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Abstract

Background: The widespread application of silica nanoparticles (SiNPs) in industrial fields has raised increasing concerns regarding
their potential biological toxicity. However, the cellular mechanisms underlying SiNPs-related injury remain incompletely understood.
This study was designed to investigate whether ferroptosis contributes to SiNPs-mediated cytotoxicity in macrophages and to explore
the potential regulatory role of microRNAs. Methods: RAW264.7 cells were exposed to SiNPs to establish an in vitro toxicity model.
Mitochondrial ultrastructure and cellular uptake were examined. Ferroptosis-related markers, including antioxidant capacity, lipid per-
oxidation, ferrous iron accumulation, and the expression of glutathione peroxidase 4 (GPX4), acyl-CoA synthetase long-chain family
member 4 (ACSL4), and cyclooxygenase-2 (COX2), were assessed. The involvement of apoptosis and necroptosis was evaluated using
specific pathway inhibitors. Transcriptomic sequencing was performed to identify differentially expressed miRNAs, followed by func-
tional validation through miR-339-5p mimic transfection, and the direct interaction between miR-339-5p and ACSL4 was verified by
dual luciferase reporter assay. Results: SiNPs were efficiently internalized by RAW264.7 cells and induced pronounced mitochondrial
structural damage, characterized by mitochondrial shrinkage and loss of cristae. SiNPs exposure markedly impaired cellular antioxidant
capacity and promoted the accumulation of lipid peroxides and intracellular Fe2+. This coincided with a reduction in GPX4 expression,
whereas ACSL4 and COX2 levels increased. Ferroptosis was identified as the predominant mode of SiNPs-induced cytotoxicity, while
apoptosis and necroptosis played minor roles. Transcriptomic analysis identified miR-339-5p as a potential regulator associated with
ferroptosis-related pathways, and the dual luciferase reporter assay confirmed that miR-339-5p directly targets Acsl4. Overexpression
of miR-339-5p significantly attenuated the ferroptosis response induced by SiNPs. Conclusions: SiNPs induce ferroptosis as the pre-
dominant mode of cell death in macrophages through mechanisms involving oxidative stress and lipid peroxidation. miR-339-5p acts
as a negative regulator of this process by directly targeting ACSL4, alleviating ferroptotic injury and providing new insights into the
molecular mechanisms underlying the toxicity of SiNPs.
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1. Introduction

SiNPs represent a class of silica particles characterized
by dimensions in the nanometer range, typically spanning
from 1 to 100 nanometers [1,2]. The appeal of SiNPs lies
in their exceptional physicochemical profile, encompassing
an elevated surface-to-volume ratio, a precisely engineered
and adjustable porous architecture, as well as optical char-
acteristics that can be readily modulated to meet specific
application requirements [3]. Owing to these unique char-
acteristics, SiNPs have emerged as one of the extensively
employed and manufactured nanomaterials, and have been
applied across the food, cosmetics, decorative materials,
and pest control industries, among others [4,5,6]. The sub-
100 nm diameter of SiNPs enables them to enter the human
body via multiple pathways, including respiratory inhala-
tion, oral ingestion, and dermal absorption, with inhalation
constituting the predominant mode of occupational expo-

sure [7,8]. Current evidence supports the potential toxicity
of these SiNPs, which can penetrate the lungs via the res-
piratory tract, depositing in the alveoli and eliciting an in-
flammatory response [9,10]. Prolonged exposure to high
concentrations of SiNPs has been linked to the develop-
ment of pulmonary fibrosis (PF) [11,12]. The International
Agency for Research on Cancer (IARC) has categorized
amorphous silica under Group 3, denoting inadequate evi-
dence of carcinogenicity, while crystalline silica falls under
Group 1, meaning it is confirmed as being carcinogenic to
humans. Owing to their small size and extensive surface
area, the toxicity of SiNPs may surpass that of crystalline
silica [13]. In light of this potential risk, SiNPs have been
designated by the Organization for Economic Cooperation
and Development as a priority substance for toxicity assess-
ment [14]. Elucidating the mechanisms underlying SiNPs-
induced lung injury is therefore critical for assessing any
associated health risks.
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Mounting evidence substantiates the pivotal role of
macrophages in the pathogenesis of lung injury and PF
[15,16,17,18]. Located at the critical interface between the
airway lumen and the alveolar space, alveolar macrophages
serve as the primary cellular defenders of the respiratory
tract by actively eliminating inhaled particles to preserve
tissue homeostasis [19,20]. Inhaled SiNPs can penetrate
deeply into the lungs and accumulate within the alveolar
region, as primary sentinels of pulmonary immunity, alveo-
lar macrophages respond to SiNP deposition through active
phagocytosis, setting in motion a series of clearance pro-
cesses that collectively attenuate lung injury [21,22]. Typi-
cally, in cases of lung tissue invasion, SiNPs are phagocy-
tosed by macrophages [23,24]. These macrophages often
fail to effectively degrade SiNPs. However, the intracellu-
lar accumulation of these particles inflicts cellular injury or
death, consequently triggering the release of a cascade of
pro-inflammatory and pro-fibrotic mediators [25,26]. The
released SiNPs are, in turn, captured by other macrophages,
perpetuating this deleterious cycle and ultimately contribut-
ing to the development of PF.

Recent studies have established a correlation between
macrophage apoptosis, autophagy, and the progression of
PF [27,28]. Ferroptosis is a molecularly distinct mode of
cell death, bearing hallmark characteristics that set it apart
from classical death pathways such as apoptosis, necro-
sis, and autophagy [29]. Ferroptosis is defined by the in-
tracellular accumulation of lipid-derived reactive oxygen
species alongside characteristic ultrastructural mitochon-
drial changes, including membrane condensation, organelle
rounding, and loss of cristae, and has been increasingly
implicated in a spectrum of pathological conditions such
that it holds immense promise attracting growing attention
as a novel target for disease treatment [30]. A growing
body of evidence further suggests that the dysregulation
of pulmonary iron homeostasis is closely linked to both
the initiation and progression of PF [31,32]. Pulmonary
macrophages derived from PF patients display increased
intracellular iron accumulation accompanied by enhanced
iron-mediated oxidative radical generation [33].

Macrophage-secreted miRNAs have been increas-
ingly implicated as key regulators of the pathogenesis of
PF [34]. miRNAs are a class of small non-coding RNAs
that serve as pivotal post-transcriptional regulators that gov-
ern gene expression and, in turn, modulate key cellular pro-
cesses including proliferation and cell death [35]. Notably,
certain miRNAs, such as miR-486-5p, miR-130b-3p, and
miR-let-7, have been identified as regulators of ferroptosis
[36,37,38].

In this study, RAW264.7macrophages were used as an
in vitro model to characterize the mechanistic link between
SiNPs exposure and ferroptosis activation, with a particular
emphasis on the regulatory role of miRNAs. Ferroptosis-
associated markers were systematically assessed, and tran-
scriptomic sequencing was performed to identify and func-

tionally characterize ferroptosis-related miRNAs in the
context of SiNPs exposure. Together, these analyses led
to the identification of miR-339-5p as a key regulator of
SiNPs-induced ferroptosis in RAW264.7 cells, shedding
new light on the molecular mechanisms underlying the tox-
icity of SiNPs and highlighting potential avenues for thera-
peutic intervention.

2. Materials and Methods
2.1 Characterization of SiNPs

SiNPs (SISN50, nanoComposix, San Diego, CA,
USA) with a nominal size of 50 nm were thoroughly dis-
persed by ultrasonication for 20 min. An aliquot of the re-
sulting suspension was then dropped onto a carbon-coated
copper grid and air-dried prior to observation by transmis-
sion electron microscopy (TEM).

2.2 Cell Culture
RAW264.7 cells, obtained from the Cell Bank of the

Chinese Academy of Sciences Type Culture Collection,
were maintained in high-glucose DMEM (C11995500BT,
Gibco, Waltham, MA, USA) supplemented with 10% fe-
tal bovine serum (FBS; 10099-141, Gibco, Melbourne,
VIC, Australia) and 1%penicillin-streptomycin (15140122,
Gibco, Waltham, MA, USA). Cells were cultured at 37 °C
in a humidified incubator with 5% CO2, subculturing was
performed every 2–3 days, and only cells in the logarith-
mic growth phase were used for experiments. Cells were
seeded at 1 × 104 cells per well in 96-well plates for cell
viability assays, and 5 × 105 cells per well in 6-well plates
for transfection, Western blot, and other functional assays.
Cells between passages P3–P8 were used for all experi-
ments. RAW264.7 cells were authenticated by short tandem
repeat (STR) profiling and tested negative for mycoplasma
contamination.

2.3 Cell Viability Assay
RAW264.7 cells were seeded into 96-well culture

plates and exposed to varying concentrations of SiNPs (0,
6.25, 12.5, 25, 50, and 100 μg/mL) for 3, 6, 12, and 24
h. Cell viability was assessed using the Cell Counting Kit-
8 (CCK-8; CK04, Dojindo Molecular Technologies, Ku-
mamoto, Japan) according to the manufacturer’s instruc-
tions, with absorbance measured at 450 nm using a mi-
croplate reader.

To investigate the involvement of ferroptosis, apop-
tosis, and necroptosis in SiNPs-induced cell death,
RAW264.7 cells were pretreated for 2 h prior to SiNPs ex-
posure with Ferrostatin-1 (Fer-1; S7243, Selleck Chemi-
cals, Houston, TX, USA), a selective ferroptosis inhibitor;
Z-VAD-FMK (Z-VAD; S7023, Selleck Chemicals, Hous-
ton, TX, USA), a pan-caspase inhibitor that blocks apop-
tosis; or Necrostatin-1 (Nec-1; S8037, Selleck Chemicals,
Houston, TX, USA), an inhibitor of necroptosis. All in-
hibitors were dissolved in dimethyl sulfoxide to prepare 10
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mMstock solutions, whichwere further diluted with serum-
free high-glucose DMEM to final concentrations of 10 μM
prior to use, respectively. These concentrations were se-
lected based on previous studies and our preliminary ex-
periments, which demonstrated effective inhibition of the
respective cell death pathways without inducing cytotox-
icity [39]. The final concentration of DMSO in all treat-
ment groups did not exceed 0.1% (v/v). Cells were then
seeded into 96-well culture plates and exposed to SiNPs at
50 μg/mL for 12 h. Cell viability was assessed using the
CCK-8 assay as described above.

2.4 ROS Measurement
Lipid reactive oxygen species (ROS) levels in

RAW264.7 cells were evaluated using the BODIPY™
581/591 C11 probe (D3861, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s pro-
tocol. Briefly, cells were seeded in 6-well plates and ex-
posed to varying concentrations of SiNPs for 12 h. After
treatment, cells were incubated with the BODIPY™ probe
for 30 min, then harvested using TrypLE™ Express Enzyme
(TrypLE; 12604013, Gibco, Waltham, MA, USA) and
rinsed once with Hanks’ Balanced Salt Solution (HBSS;
14025092, Gibco, Waltham, MA, USA). Fluorescence sig-
nals were subsequently acquired on a DxFLEX Flow Cy-
tometer (Beckman Coulter, Brea, CA, USA). Flow cytom-
etry data were analyzed by first gating the main cell popula-
tion based on forward scatter (FSC) and side scatter (SSC)
characteristics to exclude cellular debris. Intracellular lipid
ROS levels were then quantified by measuring the fluores-
cence intensity of BODIPY™ 581/591 C11 in the gated cell
population.

2.5 MDA Assay
Malondialdehyde (MDA) levels were measured using

a thiobarbituric acid (TBA)-based assay kit (S0131S, Be-
yotime Biotechnology, Shanghai, China) according to the
manufacturer’s instructions. Briefly, a TBA stock solution
was prepared and fully dissolved by heating at 70 °C if nec-
essary, followed by storage at room temperature protected
from light. AnMDAworking solutionwas freshly prepared
before use. Standard solutions (1, 2, 5, 10, 20, and 50 μM)
were prepared by diluting the provided standard with dis-
tilled water to generate a standard curve. After treatment,
samples were processed according to the kit protocol, and
the absorbance was measured at 532 nm using a microplate
reader. MDA levels were calculated based on the standard
curve.

2.6 Fe2+ Fluorescence Assay
Intracellular ferrous iron (Fe2+) levels were measured

using FerroOrange (F374, Dojindo Molecular Technolo-
gies, Kumamoto, Japan). RAW264.7 cells were seeded into
black 96-well plates and treated as indicated for 12 h. After
treatment, cells were washed once with phosphate-buffered

saline (PBS). Cells were first incubated with Hoechst 33258
(C1017, Beyotime Biotechnology, Shanghai, China) for 10
min to stain nuclei. After removal of the dye, cells were
incubated with 1 μM FerroOrange at 37 °C for 30 min in
the dark. Fluorescence intensity was immediatelymeasured
using a fluorescence microplate reader (BMG LABTECH,
Ortenberg, Germany). The ratio of FerroOrange fluores-
cence intensity toHoechst 33258 fluorescence intensity was
calculated to represent intracellular Fe2+ levels.

2.7 Transmission Electron Microscopy (TEM)

To assess cellular uptake of SiNPs and subsequent ul-
trastructural alterations, RAW264.7 cells were exposed to
50 μg/mL SiNPs for 12 h. Cells were then harvested using
TrypLE, pelleted by centrifugation (800 rpm, 4 min), and
fixed with glutaraldehyde fixative at 4 °C for 6 h. After
three rinses with distilled water, samples were dehydrated
through a graded ethanol series (15 min per step), infiltrated
with a propylene oxide-resin mixture (1:4 ratio), and em-
bedded. Ultrathin sections were prepared using an ultrami-
crotome, stained with uranyl acetate for 10 min, and exam-
ined via TEM.

2.8 RNA Extraction

Total RNA was extracted from RAW264.7 cells us-
ing the SPARKeasy Improved Cell RNA Kit (AC0205,
SparkJade Biotechnology, Qingdao, China) according to
the manufacturer’s instructions. RNA integrity and purity
were then evaluated using a NanoDrop2000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.9 miRNA Sequencing and Analysis

RAW264.7 cells were subjected to SiNPs treatment to
induce ferroptosis, after which total RNA was isolated us-
ing the mirVana miRNA Isolation Kit (AM1561, Ambion,
Thermo Fisher Scientific, Austin, TX, USA) according to
the manufacturer’s protocol. RNA concentration was de-
termined using a NanoDrop 2000 spectrophotometer, and
RNA integrity was assessed on an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). Li-
brary quality was subsequently confirmed using the same
Agilent 2100 platform.

2.10 Bioinformatics Analyses

Raw sequencing reads were subjected to quality con-
trol to filter out low-quality reads and those containing
poly(A) sequences. After aligning the clean reads to the ref-
erence genome, miRNA expression levels were normalized
for cross-sample comparability. Differentially expressed
miRNAs (DEMs) were identified based on the following
criteria: q-value < 0.05 and fold change (FC) >2 or <0.5. To
explore the functional roles of predicted DEM target genes,
GeneOntology (GO) andKyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were per-
formed. Significantly enriched GO terms and KEGG path-
ways were defined by an adjusted p-value < 0.05.
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2.11 Real-Time Quantitative Polymerase Chain Reaction
Verification

To validate the sequencing results, miR-339-5p ex-
pression was quantified by quantitative real-time PCR
(qRT-PCR). Total RNA was extracted from RAW264.7
cells treated with or without SiNPs (50 μg/mL, 12 h), and
reverse transcription was performed using the HiScript II
1st Strand cDNA Synthesis Kit (+gDNA wiper) (R212,
Vazyme Biotech, Nanjing, China). qRT-PCR was then car-
ried out on a Roche LightCycler® 480 II System (Roche,
Basel, Switzerland) according to the manufacturer’s pro-
tocol. Relative miRNA expression levels were calcu-
lated using the 2−ΔΔCt method. The primer sequences used
for qRT-PCR were synthesized by GenePharma (Shang-
hai, China) and were as follows: mmu-miR-339-5p for-
ward (F), 5′-TCTGTCTATCCCTGTCCTCCAG-3′ and re-
verse (R), 5′-AATGGTTGTTCTCCACTCTCTCTC-3′; U6
snRNA forward (F), 5′-CGCTTCGGCAGCACATATAC-3′
and reverse (R), 5′-TTCACGAATTTGCGTGTCATC-3′.

2.12 miR-339-5p Mimics Transfection

After appropriate cell plating, the culture medium
was exchanged for a transfection mixture contain-
ing 5 μL of either miR-339-5p mimics (GenePharma,
Shanghai, China) or the corresponding negative control
(GenePharma, Shanghai, China), 3 μL of Lipofectamine
3000 (L3000008, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), 250 μL of OptiMEM (31985062,
Gibco, Waltham, MA, USA), and 4 mL of high glucose
DMEM per well and incubated for 24 h. The miR-339-5p
mimics and negative control oligonucleotides were synthe-
sized by GenePharma (Shanghai, China). The sequences
were as follows: mmu-miR-339-5p mimics sense, 5′-
UCCCUGUCCUCCAGGAGCUCACG-3′ and antisense,
5′-UGAGCUCCUGGAGGACAGGGAUU-3′; negative
control sense, 5′-UUCUCCGAACGUGUCACGUTT-3′
and antisense, 5′-ACGUGACACGUUCGGAGAATT-3′.
RT-qPCR was then carried out to evaluate the expression
of miR-339-5p in these transfected cells as a readout for
transfection efficiency.

2.13 Western Blotting

Proteins were extracted from cells using RIPA ly-
sis buffer (P0013B, Beyotime Biotechnology, Shanghai,
China). Equal amounts of protein (20 μg) were separated
by 10% SDS-PAGE and transferred to PVDF membranes
(ISEQ00010, MerckMillipore, Burlington, MA,USA), fol-
lowed by blocking with 5% skim milk. Membranes were
incubated overnight at 4 °C with the following primary an-
tibodies: mouse TFRC (13-6800, dilution 1:1000; Invitro-
gen, Thermo Fisher Scientific, Waltham, MA, USA), rabbit
COX2 (12282S, dilution 1:1000; Cell Signaling Technol-
ogy, Danvers, MA, USA), rabbit ACSL4 (ab155282, di-
lution 1:10,000; Abcam, Cambridge, UK), rabbit GCLC
(12601-1-AP, dilution 1:1000; Proteintech, Wuhan, China),

rabbit XCT (ab175186, dilution 1:1000; Abcam, Cam-
bridge, UK), rabbit RPL8 (ab169538, dilution 1:10,000;
Abcam, Cambridge, UK), rabbit GPX4 (ab125066, dilution
1:1000; Abcam, Cambridge, UK), rabbit FTH1 (4393S, di-
lution 1:1000; Cell Signaling Technology, Danvers, MA,
USA), rabbit Caspase3 (19677-1-AP, dilution 1:1000; Pro-
teintech, Wuhan, China), rabbit MLKL (21066-1-AP, dilu-
tion 1:1000; Proteintech, Wuhan, China), rabbit p-MLKL
(abs130437, dilution 1:1000; Abmart, Shanghai, China)
and rabbit β-actin (4970S, dilution 1:1000; Cell Signaling
Technology, Danvers, MA, USA). After washing, mem-
branes were incubated with IRDye® 680RD goat anti-
rabbit IgG (926-68071, dilution 1:10,000; LI-COR Bio-
sciences, Lincoln, NE, USA) for rabbit primary antibodies,
or IRDye® 800CW goat anti-mouse IgG (926-32210, dilu-
tion 1:10,000; LI-CORBiosciences, Lincoln, NE, USA) for
the mouse primary antibody. β-Actin was used as an inter-
nal loading control for normalization, and immunoreactive
bands were quantified using ImageJ software (version 1.53,
National Institutes of Health, Bethesda, MD, USA).

2.14 Dual Luciferase Reporter Assay

The wild-type (WT) and mutated (Mut) 3′untrans-
lated region (UTR) sequences of Acsl4 were cloned into lu-
ciferase reporter vectors. 293T cells were co-transfected
with miR-339-5p mimics or negative control (NC) con-
structs together with the respective reporter constructs using
Lipofectamine 2000 (11668019, Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. Each group treatment was performed
in triplicate. At 48 h post-transfection, cells were washed
with PBS, lysed with lysis buffer at room temperature for
15 min, and centrifuged at 12,000 ×g for 2 min at 4 °C.
Firefly and Renilla luciferase activity levels were then mea-
sured sequentially using the Dual Luciferase Reporter Gene
Assay Kit (11402ES60, Yeasen Biotechnology, Shanghai,
China) on a GloMax 20/20 luminometer (Promega Corpo-
ration, Madison,WI, USA). Relative luciferase activity was
expressed as the ratio of Firefly to Renilla luciferase activ-
ity, and data are presented as mean ± standard deviation
(SD). 293T cells were authenticated by short tandem repeat
(STR) profiling and tested negative for mycoplasma con-
tamination.

2.15 Statistical Analysis

All data, obtained from at least three independent ex-
periments, are presented as mean ± SD. Data normality and
homogeneity of variance were assessed using the Shapiro–
Wilk test and Levene’s test, respectively, prior to parametric
analyses. Statistical analyses were performed using Graph-
Pad Prism (Version 9.0, GraphPad Software, San Diego,
CA, USA). Two-group comparisons were analyzed using
Student’s two-tailed t-test, while one-way or two-way anal-
ysis of variance (ANOVA) followed by Bonferroni’s post-
hoc test was used for multiple-group comparisons. For se-
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Fig. 1. Characterization of SiNPs. (A) TEM images showing the morphology and size distribution of SiNPs (scale bar: 500 nm, left;
200 nm, right). (B,C) Volume distribution and zeta potential of SiNPs dispersed in distilled water (B) and high-glucose DMEM (C).

quencing data, differentially expressed miRNAs were iden-
tified using DESeq2. p-value < 0.05 was considered statis-
tically significant.

3. Results
3.1 Characterization of SiNPs

The morphological features of SiNPs were character-
ized by TEM, revealing uniformly spherical nanoparticles
under varying magnifications. Two hundred particles were
examined using the ImageJ software, revealing an average
particle size of 48.94 ± 2.60 nm, consistent with the 50 nm
particle size indicated by the manufacturer (Fig. 1A).

Zeta potential is a key indicator of dispersion stability,
with higher absolute values reflecting a more stable system.

In pure water, the hydrodynamic diameter of the SiNPs was
measured at 70.12 ± 0.62 nm, accompanied by a zeta poten-
tial of –31.03 ± 0.36mV (Fig. 1B). In high glucose DMEM,
the hydrodynamic diameter of these particles was recorded
at 71.92 ± 0.16 nm, with a corresponding zeta potential of
–24.93 ± 0.31 mV (Fig. 1C). These data suggest that SiNPs
are uniformly distributed in pure water and high-glucose
DMEM, with good dispersibility (Table 1).

3.2 SiNPs Induce Oxidative Stress in RAW264.7 Cells

To evaluate the cytotoxic effects of SiNPs, RAW264.7
cells were incubated with increasing concentrations of
SiNPs (6.25, 12.5, 25, 50, and 100 μg/mL) for 3, 6, 12,
and 24 h. CCK-8 cell viability assays revealed a time- and
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Table 1. Hydrodynamic diameter and zeta potential of SiNPs in different media.
Group Hydrodynamic diameter (nm) Zeta potential (mV)

Distilled water 70.12 ± 0.62 –31.03 ± 0.36
High-glucose DMEM 71.92 ± 0.16 –24.93 ± 0.31

Fig. 2. Cytotoxic effects of SiNPs on RAW264.7 cells. (A) CCK-8 assay-based analysis of the viability of RAW264.7 cells exposed
to different concentrations of SiNPs for 3, 6, 12, and 24 h. (B) Lipid ROS levels in cells treated with SiNPs for 12 h, expressed as the
FITC/Texas Red fluorescence ratio. (C,D)MDA and Fe2+ levels in cells treated with SiNPs for 12 h. Cell viability data (A) were analyzed
using two-way ANOVA followed by Bonferroni’s post-hoc test. *p < 0.05 vs. 3 h control; #p < 0.05 vs. 6 h control; $p < 0.05 vs. 12 h
control; &p < 0.05 vs. 24 h control. Data in (B–D) were analyzed using one-way ANOVA followed by Bonferroni’s post-hoc test; *p <
0.05 vs. control group.

dose-dependent decline in survival at 12 and 24 h, whereas
no clear dose dependence was observed at 3 or 6 h (Fig.
2A). Two-wayANOVA revealed significant effects of SiNP
concentration and exposure time on RAW264.7 cell viabil-
ity, as well as a significant interaction between concentra-
tion and exposure time (interaction: F (15, 48) = 7.650, p
< 0.0001). Based on these observations, SiNPs concentra-
tions of 12.5, 25, and 50 μg/mL and a 12 h exposure time
were selected for subsequent mechanistic studies.

Analysis of intracellular Fe2+, ROS, and MDA lev-
els in these treated macrophages revealed significant, dose-

dependent increases in SiNPs-treated cells (Fig. 2B–D),
indicating elevated levels of lipid peroxidation. The con-
current accumulation of labile iron and ROS suggests that
SiNPs disrupt iron homeostasis and redox balance, key bio-
chemical events driving ferroptosis.

3.3 SiNPs Induce Mitochondrial Abnormalities in
RAW264.7 Cells

TEM imaging demonstrated the ability of RAW264.7
cells to efficiently internalize SiNPs (Fig. 3A,B). Upon ex-
posure, mitochondria in these cells displayed marked struc-
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Fig. 3. SiNPs inducemitochondrial abnormalities in RAW264.7 cells. (A) Transmission electronmicroscopy (TEM) images of control
cells showing normal mitochondrial morphology with intact cristae (red arrows) (scale bar: 5 µm, left; 500 nm, right). (B) TEM images
of SiNPs-treated cells showing internalized SiNPs (yellow arrows) and mitochondria with characteristic ferroptotic changes, including
shrinkage, increased membrane density, and reduced or vanished cristae (red arrows) (scale bar: 5 µm, left; 500 nm, right).

tural alterations, including pronounced shrinkage, round-
ing, and loss of cristae. These changes are characteristic
of early ferroptosis events and indicate compromised mi-
tochondrial integrity. The observed morphological defects
suggest impaired bioenergetic function, which may facili-
tate the accumulation of labile iron and ROS, thereby pro-
moting lipid peroxidation.

3.4 SiNPs Trigger Ferroptotic Signaling in RAW264.7
Cells

Western blotting demonstrated that exposure to SiNPs
markedly altered the expression of key regulators of fer-
roptosis in RAW264.7 cells (Fig. 4). GPX4, the central
glutathione peroxidase responsible for lipid hydroperoxide
detoxification, was significantly downregulated, accompa-
nied by a decrease in FTH1, the predominant intracellular
iron storage protein, and TFRC, the membrane receptor that
facilitates transferrin-mediated iron internalization. These
findings indicate dysregulation of intracellular iron home-
ostasis and impairment of antioxidant defense systems. In

parallel, the ferroptosis effectors ACSL4 and COX2 were
markedly upregulated in these cells, reflecting enhanced
lipid peroxidation and membrane susceptibility to oxida-
tive damage. Notably, the observed upregulation of GCLC
and xCT, which are components of the glutathione synthe-
sis and cystine/glutamate antiporter systems, likely repre-
sents a compensatory cellular response to counteract oxida-
tive stress. Collectively, these coordinated changes in an-
tioxidant and ferroptosis proteins indicate that SiNPs trigger
ferroptosis in RAW264.7 cells through the dysregulation of
iron metabolism and amplification of lipid peroxidation.

3.5 Fer-1 Attenuates SiNPs-Induced Cell Injury Via
Inhibiting Ferroptosis

Next, Fer-1 was administered to RAW264.7 cells at
a concentration of 10 μM. Improved cell viability, along
with reductions in intracellular MDA, ROS, and Fe2+ lev-
els, was observed in the SiNPs + Fer-1 group relative to the
corresponding levels in cells treated with SiNPs alone (Fig.
5A–D), indicating that Fer-1 effectively attenuated SiNPs-
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Fig. 4. SiNPs-induced changes in ferroptosis associated protein expression in RAW264.7 cells. (A)Western blotting images showing
the expression of TFRC, ACSL4, COX2, GCLC, XCT, GPX4, and FTH1 in RAW264.7 cells treated with SiNPs (0, 12.5, 25, and 50
µg/mL) for 12 h. β-actin was used as a loading control. (B–H) Quantification of TFRC, ACSL4, COX2, XCT, GCLC, GPX4, and FTH1
protein expression levels normalized to β-actin. Data are presented as the mean ± standard deviation (SD; n = 3), and were analyzed
using one-way ANOVAs followed by Bonferroni’s post-hoc test. *p < 0.05 vs. control group.

induced oxidative stress and iron accumulation. West-
ern blotting further demonstrated that, compared with the
SiNPs treatment group, co-treatment with Fer-1 signifi-
cantly restored GPX4 and FTH1 expressionwhile suppress-
ing ACSL4 and COX2 levels (Fig. 5E–I), collectively sug-
gesting that Fer-1 effectively counteracted SiNPs-induced
ferroptosis-relatedmolecular alterations. These results con-
firm that Fer-1 partially reversed SiNPs-induced cellular
injury in RAW264.7 cells, implicating lipid peroxidation-
dependent ferroptosis as a central mechanism underlying
SiNPs-related toxicity.

3.6 SiNPs Induce Cell Death Predominantly Through
Ferroptosis in RAW264.7 Cells

To systematically evaluate the involvement of differ-
ent cell death pathways in the phenotypes observed above,
RAW264.7 cells were treated with the necroptosis inhibitor
Nec-1 (10 µM), or the apoptosis inhibitor Z-VAD (10 µM)
in combination with SiNPs exposure. Viability was then
assessed via CCK-8 assay, revealing that Nec-1 and Z-
VAD failed to effectively restore cell viability (Fig. 6A,B).
Western blotting additionally showed that SiNPs increased
the expression ofMLKL, p-MLKL, and Cleaved-Caspase3.
Although Nec-1 and Z-VAD treatment partially reduced the
expression of MLKL/p-MLKL and Cleaved-Caspase3, re-
spectively (Fig. 6C–G), these treatments did not markedly
improve cell viability. These findings therefore suggest that
ferroptosis, apoptosis, and necroptosis are all involved in
SiNPs-induced cell death in RAW264.7 cells; however, fer-
roptosis appears to be the predominant mode of cell death
following SiNPs exposure.

3.7 Global miRNA Expression Analysis
Global miRNA expression was next profiled in

RAW264.7 cells treated with 0 or 50 μg/mL SiNPs, which
were respectively designated as the Control and Experimen-
tal groups. Differentially expressed miRNAs (DEMs) iden-
tified when comparing these two groups were presented in
a volcano plot (Fig. 7A). In this analysis, exposure to 50
μg/mL SiNPs was associated with 79 upregulated and 19
downregulated miRNAs (Fig. 7B). Hierarchical clustering
heatmap analysis revealed distinct miRNA expression pro-
files between groups, with the right four columns represent-
ing control samples (C1–C4) and the left four columns rep-
resenting experimental samples (M1–M4) (Fig. 7C). To ex-
plore the potential functional roles of the identified DEMs,
GO and KEGG pathway enrichment analyses were con-
ducted based on their predicted target genes (Fig. 7D–G).

To further refine the list of candidate miRNAs with
relevant functional roles, DEMs were subjected to addi-
tional filtering using a stringent q-value < 0.05 threshold,
yielding 8 significantly dysregulated miRNAs: mmu-miR-
339-5p, mmu-miR-148a-3p, mmu-miR-100-5p, mmu-
miR-381-3p, mmu-miR-3535, mmu-miR-677-3p, mmu-
miR-6240, and mmu-miR-378c. Of these, mmu-miR-339-
5p, mmu-miR-6240, and mmu-miR-677-3p were predicted
to be involved in ferroptosis-related pathway regulation.
Further comparison of their expression levels revealed that
mmu-miR-339-5p exhibited the highest baseMean value
(baseMean = 455), substantially exceeding that of both
mmu-miR-6240 (baseMean = 51) and mmu-miR-677-3p
(baseMean = 29), thus indicating that mmu-miR-339-5p
was the most abundantly expressed of these three candidate
DEMs in this experimental context. A review of the liter-
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Fig. 5. Fer-1 attenuates SiNPs-induced ferroptosis. (A) Viability of cells treated with SiNPs (50 µg/mL) and/or the ferroptosis inhibitor
Fer-1 (10 µM), as assessed by CCK-8 assay. (B–D) Results from assays used to detect MDA, lipid ROS (expressed as the FITC/Texas
Red fluorescence ratio), and Fe2+ showing the levels of oxidative stress markers in cells treated with SiNPs and/or Fer-1. (E) Western
blotting images showing the expression of ACSL4, COX2, GPX4, and FTH1 in cells treated with SiNPs (50 µg/mL) and/or Fer-1 (10
µM). β-actin was used as a loading control. (F–I) Quantification of ACSL4, COX2, GPX4, and FTH1 protein levels normalized to
β-actin. Data are presented as the mean ± standard deviation (SD; n = 3), and were analyzed using one-way ANOVAs followed by
Bonferroni’s post-hoc test. *p < 0.05.

ature further revealed that only mmu-miR-339-5p has been
previously reported to participate in the regulation of fer-
roptosis. Based on these criteria, miR-339-5p was selected
as a target for further functional investigation.

3.8 miR-339-5p Regulates SiNPs-Induced Ferroptosis in
RAW264.7 Cells

qRT-PCR analysis confirmed that miR-339-5p expres-
sion was markedly reduced in RAW264.7 cells upon SiNPs
exposure, corroborating the miRNA sequencing data (Fig.
8A,B). To explore the functional role of this miRNA di-
rectly, cells were transfected with miR-339-5p mimics, re-
sulting in efficient overexpression as verified by qRT-PCR.
CCK-8 assay results demonstrated that miR-339-5p over-
expression partially counteracted the SiNPs-induced reduc-
tion in cell viability (Fig. 8C), accompanied by a marked
reduction in intracellular MDA levels, indicating the alle-
viation of lipid peroxidation (Fig. 8D). The expression of
ferroptosis-associated proteins was additionally evaluated
in this experimental context, revealing that ACSL4, a key
determinant of lipid remodeling and ferroptosis susceptibil-
ity, was significantly downregulated in mimic-transfected
cells, together with a pronounced reduction in COX2 ex-
pression (Fig. 8E–G).

Together, these results indicate that miR-339-5p plays
a regulatory role in SiNPs-induced ferroptotic induction in
RAW264.7 cells through the modulation of lipid metabolic
pathways.

3.9 miR-339-5p Directly Targets Acsl4
To investigate whether Acsl4 is a direct target of miR-

339-5p, binding site prediction was performed using bioin-
formatics tools, revealing a putative miR-339-5p binding
sequence within the 3′UTR of the Acsl4 mRNA (Fig. 8H).
To experimentally validate this interaction, luciferase re-
porter constructs carrying either the wild-type (WT) or mu-
tant (Mut) Acsl4 3′UTR were generated and co-transfected
with miR-339-5p mimics or negative control (NC) con-
structs. Luciferase activity was significantly reduced in
cells carrying the Acsl4-WT construct upon miR-339-5p
overexpression compared to the NC group, whereas mu-
tation of the predicted binding site completely abolished
this suppressive effect, with no significant difference ob-
served between the miR-339-5p-OE and NC groups trans-
fected with the Acsl4-Mut construct (Fig. 8I). These find-
ings provide direct evidence that miR-339-5p binds to the
3′UTR of Acsl4 in a sequence-specific manner, establish-
ing Acsl4 as a bona fide downstream target of miR-339-5p
and suggesting that the regulatory effects of miR-339-5p on
ferroptosis are mediated, at least in part, through its ability
to directly repress Acsl4 expression.

4. Discussion
The rapid commercialization and large-scale indus-

trial production of SiNPs have contributed to a greater
risk of occupational exposure and growing concerns sur-
rounding associated health risks [1]. Unlike micron-sized

9

https://www.imrpress.com


Fig. 6. SiNPs induce cell death predominantly through ferroptosis. (A,B) Viability of cells treated with SiNPs (50 µg/mL) and/or
the necroptosis inhibitor Nec-1 (10 µM), or the apoptosis inhibitor Z-VAD (10 µM), as assessed by CCK-8 assay. (C) Western blotting
images showing Cleaved-Caspase3 expression in cells treated with SiNPs (50 µg/mL) and/or Z-VAD (10 µM). β-actin was used as a
loading control. (D) Western blotting images showing MLKL and p-MLKL expression in cells treated with SiNPs (50 µg/mL) and/or
Nec-1 (10 µM). β-actin was used as a loading control. (E–G) Quantification of Cleaved-Caspase3, MLKL, and p-MLKL protein levels
normalized to β-actin. Data are presented as the mean ± standard deviation (SD; n = 3), and were analyzed using one-way ANOVAs
followed by Bonferroni’s post-hoc test. *p < 0.05.

silica particles, the nanoscale dimensions of SiNPs allow
them to penetrate more deeply into the respiratory tract,
enabling alveolar deposition and necessitating a more con-
certed examination of their safety profile and potential ad-
verse health consequences [40]. Although SiNPs have been
implicated in the pathogenesis of PF, the underlying cel-
lular and molecular mechanisms remain incompletely un-
derstood. Previous studies have predominantly focused on
the roles that inflammation, autophagy, and cellular injury
play in this context, whereas the functional importance of
ferroptosis and miRNA-mediated regulation has received
comparatively limited attention [41,42].

Ferroptosis is a regulated form of cell death defined by
iron-dependent lipid peroxidation [29]. Many reports have
implicated ferroptosis in various respiratory disorders, with
current research focusing largely on its role in lung epithe-
lial cells and the associated regulation of lung injury [43].
As central regulators of lung homeostasis, macrophages
have, in parallel, been identified as promising targets for
therapeutic intervention. In this study, we found that ex-
posure to defined concentrations of SiNPs was sufficient to
trigger ferroptosis in RAW264.7 cells, providing a frame-
work to explore the underlying mechanistic basis for these
deleterious effects.
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Fig. 7. miRNA sequencing and bioinformatics analysis. (A) Volcano plot showing the distribution of differentially expressed miRNAs
(DEMs) between SiNPs-treated and control cells (p < 0.05 and |log2FC| >1). (B) Bar chart showing 79 upregulated (red) and 19 down-
regulated (blue) miRNAs following SiNPs exposure. (C) Hierarchical clustering heatmap of DEMs; the right four columns represent
control samples (C1–C4) while the left four columns represent experimental samples (M1–M4). (D) The top 30 enriched GO terms for
DEM target genes, categorized into biological processes (green), cellular components (blue), and molecular functions (red). (E) GO clas-
sification bar chart showing the distribution of DEM target genes across three categories. (F) Bubble plot of the top 20 enriched KEGG
pathways, with bubble color reflecting statistical significance and bubble size denoting gene number. (G) KEGG pathway classification
bar chart showing the distribution of DEM target genes across six functional categories.

We initially confirmed the detrimental impact of
SiNPs on the viability of RAW264.7 cells. Cell viability
assays revealed a time and dose-dependent decrease at 12 h
and 24 h. While a transient increase in cell viability exceed-
ing 100%was observed at 3 h and 6 h in cells exposed to low

concentrations of SiNPs (6.25, 12.5, and 25 μg/mL), this
phenomenon is likely attributable to a hormetic response,
whereby low-dose nanoparticle exposure activates adaptive
cellular stress responses rather than inducing cytotoxicity, a
biphasic pattern previously documented for silver nanopar-
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Fig. 8. miR-339-5p regulates SiNPs-induced ferroptosis by directly targeting Acsl4 in RAW264.7 cells. (A) qRT-PCR analysis
of miR-339-5p expression in RAW264.7 cells following SiNPs exposure (50 µg/mL, 12 h). (B) qRT-PCR verification of miR-339-5p
mimics transfection efficiency. (C) Viability of SiNPs-exposed RAW264.7 cells transfected with miR-339-5p mimics or miR-NC as
assessed by CCK-8 assay. (D) Intracellular MDA levels were measured in the indicated treatment groups. (E) Representative Western
blotting images showing ACSL4 and COX2 protein levels, with β-actin as a loading control. (F,G) Quantitative analysis of ACSL4 and
COX2 protein levels normalized to β-actin. (H) Schematic illustration of the predicted binding site shared between miR-339-5p and the
3′UTR of the Acsl4 mRNA, including both wild-type (WT) and mutant (Mut) sequences. (I) Dual luciferase reporter assay confirming a
direct interaction between miR-339-5p and the Acsl4 3′UTR; Luciferase activity was significantly reduced in cells carrying the Acsl4-WT
construct upon miR-339-5p overexpression, whereas mutation of the binding site abolished this effect. Data are presented as the mean
± standard deviation (SD; n = 3), and were analyzed using one-way ANOVAs followed by Bonferroni’s post-hoc test. *p < 0.05; ns, not
significant.

ticles via MuD-mediated p38/ERK MAPK signaling [44].
At sub-toxic concentrations, SiNPs may stimulate mito-
chondrial activity by interacting with the outer mitochon-
drial membrane [45], resulting in enhanced mitochondrial
dehydrogenase activity detected as increased absorbance in
the CCK-8 assay [46]. With the prolongation of exposure

time to 12 h and 24 h, or exposure to higher SiNP con-
centrations, progressive oxidative stress overwhelmed the
defensive capacity of treated macrophages, leading to the
dose- and time-dependent decline in cell viability that char-
acterized overt cytotoxicity in our model. TEM revealed ef-
ficient uptake of SiNPs by RAW264.7 cells, accompanied
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by mitochondrial ultrastructural alterations consistent with
ferroptosis, including mitochondrial rounding, membrane
condensation, and cristae loss [47]. These morphological
observations were subsequently validated by western blot-
ting analysis and lipid peroxidation measurements. SiNPs
markedly downregulated GPX4, a central ferroptosis sup-
pressor responsible for detoxifying lipid hydroperoxides,
alongside FTH1, the major intracellular iron storage pro-
tein, while concurrently upregulating pro-ferroptotic medi-
ators such as ACSL4 and COX2. Collectively, these re-
sults confirm that SiNPs exposure triggers ferroptosis in
RAW264.7 cells.

The mechanistic basis for SiNPs-induced intracellu-
lar Fe2+ accumulation warrants further discussion. We ob-
served the concurrent downregulation of both FTH1 and
TFRC alongside significant Fe2+ accumulation in SiNPs-
treated RAW264.7 cells, suggesting that multiple iron reg-
ulatory mechanisms are simultaneously dysregulated upon
nanoparticle exposure. FTH1, the major intracellular iron
storage protein, sequesters Fe3+ in a non-reactive form, and
its downregulation is expected to release stored iron into
the cytosolic labile pool, thereby increasing the availabil-
ity of redox-active Fe2+ [48]. This mechanism is consistent
with previous reports demonstrating that FTH1 degradation
through ferritinophagy represents a critical step in ferropto-
sis initiation bymobilizing stored iron. The observed down-
regulation of TFRC upon SiNPs exposure is noteworthy, as
it differs from the canonical upregulation of TFRC reported
in most ferroptosis models. This paradoxical decrease may
reflect a compensatory cellular response to counteract pro-
gressive iron overload, whereby cells attempt to limit fur-
ther iron influx by suppressing transferrin receptor expres-
sion. However, this compensatory response appears in-
sufficient to prevent the continued accumulation of labile
iron and the ensuing lipid peroxidation, and the precise
mechanism underlying TFRC downregulation in this con-
text warrants further investigation. Beyond the regulation
of iron storage and uptake, the pronounced mitochondrial
structural alterations observed by TEM suggest that mito-
chondrial dysfunction may also contribute to intracellular
iron dysregulation. Mitochondria are central hubs of iron
utilization for heme and iron-sulfur cluster biosynthesis,
and their structural disruption can impair iron processing,
leading to mitochondrial iron accumulation and subsequent
leakage of labile iron into the cytoplasm [49,50]. Taken
together, SiNPs-induced Fe2+ accumulation in RAW264.7
cells is likely driven primarily by FTH1 downregulation-
mediated release of stored iron, with mitochondrial dys-
function serving as an additional contributing factor, while
TFRC downregulation may represent an insufficient com-
pensatory attempt to limit iron overload. To further val-
idate the role of ferroptosis in this context, we employed
Fer-1, a classical ferroptosis inhibitor [51]. Fer-1 signif-
icantly increased GPX4 levels and decreased COX2 and
ACSL4 levels, consistent with the alleviation of the ferrop-

tosis process in RAW264.7 cells. This suggests that the oc-
currence of ferroptosis in these RAW264.7 cells is primar-
ily mediated through the lipid peroxidation pathway. No-
tably, Fer-1 which acts at the execution stage of ferroptosis
by directly inhibiting lipid peroxidation, effectively rescued
SiNPs-induced cytotoxicity and ferroptosis-related molec-
ular alterations. Therefore, the use of Fer-1 provides strong
evidence supporting lipid peroxidation–dependent ferrop-
tosis in this model.

In addition to ferroptosis, the potential involvement
of apoptosis and necroptosis in SiNPs-induced cell death
was also evaluated. Treatment with the apoptosis inhibitor
Z-VAD and the necroptosis inhibitor Nec-1 failed to sig-
nificantly rescue cell viability, despite partial reductions
in Cleaved-Caspase3 and MLKL/p-MLKL expression, re-
spectively. These findings suggest that while apoptotic and
necroptotic signaling pathways are activated upon SiNPs
exposure, they play subsidiary roles compared to ferropto-
sis in mediating SiNPs-induced cytotoxicity in RAW264.7
cells. The concurrent activation of multiple cell death path-
ways likely reflects the complexity of cellular responses
to SiNPs, and the relative dominance of ferroptosis may
be attributable to the pronounced iron accumulation and
lipid peroxidation triggered by the internalization of these
nanoparticles. Cross-talk between these pathways cannot
be excluded, as shared upstream signals such as oxidative
stress and mitochondrial dysfunction may simultaneously
engage ferroptotic, apoptotic, and necroptotic cascades.

miRNAs have been identified as important regulators
of ferroptosis and potential therapeutic targets for lung in-
jury [36], but their roles as regulators of SiNPs-induced
macrophage ferroptosis remain poorly understood. To ad-
dress this gap, transcriptomic sequencing was performed
on SiNPs-exposed RAW264.7 cells, and miR-339-5p was
selected for further investigation based on its significant
downregulation, its enrichment in ferroptosis-related path-
ways by KEGG analysis, and prior evidence implicat-
ing it in the regulation of ferroptosis across multiple dis-
eases. In hepatocellular carcinoma, for instance, miR-339-
5p has been reported to modulate intracellular iron levels
through ATG7-mediated autophagic degradation of FTH1
[52], with elevated labile iron potentially playing a distinct
tumor-suppressive function in this setting, highlighting the
context-dependent nature of the regulatory role of miR-
339-5p in ferroptotic induction. In ischemic tissue injury
models, this miRNA has been further shown to activate the
KEAP1/Nrf2 antioxidant axis to suppress ferroptosis [53],
collectively suggesting that miR-339-5p is a multifaceted
ferroptosis regulator operating through both iron homeosta-
sis and redox signaling.

In the present study, overexpression of miR-339-5p
in SiNPs-exposed RAW264.7 cells significantly reduced
ACSL4 and COX2 protein expression and attenuated lipid
peroxidation, demonstrating its functional role as a sup-
pressor of ferroptotic induction. Bioinformatics predictions
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identified Acsl4 as a candidate target of miR-339-5p, and
this interaction was directly validated by dual luciferase re-
porter assay, establishing Acsl4 as a bona fide downstream
target of miR-339-5p. ACSL4 promotes ferroptosis by es-
terifying polyunsaturated fatty acids into membrane phos-
pholipids, thereby priming cells for lipid peroxidation [54],
while COX2 serves as a downstream marker reflecting fer-
roptotic lipid oxidative stress. The direct targeting of Acsl4
by miR-339-5p therefore provides a mechanistic explana-
tion for the attenuation of lipid peroxidation and ferropto-
sis observed upon miR-339-5p overexpression in SiNPs-
exposed RAW264.7 cells.

Among the multiple regulators of ferroptosis identi-
fied in this study, ACSL4 emerged as a pro-ferroptotic me-
diator that wasmarkedly upregulated upon SiNPs exposure.
ACSL4 is a critical executor of ferroptosis that catalyzes
the esterification of polyunsaturated fatty acids, particularly
arachidonic acid and adrenic acid, into membrane phospho-
lipids, generating the lipid peroxide substrates that drive
ferroptotic cell death [54]. Unlike GPX4, the downregula-
tion of which reflects amore general cellular response to ox-
idative stress, ACSL4 represents an upstream and specific
determinant of ferroptotic susceptibility, as its expression
level is a primary determinant of the cellular capacity for
lipid peroxidation. Genetic or pharmacological inhibition
of ACSL4 confers resistance to ferroptosis across multiple
cell types and disease models. ACSL4 knockout or block-
ade of its PKCβII-mediated phosphorylation at Thr328 has
been shown to suppress ferroptosis in vitro and in vivo [55],
and direct pharmacological targeting of ACSL4 with AS-
252424 similarly attenuated lipid peroxidation and ferrop-
tosis in diverse cell lines and organ injury models [56], un-
derscoring the central role of ACSL4 in ferroptosis execu-
tion. In our study, the marked upregulation of ACSL4 upon
SiNPs exposure, combinedwith the direct confirmation that
miR-339-5p targets the 3′UTR of ACSL4 by dual luciferase
reporter assay, positions the miR-339-5p/ACSL4 axis as
a pivotal regulatory mechanism governing SiNPs-induced
ferroptosis in macrophages. Furthermore, the observed re-
ductions in both ACSL4 protein expression and lipid perox-
idation markers upon miR-339-5p overexpression provide
functional evidence that this axis is not merely associative
but mechanistically operative in this model.

While ferroptosis is regulated at multiple intercon-
nected levels, the present data provide a rationale for pri-
oritizing the miR-339-5p/ACSL4 axis as the predominant
regulatorymechanism in thismodel. With respect toGPX4-
mediated redox control, our data confirm that GPX4 pro-
tein expression was significantly downregulated at the pro-
tein level upon SiNPs exposure (Fig. 4). However, GPX4
downregulation in this context likely reflects a downstream
consequence of oxidative stress amplification rather than
the primary initiating event. Notably, the concurrent upreg-
ulation of GCLC and XCT observed in our study suggests
that the glutathione synthesis and cystine/glutamate an-

tiporter systems are transcriptionally activated as compen-
satory antioxidant responses to counteract SiNPs-induced
oxidative stress. This compensatory induction, while in-
sufficient to prevent ferroptosis execution, underscores the
complexity of the redox regulatory network engaged by
SiNPs and indicates that System Xc⁻-dependent GSH re-
plenishment may represent an additional layer of ferrop-
tosis regulation in this model, underscoring the need for
further investigation. With respect to iron homeostasis,
our data demonstrate that SiNPs exposure significantly el-
evated intracellular Fe2+ levels while also downregulation
of FTH1 and TFRC, indicating concurrent dysregulation
of iron storage and uptake mechanisms (Figs. 2,4). As
noted above, FTH1 downregulation-mediated release of
stored iron into the labile pool likely constitutes a primary
driver of Fe2+ accumulation, with mitochondrial dysfunc-
tion serving as an additional contributing factor. Impor-
tantly, although iron dyshomeostasis is an indispensable
prerequisite for ferroptosis, it is not specifically targeted by
miR-339-5p in our model. Rather, the elevated labile iron
pool provides the redox-active substrate that, in conjunction
with ACSL4-mediated PUFA-phospholipid enrichment of
the membrane, drives the lipid peroxidation cascade to
lethal levels. In this sense, iron dysregulation and the miR-
339-5p/ACSL4 axis operate as complementary and poten-
tially synergistic mechanisms that together amplify SiNPs-
induced ferroptosis, rather than competing alternatives.

Together, these results demonstrate that miR-339-5p
protects against SiNPs-induced macrophage cytotoxicity
by suppressing ferroptosis through the downregulation of
ACSL4, identifying it as a key modulator of ferroptosis in
this context and reinforcing the central role of lipid per-
oxidation in SiNPs-mediated macrophage injury. The up-
stream mechanisms governing SiNPs-induced miR-339-5p
downregulation remain to be fully elucidated, and may in-
volve oxidative stress, loss of iron homeostasis, and inflam-
matory signaling, highlighting key areas for further inves-
tigation.

5. Limitations
Despite these promising findings, several limitations

to the present study should be acknowledged. First, this
study was conducted exclusively in vitro using RAW264.7
cells, and this system does not fully recapitulate the com-
plex pathophysiology of SiNPs-induced lung injury in vivo.
Therefore, the observed regulatory effects of miR-339-5p
on ferroptosis require further validation in appropriate ani-
mal models. Second, the upstream regulatory mechanisms
governingmiR-339-5p expression upon SiNPs exposure re-
main to be fully elucidated and warrant further investiga-
tion.

6. Conclusions
This study demonstrates that SiNPs induce ferroptosis

in RAW264.7 macrophages by dysregulating lipid peroxi-

14

https://www.imrpress.com


dation, iron homeostasis, and antioxidant defense systems.
Mechanistically, SiNPs exposure downregulates miR-339-
5p, thereby relieving its suppression of ACSL4 and enhanc-
ing lipid peroxidation-dependent ferroptosis. These find-
ings identify the miR-339-5p/ACSL4 axis as a key reg-
ulatory node in the SiNPs-induced activation of ferrop-
totic signaling, providing a molecular basis for the de-
velopment of strategies aimed at mitigating nanomaterial-
induced macrophage injury.
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