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Background: Gram-negative bacterial infection is a major cause of severe inflammatory disorders and cellular damage, with 
lipopolysaccharide (LPS) as a key pathogenic trigger. Macrophages are central players in LPS-induced inflammatory cascades, yet 
the mechanisms by which macrophage-derived exosomes propagate inflammatory signals and cellular injury remain elusive. This 
study aimed to investigate whether LPS-activated macrophage exosomes drive M1 polarization and ferroptosis-related characteristics 
in recipient macrophages.
Methods: RAW264.7 macrophages were treated with LPS. Exosomes were extracted through ultracentrifugation and their character
istics were determined utilizing Western blot, transmission electron microscopy, and nanoparticle tracking analysis. MicroRNA levels 
were quantified by droplet digital PCR. The functional effects of exosomes and miR-148a-3p inhibitor on recipient macrophages were 
evaluated via quantitative real-time PCR, Western blot, enzyme-linked immunosorbent assay, malondialdehyde (MDA) detection and 
ferrostatin-1 (Fer-1) rescue assay. Dual-luciferase reporter assay validated direct targeting relationships.
Results: LPS directly induced M1 polarization and pro-inflammatory cytokine secretion in RAW264.7 cells. Exosomes from LPS- 
stimulated macrophages were enriched with miR-148a-3p and promoted M1 polarization and ferroptosis-related characteristics in 
recipient cells. Inhibition of miR-148a-3p and Fer-1 treatment effectively negated the LPS-exosome-mediated effects. Mechanistically, 
miR-148a-3p directly interacted with and inhibited SLC7A11.
Conclusion: Exosomal miR-148a-3p derived from LPS-activated macrophages promotes M1 polarization and ferroptosis-related 
characteristics in recipient macrophages by reducing SLC7A11. This finding uncovers a novel LPS-induced inflammatory signaling 
pathway in macrophage–macrophage communication and suggests a potential candidate target for intervention in Gram-negative 
bacteria–related inflammatory injury.
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Introduction
Gram-negative bacterial infection triggers robust host inflammatory responses mediated by pattern recognition receptors 
sensing lipopolysaccharide (LPS), leading to excessive immune activation and cellular dysfunction.1–3 Macrophages, as 
pivotal innate immune effector cells, undergo phenotypic polarization into pro-inflammatory M1 macrophages upon LPS 
stimulation, and secrete large amounts of inflammatory cytokines, amplifying local and systemic inflammatory 
reactions.4–6
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Ferroptosis, characterized as a regulated mode of cellular demise reliant on iron and propelled by the buildup of lipid 
peroxides, is progressively implicated in sepsis and related conditions.7–9 The cystine/glutathione (GSH) axis is central to 
ferroptosis regulation, with SLC7A11, which serves as a subunit of the system Xc−, being critical for the uptake of 
cystine and subsequent GSH synthesis. Meanwhile, GPX4 dependents on GSH to eliminate lipid peroxides.10,11 LPS 
stimulation has been shown to induce M1 polarization accompanied by ferroptotic features, forming a vicious cycle that 
exacerbates sepsis progression.12–15

Exosomes (30–150 nm extracellular vesicles) mediate intercellular communication by transporting proteins, lipids, 
and RNAs, and are key regulators of sepsis pathology.16,17 Previous studies have shown that the extracellular vesicles 
from the plasma of patients suffering from sepsis-induced acute lung injury regulate macrophage polarization and 
ferroptosis.18 Additionally, exosomes derived from LPS-activated macrophages can trigger ferroptosis in alveolar 
epithelial cells.19,20 However, the mechanisms by which they disseminate “M1 polarization–ferroptosis” signals among 
homologous recipient macrophages remain unclear.

Accumulating evidence has highlighted the pivotal role of exosomal miRNAs in orchestrating immune cell function 
during sepsis, a severe systemic inflammatory syndrome often initiated by Gram-negative bacterial infection.21,22 Plasma 
exosomal miR-17-5p has been identified as a modulator of macrophage polarization in sepsis-induced lung injury,23 

while neutrophil-derived exosomal miR-30d-5p drives M1 macrophage polarization and primes pyroptosis in the context 
of sepsis-related acute lung injury.24 Beyond immune cell sources, endothelial cell-derived exosomal miR-184-3p, under 
the modulation of heme oxygenase-1, fine-tunes macrophage polarization and alleviates sepsis-induced lung injury,25 and 
LPS-preconditioned mesenchymal stem cell-secreted exosomal miR-150-5p promotes M2 macrophage polarization to 
exert protective effects against sepsis.26 Despite these insightful findings, the majority of current research has focused on 
the cross-cell-type regulatory effects of exosomal miRNAs, with scarce attention paid to the biological significance of 
homologous cell communication mediated by exosomal cargos. This knowledge gap is particularly prominent in Gram- 
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negative bacterial infection, where the paracrine crosstalk between LPS-activated macrophages and naive homologous 
macrophages via exosomal miRNAs remains largely uncharacterized.

miR-148a-3p has recently emerged as a potential regulatory factor in sepsis and ferroptosis: it modulates macrophage 
polarization in murine sepsis models and promotes ferroptosis by targeting SLC7A11 in other cell types.27,28 However, 
whether miR-148a-3p is packaged into exosomes of LPS-activated macrophages, and if this exosomal miRNA acts as 
a functional messenger to drive concurrent M1 polarization and ferroptosis in recipient homologous macrophages during 
Gram-negative bacterial infection, has not been elucidated. This dual process is critical for the amplification of 
inflammatory injury in Gram-negative bacterial infection.

In this study, our objective was to tackle these unaddressed research gaps by isolating exosomes derived from LPS- 
activated murine macrophages (LPS-exo) and exploring their functional impacts on M1 polarization and ferroptosis- 
related characteristics in recipient macrophages. Additionally, we aimed to elucidate the role of exosomal miR-148a-3p 
in mediating these effects and to validate its direct targeting of SLC7A11. Our research centers on homologous 
macrophage-to-macrophage communication, a regulatory axis that has been overlooked in the context of Gram- 
negative bacterial infections, and seeks to unveil a novel exosomal miRNA-mediated signaling pathway that orchestrates 
M1 polarization and ferroptosis-related characteristics. This investigation not only bridges the knowledge gap concerning 
the function of exosomal miRNAs during homologous immune cell interactions in vitro but also offers a potential 
molecular target for intervening in inflammatory injury triggered by Gram-negative bacterial infections at the cellular 
level, setting it apart from prior sepsis studies that primarily focus on cross-cell-type regulation and modulation of single 
biological processes.

Materials and Methods
Cell Lines and Their Culture Conditions
RAW264.7 and HEK293T were procured from the ATCC (Manassas, VA, USA) and maintained in DMEM (Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA). The culture medium was fortified with 10% FBS (Sigma-Aldrich, 
St. Louis, MO, USA), along with 1% penicillin-streptomycin (HyClone, Logan, UT, USA). The cell cultures were 
sustained at a temperature of 37°C in a humidified environment enriched with 5% carbon dioxide.

Isolation and Culture of Mouse Bone Marrow-Derived Macrophages (BMDMs)
Primary BMDMs were isolated from 6–8-week-old C57BL/6 mice. Briefly, femurs and tibias were dissected, and bone 
marrow was flushed with sterile PBS. After red blood cell lysis, cells were filtered and cultured in DMEM containing 
10% FBS and 20 ng/mL M-CSF for 7 days to induce macrophage differentiation. BMDMs were used for exosome 
extraction and miRNA detection.

Cell Viability Assessment via CCK-8 Method
RAW264.7 cells were evenly distributed into 96-well culture plates at a seeding density of 5 × 103 cells per individual 
well, followed by an overnight incubation period to allow for cell adherence and initial growth. Subsequently, the cells 
were subjected to treatment with LPS at final concentrations of 0, 0.5, 1, or 10 µg/mL for 24 hours. Following the 
treatment phase, 10 µL of CCK-8 reagent was introduced into each sample, then the plates were placed back into the 
incubator at 37°C for an additional 2-hour incubation. Finally, a microplate reader from BioTek (Winooski, VT, USA) 
was employed to measure each sample’s absorbance at 450 nm wavelength.

RNA Extraction and Complementary DNA (cDNA) Generation
Total RNA was isolated from RAW264.7 cells utilizing TRIzol (Invitrogen, Carlsbad, CA), following the protocol 
provided by the manufacturer. The assessment of purity and concentration of RNA was conducted with a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific). The extraction of exosomal RNA was performed utilizing the ExoRNeasy 
Serum/Plasma Kit (Qiagen, Hilden, Germany). To ensure the removal of any remaining genomic DNA contamination, 
the samples were subsequently treated with DNase I (Qiagen). To synthesize cDNA from cellular RNA, 1 µg of cellular 
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RNA was subjected to reverse transcription utilizing the PrimeScript RT Reagent Kit (Takara, Tokyo, Japan) with random 
primers for mRNA analysis. In the case of miRNA analysis, 500 ng of either exosomal or cellular RNA underwent 
reverse-transcribed using the miScript Reverse Transcription Kit (Qiagen), which incorporates miRNA-specific stem- 
loop primers for targeted amplification.

Quantitative Real-Time PCR (RT-qPCR)
RT-qPCR was performed using Platinum ® SYBR ® Green qPCR SuperMix-UDG (Invitrogen). The thermal cycling 
parameters followed those described previously.29 The expression of mRNA and miRNA was normalized to GAPDH and 
U6 small nuclear RNA, respectively. The relative expression levels of the target genes were then calculated employing 
the 2^(-ΔΔCt) method. The specific primer sequences utilized in the RT-qPCR experiments are detailed in Table 1.

Droplet Digital PCR (ddPCR)
The absolute quantification of candidate miRNAs by ddPCR used Forevergen Co., Ltd.’s (Guangzhou, China) instru
ments. Each reaction mixture contained 10 μL of ultra-sensitive ddPCR premix (Forevergen), 10 μM of forward and 
reverse primer, 6 µL RNase-free water and 2 μL cDNA, with a total volume of 20 μL. Droplets were generated with the 
MicroDrop-100A and transferred to a 96-well PCR plate. The ddPCR program as previously reported.30 Droplet analysis 
was done using the MicroDrop-100B Biochip Reader, and data were processed with QuantDrop V1 software for accurate 
quantification.

Table 1 The Primer Sequences Used for RT-qPCR

Gene ID Primer Sequence (5’to 3’)

TNF-α-F TGCTCTGTGAAGGGAATGGG

TNF-α-R ACCCTGAGCCATAATCCCCT

IL-6-F CCGGAGAGGAGACTTCACAG
IL-6-R TCCACGATTTCCCAGAGAAC

IL-1β-F ACAACTGCACTACAGGCTCC

IL-1β-R TGTCGTTGCTTGGTTCTCCT
iNOS-F GAGACAGGGAAGTCTGAAGCAC

iNOS-R CCAGCAGTAGTTGCTCCTCTTC
Arg-1-F GTGAAGAACCCACGGTCTGT

Arg-1-R CTGGTTGTCAGGGGAGTGTT

GPX4-F GTGTAAATGGGGACGATGCC
GPX4-R GTGTAGGGGCACACACTTGT

SLC7A11-F CTGCTCGTAATACGCCCTGG

SLC7A11-R AAATCTGGATCCGGGCACTC
HO-1-F TGCTCGAATGAACACTCTGGA

HO-1-R CTCGGGGTGTCTCTGCAG

ACSL4-F AGCCAGAAAACTTGAGCGTT
ACSL4-R AGGGATACGTTCACACTGGC

miR-128-3p-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAGAG

miR-128-3p-F TCACAGTGAACCGGTCT
miR-148a-3p-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAG

miR-148a-3p-F TCAGTGCACTACAGAACT

Universe-R GTGCAGGGTCCGAGGT
U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT

GAPDH-F AGGTCGGTGTGAACGGATTTG
GAPDH-R TGTAGACCATGTAGTTGAGGTCA

Abbreviations: F, Forward primer; R, Reverse primer.
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Western Blotting
On ice, purified exosomes and RAW264.7 cell pellets were subjected to lysis in RIPA buffer that had been fortified with 
1% phenylmethylsulfonyl fluoride, with both reagents sourced from Beyotime (Shanghai, China). The cell lysates 
underwent centrifuged at 12,000 × g for 15 minutes at 4°C to gather the supernatants. Protein concentrations were 
measured by the BCA Protein Assay Kit (Beyotime). Equal quantities of protein (30 µg per lane for cells, 40 µg per lane 
for exosomes) were subjected to separation using either 10% or 12% SDS-PAGE, followed by transfer onto polyviny
lidene difluoride (PVDF) membranes (Millipore, Burlington, MA, USA). The membranes underwent blocking in 5% 
non-fat milk dissolved in TBST for one hour at ambient temperature. This was succeeded by an overnight incubation 
with primary antibodies, with the specific dilutions detailed in Table 2. After three Subsequent to three rounds of washing 
with TBST, the membranes were treated with secondary antibodies for one hour at ambient temperature. The visualiza
tion of protein bands was accomplished using an Enhanced Chemiluminescence (ECL) Detection Kit (Millipore), and 
quantification was carried out utilizing ImageJ software (NIH, Bethesda, MD, USA). GAPDH was utilized as the loading 
control for cellular proteins, while the analysis of exosomal proteins was conducted to determine the presence or absence 
of specific markers without utilizing an internal control.

Enzyme-Linked Immunosorbent Assay (ELISA)
The concentrations of pro-inflammatory cytokines were quantified utilizing commercially available ELISA kits (Cusabio 
Biotech, Wuhan, China) according to the protocols provided by companies. The absorbance values were recorded at 
a wavelength of 450 nm.

Isolation and Characterization of Exosomes
RAW264.7 cells were cultured until they reached approximately 80% confluence. The culture medium was then substituted 
with 10 mL of serum-free DMEM, supplemented with 10 µg/mL LPS for the experimental group, while the control group 
received an equivalent volume of phosphate-buffered saline (PBS). Following incubation for 16 hours, the supernatants 
underwent a series of ultracentrifugation steps to isolate exosomes as previously described.31 For transmission electron 
microscopy (TEM) analysis, exosomes were diluted 1:10 with PBS, deposited onto carbon-coated copper grids, air-dried for 
5 minutes, and stained with 2% phosphotungstic acid (pH 7.0) for 3 minutes before being examined under a TEM at 80 kV. 
For nanoparticle tracking analysis (NTA), exosome suspensions were diluted with PBS, and the size distribution and 
concentration were assessed using the ZetaView PMX 110 system (ZetaView 8.04.02 software). Western blotting was 
conducted to identify exosomal markers (TSG101, CD63) alongside a negative control marker (Calnexin), as described above.

Exosome Uptake Assay and Effects of LPS-Exo on RAW264.7 Cells
Exosomes (20 µg) were labeled with 10 µM PKH67 dye (Sigma-Aldrich) for a period of 5 minutes. The labeling reaction 
was halted by incorporating 2 mL of exosome-depleted FBS, followed by the elimination of any unbound dye through 

Table 2 Primary and Secondary Antibodies Used in Western Blotting

Antibody Name Source Catalog Number Dilution 
Ratio

TSG101 Abcam, Cambridge, UK ab125011 1:1000

CD63 Abcam ab134045 1:1000

Calnexin Signalway Antibody, Maryland, USA 40669 1:1000
GPX4 Proteintech, Wuhan, China 14432-1-AP 1:2000

SLC7A11 Proteintech 26864-1-AP 1:1000

HO-1 Cell Signaling Technology, Danvers, MA, USA 70081 1:1000
ACSL4 Proteintech 22401-1-AP 1:5000

GAPDH Proteintech 60004-1-lg 1:10000
Goat anti-Rabbit IgG-HRP Jackson ImmunoReserach, West Grove, PA, USA 111-035-003 1:2000

Goat anti-mouse IgG-HRP Jackson ImmunoReserach 115-035-003 1:5000
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ultracentrifugation. The labeled exosomes (20 µg) were then introduced to RAW264.7 cells and instigated for a period of 
24 hours. After the incubation period, the cells were fixed using 4% paraformaldehyde and subsequently stained with 
DAPI (1 µg/mL; Sigma-Aldrich) to enable visualization the nuclei, after which observations were conducted using 
a fluorescence microscope. To assess the impact of LPS-exo, 2 × 106 RAW264.7 cells were co-cultured with 100 µg/mL 
exosomes for a period of 24 hours. Post co-culture, both cells and supernatants were harvested for further experimental 
analyses.

Cell Transfection
2 × 106 RAW264.7 cells were cultured into 6-well plates until 70–80% confluency. Transient transfection was conducted 
utilizing Lipofectamine 3000 reagent (Thermo Fisher Scientific), incorporating 150 pmol of either mmu-miR-148a-3p 
inhibitor or a negative control (NC) inhibitor (Ambion, Life Technologies, USA) for each well. After transfection for 
24 hours, cells were harvested for subsequent assay.

Rescue Experiments
For ferroptosis-related functional rescue experiments, cells were pretreated with ferrostatin-1 (Fer-1, 1 μM, Sigma- 
Aldrich) for 2 hours, followed by co-incubation with 100 μg/mL LPS-exo for an additional 24 hours prior to sample 
collection for related index detection.

Malondialdehyde (MDA) Detection
Intracellular MDA levels, a marker of lipid peroxidation, were determined using a commercial MDA assay kit 
(Beyotime). Briefly, cells were collected and lysed, and supernatants were incubated with the working solution. The 
absorbance at 532 nm was measured, and MDA concentrations were calculated based on a standard curve.

Dual-Luciferase Reporter Assay
The potential interaction sites for mmu-miR-148a-3p within the 3′ untranslated region (3′UTR) of SLC7A11 were 
identified utilizing TargetScanHuman (https://www.targetscan.org/). The wild-type (WT) binding sequence 
“UGCACUG” and a corresponding mutated (MUT) sequence “ACGUGAC” were subsequently cloned into the 
pmirGLO vector (Promega, Madison, WI, USA) (IGE Biotechnology Co., Ltd., Guangzhou, China). Following this, 
HEK293T cells were co-transfected with 0.5 µg of either the WT or MUT plasmid alongside 50 nM of mmu-miR-148a- 
3p mimics or negative control (NC) mimics (Ambion) using Lipofectamine 3000 as the transfection reagent. After a 48- 
hour incubation period, the cells were lysed using Passive Lysis Buffer (Promega), and the activities of firefly and renilla 
luciferases were quantified employing the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase activity 
was normalized to renilla luciferase activity, and the relative luciferase ratio was calculated.

Statistical Analysis
All data were first tested for normality of distribution using Shapiro–Wilk test. Data are presented as the mean ± standard 
error of the mean (SEM). Statistical evaluations were performed utilizing GraphPad Prism 7.0 (GraphPad Software, San 
Diego, CA, USA). For comparisons among three or more groups, one-way ANOVA followed by Bonferroni’s post-hoc 
test was used only when data conformed to normal distribution. A p-value of less than 0.05 was deemed statistically 
significant.

All experiments were performed with at least 3 independent biological replicates (n=3).

Results
LPS Induces M1 Polarization and Inflammatory Response in RAW264.7 Macrophages
To investigate the direct activating effects of LPS on macrophages, RAW264.7 cells were treated with varying LPS 
concentrations. Our findings revealed that LPS not only enhanced cell proliferation (Figure 1A) and triggered 
a morphological shift towards a spindle-shaped phenotype (Figure 1B), but also markedly elevated the mRNA expression 
(Figure 1C–E) and protein release (Figure 1F-H) of TNF-α, IL-1β, and IL-6. Furthermore, LPS challenge resulted in the 
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upregulation of iNOS and concurrent downregulation of Arg-1 (Figure 1I and J). These collective observations indicated 
that LPS effectively provoked macrophage activation, instigating a robust inflammatory response and driving polariza
tion towards the M1 phenotype.

Macrophages Stimulated by LPS Secrete Exosomes Enriched with miR-148a-3p
We subsequently isolated and characterized exosomes from cell culture supernatants. TEM revealed that the isolated 
vesicles exhibited the classic cup-shaped morphology (Figure 2A). NTA analysis defined their size distribution and 
concentration profiles (Figure 2B), while Western blotting confirmed the presence of exosomal marker proteins, 
specifically TSG101 and CD63, alongside the absence of the negative marker Calnexin (Figure 2C), verifying the 
acquisition of high-purity exosomes. Internalization assays using PKH67 labeling demonstrated that these exosomes 
were efficiently taken up by recipient RAW264.7 cells (Figure 2D). ddPCR revealed that miR-148a-3p was enriched by 
4.3-fold and miR-128-3p by 3.5-fold in exosomes derived from LPS-stimulated RAW264.7 cells (LPS-exo) compared 
with PBS-exo (Figure 2E). Subsequent qRT-PCR further confirmed that miR-148a-3p was effectively delivered into and 
upregulated in recipient macrophages, whereas miR-128-3p exhibited no significant alteration in recipient cells 
(Figure 2F). Consistently, miR-148a-3p was also significantly enriched by 3.0-fold in LPS-exo isolated from primary 
mouse BMDMs (Figure 2G), in line with observations in RAW264.7 cells. Collectively, these results demonstrate that 
LPS stimulation remodels the miRNA cargo of macrophage-derived exosomes and identifies miR-148a-3p as a key 
transferable effector molecule within LPS-exo.

Figure 1 LPS induces M1 polarization and inflammatory response in RAW264.7 macrophages. (A) Cell viability was evaluated using the CCK-8 assay (n = 3) in RAW264.7 
cells following 24-hour exposure to LPS at concentrations from 0 to 10 μg/mL. One-way ANOVA was applied, and significance levels compared to 0 μg/mL LPS are indicated 
as ***p < 0.001, ****p < 0.0001. (B) Morphological changes observed in RAW264.7 cells following 24-hour LPS exposure (scale bar = 200 μm). (C–E) The mRNA levels of 
pro-inflammatory cytokines in RAW264.7 cells treated with LPS for 6 hours and 16 hours were quantified through qRT-PCR (n = 3). (F–H) ELISA (n = 3) was employed to 
measure cytokine secretion levels in the culture supernatants following LPS treatment for 6 and 16 hours. (I and J) The expression levels of iNOS and Arg-1 in RAW264.7 
cells subjected to LPS for 6 hours and 16 hours were analyzed through qRT-PCR (n = 3). Statistical analysis for (C–J) was performed using one-way ANOVA. Significance 
levels compared to 0 μg/mL LPS for 6 hours are represented as follows: *p < 0.05; **p < 0.01; *** p < 0.001; **** p < 0.0001; while “ns” indicates not significant. Significance 
levels compared to 0 μg/mL LPS for 16 hours are represented as follows: #p < 0.05; ##p < 0.01; ###p < 0.001; ####p < 0.0001.
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Macrophage-Derived LPS-Exo Instigates M1 Polarization and Ferroptosis-Related 
Characteristics in Recipient Cells
To delineate the biological functions of LPS-exo, RAW264.7 cells were subjected to treatment with the purified vesicles. As 
illustrated in Figure 3, compared to PBS-exo treatment, exposure to LPS-exo significantly upregulated iNOS and down
regulated Arg1 at the mRNA level (Figure 3A). At the same time, it enhanced the production of TNF-α, IL-1β, and IL-6, with 
their expression being elevated at both transcriptional (Figure 3B) and translational (Figure 3C) levels. More importantly, LPS- 
exo significantly upregulated ACSL4/HO-1 and downregulated SLC7A11/GPX4 at mRNA and protein levels (Figure 3D and 
E), and increased intracellular MDA content (Figure 3F). These findings demonstrated that LPS-exo alone is sufficient to 
function as an effector, inducing concurrent M1 polarization and ferroptosis-related characteristics in recipient macrophages.

Fer-1 Inhibits LPS-Exo-Induced M1 Polarization and Ferroptosis-Related 
Characteristics
To further determine whether ferroptosis-related processes are involved in LPS-exo-mediated macrophage activa
tion, recipient RAW264.7 cells were co-treated with Fer-1, a classical ferroptosis inhibitor. Our results showed that 
Fer-1 treatment significantly reversed the LPS-exo-mediated dysregulation of M1/M2 polarization markers 
(Figure 4A). Meanwhile, Fer-1 markedly suppressed the elevated mRNA expression of pro-inflammatory cytokines 
induced by LPS-exo (Figure 4B). Furthermore, Fer-1 restored the mRNA expression levels of ferroptosis-related 
genes (Figure 4C), reduced intracellular MDA content (Figure 4D), and reversed the abnormal protein expression 
of ferroptosis-associated molecules (Figure 4E). Collectively, these data demonstrate that Fer-1 effectively rescues 
LPS-exo-induced M1 polarization and ferroptosis-related characteristics in recipient macrophages.

Figure 2 Macrophages stimulated by LPS secrete exosomes enriched with miR-148a-3p. (A) A representative TEM image showing the morphology of isolated exosomes 
(scale bar = 100 nm). (B) Exosome size distribution and concentration were analyzed by NTA. (C) Exosomal markers, specifically TSG101 and CD63, along with the 
negative control marker Calnexin were detected by Western blotting. (D) Fluorescence imaging of RAW264.7 cells after a 24-hour incubation with 20 μg of PKH67-labeled 
exosomes (green: PKH67-labeled exosomes; blue: DAPI-stained nuclei; scale bar = 50 μm). (E) The absolute quantification of candidate miRNAs in exosomes isolated from 
RAW264.7 cells treated with PBS or LPS was performed using ddPCR (n = 3). (F) The relative expression levels of candidate miRNAs in recipient RAW264.7 cells post- 
exosome uptake were determined via qRT-PCR (n = 3). (G) The absolute quantification of candidate miRNAs in exosomes isolated from BMDMs treated with PBS or LPS 
was performed using ddPCR (n = 3). For (E and G), statistical analysis was performed using Student’s t-test. Significance levels, in comparison to the PBS-exo group, are 
indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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Figure 3 Macrophage-derived LPS-exo instigates M1 polarization and ferroptosis-related characteristics in recipient cells. (A) M1/M2 polarization markers in RAW264.7 
cells treated with 100 μg/mL exosomes for 24 hours were quantified using qRT-PCR (n = 3). (B) The mRNA levels of inflammatory cytokines in RAW264.7 cells following 
exosome treatment were analyzed using qRT-PCR (n = 3). (C) Levels of secreted cytokines in culture supernatants after exosome treatment were measured by ELISA (n 
= 3). (D) mRNA expression of ferroptosis-related genes (GPX4, SLC7A11, HO-1, ACSL4) in RAW264.7 cells treated with exosomes was evaluated via qRT-PCR (n = 3). (E) 
Protein levels of ferroptosis-related markers in RAW264.7 cells post-exosome treatment were detected by Western blotting. (F) The MDA concentration in RAW264.7 
cells following exosome treatment was assessed (n = 3). Statistical analysis for (A–D and F) was performed using Student’s t-test. Significance levels relative to the PBS-exo 
group are marked as: *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 4 Fer-1 inhibits LPS-exo-induced M1 polarization and ferroptosis-related characteristics. (A) The expression levels of M1/M2 macrophage markers in RAW264.7 
cells treated with PBS-exo, LPS-exo or LPS-exo + Fer-1 were analyzed by qRT-PCR (n = 3). (B) The mRNA expression of inflammatory cytokines in the above-treated cells 
was determined by qRT-PCR (n = 3). (C) The transcript levels of ferroptosis-related genes were measured by qRT-PCR (n = 3). (D) The MDA concentration in RAW264.7 
cells under the above treatments was detected (n = 3). (E) The protein expression levels of ferroptosis-related markers were examined by Western blotting. Statistical 
analysis was performed by one-way ANOVA. Compared with the LPS-exo group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Inhibition of miR-148a-3p Reverses LPS-Exo-Induced M1 Polarization and 
Ferroptosis-Related Characteristics
To ascertain the pivotal effect of miR-148a-3p in mediating the influences of LPS-exo, we utilized a miR-148a-3p inhibitor. 
The efficiency of the knockdown was validated through qRT-PCR (Figure 5A). Subsequent functional rescue experiments 
demonstrated that suppressing miR-148a-3p effectively counteracted the LPS-exo-driven alterations, including M1/M2 
polarization balance (Figure 5B), inflammatory cytokines production and secretion (Figure 5C and D), aberrant mRNA 
and protein expression of ferroptosis-associated molecules (GPX4, SLC7A11, HO-1, ACSL4) (Figure 5E and F) levels, as 
well as intracellular MDA levels (Figure 5G). In summary, miR-148a-3p served as a crucial effector molecule responsible for 
the pro-M1 polarization and pro-ferroptosis-related effects elicited by LPS-exo.

miR-148a-3p Directly Targets the Ferroptosis-Related Regulator SLC7A11
To clarify the direct molecular mechanismby which miR-148a-3p influences ferroptosis-related processes, we sought its 
downstream target. Bioinformatic analysis indicated a potential binding site for miR-148a-3p within the 3’UTR of 
SLC7A11, a key gene in ferroptosis-related regulation (Figure 6A). A dual-luciferase reporter assay substantiated this 
prediction, showing that miR-148a-3p mimics reduced the luciferase activity of WT SLC7A11 3’UTR reporter by 
1.8-fold, while no significant change was observed in MUT group (Figure 6B). These data provide compelling evidence 
that SLC7A11 is indeed a genuine functional target of miR-148a-3p.

Figure 5 Inhibition of miR-148a-3p reverses LPS-exo-induced M1 polarization and ferroptosis-related characteristics. (A) The knockdown efficiency of miR-148a-3p in 
RAW264.7 cells transfected with the inhibitor for 48 hours was confirmed by qRT-PCR (n = 3). (B) The expression levels of M1/M2 macrophage markers in cells that 
underwent transfection with the inhibitor and were subsequently treated with exosomes were analyzed via qRT-PCR (n = 3). (C) The mRNA expression of inflammatory 
cytokines in cells subjected to inhibitor transfection and exosome treatment was quantified using qRT-PCR (n = 3). (D) The production levels of cytokines in culture 
supernatants under inhibitor transfection and exosome treatment conditions were assessed through ELISA (n = 3). (E) Following inhibitor transfection and exosome 
treatment, the transcript levels of ferroptosis-related genes were evaluated using qRT-PCR (n = 3). (F) The protein expression levels of markers indicative of ferroptosis- 
related characteristics were analyzed by Western blotting following inhibitor transfection and exosome treatment. (G) The MDA concentration in RAW264.7 cells following 
inhibitor transfection and exosome treatment was measured (n = 3). Statistical analysis for all above experiments was performed as follows: For (A), Student’s t-test was 
used, with statistical significance denoted as *p < 0.05 compared to the NC inhibitor group. For (B–F), one-way ANOVA was applied, and significance levels compared to 
the LPS-exo + NC inhibitor group are indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Discussion
In this study, we demonstrate that LPS-stimulated Raw264.7 cells and primary BMDMs secrete exosomes highly 
enriched with miR-148a-3p. By directly targeting and suppressing SLC7A11, this exosomal miRNA concurrently 
induces M1 polarization and ferroptosis-related characteristics in recipient homologous macrophages in vitro, forming 
a paracrine amplification loop for inflammatory activation at the cellular level. These findings reveal a novel mechanism 
of homologous macrophage communication in response to LPS stimulation.

Although exosomal miRNAs are known to regulate macrophage function during bacterial infection, most studies have 
focused on exosomes from plasma or non-macrophage sources.23–26 In contrast, our findings highlight the critical role of 
homologous macrophage communication. We confirm that exosomes from LPS-activated macrophages are sufficient to 
drive M1 polarization independently of direct LPS exposure. Notably, we identify miR-148a-3p as the key functional 
mediator within these exosomes, while miR-128-3p fails to be effectively transferred and exert regulatory effects, 
possibly due to specific sorting and loading mechanisms of exosomal miRNAs.32–34 This shifts the paradigm, positioning 
exosomal miRNAs as active mediators rather than passive bystanders in immune regulation.

Beyond regulating polarization, we further show that exosomal miR-148a-3p induces ferroptosis-related character
istics in macrophages by downregulating SLC7A11/GPX4 and upregulating ACSL4/HO-1, leading to elevated MDA 
levels. This dual mechanism promoting both inflammation and ferroptosis-related characteristics creates a positive 
feedback loop that exacerbates cellular dysfunction in vitro. While previous models proposed a “vicious cycle” between 
these processes,35–37 we identify exosomal miR-148a-3p as a critical coordinator of this crosstalk in homologous 
macrophage communication in vitro.

Our findings identify exosomal miR-148a-3p as potential cellular targets for ameliorating Gram-negative bacterial 
infection-induced inflammatory macrophage activation in vitro. Inhibiting miR-148a-3p or restoring SLC7A11 expres
sion may simultaneously mitigate excessive inflammation and ferroptosis-related dysfunction in macrophages, providing 
a new dual-target research direction for in vitro anti-inflammatory injury strategies. However, several limitations and 
unanswered questions merit consideration. First, this study is confined to murine macrophage cell lines and primary 
BMDMs. Consequently, the findings cannot be directly generalized to human macrophages or clinical scenarios. Second, 
all experimental procedures were conducted in vitro, and the in vivo relevance of these findings still requires further 
validation. Third, our investigation solely focused on detecting ferroptosis-related characteristics, such as MDA levels 
and the rescue effect of Fer-1, while lacking direct lipid peroxidation assays (eg, BODIPY-C11 staining) and definitive 
measurements of ferroptosis-induced cell death. Therefore, we cannot definitively conclude that genuine ferroptosis has 

Figure 6 miR-148a-3p directly targets the ferroptosis regulator SLC7A11. (A) Predicted binding of miR-148a-3p to SLC7A11 (red letters indicate binding bases). 
(B) Luciferase activity was measured in 293T cells that were co-transfected with either miR-148a-3p mimics or negative control mimics and WT or MUT reporters of 
the SLC7A11 3’ untranslated region (UTR) (n = 3, one-way ANOVA; ****p < 0.0001 vs. mimics NC + WT reporter; ns, not significant vs. mimics NC + MUT reporter).
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occurred. Fourth, the upstream mechanism governing the sorting of miR-148a-3p into exosomes remains elusive. Future 
research endeavors should encompass studies involving human macrophages, in vivo models, direct ferroptosis detection 
methods, and in-depth mechanistic exploration of exosomal miRNA sorting processes.

Conclusion
Collectively, this study demonstrates that exosomal miR-148a-3p derived from LPS-activated murine macrophages 
mediates M1 polarization and ferroptosis-related characteristics in recipient macrophages by targeting SLC7A11 
in vitro. These findings reveal a new paracrine signaling pathway in macrophage inflammatory amplification induced 
by Gram-negative bacterial stimulation. Due to the in vitro nature and species limitation of this study, conclusions are 
restricted to cellular-level mechanisms and do not support direct generalization to systemic inflammation, sepsis 
progression, or clinical therapy. Further validation in human cells and in vivo models is required before translational 
applications can be considered.
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