0 h and 24 h, and
quantitatively analyze parameters such as the number of tubes formed, coverage area, and branch
points using Image J software.

2.14 Statistical analysis

Experimental data were analyzed using SPSS 23.0 statistical software, with all data expressed as mean
+ standard deviation. For comparisons between two groups, independent samples t-tests were used; for
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multiple group comparisons, one-way analysis of variance based on a completely randomized design
was applied. Pairwise comparisons were conducted using the least significant difference test when
variances were homogeneous, and Tamhane's T2 test was used when variances were heterogeneous.
Differences were considered statistically significant at P < 0.05.

3. Results

3.1 Elevated serum levels of LCN2 and VEGF-C in patients
with silicosis

This study included a population sample of male silicosis patients and healthy controls from the
Beidaihe Rehabilitation Hospital of the Ministry of Emergency Management. ELISA results showed that,
compared with the healthy control group, LCN2 and the lymphatic endothelial marker VEGF-C were
significantly elevated in silicosis patients (Fig. 1A-B).

3.2 ZINC00640089 targets LCN2 to ameliorate fibrosis in
silica-exposed mice

To investigate the therapeutic potential of targeting LCN2 in silicosis, we established a treatment
protocol as shown in Fig. 2A. HE staining (Fig. 2B) revealed that lung tissue architecture was clear and
intact in both the Control and ZINC00640089 groups; however, in the Silicosis group, alveolar structures
were severely damaged with inflammatory cell infiltration, and some alveolar spaces were reduced or
absent. In contrast, the Silicosis+ZINC00640089 group showed significantly less lung tissue damage
compared to the Silicosis group, with smaller nodules. VG staining (Fig. 2C) and Sirius red staining

(Fig. 2D) further confirmed that interstitial collagen fibers were markedly increased in the Silicosis group,
appearing as linear or patchy deposits, indicating obvious pulmonary fibrosis. After ZINC00640089
intervention, collagen fiber deposition was significantly reduced, and the degree of interstitial fibrosis
was alleviated. Additionally, Western blot analysis showed upregulated expression of IL-18, LCN2, COL |,
and FN, and downregulated expression of Eca in lung tissues of the Silicosis group. Following
ZINC00640089 treatment, levels of IL-1B8, LCN2, COL |, and FN were decreased, while Eca expression was
increased in the Silicosis group (Figs. 2E-J). Micro-CT revealed clear lung textures and no abnormal
density shadows in the Control and ZINC00640089 groups (Fig. 3A). In contrast, the Silicosis group
showed thickened lung textures and high-density shadows within the lung fields. However, after
treatment with ZINC00640089, both the extent and density of these high-density shadows were
significantly reduced. Additionally, immunofluorescence results indicated that (Fig. 3B), compared to the
Control and ZINC00640089 groups, a-SMA green fluorescent signals were significantly enhanced in the
lung tissues of the Silicosis group. Treatment with ZINC00640089 markedly weakened the intensity of a-
SMA fluorescence signals.
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3.3 Transcriptome analysis reveals that ZINC00640089 regulates signaling pathways associated with
silica-induced lung inflammation and lymphatic vessel formation

To elucidate the molecular mechanisms by which ZINC00640089 regulates the progression of silicosis,
we performed RNA-seq transcriptome analysis on lung tissues from the Control group, Silicosis group,
and Silicosis+ZINC00640089 group. Differentially expressed genes (DEGs) were identified using criteria
of Fold Change > 2 and P-value < 0.05. Compared to the Control group, the Silicosis group showed
significant differential expression in 3166 genes (Fig. 4A-B), including 1984 upregulated and 1182
downregulated genes. GO and KEGG enrichment analyses revealed that these DEGs were primarily
enriched in pathways such as mesenchymal to epithelial transition, cell chemotaxis, regulation of
inflammatory response, immune response-regulating signaling pathway, and lymphocyte migration

(Fig. 4C-F). In comparison between the Silicosis and Silicosis+ZINC00640089 groups, a total of 544
genes exhibited significant differential expression (Fig. 4G-H), with 265 upregulated and 279
downregulated genes. The DEGs were mainly enriched in pathways including ECM-receptor interaction,
regulation of inflammatory response, regulation of endothelial cell chemotaxis, and regulation of blood
vessel endothelial cell proliferation involved in sprouting angiogenesis (Fig. 4I-L). Furthermore, we
performed a venn diagram analysis comparing the DEGs in the Control and Silicosis groups with those in
the Silicosis and Silicosis+ZINC00640089 groups, identifying 197 overlapping DEGs (Fig. 5A). KEGG
analysis revealed that genes upregulated in the Silicosis group but downregulated in the
Silicosis+ZINC00640089 group were primarily enriched in signaling pathways such as cytokine-cytokine
receptor interaction, chemokine signaling pathway, VEGF signaling pathway, and IL-17 signaling pathway.
Conversely, genes downregulated in the Silicosis group but upregulated in the Silicosis+ZINC00640089
group were mainly enriched in ECM-receptor interaction, platelet activation, and MAPK signaling pathway
(Figs. 5B-C).

3.4 Inhibition of LCN2 can block pathological lymphatic
vessel formation

To investigate the regulatory role of LCN2 in lymphangiogenesis in silicosis, we first examined the
relationship between LCN2 and lymphatic vessel formation using immunofluorescence colocalization
(Fig. 6A). Compared with the Control group, both LCN2 and the lymphatic endothelial marker LYVE-1
showed enhanced fluorescent signals in the Silicosis group, with significantly increased colocalized
areas. However, after intervention with ZINC00640089, the fluorescent signals for both LCN2 and LYVE-1
were markedly reduced, and their overlap decreased. Immunohistochemical staining (Fig. 6B) revealed
that, compared to the Control group, the Silicosis group exhibited damaged alveolar structures, along
with significantly elevated expression of LCN2 and LYVE-1 in lung tissues; following ZINC00640089
treatment, the expression levels of both LCN2 and LYVE-1 were substantially downregulated. To further
validate the regulatory effect of LCN2 on lymphangiogenesis, we analyzed the expression of relevant
marker proteins by Western blot (Figs. 6C—F). In the Silicosis group, the expression of VEGF-C, VEGFR-3,
and LYVE-1 was upregulated; however, targeted inhibition of LCN2 effectively reversed this trend.
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3.5 Targeted inhibition of LCN2 alleviates SiO,-induced
alterations in lymphatic function of HLECs

To clarify the role of LCN2 in SiO,-induced lymphatic endothelial cell migration and tube formation, we
first determined the cytotoxicity of the LCN2 inhibitor ZINC00640089 on HLECs across a concentration
range of 0—20 uM. Based on its dose dependent effect (Fig. 7A), 10 uM was selected as the
concentration for all subsequent treatments. Scratch assay results showed that SiO, stimulation for 24
hours significantly increased migration area (Fig. 7B-C). However, treatment with ZINC00640089
effectively attenuated this effect, resulting in a significant reduction in migration area compared to the
Si0, group. To further validate the role of targeting LCN2 in regulating HLEC function, we performed
Matrigel tube formation assays to assess their angiogenic capacity (Fig. 7D). Results revealed that SiO,
stimulation induced increased formation of network-like structures. In contrast, cells treated with
Si0,+ZINC00640089 exhibited dispersed morphology and loose intercellular connections. Quantitative
analysis showed that, compared to the SiO, group, the number of tube-like structures and branch points
were significantly reduced in the SiO, +ZINC00640089 group (Figs. 7E-F). Additionally, Western blot
analysis demonstrated that, compared to the control group, SiO, exposure significantly upregulated
LYVE-1, VEGF-C/VEGFR-3, FN, IL-6, and IL-1B in HLECs; however, treatment with the LCN2 inhibitor
ZINC00640089 downregulated the protein levels of FN, VEGF C, VEGFR-3, LYVE-1, IL-6, and IL-18

(Figs. 7G—-N).

4. Discussion

Silicosis, caused by long-term inhalation of respirable dust containing free SiO,, remains a major public
health and social issue affecting public health in Chinal'"l. Si0, particles can stimulate alveolar
macrophages to secrete VEGF-C, thereby promoting lymphatic vessel formation. Lymphatic drainage
impairment and dysregulation of the VEGF-C/VEGFR-3 signaling pathway have been recognized as jointly
contributing to inflammation and fibrosis in silicosis!’). LCN2, a stress-induced secreted apolipoprotein,
has been shown to promote fibrosis in kidney diseasel'?, but its role in lymphatic regulation in silicosis
remains unclear. This study demonstrates that intervention with the LCN2 inhibitor ZINC00640089
improves pulmonary inflammation and abnormal lymphatic vessel formation, thereby alleviating the
progression of silicotic fibrosis. These findings offer new insights into the pathogenesis of silicosis and
provide a potential avenue for developing targeted therapeutic strategies.

This study used clinical samples and a mouse model to validate the effects of targeting LCNZ2 inhibition.
Clinical sample analysis revealed that in the serum of silicosis patients, LCN2 and the key
lymphangiogenesis factor VEGF-C simultaneously increased. This is consistent with the reports that
LCN2 is upregulated in fibrotic lung diseases!('?, suggesting that LCN2 may be associated with lymphatic
dysfunction and participate in the pathological process of silicosis. In terms of mechanism verification,
after the intervention of the small molecule inhibitor ZINC00640089, the histological staining and Micro-
CT results showed that the collagen deposition in the silicosis mouse model was reduced, the
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inflammatory infiltration was alleviated, and the pulmonary nodules improved. Immunofluorescence
staining for a-SMA showed that SiO, exposure significantly induced myofibroblast activation, whereas
treatment with ZINC00640089 markedly suppressed this fibrotic process—consistent with prior findings
linking LCN2 to fibrosis progression in silicosis!®. Collectively, the concurrent elevation of LCN2 and
VEGF-C in clinical samples suggests their connection to lymphatic dysfunction, while targeted inhibition
of LCN2 in the mouse model alleviated myofibroblast activation and interstitial lesions. To further
elucidate the underlying molecular mechanisms, we performed transcriptome sequencing.

We analyzed transcriptome sequencing data to explore the mechanistic role of targeting LCN2 in
inhibiting pulmonary fibrosis. Differential gene analysis and GO/KEGG enrichment revealed that
ZINC00640089 treatment significantly altered the gene expression profile induced by SiO, exposure, with
differentially expressed genes notably enriched in lymphocyte migration, regulation of endothelial cell
chemotaxis, and activation of the NF-«kB signaling pathway. These findings are highly consistent with the
characteristics of lung inflammation and inflammatory cell infiltration caused by SiO, exposure. As a
central regulatory hub for pro-inflammatory cytokine transcription, NF-kB suggests that SiO, drives the
release of numerous cytokines via activation of this classic inflammatory axis!". Venn diagram
intersection analysis and KEGG network construction revealed that Cytokine-cytokine receptor
interaction forms a densely interconnected network with the IL-17 signaling pathway, TNF signaling
pathway, and VEGF signaling pathway, indicating that SiO, exposure establishes a complex, multi-
pathway pro-inflammatory network within lung tissue. Among these, the enriched IL-17 signaling
pathway has previously been shown to induce LCN2 expression through the NF-kB/IkBT axis in
conjunction with TNF-al'9). In our study, LCN2 was significantly upregulated following SiO, exposure, and
it is known to promote epithelial mesenchymal transition (EMT) and fibrosis via the STAT3-TGF-31-
Smad3 axis, suggesting that LCN2 may serve as a key effector molecule linking inflammatory signals to
fibrotic progression[5]. Meanwhile, the enrichment of the VEGF signaling pathway warrants attention. The
VEGF C/VEGFR3 axis is a well-established pathway driving proliferation, migration, and lumen formation
of lymphatic endothelial cells'®! and abnormal lymphangiogenesis observed in silicosis provides a
conduit for persistent immune cell infiltrationl”). Given the significant enrichment of the VEGF signaling
pathway in our transcriptome data and its role in promoting lymphatic vessel formation, we hypothesize
that LCN2 may also participate in regulating lymphatic endothelial cells. Previous studies have shown
that controlled lymphatic regeneration after acute injury can alleviate inflammation!'”l. However, other
research has demonstrated that sustained SiO, deposition in silicosis leads to impaired lymphatic
drainage and pathological remodeling of Iymphnodesm. In the SiO, model of this study, we hypothesized
that the lymphatic vessel hyperplasia accompanying LCN2 also exhibited a similar trend, being a
pathological remodeling rather than a protective regeneration. Therefore, we subsequently verified this
through double immunofluorescence staining and in vitro experiments.

Based on transcriptome analysis, we employed dual immunofluorescence staining to validate the
colocalization of LCN2 and LYVE-1, and confirmed their regulatory interaction through in vitro
experiments. Immunofluorescence results showed that after SiO, exposure, the fluorescent signals of

Page 10/21



LCN2 overlapped significantly with those of LYVE-1, whereas this signal intensity was markedly reduced
following intervention with ZINC00640089. Previous studies from our group have demonstrated that
persistent SiO, deposition drives pulmonary lymphatic abnormalities!'®. In this study, we found that
LCN2 selectively accumulates in these proliferative lymphatic vessels, suggesting its involvement in
lymphatic pathophysiology. Existing research has established that LCNZ2, as a stress responsive secreted
protein, participates in tissue injury and remodeling in silicosis!®l. Moreover, lung lymphatic vessels serve
not only as drainage pathways but also as microenvironmental regulators governing inflammation
resolution and tissue remodeling!'”!. Integrating these findings with our current data, we hypothesize that
LCN2 may mediate functional regulation of pulmonary lymphatic endothelial cells, and its aberrant
expression is closely associated with lymphatic-driven tissue remodeling. We further confirmed in vitro
that ZINC00640089 directly inhibits HLEC migration and tube formation, while downregulating VEGF-C
and LCN2 protein levels—findings consistent with the improvement in abnormal lymphangiogenesis
observed in vivo. In summary, these results suggest that LCN2 may be more than just an inflammatory
companion factor; it could represent a key molecular link between lymphatic abnormalities and fibrotic
progression.

Currently, pirfenidone and nintedanib, which are clinically used to treat silicosis, often cause severe
gastrointestinal side effects that may lead to dose reduction or even discontinuation of treatment('9l,
However, toxicological studies have shown that ZINC00640089 did not induce significant liver or kidney
damage in mice across various dosage groups, demonstrating overall good toIerabiIity[zo]. In this study,
ZINC00640089 achieved multiple therapeutic effects—including anti-inflammatory action, inhibition of
abnormal lymphatic vessel formation, and reduction of fibrosis—by targeting LCN2. Compared to single-
target drugs, this multi-node intervention may hold greater potential in halting the progression of
silicosis, providing preliminary evidence for a novel early intervention strategy.

This study still has several limitations: although ZINC00640089 demonstrated promising anti fibrotic and
inhibitory effects on lymphatic abnormalities both in vitro and in vivo, the exact binding site to LCN2
remains unclear. The animal model used a single intratracheal instillation of SiO, in mice to induce
silicosis, which primarily reflects the early inflammatory and fibrotic stages of the disease but does not
fully replicate the clinical progression of human silicosis; therefore, further validation is needed using
models with greater clinical relevance. In vitro experiments employed a human lymphatic endothelial cell
line, which may not fully capture functional differences observed in primary lymphatic endothelial cells.
Although the association between LCN2 and lymphatic abnormalities has been established, the specific
molecular mechanisms by which LCN2 regulates the VEGF-C/VEGFR3 axis—such as whether it involves
direct transcriptional regulation or indirect signaling pathways—remain to be elucidated.

In summary, this study reveals that LCN2 is closely associated with abnormal pulmonary lymphatic
vessel formation in silicosis and participates in the fibrotic pathological process. The small molecule
ZINC00640089 effectively ameliorates SiO,-induced lymphatic abnormalities and lung structural damage
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by inhibiting LCN2 (Fig. 8). These findings provide new insights into the pathogenesis of silicosis and
offer preliminary experimental evidence for developing anti-fibrotic drugs targeting LCN2.
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The levels of LCN2 and VEGF-C in the serum of silicosis patients were elevated. (A) Comparative

analysis of serum LCN2 levels between healthy controls and silicosis patients. (B) Comparative analysis
of serum VEGF-C levels between healthy controls and silicosis patients. *P < 0.05, ***P < 0.001.
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Targeted inhibition of LCN2 alleviates SiO,-induced pulmonary fibrosis. (A) Schematic diagram of the
treatment protocol using ZINC00640089 to inhibit LCN2 in a murine silicosis model. (B) HE staining. (C)
VG staining. (D) Sirius red staining. (E-J) Western blot analysis of IL-1B8, LCN2, COL1, FN, and Eca
expression levels in lung tissue samples (n=3). compared with the Control group, *P < 0.05, **P < 0.01,
***P < 0.001; compared with the Silicosis group, #P<0.05, #P<0.01.
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ZINC00640089 improves lung nodules and fibrosis levels in silicosis mice. (A) CT scan images of the
coronal, transverse, and sagittal planes, as well as three-dimensional reconstructions of lungs from each
group of mice. (B) Immunofluorescence staining of a-SMA in lung tissue sections.

2001
150
T
El
el
S
2
H
50
[

myolibril
phagoeytic vesicle -
microtubule .
spindlc .
axoneme
immunological synapse .
eollagen trimer .
apical plasma memhrane -
Plasma membrane rall
microvillus -
intercellular bridge -
busul purt of cell
lipid droplet -
cell cortex -
perikaryon -

-ogl0{pvalue)

L]
.
.
.
.
.
L]
®
o
.
wim Ul 0o

Silicosis vs Control

23

CienzRatio

Silicosis+ZINCO0640089 vs Silicosis

]
log2(FoldChange)
T exteacellular matrix binding L]
cell adhesion molecule binding,
collagen binding. -
protease hinding L]

fibroneetin binding, o

hyuluronie aeid binding
integrin binding.
cadherin binding
cylokine activily

eytokine hinding

fatty acid binding | ©

actinin binding

o

caleivm channel regulator activity

G protein-coupled receptor binding

chemokine uctivity

Figure 4

.02
Genelulio

[E

B

pvalue =< 0.05
|FoldChange] > 2

Up (1984)
Normal {24582}
* Down (1182)

. o
20 bu‘éc
E immune receptor activity
eytokine activity .
» cell adheston molevule binding .

actin binding
chemokine activity .
growth factor binding -
endopeplidase activity -
[ibroneetin binding -
phospholipid binding
protease binding -

death receplor gelivity -
apolipoprotein binding
trunslorming growth laclor belu binding -
GTT binding -

Catty aieid binding

alue < 0,05
mldchanuﬂ >2
up 12031

Normal [ 2646
Dawn (279)

K ECMereeeplor inleruclion

Malaria
Cardiac muscle contraction
Calcium signaling pathway
Count
50

Dilated cardiomyopathy

Hypertrophie cardionyopathy

Focul adhesion
tn A )
. Apelin signaling pathway
pralue

s

3&1.‘, Adrenergic signaling in cardiomyocyles
00
o

Nutural killer cell mediated eyloloxicily

PPAR signuling pathway
Hematopoietie cell lincage
Complement and coagulation cascades |
Platelet activation

Cytokine-cytokine receptor lnferaction

|
—

qup
l Foerral
sircosts

L
| B _

L ]
[ ]
L]
*
* pralue
. W oa0or
000050
. 000025
. | |
Count
L
Do
-* Crsn
L]
.
[ 002 00

ClencRatio

L]
[
.
L}
* Clount
.
L]
L
palue
. | LS
. o
Wos
@
.
and NS 006 007 00k 0
Genelaio

-
B s
o

C Lymphacyte proliferation-
regulation of inflammatory response -
immume response-regulaimge signaling pathway -
cylokine-mediated signaling pathway -
cell cheotaxis -
Tvmphocyte migration _
lymphocyte apoptotic process
vaseular endothelial growth (aelor produetion -
chaolesterol homeostasis
regulation of autophagy -
foam cell differentiation -
lipid homeostasis -
response (o oxidative siress -
regulation of cell morphogenesis

mesenchymal to epithelial transition - s

won Nl 092 003 00

F  Cytokine-cylokine receptor interaction -

Chemokine signaling pathway -

LCM-receptor interaction L]

Caleivm signaling pathway -

NF-luppa B signaling puthway - .

Complement and coagulation cascades -
TAK-STAT signaling pathway -
Toll-like recepror signaling pathway - L]
TNF signuling pathway -
IT.-17 signaling pathway -

Lipid and atherosclerosis -

Colleyele - ®

Sphingolipid metabolism

MAPK signaling pathway
PI3K- AkL signuling pathwiy -

00§

I vollagen-containing extracel lulur matrix
myulibril
vollugen trimer
myolilament L]
plycoprotein complex.

busemnent membrane: .

banded collugen fibril

fibrillur collugen trimer,
apical plasma membrane .
perikaryon. Bl

complex of collagen mimers
connexin complex:
myosin filament.
transporter complex:

.

synaptic vesicle ]

o

@

pvalue

Wous

(IR00)
.D('OF

Count

nis

Aenzitat

[ ]

0,050
CieneRatio

epithelial wibe morphogenesis -

Tipid runsport

cell chemotaxis -
lulty ucid melabolic process -

regulation of vasculature development

cell killing .
FRK I and ERK2 cascade.

regulation of inllammalory response

positive regulation of lipid metabolic process.

regulation of blood vessel endathelial cell proliferation invelved in

sprouling angiogenesis

posilive regulation of inllammutory response -

transtorming growth tactor beta production -

positive regulation el immmune elloelor provess

chemokine-mediated signaling pathway-

006
Rt

Clount

pvalue

Moo

0005

00T

pralue
0
b

aoe

o

regulation of endathelial cell chemotaxis- «

nee o on
Cencatio

04

pralue
| [

L

] .t

01

Transcriptomic analysis of ZINC00640089 intervention. (A) Volcano plot comparing Silicosis and Control
groups. (B) Heatmap of hierarchical clustering analysis for differentially expressed genes between

Page 17/21



Silicosis and Control groups. (C) Major biological processes enriched by differentially expressed genes

in Silicosis versus Control groups. (D) Major cellular components enriched by differentially expressed

genes in Silicosis versus Control groups. (E) Major molecular functions enriched by differentially
expressed genes in Silicosis versus Control groups. (F) Major pathways enriched by differentially
expressed genes in Silicosis versus Control groups. (G) Volcano plot comparing
Silicosis+ZINC00640089 and Silicosis groups. (H) Heatmap of hierarchical clustering analysis for
differentially expressed genes between Silicosis+ZINC00640089 and Silicosis groups. (I) Major
biological processes enriched by differentially expressed genes in Silicosis+ZINC00640089 versus
Silicosis groups. (J) Major cellular components enriched by differentially expressed genes in
Silicosis+ZINC00640089 versus Silicosis groups. (K) Major molecular functions enriched by differentially

expressed genes in Silicosis+ZINC00640089 versus Silicosis groups. (L) Major pathways enriched by

differentially expressed genes in Silicosis+ZINC00640089 versus Silicosis groups.
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ZINC00640089 participates in regulating lymph-related signaling pathways in silicosis. (A) Venn diagram
showing DEGs between the Silicosis group and Control group, and between the Silicosis+ZINC00640089
group and Silicosis group. (B) Network diagram of the top 30 significantly enriched KEGG pathways for
genes upregulated in the Silicosis group but downregulated in the Silicosis+ZINC00640089 group. (C)
Network diagram of the top 30 significantly enriched KEGG pathways for genes downregulated in the
Silicosis group but upregulated in the Silicosis+ZINC00640089 group.
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Figure 6

Inhibition of LCN2 blocked pathological lymphatic vessel formation. (A) Immunofluorescence
colocalization analysis showing co-expression of LCN2 and LYVE-1 in lung tissue. (B)
Immunohistochemical analysis of LCN2 and LYVE-1 expression in lung tissue. (C-G) Western blot
analysis of VEGF-C, VEGFR-3, and LYVE-1 expression in lung tissue samples (n = 3). compared to the

Control group, *P < 0.05, **P < 0.01; compared to the Silicosis group, *P < 0.05, ##P < 0.01.
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Figure 7

Targeted inhibition of LCN2 suppresses SiO,-induced lymphatic vessel formation and inflammatory
response in HLECs. (A) Cell viability of HLECs treated with different concentrations of the LCN2 inhibitor
ZINC00640089 for 24 hours. (B-C) Scratch assays showed that ZINC00640089 inhibited SiO,-enhanced
cell migration within 24 hours. (D-F) Matrigel tube formation assays revealed that ZINC00640089
disrupted the dense tubular network structure induced by SiO,, reducing total tube length, branch points,
and lumen area. (G-N) Western blot analysis of protein expression levels of LCN2, LYVE-1, VEGF-C,
VEGFR-3, FN, IL-6, and IL-1B (n=3). compared to the Control group, *P < 0.05, **P < 0.01, ***P < 0.001;

compared to the SiO, group, P < 0.05, #P < 0.01.
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Targeted inhibition of LCN2 improves pathological lymphangiogenesis and fibrosis in silicosis
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