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Objective: To investigate the role and mechanism of the SREBP cleavage activating protein/Sterol-regulatory element binding
proteins 2(SCAP/SREBP2)-mediated cholesterol synthesis pathway in particulate matter (PM)-induced airway inflammation in
macrophages.

Methods: Bone marrow-derived macrophages (BMDMs) were cultured in vitro, and after intervention with PM, the macrophage
phagocytic activity and expression of related inflammatory factors were assessed. RNA sequencing (RNA-seq) was performed on
BMDMs before and after PM exposure to identify significantly altered pathways. The change of these pathways was validated. In
vitro, the SCAP/SREBP2-mediated cholesterol synthesis pathway in macrophages was inhibited using LysMCre-Scap’” mice,
inhibitors, and siRNAs, and the effects on PM-induced macrophage activation were detected. The specific mechanism was further
explored. In vivo, PM-induced airway inflammation models were established using LysMCre-Scap”” mice and their littermate controls
(Scap™) to examine the role of the SCAP/SREBP2-mediated cholesterol synthesis pathway in PM-induced airway inflammation.
Results: Macrophages were able to phagocytose PM, which led to the expression of inflammatory factors. After phagocytosis of PM,
the cholesterol levels in macrophages decreased, which in turn triggered the maturation of SREBP2 and activated the cholesterol
synthesis pathway. Both LysMCre-Scap’”” mice and siRNA-mediated knockdown of SREBP2 exhibited an enhanced expression of
inflammatory factors after PM exposure. Further studies revealed that inhibition of cholesterol biosynthesis also promoted the
expression of inflammatory factors induced by PM, while cholesterol supplementation suppressed the PM-induced inflammatory
response. Additionally, myeloid-specific knockout of SCAP exacerbated PM-induced airway inflammation and mucus secretion.
Conclusion: The SCAP/SREBP2-mediated cholesterol synthesis pathway inhibits macrophage activation and airway inflammation
induced by PM through the production of cholesterol.
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Introduction

Air pollution is a major public health challenge faced by cities worldwide. It is characterized by the presence of
particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide, and has emerged as
a leading environmental risk factor contributing to respiratory and cardiovascular diseases." PM refers to the mixture of
solid and liquid particles suspended in the atmosphere. Based on particle size, PM can be classified as coarse particles
(2.5-10 pm, PM10), fine particles (0.1-2.5 pm, PM2.5), and ultrafine particles (<0.1 um).> Among these pollutants, fine
particulate matter (PM2.5) is the major contributor to particulate pollution and poses substantial health risks.> Because of
its small aerodynamic diameter, PM2.5 can remain suspended in the air for extended periods and, once inhaled, penetrate
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deep into the lungs. These particles are able to cross the air—blood barrier, enter the circulatory system, and reach
multiple organs and systems, thereby causing adverse health effects.* Epidemiological studies have shown that exposure
to PM is associated with increased mortality rates and the development of cardiovascular and respiratory diseases, such
as asthma, chronic obstructive pulmonary disease (COPD), myocardial infarction, and coronary artery disease,”®
Therefore, elucidating the mechanisms by which PM particles induce pulmonary injury may provide new and effective
strategies for disease prevention and treatment, as well as theoretical guidance and experimental evidence for the
development of novel therapeutics.

Pulmonary damage caused by PM has been reported to involve multiple mechanisms, such as oxidative stress,
activation of inflammatory pathways, DNA damage, and epigenetic changes.”'® Among these, activation of inflamma-
tory responses represents a particularly critical pathway. Macrophages, one of the most abundant immune cell popula-
tions in the lung, play essential roles in maintaining pulmonary immune homeostasis through diverse biological
functions, such as antigen presentation, immune regulation, secretion of cytokines, and production of bioactive
mediators."' Lung macrophages consist of tissue-resident populations—including alveolar macrophages (AMs) and
interstitial macrophages (IMs)—as well as monocyte-derived macrophages (MDMs) that are recruited under inflamma-
tory conditions.'*'* Under steady-state conditions, the AM pool is maintained primarily through self-renewal, with little
contribution from bone marrow—derived monocytes. However, during inflammation, circulating monocytes are robustly
recruited to inflamed alveoli and differentiate into recruited AMs, which substantially reshape the pulmonary immune
landscape.'*'? Given that AMs engulf inhaled particles and play a central role in clearing deposited PM from the alveolar
space, understanding how PM exposure regulates AM function and activation is essential for elucidating the mechanisms
underlying PM-induced pulmonary injury. Macrophage activation is divided into M1 activation and M2 activation. M1
macrophages dominate during the early stages of inflammation, releasing pro-inflammatory cytokines (eg, TNF-a, IL-6,
IL-1B) and generating reactive oxygen species and nitric oxide to enhance bactericidal activity. By contrast, M2
macrophages primarily contribute to antiparasitic defense, tissue repair, and the resolution of inflammation by secreting
anti-inflammatory mediators such as TGF-p and IL-10."* Once PM is phagocytosed by macrophages, it initiates
macrophage activation, induces M1 polarization, and leads to the release of large amounts of pro-inflammatory cytokines
such as tumor necrosis factor alpha (TNF-0)) and interleukin-6 (IL-6) regulating the immune response.'> Increasing
evidence suggests that PM stimulates macrophages to produce large amounts of pro-inflammatory cytokines,'® thereby
amplifying lung inflammation and contributing to disease progression.

Recent studies have shown that metabolic pathways regulate macrophage activation and, consequently, inflammatory
responses.'' For instance, serine metabolism, as a key regulator of glycolysis, impacts fatty acid synthesis, amino acid
metabolism, and nucleotide metabolism, all of which are critical for macrophage polarization and the immune response
to pathogens.'? Additionally, glutamine has been shown to play an important role in macrophage phenotyping through its
involvement in the tricarboxylic acid cycle."® Furthermore, pyruvate metabolism influences macrophage polarization,
mitochondrial dynamics, and mitochondria-associated membrane formation, all of which are essential for macrophage
function and immune responses.'*

Studies indicate that lipids and their metabolites play a key role in regulating macrophage phagocytosis and
inflammatory responses via intricate signaling networks.'”'® The role of cholesterol metabolism in lung diseases has
recently attracted growing attention, particularly in conditions such as asthma,'” pulmonary fibrosis, and chronic
obstructive pulmonary disease (COPD). Among the multiple facets of cholesterol metabolism, cholesterol biosynthesis

represents a fundamental pathway, as nearly all cells possess the intrinsic capacity to synthesize cholesterol de novo.'®'?

The SCAP-SREBPs pathway acts as a central regulatory axis controlling cellular lipid and cholesterol homeostasis.'®
SREBPs (SREBP1 and SREBP2) are synthesized as inactive precursors anchored to the endoplasmic reticulum (ER),
where they form a complex with SREBP cleavage-activating protein(SCAP).2' When lipid or cholesterol demand
increases, SCAP escorts SREBPs to the Golgi apparatus, where sequential cleavage by Site-1 protease (S1P) and Site-
2 protease (S2P) produces mature, transcriptionally active SREBPs. Functionally, SREBP1 primarily regulates fatty acid
and triglyceride synthesis, whereas SREBP2 predominantly controls cholesterol biosynthesis; together with SCAP, they

constitute an integrated lipid-sensing and transcriptional execution module.*?
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Accumulating evidence underscores the importance of this pathway in pulmonary biology and disease. In the lung,
SCAP/SREBP signaling, particularly SREBP1, plays a critical role in surfactant lipid synthesis and normal lung
maturation.® In cancer biology, SREBP2 activation promotes the progression of non-small cell lung cancer (NSCLC)
through the mevalonate—Akt pathway.”* Moreover, our previous work demonstrated that the SCAP-SREBP1-S1P/S2P
axis regulates inflammatory responses in acute lung injury by modulating NF-kB activation.*’

Although lipid metabolism has been implicated in lung physiology and disease, the specific contribution of the
SCAP-SREBP2 axis to PM-induced airway inflammation has not been elucidated. Elucidating this mechanism may
provide novel perspectives on the interplay between lipid metabolism and PM-driven airway inflammation.

In this study, a combination of molecular and functional approaches was used to demonstrate that PM exposure leads
to alterations in cholesterol synthesis enzymes and associated cytokines in macrophages. Key regulatory factors
contributing to these changes were identified. By inhibiting the SREBP2—cholesterol synthesis pathway or supplementing
with exogenous cholesterol, the role and underlying mechanisms of this pathway in regulating PM-induced macrophage
inflammatory responses were elucidated. Finally, in vivo experiments were performed to further examine the effects of
macrophage-specific disruption of the SREBP2—cholesterol synthesis pathway on PM-induced airway inflammation.
These findings provide novel insights into the crosstalk between lipid metabolism and PM-induced airway inflammation,
offering potential therapeutic implications.

Materials and Methods

Mice

C57BL/6 mice (Shanghai SLAC Laboratory Animal, China) were used as wild-type (WT) mice. Scap”" mice (Jackson
Laboratory, stock No. 004162) were kindly provided by Prof. Bao-Liang Song. This strain carries loxP sites flanking
exon 1 of the Scap gene and is viable, fertile, and phenotypically normal, enabling conditional knockout when crossed
with Cre-expressing lines. These mice were crossed with LysMCre mice to generate myeloid cell-specific Scap

%), Age- and sex-matched Scap”’ mice were used as controls. For the

conditional knockout mice (LysMCre-Scap
in vitro BMDM experiments, 4 to 6-week-old mice of the same sex were used. For in vivo PM exposure models, 6 to
8-week-old male mice were used. All mice were maintained in a specific pathogen-free facility. All experimental
manipulations were approved by the Zhejiang University Medical Laboratory Animal Care and Use Committee and
Ethics Committee for Animal Studies at Zhejiang University. The primer sequences for genotyping were ordered from

Hangzhou Youkang Biotechnology and are listed in Table 1.

PM Preparation

PM used in this study was purchased from the National Institute of Standards and Technology (USA). The particle
diameter was approximately 2.5-10 um. PM was suspended in sterile phosphate-buffered saline (PBS) and sonicated for
1 h to obtain a stock solution at 2 mg/mL, which was used in both in vivo and in vitro experiments.

Animal Models

In vivo, PM was suspended and sonicated in sterile saline (0.9% NaCl) to a final concentration of 2 mg/mL. Mice were
administered 100 pg PM (suspended in 50 pL saline) via intratracheal instillation for four consecutive days to establish
an acute airway inflammation model. Control mice received an equal volume of saline.

Table | The Primer Sequences for Gene Identification

Genes Primer Sequence (5'-3')

LysMCre | Common:CTTGGGCTGCCAGAATTTCTC
WT: TTACAGTCGGCCAGGCTGAC

Mutant: CCCAGAAATGCCAGATTACG

Scap Forward GCTCTGCGCATCCTATCCAATTCCC
Reverse CAGCCGGCAAGTAACAAGGGATCCG
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Cell Culture: BMDMs

Bone marrow cells were isolated from the tibia and femur of 4 to 6-week-old C57BL/6 mice, and erythrocytes were lysed
using red blood cell (RBC) lysis buffer (Sigma-Aldrich, USA). The remaining cells were seeded in plates and cultured in
RPMI-1640 medium (Biochannel, China) supplemented with 15% heat-inactivated fetal bovine serum (Dcell, China) and
1% penicillin—streptomycin (Beyotime, China). Macrophage differentiation was induced by adding 20 ng/mL M-CSF
(Novoprotein, China). Cells were incubated at 37 °C with 5% CO,, and on day 3 the medium was replaced with fresh
complete medium. By day 5, BMDMs had matured. BMDMs were then exposed to PM at a concentration of 120 pg/mL
for 2 h, 4 h, or 8 h.

Transmission Electron Microscope

BMDMs were fixed in 2.5% glutaraldehyde in PBS for 24 h following standard procedures. Samples were washed, post-
fixed in 1% osmium tetroxide, and stained with 4% uranyl acetate. They were dehydrated in graded ethanol/acetone,
embedded in epoxy resin, and sectioned (85-90 nm). Sections were stained with uranyl acetate and lead citrate. Images
were acquired with a Tecnai G2 Spirit 120-kV TEM (FEI, USA). Cytoplasmic area was measured with Image-Pro Plus
6.0, and data were expressed as PM particles per 100 pm?.

Real-Time Quantitative PCR (RT-qPCR)

Total RNA was extracted from lung tissue or cells using Trizol reagent (Accurate Biotechnology, China) according to the
manufacturer’s instructions. RNA quality was assessed using a NanoDrop One spectrophotometer (Thermo Fisher
Scientific, USA). Complementary DNA (cDNA) was synthesized from total RNA using a reverse transcription kit
(Accurate Biotechnology, China). Real-time quantitative PCR was performed using SYBR Green Master Mix (Accurate
Biotechnology, China) on a StepOne Real-Time PCR System (Applied Biosystems, USA). Each assay was performed
with three biological replicates and two technical replicates per sample. Primer sequences used for RT-qPCR are listed in
Table 2.

Enzyme-Linked Immunosorbent Assay (ELISA)

Supernatants from BMDMs and bronchoalveolar lavage fluid (BALF) from animal models were collected. IL-6, CXCLI1,
and TNF concentrations were measured with ELISA kits (MultiSciences, China) according to the manufacturer’s
protocol.

RNA-Seq Detection and Analysis

Total RNA was extracted from BMDMSs using Trizol reagent according to the manufacturer’s instructions. RNA quality
and quantity were assessed with an Agilent 2100 Bioanalyzer (Agilent, USA). Library preparation was performed using
the Optimal Dual-Mode mRNA Library Prep Kit (BGI-Shenzhen, China). The library was amplified by polymerase chain
reaction (PCR) with primers annealing to universal adapter sequences to generate DNA nanoballs (DNBs). Paired-end
150 bp sequencing (PE150) was conducted on the T7 sequencer (BGI-Shenzhen, China) using the combined probe-
anchoring polymerization technique. The reads were mapped to reference gene sets using Bowtie2 (v2.4.5), and
differential gene expression between groups was analyzed with DESeq2 (v1.40.2). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis of differentially expressed genes was performed with Phyper in R (R Foundation
for Statistical Computing, Austria; v3.5.3) using the hypergeometric test.

Isolation and Culture of Alveolar Macrophages

After anesthesia and euthanasia, BALF was collected by gently lavaging the lungs four times with 1 mL sterile PBS. The
recovered lavage fluid was centrifuged at 1600 rpm for 5 min, and the supernatant was discarded. The resulting cell pellet
was resuspended in complete medium consisting of RPMI-1640 (Biochannel, China) with 15% fetal bovine serum
(Dcell, China), 1% penicillin—streptomycin (Beyotime, China), and 20 ng/mL GM-CSF (Novoprotein, China). Cells were
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Table 2 The Primer Sequences for RT-PCR

Species | Genes Primer Sequence (5’-3')

Mouse Gapdh Forward TGACCTCAACTACATGGTCTACA
Reverse CTTCCCATTCTCGGCCTTG

Mouse I-6 Forward CTGCAAGAGACTTCCATCCAG
Reverse AGTGGTATAGACAGGTCTGTTGG

Mouse Cxdll Forward CTGGGATTCACCTCAAGAACATC
Reverse CAGGGTCAAGGCAAGCCTC

Mouse Tnf Forward CTGAACTTCGGGGTGATCGG

Reverse GGCTTGTCACTCGAATTTTGAGA
Mouse Srebfl Forward CTTTGGCCTCGCTTTTCGG
Reverse TGGGTCCAATTAGAGCCATCTC
Mouse Acaca Forward CTCCCGATTCATAATTGGGTCTG
Reverse TCGACCTTGTTTTACTAGGTGC

Mouse Acly Forward AATCCTGGCTAAAACCTCGCC
Reverse GCATAGATGCACACGTAGAACT
Mouse Fasn Forward GGAGGTGGTGATAGCCGGTAT

Reverse TGGGTAATCCATAGAGCCCAG
Mouse Srebf2 Forward GTTGACCACGCTGAAGACAGA
Reverse CACCAGGGTTGGCACTTGAA
Mouse Hmges| | Forward TGAACTGGGTCGAATCCAGC
Reverse CCTGTAGGTCTGGCATTTCCT
Mouse Hmgcr Forward TGTTCACCGGCAACAACAAGA
Reverse CCGCGTTATCGTCAGGATGA
Mouse Fdps Forward ATGCCATCAACGACGCTCTG
Reverse CCGATCTCTGTCTGATAGGAACT
Mouse Sqle Forward GACCTCGTTCGTGACGGAC
Reverse CTCCCCAACTATCCTGTCGG
Mouse Cyp51 Forward GACAGGAGGCAACTTGCTTTC
Reverse GTGGACTTTTCGCTCCAGC
Mouse Sc5dl Forward CAGTGCCGCCGATTACTACTT
Reverse AGGAGGCTAATAGTTTGTCGGAT
Mouse Hsdl7b | Forward CCTCTCGCAATGCAAAGAAGG
Reverse GAGGTCGGTAGCATATTTGGAAG

plated (1.5 x 107S/well, 12-well plates). After 3 h, the medium was replaced to remove non-adherent cells. After 24 h,
cells were exposed to PM (80 pg/mL) for 6 h.

Immunofluorescence Staining

Cells were fixed and blocked with 5% BSA, followed by incubation with anti-HMGCR antibody (Abcam, UK; 1:200) at
4 °C overnight. After washing with PBS, cells were incubated with Alexa Fluor 555—conjugated secondary antibody
(Thermo Fisher Scientific, USA; 1:500) at room temperature for 1 h, followed by DAPI counterstain (Beyotime, China;
1:1000). Fluorescence images were acquired using a super-resolution confocal microscope (Olympus 1X83-FV3000-
OSR, Japan). Quantification was performed with Image J.

Apoptosis Assay

To assess apoptosis, the Annexin V-APC/PI Apoptosis Kit (MultiSciences, China) was used. BMDMs were harvested
from one well of a 12-well plate per sample. Cells were resuspended in binding buffer and stained with 5 uL. Annexin V-
APC and 10 pL PI for 5 min at room temperature. Flow cytometry was performed on a CytoFLEX (Beckman Coulter,
USA). Gating strategy: (1) FSC vs SSC to exclude debris; (2) FSC-height vs FSC-area to remove doublets. Annexin V /
PI" cells were considered viable.
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Western Blot

After PM exposure, cells were lysed in SDS-PAGE sample loading buffer (Beyotime, China). Protein lysates were
separated by SDS-PAGE (Epizyme, China) and transferred to membranes for immunoblotting with the indicated
antibodies using standard methods. The primary antibodies used were anti-ACTB (Abclonal, China; 1:10,000), anti-
SREBP2 (Abclonal, China; 1:500), anti-SREBP1 (BD Biosciences, USA; 1:1000), and anti-HMGCR (Abcam, UK;
1:1000). ACTB served as the loading control. Fluorescently labeled secondary antibodies were used for detection, and
imaging was performed with the Odyssey two-color infrared laser imaging system (LI-COR, USA). Final results were
presented as grayscale images.

Cholesterol Measurement

Total cholesterol was measured with the Cholesterol Quantitation Kit (Thermo Fisher Scientific, USA) according to the
manufacturer’s instructions on a Varioskan Flash multimode plate reader (Thermo Fisher Scientific, USA). Lipid droplets
were stained with BODIPY™ 493/503 (Invitrogen, USA), and lipid rafts were detected with cholera toxin subunit
B (Sigma-Aldrich, USA). These two readouts were quantified by flow cytometry as mean fluorescence intensity (MFI) on
a CytoFLEX instrument (Beckman Coulter, USA).

Small Interfering RNA (siRNA) Transfection

BMDMs (1 x 1076) were transfected with 100 nM siRNA using a commercial transfection reagent (Thermo Fisher
Scientific, USA) according to the manufacturer’s instructions.

BALF Cell Collection

Twenty-four hours after the last instillation, BALF was collected by three lavages with 0.4 mL PBS. The total number of
BALF cells was counted, and the remaining cells were centrifuged at 3000 x g for 10 min at 4 °C to collect cells for
Wright-Giemsa staining (Baso, China) to determine differential cell counts. Differential counts were assessed by
counting 200 cells. Supernatant was stored at —80 °C for cytokine detection.

Histologic Analysis

After treatment with PM, the lungs of mice were isolated and fixed in formalin for 24 h. Paraffin-embedded sections were
stained with hematoxylin and eosin (H&E) and with Periodic acid—Schiff (PAS). Inflammation scores were assessed
according to published guidelines.” Periodic Acid-Schiff (PAS) stained goblet cells in airway epithelium were scored as
described previously.?’

Statistical Analysis

GraphPad Prism 8.0.2 (GraphPad Software, USA) was used for statistical analysis and data presentation. Quantitative
data are expressed as mean + SD. Differences between two groups were analyzed using an unpaired Student’s #-test, and
multiple group comparisons were performed by one-way analysis of variance (ANOVA). Statistical significance was set
at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < (0.0001, ns, not significant.

Results

Macrophages Phagocytose PM Particles and Produce Inflammatory Factors

To elucidate the mechanism of PM-induced airway inflammation, both in vivo and in vitro approaches were employed. We first
established a mouse model of PM-induced airway inflammation by intratracheal instillation of PM, following previously
published protocols.® The results showed that PM exposure led to an increase in inflammatory cell infiltration around the
airways (Figure 1A). In lung tissue sections, we observed that alveolar macrophages were able to phagocytose PM (Figure 1B).
Because monocyte-derived alveolar macrophages play a central role in airway responses to PM, bone marrow—derived
macrophages (BMDMs) were used in vitro as a surrogate model. BMDMs were cultured and reached maturity after 5 days,
as indicated by CD11b+F4/80+ expression”” (Figure S1A). Cell viability assays showed no significant changes after exposure to
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Figure | Macrophages phagocytose PM and produce inflammatory cytokines. C57BL/6 mice were treated with 100 ug PM via intratracheal instillation for four consecutive
days. Lung tissues were harvested on day 5 for H&E staining. (A) Representative images showing inflammatory cell infiltration around the airways. (B) Lung macrophages
phagocytosing PM particles. BMDMs were exposed to PM (120 ug/mL) for 8 h. (C) Electron microscopy images of macrophages phagocytosing PM. (D) Microscopic views of
macrophages in control (CTL) and PM-exposed groups. BMDMs were collected after PM exposure for 2 h, 4 h, and 8 h to assess inflammatory cytokines by qPCR and ELISA.
(E) qPCR analysis of Il6 mRNA (n = 3). (F) ELISA analysis of IL-6 levels in culture supernatants (n = 3). (G) qPCR analysis of Cxc/l mRNA transcription (n = 3). (H) ELISA
analysis of CXCLI levels in culture supernatants (n = 3). (I) gPCR analysis of Tnf mMRNA transcription (n = 3). All results were confirmed in at least three independent
experiments, and data are presented as mean * SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

PM for 2, 4, or 8 hours (Figure S2A). In vitro experiments also showed that macrophages internalized PM (Figure 1C and D). To
further investigate the macrophage response to PM, we examined the expression level of inflammatory cytokines. As shown in
Figure 1E, G, and I, PM exposure resulted in a significant increase in the mRNA transcription of IL-6, CXCL1, and TNF in
macrophages, respectively. Similarly, protein levels of IL-6 and CXCL1 were also significantly increased in the supernatant
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(Figure 1F and H). Collectively, these results indicate that PM can be phagocytosed by macrophages, thereby triggering their
activation.

PM Reduces Cholesterol Levels in Macrophages, Promoting SREBP2 Maturation and
Activation of the Cholesterol Synthesis Pathway

To explore the mechanism behind PM-induced inflammatory cytokine expression, we performed RNA sequencing on both
CTL and PM-exposed BMDMs. KEGG pathway enrichment analysis revealed significant alterations in the Cholesterol
metabolism pathway (Figure S3A; Gene List). Then we found that PM exposure reduced intracellular cholesterol levels

(Figure 2A). Within macrophages, cholesterol is stored by esterifying free cholesterol and packaging it into lipid droplets.
Flow cytometry analysis showed no significant difference in cytoplasmic lipid droplet levels between groups (Figure 2B and
C). However, membrane lipid raft levels were significantly lower in PM-exposed macrophages compared with controls
(Figure 2D and E). We speculate that the reduction in total cholesterol content may be attributable to the decrease in
cholesterol incorporated into membrane lipid rafts. This raises the question of what functional consequences reduced
cholesterol levels may exert. Previous studies have reported that a decline in cholesterol content can trigger compensatory
activation of the cholesterol synthesis pathway. To test this possibility, we next examined the expression of cholesterol
synthesis—related genes and performed Western blotting of key enzymes. In our study, PM exposure significantly increased
the mRNA levels of cholesterol synthesis enzymes compared to the control group (Figure 2F). Western blot analysis of
selected enzymes (eg, HMGCS1, CYP51) showed a corresponding increase in protein levels (Figure 2G). To further validate
these findings, primary alveolar macrophages (AMs) were examined. Consistently, the key enzyme HMGCR was found to be
upregulated at both the transcriptional and protein levels in PM-exposed AMs (Figure S4A—C). SREBP2 is a pivotal
transcription factor that mediates the transcription of enzymes involved in cholesterol synthesis. In PM-exposed macro-
phages, we observed enhanced maturation of SREBP2 (Figure 2H). To validate this, macrophages were treated with the
cholesterol derivative 25-HC. 25-HC treatment effectively suppressed transcription of cholesterol synthesis—related enzymes
(Figure 2I). Western blotting confirmed that 25-HC reduced the elevated protein levels of HMGCR, HMGCSI1, and CYP51
induced by PM (Figure 2J and K). Furthermore, we examined the activation of the SREBP1-mediated fatty acid synthesis
pathway and found that PM exposure did not significantly affect the maturation of SREBP1 or the expression of key enzymes

in this pathway (Figure SSA-E).

Inhibition of SREBP2 Maturation Promotes PM-Induced Inflammatory Cytokine

Expression

SCAP is a key regulator of SREBP2 maturation. When cholesterol levels are low, SCAP facilitates the transfer of SREBP2 from
the endoplasmic reticulum to the Golgi apparatus, where it undergoes proteolytic cleavage to form its mature active form. To
further elucidate the role of SCAP/SREBP2 in macrophage activation, LysMCre-Scap”" mice, which specifically lack SCAP in
myeloid cells, were used. Bone marrow-derived macrophages (BMDMs) from these mice were exposed to PM. The results
showed that SCAP-deficient BMDMs exhibited significantly enhanced expression of inflammatory cytokines, including IL-6
and CXCL1 at both mRNA and protein levels, and TNF at the mRNA level (Figure 3A-E). Because SCAP also promotes
SREBP1 maturation, siRNAs targeting SREBF1 or SREBF2 were employed. Knockdown efficiency was shown in Figure S6A
and B. Knockdown of SREBP1 had no effect, whereas SREBP2 knockdown significantly increased cytokine expression in
response to PM (Figure 3F—H).

Inhibition of Cholesterol Synthesis Promotes PM-Induced Inflammatory Cytokine

Expression

Mature SREBP2 activates expression of cholesterol synthesis enzymes. To examine this process, HMGCR, a key rate-limiting
enzyme, was evaluated. PM exposure significantly increased HMGCR mRNA and protein levels (Figure 4A and B).
Quantitative analysis of protein expression also supported the increase in HMGCR levels (Figure S7A). Treatment with
lovastatin or atorvastatin suppressed HMGCR induction (Figure SSA-D), supporting a role for HMGCR activity in macro-
phage activation. Following PM exposure, lovastatin increased the expression of IL-6, CXCL1, and TNF, as demonstrated by
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A

Figure 3 Inhibition of SREBP2 maturation upregulates PM-induced inflammatory cytokines expression in macrophages. BMDMs were exposed to PM (120 ug/mL) for
8 h. (A and B) qPCR analysis of /6 mRNA (A) and ELISA analysis of IL-6 protein (B) in Scap”’ and LysMCre-Scap” mice (n = 3). (C and D) qPCR analysis of Cxc/l mRNA (C)
and ELISA analysis of CXCLI protein (D) in Scap"f and LysMCre-Scapm mice (n = 6). (E) qPCR analysis of Tnf mRNA in Scap"f and LysMCre-Scap"f mice (n = 6). (F-H) qPCR
analysis of 1l6 (F), Cxcll (G), and Tnf (H) mRNA following siRNA-mediated knockdown of Srebfl or Srebf2 versus control siRNA (n = 3). All results were confirmed in at
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gPCR (Figure 4C-E) and ELISA (Figure 4F and G) analysis. Similarly, atorvastatin treatment also increased expression of
these inflammatory cytokines (Figure 4H-J). These findings indicate that inhibition of cholesterol synthesis exacerbates PM-
induced macrophage activation.

Cholesterol Suppresses PM-Induced Inflammatory Cytokine Expression in
Macrophages

Given the aforementioned findings, we further investigated the role of cholesterol in PM-induced macrophage activation.
25-HC, an endogenous cholesterol derivative, was used to treat macrophages exposed to PM. Our results demonstrated
that 25-HC significantly attenuated the expression of IL-6, CXCL1, and TNF-a both in cells (Figure 5A—C) and in the
culture supernatant (Figure 5D and E) compared to the PM exposed-only group, indicating that cholesterol exerts
a suppressive effect on PM-induced macrophage activation.

Myeloid-Specific SCAP Knockout Exacerbates PM-Induced Airway Inflammation and

Mucus Secretion

The in vitro findings demonstrated that the SCAP/SREBP2 pathway regulates PM-induced macrophage activation by
modulating cholesterol synthesis. Enhanced cholesterol synthesis mitigated inflammatory cytokine expression, whereas
reduced cholesterol synthesis exacerbated this expression. Finally, to assess the in vivo role of SCAP/SREBP2,
LysMCre-Scap”® and control mice were subjected to PM-induced airway inflammation.

In vivo analysis demonstrated that myeloid-specific SCAP knockout exacerbated PM-induced airway inflammation.
H&E and PAS staining revealed enhanced inflammatory infiltration and mucus secretion (Figure 6A—C). Consistently,
both the total cell counts and the number of neutrophils in BALF were significantly increased in SCAP-deficient mice
(Figure 6D and E). Moreover, levels of CXCL1 and IL-6 in BALF were markedly increased compared with controls
(Figure 6F and G).

Discussion

This study demonstrates that when macrophages are exposed to PM, they can phagocytose the particles and induce the
expression of intracellular inflammatory factors. The cholesterol levels in the PM exposure group were significantly
lower than those in the control group. Through RNA-seq analysis and KEGG pathway enrichment, we identified that PM
exposure altered the cholesterol metabolism pathway. Further investigation revealed that PM exposure reduced intracel-
lular cholesterol levels, while simultaneously increasing the maturation of SREBP2, the expression of enzymes related to
the cholesterol synthesis pathway, and activating cholesterol synthesis. Furthermore, cholesterol intervention was found
to suppress the expression of these cholesterol synthesis-related enzymes. These findings suggest that PM causes
a reduction in intracellular cholesterol levels, which in turn feeds back to activate the cholesterol synthesis pathway
and promote cholesterol production in macrophages. We also found that specific knockout of SCAP or knockdown of
SREBP2 in macrophages inhibits SREBP2 maturation and promotes the expression of inflammatory factors induced by
PM exposure. Moreover, inhibition of HMGCR, a key enzyme in cholesterol synthesis, also enhanced PM-induced
inflammatory cytokine expression, whereas cholesterol supplementation significantly suppressed macrophage inflamma-
tion. These results collectively indicate that the SCAP/SREBP2 pathway inhibits PM-induced macrophage activation by
activating cholesterol synthesis. Consistent with our in vitro results, in vivo experiments using myeloid-specific SCAP
knockout mice demonstrated that SCAP knockout in macrophages exacerbated PM-induced airway inflammation by
inhibiting SREBP2 maturation.

Moreover, our previous work demonstrated that PM could induce the formation of macrophage extracellular traps
(METs) both in vitro and in vivo through peptidylarginine deiminase type 4 (PAD4)-mediated histone citrullination.
Mechanistically, METs played a crucial role in enhancing macrophage phagocytosis and facilitating the clearance of PM,
thereby suppressing airway inflammation.’® Further elucidating the complex mechanisms underlying PM-induced
inflammatory cytokine production following its cellular internalization continues to be a critical and ongoing focus of
our research.
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independent experiments, and data are presented as mean * SD. *p < 0.01, **p < 0.001.

Endoplasmic reticulum (ER) stress refers to a cellular stress response triggered by the accumulation of unfolded or
misfolded proteins due to ER dysfunction. PM exposure activates the ER stress response, leading to the secretion of
inflammatory factors such as TNF-a and IL-6. These inflammatory cytokines not only exacerbate systemic inflammation
but also further intensify ER stress. Our study, through RNA-seq analysis, also observed that PM exposure induces ER
protein processing.

Previous studies have reported the specific mechanisms linking PM exposure to ER stress. The literature suggests that
PM triggers cellular responses by activating ER stress pathways such as inositol-requiring enzyme 1 (IRE1), activating
transcription factor 6 (ATF6) and protein kinase RNA-like ER kinase (PERK), which in turn leads to the exacerbation of
inflammatory responses.”’

The ER also plays a crucial role in lipid metabolism. The literature suggests that the ER maintains cellular lipid
homeostasis by regulating processes such as fatty acid synthesis and storage.*” Interestingly, although our study did not
focus on ER stress, we observed that PM exposure significantly altered lipid metabolism. Specifically, we noted an
increase in the nuclear translocation of SREBP2, indicating that PM exposure may exacerbate the ER’s burden by
influencing lipid metabolic pathways. Therefore, while the current study primarily focused on lipid metabolism changes,
ER stress remains an important direction for our future research.

In recent years, several studies have indicated that PM exposure is closely associated with changes in cholesterol
levels. A longitudinal study conducted in China found that exposure to PM2.5 and PM10 was linked to elevated levels of
triglycerides, total cholesterol, and low-density lipoprotein cholesterol, while high-density lipoprotein cholesterol levels
were reduced.” Another study in China found that higher levels of PM1 (particles with a diameter < 1.0 pm), which
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All results were confirmed in at least three independent experiments, and data are presented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

make up 80% of the total PM2.5 mass,”* were associated with dyslipidemia. This was indicated by increased total
cholesterol and low-density lipoprotein cholesterol, along with decreased triglyceride and high-density lipoprotein
cholesterol levels.*> In Mexico City, exposure to PM2.5 during the later stages of pregnancy was associated with
increased total cholesterol and low-density lipoprotein cholesterol levels, but with lower triglyceride and high-density
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lipoprotein cholesterol levels in children.?® In an in vitro three-dimensional skin model, exposure to PM2.5 significantly
increased cholesterol levels, and this cholesterol accumulation promoted the onset of inflammation. Additionally, a study
on dry eye disease showed that SD rats injected with PM2.5 in both eyes exhibited significantly higher serum total
cholesterol (TC) levels compared with the control group, and the inflammatory response in the lacrimal glands was also
enhanced.’” Another study on PM-induced liver damage demonstrated that rats exposed to PM had significantly higher
serum cholesterol levels compared with the control group, and the expression of inflammatory cytokines in both serum
and liver was also increased.”® However, studies focusing on the lungs have yet to provide clear conclusions regarding
the impact of PM airway exposure on cholesterol content.

Interestingly, a recent transcriptomic analysis of primary keratinocytes exposed to PM2.5 found that PM2.5 exposure
significantly upregulated the transcription of cholesterol metabolism-related genes, many of which encode key enzymes
involved in cholesterol synthesis from acetyl-CoA.* This finding is consistent with the results of our study. We found that PM
exposure decreased cholesterol levels in macrophages, which, in turn, feed back to promote the activation of the SCAP-
SREBP2 pathway involved in cholesterol synthesis. Notably, inhibiting the SCAP/SREBP2-mediated cholesterol synthesis
pathway enhanced PM-induced macrophage activation and the expression of inflammatory cytokines.

These findings suggest that the changes in cholesterol metabolism induced by PM exposure may vary across different tissues
or cell types, further influencing the inflammatory response. Therefore, we believe that the dynamic changes in metabolic
processes triggered by PM may lead to distinct inflammatory responses and metabolic alterations in different diseases.

Several studies have shown that statins play an important role in pulmonary inflammation, particularly in type 1 and type 2
inflammation. Pulmonary inflammation is primarily divided into two types: Type 1 inflammation is typically driven by
neutrophils and is commonly seen in acute responses such as bacterial infections, while Type 2 inflammation is predominantly
driven by eosinophils and is common in allergic diseases like asthma. Existing research has indicated that statins have
significant anti-inflammatory effects in Type 1 inflammation. For example, high doses of simvastatin have been shown to
reduce the production of IL-6 and IL-1p in LPS-induced monocytes.*® Moreover, atorvastatin has demonstrated similar anti-
inflammatory effects by reducing levels of various pro-inflammatory cytokines, such as TNF, IL-1, and IL-6.*'

In Type 2 inflammation, statins have also shown anti-inflammatory effects, especially in models of allergic diseases like
asthma. For instance, simvastatin in an OVA-induced asthma mouse model was able to reduce the infiltration of inflammatory
cells in BALF and lower the levels of IFN-y, IL-4, and IL-5, which are associated with Type 2 immune responses.*
Additionally, elevated cholesterol levels in the blood are closely linked to enhanced Type 2 inflammation. Studies suggest
that high cholesterol exacerbates allergic inflammation by promoting the secretion of pro-inflammatory cytokines.

Although existing studies indicate that statins have the potential to suppress both Type 1 and Type 2 inflammation,
our research has found that, under conditions of PM exposure, statins may influence inflammation through different
mechanisms. Therefore, this finding suggests that further exploration of the mechanisms by which statins affect different
types of pulmonary inflammation is necessary, with the aim of providing new insights for treatment strategies.

There are two limitations. One is availability of alveolar macrophages: It was difficult to obtain a sufficient number of
alveolar macrophages. Approximately 20-30 mice were required to yield enough cells to fill a single well of a 12-well
plate. This limitation impacted the quantity of cells available for further experiments and consequently limited the scope
of our investigation into the detailed functions of alveolar macrophages. The other is potential off-target effects of LysM
knockout on neutrophils: This limitation arises from the use of LysM-Cre mice for gene knockout, although they are
widely recognized as a standard tool for studying macrophages. While LysM-driven gene deletion is primarily intended
to target macrophages, it may also affect neutrophils. This potential off-target effect could complicate the interpretation
of our results and represents an area for future refinement in experimental design.

Conclusion

In conclusion, our study demonstrates that PM can be phagocytosed by macrophages, thereby inducing cellular
activation. During this process, PM exposure decreases intracellular cholesterol levels, which in turn activates the
SCAP/SREBP2 pathway through a feedback mechanism. This leads to SREBP2 maturation and the upregulation of
enzymes involved in cholesterol synthesis. Consequently, increased cholesterol synthesis mitigates PM-induced
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macrophage activation and airway inflammation. To our knowledge, this is the first study to identify the cholesterol
synthesis pathway as a protective regulator of macrophage responses to PM.
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