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Abstract

Background: To investigate the protective role of dexmedetomidine (DEX) in sepsis-associated acute lung injury through the regulation
of macrophage ferroptosis. Methods: /n silico screening of GeneCards and FerrDb Vv3 databases was performed to identify ferroptosis-
related candidate genes modulated by dexmedetomidineDEX, lung injury, and macrophage activity, prioritizing nuclear factor erythroid
2-related factor 2 (Nrf2)/Nfe2l2 for subsequent experimental validation. A murine cecal ligation and puncture model of acute lung injury
(ALI) and lipopolysaccharide-stimulated macrophages were established and subjected to treatment with DEX and/or the Nrf2 inhibitor
ML385. Glutathione peroxidase 4 (GPX4), Nrf2, and heme oxygenase-1 (HO-1) protein levels were analyzed using western blotting.
Ferroptosis and oxidative stress markers (superoxide dismutase [SOD], glutathione [GSH], iron content, reactive oxygen species [ROS],
malondialdehyde [MDA]) were measured. Samples of fresh lung tissue were observed by electron microscopy. Macrophage phenotypes
and tumor necrosis factor alpha (TNF-a) expression were assessed. Macrophage-conditioned medium was used to culture non-small
cell adenocarcinoma epithelial cells (A549), and cell migration was evaluated. Proliferation-related proteins (matrix metalloprotease 9
[MMP-9] and Snail-1), key tight junction proteins (zonula occludens-1 [ZO-1] and occludin) and the apoptotic status were also analyzed.
Results: DEX significantly reduced ROS, iron content, and MDA levels while concomitantly increasing SOD activity and GSH content in
both ALI model mice and LPS-treated macrophages. DEX inhibited pro-inflammatory M1 macrophage polarization with a concomitant
decrease in TNF-a release through Nrf2-dependent mechanisms. DEX was found to mitigate inflammatory microenvironment-induced
macrophage ferroptosis through activation of Nrf2 signaling, thereby reducing damage in A549 cells. This effect may be linked to the
regulation of macrophage inflammatory phenotypes. Conclusions: DEX improved sepsis-associated ALI by inhibiting macrophage
ferroptosis and polarization toward the M1 type by activation of the Nrf2/HO-1 pathway.
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1. Introduction volve the overproduction of inflammatory cytokines and
aberrant responses of macrophages and other immune cell
populations, leading to an exaggerated inflammatory re-
sponse and damage to the lung tissue [4]. Macrophages
play a pivotal role in regulating the fundamental processes
of the inflammatory response and the repair of damaged
lung tissue in ARDS [5], including macrophage polariza-
tion. Resident macrophages within tissues recruit and ac-
tivate macrophages to release pro-inflammatory cytokines,
inducing neutrophil infiltration, which aggravates inflam-
mation, destroys the endothelial barrier, and worsens lung
injury [6]. Therefore, investigating the pathogenic mech-
anisms through which macrophages shape lung damage

Sepsis is a serious condition resulting from a dysreg-
ulated systemic host response to an infectious agent, ulti-
mately causing severe organ failure that can be fatal [1].
Annually, there are 48.9 million new sepsis cases world-
wide, contributing to 19.7% of global mortality [2]. The
lungs are highly susceptible to severe immune-related dam-
age in sepsis, which can progress to acute lung injury and
respiratory distress syndrome (ALI/ARDS). Cohort study-
derived evidence has established ALI as the earliest com-
plication of sepsis and revealed that it is linked to the high-
est mortality rate, which can reach as high as 60% [3].
Key immunopathological hallmarks of ALI in sepsis in-
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represents an important direction for research focused on
sepsis-associated ALI [7].

During the development of sepsis, host tissues expe-
rience multiple types of cell death, including programmed
necrosis, apoptosis, and ferroptosis. This latter form of
programmed cell death, first identified in 2012 [8,9], in-
volves lipid peroxidation and membrane iron accumulation
within cells, leading to reduced glutathione peroxidase 4
(GPX4) activity and subsequent cell death [10]. Emerg-
ing evidence increasingly suggests that ferroptosis signifi-
cantly contributes to sepsis-associated multi-organ damage
[11,12]. Iron overload triggers lipid peroxidation and the
proliferation of fibroblasts through its effects on alveolar
epithelial cells and neutrophils, thereby intensifying inflam-
matory responses and triggering lung fibrosis [13]. Exper-
imental models of ALI reported exhibit elevated levels of
ferroptotic markers (iron content, reactive oxygen species
[ROS], and malondialdehyde) along with decreased glu-
tathione (GSH) levels. Mitigating ferroptosis reduces lung
injury [ 14], demonstrating that targeting ferroptotic activity
in immune cells may offer a novel therapeutic approach to
ALI treatment [15].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
core transcription factor that regulates cellular redox home-
ostasis. Activation of NRF2 upregulates the expression
of multiple antioxidant and cytoprotective genes, includ-
ing heme oxygenase-1 (HO-1) and GPX4, and is consid-
ered a key defense pathway against ferroptosis [16]. Stud-
ies have shown that activation of the Nrf2 pathway in
macrophages—for example, by itaconate derivatives such
as 4-octyl itaconate or by naringenin—can inhibit ferropto-
sis in macrophages themselves, promote their polarization
toward the anti-inflammatory M2 phenotype, and reduce
the release of pro-inflammatory cytokines, thereby exerting
protective effects against lung injury [17,18].

Dexmedetomidine (DEX) is a highly selective agonist
at the a2 adrenergic receptor. DEX is prominently found in
hematopoietic and immune tissues, where it plays a crucial
role in orchestrating the inflammatory immune response
[19]. In previous studies, we found that DEX can reduce
myeloperoxidase (MPO) and inflammatory cytokine activ-
ity to abrogate lung injury in cecal ligation and puncture
(CLP) mice [20]. DEX has also been found to modulate
macrophage phenotypes [21] and to alleviate the inflam-
matory activation of nonventilated lung tissues [22]. No-
tably, DEX can inhibit ferroptosis and protect against tis-
sue damage in the context of renal [23], myocardial [24],
and liver [25] injury following renal ischemia/reperfusion.
These prior data thus implicate ferroptosis and macrophage
polarization as key mechanisms through which DEX may
exert its regulatory and protective effects on macrophages
in the context of sepsis.

To clarify the effects of DEX on macrophages and
the broader immune response in the context of post-septic
lung injury, in the present study, we employed a murine

CLP model of ALI, in addition to exposing RAW264.7 cells
to lipopolysaccharide (LPS). To assess the impact of DEX
on macrophage activity and ferroptosis-related pathways,
cells were administered DEX, the selective Nrf2 inhibitor
ML38S5, or were left untreated, thus offering additional in-
sight into the role of Nrf2 in DEX-mediated macrophage
activity and ferroptosis.

2. Materials and Methods
2.1 Candidate Gene Screening

To gain bioinformatics evidence supporting the no-
tion that Nrf2 is the central mediator linking DEX treat-
ment, sepsis pathophysiology, and ferroptosis, we per-
formed a systematic intervention screening. Genes related
to lung injury, DEX, and macrophages were obtained from
GeneCards (https://www.genecards.org/, Version 6.1 - June
17,2026), with a Venn diagram being used to identify over-
lapping candidate genes. Ferroptosis-related genes were
identified through the Ferrdb V3 database (https://www.zh
ounan.org/ferrdb/v3/pages/index.html, Version FerrDb V3
2025), and their overlap with other candidate genes was
similarly evaluated with a Venn diagram, thus establishing a
list of ferroptosis-related genes that are also associated with
DEX, lung injury, and macrophages.

2.2 Reagents

Dexmedetomidine (Sigma-Aldrich, SML0956); LPS
(Sigma-Aldrich, #L2880); ML385 (MCE, Y-100523),
RSL3 (Selleck, S8155), Ferroptosis-IN-22 (MCE, HY-
175869), FerroOrange (Fe?" indicator) probe (maokang-
bio, MX4559) and a tumor necrosis factor alpha (TNF-
o) enzyme-linked immunosorbent assay (ELISA) kit (4A
Biotech, CME0004) were used for this study. Utilized anti-
bodies are detailed in the corresponding Methods sections.

2.3 Animals

Male C57BL/6 mice (6-8 weeks, 18-22 g) were ob-
tained from the Experimental Animal Center of Chongqing
Medical University. Mice were maintained in specific
pathogen free (SPF)-grade barrier facilities with ad libitum
access to sterilized feed and water. The experimental proce-
dures in this project were approved by the Laboratory Ani-
mal Management and Use Committee of Chongqing Med-
ical University (IACUC-CQMU-2023-0466) and were in
accordance with national regulations and principles con-
cerning animal protection, welfare, and ethics.

2.4 Experimental Animal Treatment

Animals were randomly allocated to experimental
groups using a random number table method. Mice were
subjected to CLP modeling as described previously [23].
Briefly, the mice were anesthetized with 5% isoflurane for
induction and maintained with 2% isoflurane during the sur-
gical procedure, after which a midline abdominal incision
was made. The cecum was ligated and punctured with a
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22-gauge needle to release a small amount of stool, repo-
sitioned, and the wound was closed. The sham group un-
derwent the same procedure without the ligation and punc-
ture steps. Mice were categorized into four groups: sham,
CLP, CLP + DEX, and CLP + DEX + ML385. For the
CLP group: Mice underwent CLP surgery and received
a single intraperitoneal injection of 50 pL. PBS at 30 min
post-CLP. DEX group: Mice underwent CLP surgery and
received a single intraperitoneal injection of dexmedeto-
midine (50 pg/kg body weight, dissolved in 50 uL. PBS)
at 30 min post-CLP. For ML385, the relevant group re-
ceived an intraperitoneal injection of ML385 (30 mg/kg) 30
min before the CLP procedure, and all groups received an
equivalent volume of DMSO as a vehicle control, follow-
ing a well-established dosing regimen from our prior work.
Sham group: Mice underwent the same surgical procedure
without cecal ligation and puncture, and received an equal
volume of PBS at the same time points. All experiments
were performed using three independent biological repli-
cates. At the experimental endpoint (24 h post-operation),
mice were humanely euthanized for tissue collection. First,
mice were anesthetized via inhalation of 5% isoflurane for
induction, after which the concentration was maintained at
2%. Subsequently, euthanasia was performed by exposure
to 100% medical-grade carbon dioxide (CO;) in a transpar-
ent sealed chamber. CO, was introduced at a flow rate that
displaced 30% to 70% of the chamber volume per minute,
a method recommended to minimize distress. To ensure ir-
reversible death, the exposure to CO, was maintained for a
minimum of 5 min after the cessation of breathing was ob-
served. Death was confirmed by verifying the absence of a
pedal reflex, respiratory arrest, and fixed pupil dilation. The
entire lungs were removed, and the coronal tissue charac-
teristics were then observed. Lung and blood samples were
collected and stored at —80 °C.

2.5 Lung Wet-to-Dry Ratio Measurement

Twenty-four h after the CLP procedure, mice were eu-
thanized. Lung tissues were extracted and weighed to ob-
tain the wet weight of the lungs. The wet-to-dry ratio (W/D)
was then derived by measuring the dry weight of the lungs.

2.6 Cell Culture and Drug Treatment

The murine RAW264.7 cell line (Mus musculus-
derived male abdominal macrophage cell line; RAW 264.7
[TIB-71], RRID CVCL_0493) was obtained from the Stem
Cell Bank of the Chinese Academy of Sciences in October
2022. A549 cells (Homo sapiens, male, lung adenocarci-
noma; CCL-185, RRID: CVCL_0023) were obtained from
the Stem Cell Bank of the Chinese Academy of Sciences
in May 2023. Short tandem repeat (STR) profiling was
used to authenticate the cell lines, yielding matching rates
of 98.2% for RAW264.7 cells against the American Type
Culture Collection (ATCC) TIB-71 reference and 99.1% for
A549 cells against the ATCC CCL-185 reference, confirm-
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ing their identity and the absence of cross-contamination ac-
cording to the International Cell Line Authentication Com-
mittee (ICLAC) database. Samples were confirmed to be
negative for mycoplasma contamination based on quanti-
tative polymerase chain reaction (qQPCR) analysis targeting
the mycoplasma 16S rRNA gene.

All cells were cultured in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin (Gibco, USA)
under at 37 °C in a humidified atmosphere containing 5%
CO;. Cells were categorized into four groups: Control,
LPS, LPS + DEX, and LPS + DEX + ML385. Cells in
appropriate groups were treated for 24 h with LPS (100
ng/mL), DEX (1 uM), and/or ML385 (1 uM).

2.7 Ferroptosis Inhibition and Ferroptosis Activation
Experiments

To definitively clarify the causal relationship between
ferroptosis and macrophage polarization, we performed tar-
geted intervention experiments in vitro model using the
classical ferroptosis inducer RSL3 and the ferroptosis in-
hibitor Ferroptosis-IN-22 (Fer-IN-22, MCE, HY-175869).
Ferroptosis activator RSL3 (Selleck, S8155) (3 uM, for 6
h) was added on the basis of the LPS+DEX group. The
Ferroptosis inhibitor Fer-IN-22 (4 uM, for 6 h) was added
as a positive control on the basis of the LPS group.

2.8 gPCR

After treating RAW264.7 cells in the Control, LPS
(100 ng/mL), and DEX (1 uM) groups, changes in the ex-
pression of key macrophage-related genes were assessed by
gPCR. RNAiso+ (Takara, 9109) was used to isolate total
RNA from RAW264.7 cells, after which qPCR was per-
formed with a Bio-Rad PCR system (USA) utilizing TB
Green™ Premix Ex Taq™ II (Tli RNaseH Plus) from Takara
(RR820A). The 224t method was then used for analysis.

The primer sequences used in this study are listed be-
low:

Nrf2-F:  GGCAGAGACATTCCCATTTGTAG, R:
TCGCCAAAATCTGTGTTTAAGGT.

HmoxI-F: AAGCCGAGAATGCTGAGTTCA, R:
GCCGTGTAGATATGGTACAAGGA.

Ngol-F: AGGATGGGAGGTACTCGAATC, R: AG-
GCGTCCTTCCTTATATGCTA.

Gcle-F: TGGCCACTATCTGCCCAATT, R: GTCT-
GACACGTAGCCTCGGTAA.

Mouse f-Actin-F: CACCATGTACCCAGGCATT-3,
R: CAGCTCAGTAACAGTCCGCC-3'.

2.9 Histological Analysis

The right upper lung lobe of each lung was fixed in 4%
paraformaldehyde overnight, followed by paraffin embed-
ding, sectioning, and staining with hematoxylin and eosin
(H&E). Pathological images were then obtained under an
optical microscope. The Mikawa method [26] was em-
ployed to evaluate lung injury scores. For histological anal-
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ysis, lung injury scoring was performed independently by
three researchers blinded to the experimental groups using
the Mikawa criteria. The total score was designated as an
ALI score.

2.10 Immunohistochemistry

Paraffin-embedded sections underwent deparaffiniza-
tion, followed by rehydration with a 95% ethanol gradient.
Antibodies specific for MPO (Servicebio, GB150006) and
TNF-a (Servicebio, GB15188) were applied to tissue sec-
tions and incubated overnight at 4 °C, followed by micro-
scopic imaging. Immunohistochemistry (IHC) quantitative
analysis was conducted under strictly blinded conditions.
For each sample, at least five high-power fields (x400) were
randomly captured by a researcher who was unaware of the
group allocation. The percentage of positive cells and the
staining intensity were independently evaluated by another
researcher, also blinded to the sample origin, using ImageJ
software. The average value of these five fields was then
calculated to represent the final result for each sample.

2.11 Transmission Electron Microscopy

Lung samples (1 mm?®) were promptly fixed in elec-
tron microscopy solution after collection. A 1% osmium
solution was used for fixation, and samples were de-
hydrated using an ethanol gradient before being buried
and sliced. Mitochondrial ultrastructural characteristics
in cells with macrophage-like morphology from lung tis-
sue were then determined by transmission electron mi-
croscopy (Hitachi, Japan). For cell identification, we fo-
cused on cells with macrophage-like morphology, defined
as mononuclear cells containing abundant cytoplasm, irreg-
ular cell surface projections, and characteristic cytoplas-
mic organelles including phagolysosomes and heteroge-
nous vacuoles. Cells exhibiting these morphological fea-
tures were selected for mitochondrial analysis. At least
five randomly selected fields per sample were examined,
and the analysis was performed by two independent inves-
tigators blinded to group allocation. Representative im-
ages showing typical mitochondrial features of ferropto-
sis (e.g., shrunken mitochondria with increased membrane
density, reduced or absent cristae, and outer membrane rup-
ture) were selected for presentation.

2.12 Measurement of GPX4 Enzymatic Activity

Specific GPX4 enzymatic activity was measured us-
ing the GPX4 Activity Assay Kit (BC6260, Solarbio,
China). Briefly, cells were harvested and lysed to obtain the
supernatant. The assay is based on a glutathione reductase-
coupled reaction where the oxidation of nicotinamide ade-
nine dinucleotide phosphate (NADPH) is monitored. Sam-
ples were incubated with or without a specific GPX4 in-
hibitor at 37 °C for 1 h. Subsequently, the reaction was ini-
tiated by adding the working solution, and the absorbance
at 340 nm was monitored over a 5-min period at 25 °C using

a UV-spectrophotometer. The specific GPX4 activity was
calculated based on the rate of decrease in A340 (represent-
ing NADPH consumption) and normalized to the protein
concentration (U/mg protein).

2.13 Detection of Fe’* Ions Assay

The contents of Fe?" in RAW264.7 cells were deter-
mined according to the manufacturer’s instructions. Fer-
roOrange (1 uM, an intracellular Fe?* ions probe, MX4559-
24UG; Shanghai Maokang Biotechnology Co.) dispersed
in serum-free medium was added to the cells, and cells were
incubated for 30 min in a 37 °C incubator, and cells were
then collected. Finally, the colocalization of Fe?* fluores-
cence and cellular bright-field images was observed under
a confocal fluorescence microscope (Olympus).

2.14 Lipid Peroxidation MDA Assay

Lipid peroxidation was assessed by measuring MDA
levels using Lipid Peroxidation MDA Assay kit (Bey-
otime, S0131S). Cells are homogenized in PBS or lysis
buffer (10% w/v tissue, 0.1 mL per 10° cells), centrifuged
(10,000-12,000 xg, 10 min). Protein quantification (bicin-
choninic acid [BCA] kit) is recommended for normaliza-
tion. TBA stock (0.37%) and MDA working solution
(freshly prepared) are used. Reaction setup: 0.1 mL sam-
ple/standard + 0.2 mL working solution. Incubate at 100 °C
for 15 min, cool, centrifuge (1000 xg, 10 min), and read ab-
sorbance at 532 nm (or 530-540 nm). MDA concentration
is derived from a standard curve (1-200 pM).

2.15 SOD Analysis

A total SOD assay was used to evaluate the antioxi-
dant capacity and oxidative stress level of tissues and cells.
Briefly, 100 pL of the SOD sample preparation solution was
added for every 10 mg of lung tissue or 1 x 10 cells. The
homogenate was centrifuged for 5 min at 12,000 xg, af-
ter which the supernatant was processed as indicated by the
manufacturer (Beyotime S0101S).

2.16 Glutathione (GSH) Analysis

A commercial kit (Nanjing Jiancheng Bioengineering
A006-2-1) was used to assess GSH as a measure of redox
balance and antioxidant activity. Briefly, 20 mg of lung
tissue was homogenized in 180 pL of normal saline, while
treated cells were lysed in radioimmunoprecipitation assay
(RIPA) lysis buffer. The homogenate was then centrifuged
at 2500 rpm for 10 min to collect the supernatant, followed
by the determination of GSH content.

2.17 Iron Content Detection

Samples of lung tissue (20 mg) and cell precipi-
tates were to be homogenized with lysis buffer using their
corresponding commercial kit (Jiancheng Bioengineering,
A039-2-1). The lysis buffer was mixed with the test reagent
prior to being immersed in boiling water (>95 °C) for five
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min. After cooling, samples were centrifuged for 5 min at
3500 rpm to extract the upper layer. Absorption was mea-
sured at 520 nm. Iron content was measured with a standard
curve.

2.18 Cellular ROS Analyses

Measurement of intracellular ROS production was ac-
complished using the redox-sensitive fluorescent DCFH-
DA probe supplied in a commercial kit (Beyotime,
S0033S). Cells were incubated in the dark with DCFH-DA
(10 uM) for 30 min and analyzed by flow cytometry. De-
tection of DCF fluorescence was performed using excita-
tion and emission wavelengths of 488 nm and 525 nm, re-
spectively. Live cells were identified based on FSC/SSC,
and the mean fluorescence intensity (MFI) was calculated
using a histogram-based approach.

2.19 Enzyme-Linked Immunosorbent Assay (ELISA)

A TNF-a ELISA kit (4 A Biotech, CME0004-F-096)
was used to analyze murine serum and cell supernatant sam-
ples. Samples were centrifuged at 1000 xg for 5 min and
transferred to the wells of the pre-coated ELISA plate. Sub-
sequent steps were performed based on the provided in-
structions. Absorbance at 450 nm was recorded using an
ELISA plate reader to quantify TNF-a levels.

2.20 Nuclear and Plasma Protein Separation

Detection of Nrf2 nuclear entry was performed as per
the protocol provided with the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime, P0027). Cell precipitates
were then combined with pre-cooled cytoplasmic protein
extraction reagent A (containing RNase inhibitor), vigor-
ously vortexed, and incubated in an ice bath for 10—15 min.
Reagent B was then added, the samples were vortexed, and
they were then incubated in an ice bath for 1 min. Follow-
ing centrifugation at 4 °C (12,000-16,000 xg, 5 min), the
cytoplasmic fraction was retained in the supernatant, while
the precipitate was resuspended in nuclear protein extrac-
tion reagent, vortexed, incubated in an ice bath for 40 min,
and centrifuged to obtain the supernatant containing the nu-
clear protein fraction.

2.21 Western Blotting

RIPA lysis buffer (Beyotime, PO013B) supplemented
with phenyl methyl sulfonyl fluoride (PMSF) and phos-
phatase inhibitors was employed to extract proteins from
lung tissue and cultured cells. The protein concentra-
tion in each lysate was measured using a BCA Protein
Assay Kit (Beyotime, P0011). The primary antibody
was incubated overnight at 4 °C. The primary antibod-
ies used were specific for HO-1 (Proteintech, 66743-1),
GPX4 (Proteintech, 67763-1), Nrf2 (Proteintech, 80593-
1), inducible nitric oxide synthase (iNOS) (Proteintech,
18985-1-AP), matrix metalloprotease 9 (MMP-9) (Pro-
teintech, 10375-1-AP), and Snail-1 (Proteintech, 13009-
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1-AP), Occludin (abcam, ab216327), zonula occludens-
1 (ZO-1) Polyclonal antibody (proteintech, 21773-1-
AP). Horseradish peroxidase (HRP)-conjugated B-Actin
(ACO028; 1:5000, ABclonal, China; used as a load-
ing control); Anti-glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (ABclonal, 3523011717) and anti-LaminB1
(Proteintech, 12987-1-AP) served as loading controls.
HRP-conjugated secondary antibodies (Affinity S0001 and
Affinity S0009) were then applied to the membranes for one
hour at room temperature. Quantification of protein bands
was subsequently performed using a Fusion gel imaging
system.

2.22 Immunofluorescence

Immunofluorescence (IF) staining for macrophage
phenotypic markers was performed on RAW264.7 cells
and paraffin-embedded lung sections. For RAW264.7
cells, following fixation and permeabilization, the cells
were blocked with BSA (Servicebio, G1233) and incu-
bated overnight at 4 °C with primary antibodies: mouse
monoclonal anti-CD206 (Proteintech, 60143-1-Ig) and rab-
bit polyclonal anti-iNOS (Proteintech, 22226-1-AP). After
washing, the cells were incubated with the corresponding
secondary antibodies: FITC-conjugated goat anti-mouse
IgG (H+L) (Affinity, #S0007) to detect CD206 (green flu-
orescence) and Cy5-conjugated goat anti-rabbit IgG (H+L)
(Servicebio, GB27303, 1:200) to detect iNOS (red fluores-
cence).

For lung tissue sections, the samples underwent de-
waxing, antigen retrieval, and blocking of endogenous
peroxidase activity with 3% hydrogen peroxide prior to
BSA blocking. The sections were sequentially incubated
with anti-CD206, anti-iNOS, and anti-F4/80 (Servicebio,
GB113373, 1:200) using the Tyramide Signal Amplifica-
tion multiplex method, followed by the application of their
corresponding secondary antibodies, with microwave treat-
ment applied between cycles to strip the previously bound
antibody complexes.

Finally, all samples were counterstained with 4',6-
diamidino-2-phenylindole (DAPI) (Servicebio, G1012) for
nuclear visualization, mounted, and the images were cap-
tured using a laser confocal microscope.

2.23 Flow Cytometry

Twenty-four hours after CLP-induced mouse model
establishment, alveolar lavage fluid (BALF) was col-
lected and centrifuged. Collected cells were stained with
FITC anti-mouse CD170 (Siglec-F) (Biolegend, 155504),
PE/Cyanine 7 anti-mouse CD11c (Biolegend, 117317), PE
anti-mouse CD86 (Biolegend, 105008), and APC anti-
mouse CD206 (Biolegend, 141708) for 30 min at 4 °C
in the dark. Cells were then analyzed using a flow cy-
tometer. Flow-cytometry gating was established by a re-
searcher blinded to the group assignments, and all samples
were analyzed using identical gating parameters through-
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out the study. Alveolar macrophages (AM) were identified
as Siglec-F+ CDl11c+ cells. The ratio of gated CD206+ to
CD86+ AMs was then analyzed.

2.24 Conditioned Medium Treatment

A549 cells were treated with 100 ng/mL LPS for 24 h.
The culture supernatants from RAW264.7 cells of different
experimental groups were subsequently used to stimulate
A549 cells for an additional 24 h, including medium from
the Control, LPS, LPS + DEX, and LPS + DEX + ML385
groups. A549 cells were then used for downstream analy-
sis. A549 cells were first pre-treated with LPS (100 ng/mL)
for 24 h to induce epithelial cell injury. The medium was
then removed, and the cells were incubated for an additional
24 h with conditioned medium derived from differentially
treated, including medium from the Control, LPS, LPS +
DEX, and LPS + DEX + ML385 groups.

2.25 Wound Healing Assay

A549 cells were cultured in 24-well plates until con-
fluent, at which time two cross-shaped wounds were gen-
erated in each monolayer using a 200-uL pipette tip. Cells
were co-cultured with macrophage-conditioned medium for
48 h. Digital images were captured using an inverted phase-
contrast light microscope with a digital camera at 0 and 48
h post-wounding. The distance of cell migration was ana-
lyzed using ImageJ. Wound closure (%) = (Initial Scratch
Area — Scratch Area at 48 h)/Initial Scratch Area * 100%.

2.26 Flow Cytometry Apoptosis Analyses

A549 cells were harvested for apoptosis analyses
performed with an Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) detection kit (MA0220;
Meilunbio), followed by flow cytometry analyses. FlowJo
V10 was used for downstream analysis to determine the
number of PI+ Annexin V+ late-stage apoptotic cells.

2.27 Statistical Analysis

Data were analyzed using GraphPad Prism 10 (Graph-
Pad Software, USA) and are presented as mean = SD. All
in vivo experiments were performed using independent bi-
ological replicates (n = 3 animals per group). Assuming a
normal distribution a priori for these continuous biological
metrics, differences among multiple groups were evaluated
using one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. The effect sizes for key endpoints
(specifically, histological analysis and immunohistochem-
istry [IHC] quantifications) were calculated and reported as
Cohen’s d. A two-sided p value < 0.05 was considered sta-
tistically significant.

3. Results

3.1 DEX Mitigates CLP-Induced Acute Lung Injury in
Mice Via Nrf2

GPX4 plays a crucial role in inhibiting ferroptosis, and
DEX was found to enhance pulmonary GPX4 expression
in treated mice (Fig. 1a). To gain bioinformatics evidence
supporting the notion that Nrf2 is the central mediator link-
ing DEX treatment, sepsis pathophysiology, and ferropto-
sis, we performed a systematic intervention screening. The
GeneCards database was searched for genes related to lung
injury, DEX, and macrophages, yielding 6672, 311, and
14907 candidate genes, respectively, including 247 com-
mon genes shared among these three categories. A com-
parison of these 247 genes with ferroptosis-related genes
obtained from FerrDb V3 revealed 3 overlapping genes, in-
cluding Hmox1, Nfe2i2, Sic7all (Fig. 1b). The Nrf2 pro-
tein encoded by the Nfe2l2 gene serves as a key transcrip-
tion factor that coordinates cellular antioxidant defenses.
During oxidative stress, Nrf2 translocates to the nucleus,
whereupon it activates antioxidant genes (e.g., HO-1), di-
minishes free iron accumulation, and inhibits both lipid per-
oxidation and ferroptosis [27]. Nrf2 was identified as a pu-
tative candidate gene in the above analysis, and qPCR fur-
ther confirmed an increase in Nrf2 expression in the LPS
group, with a further increase observed in the DEX group
(Fig. 1c). In murine lung tissue, protein levels of Nrf2 and
its downstream target HO-1 were increased by DEX treat-
ment after CLP modeling (Fig. 1d). To test the importance
of Nrf2 in this model, the effects of DEX and the Nrf2 in-
hibitor ML385 on CLP-induced ALI were examined. DEX
treatment reduced pathological lung damage as compared
to the CLP model group, as evidenced by changes in lung
tissue color, the alleviation of pulmonary edema, and the
corresponding reduction of lung injury scores (Fig. le—g;
Cohen’s d = 6.46). Immunohistochemical staining revealed
a significant reduction in MPO (Fig. 1h; Cohen’s d = 4.59)
and TNF-a (Fig. li; Cohen’s d = 3.41) levels in lung tis-
sue after DEX treatment. Furthermore, serum TNF-a lev-
els were markedly reduced after DEX treatment (Fig. 1j).
However, these therapeutic effects were partially reversed
by ML385 treatment (Cohen’s d for reversal: lung injury
score = 3.27; MPO = 9.02; TNF-a = 3.23). Together, these
results suggest that DEX reduces systemic inflammation
and ALI in CLP model mice, likely through the enhanced
activation of the Nrf2/HO-1 axis.

3.2 DEX Prevents Ferroptosis in Cells With
Macrophage-Like Morphology of Lung Through the
Nrf2/HO-1 Pathway

DEX treatment was found to increase Nrf2 and HO-1
protein levels, whereas ML385 inhibited this effect (Fig.
2a,b). GPX4 levels in the lungs rose substantially after
DEX administration, whereas they decreased in the con-
text of ML385 pretreatment, consistent with the regulation
of ferroptosis in lung tissue (Fig. 2c). Consistently, pul-

&% IMR Press


https://www.imrpress.com

DEX = - ®

I

itz kD
. . .

et El o

HO-1 [ e o | 33kDa

Nrf2/@-actin

Bactin| e @m— ——  $2kDa

Lung Injury Score

Lung wet-to-dry ratio

. sham cLp

e SN
CLP+DEX CLP+DEX+ML385

TNF-a posotive cell/Nucleated cell
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factor erythroid 2-related factor 2 (Nrf2). (a) Western blotting analysis of glutathione peroxidase 4 (GPX4) levels in lung tissue. (b)
Venn diagram representation of common candidate target genes. (c) Nrf2 gene expression in RAW 264.7 cells. (d) Western blotting
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(scale bar: 200 um). Lower panel: High-magnification inset highlighting cellular details (scale bar: 50 pm). (h,i) Inmunohistochemistry
analysis of myeloperoxidase (MPO) and tumor necrosis factor alpha (TNF-a) in lung tissue. Upper panels: Low-magnification views
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monary analyses of ferroptosis-related markers revealed de-
creased SOD activity and GSH levels in CLP model mice,
together with significantly elevated iron content compared
to the sham group. DEX restored GSH and SOD activity in
treated mice (Fig. 2d,e). In addition, DEX reduced CLP-
induced increases in iron content (Fig. 2f). These effects
were partially reversed by treatment with ML385. Trans-
mission electron microscopy analysis of lung tissue sections
revealed distinct mitochondrial ultrastructural alterations in
mononuclear cells with macrophage-like morphology. In
the CLP model group, these cells exhibited mitochondrial
shrinkage, increased membrane density, reduced or absent
cristae, and outer membrane rupture, consistent with fea-
tures of ferroptosis-associated mitochondrial damage. In
the CLP+DEX group, these ferroptotic mitochondrial al-
terations were notably alleviated, and mitochondrial in-
tegrity was partially restored, suggesting a protective effect
of DEX on mitochondrial ultrastructure. Co-administration
of the Nrf2 inhibitor ML385 partially attenuated the protec-
tive effects of DEX, as evidenced by the reappearance of
mitochondrial shrinkage, reduced matrix electron density,
and disrupted cristae in the CLP+DEX+ML385 group (Fig.
2g). DEX thus appears to exert a regulatory effect on fer-
roptosis in cells with macrophage-like morphology in lung
while this regulatory effect is reversed by the inhibition of
Nrf2.

3.3 DEX Mitigates LPS-Triggered Ferroptosis in
RAW?264.7 Cells Via the Nrf2/HO-1 Signaling Pathway

Electron microscopy results suggested that DEX reg-
ulates ferroptosis in cells with macrophage-like morphol-
ogy of lung tissue. As such, a macrophage inflamma-
tion model was established using RAW264.7 cells to ex-
plore how LPS-induced ALI correlates with ferroptosis un-
der in vitro conditions. The nuclear protein Nrf2 was ex-
tracted, and DEX treatment was found to enhance its ex-
pression, suggesting an increase in Nrf2 nuclear entry (Fig.
3a), with concomitant upregulation of the downstream pro-
tein HO-1 (Fig. 3b). Inhibition of Nrf2 led to a reduc-
tion in GPX4 levels (Fig. 3c). An increase in GSH and
SOD levels was noted in the DEX group compared with
the LPS group (Fig. 3d,e), and DEX significantly reduced
the LPS-driven increase in intracellular iron content and
MDA levels (Fig. 3f,g). The anti-ferroptotic effects of
DEX were partially attenuated by ML385, consistent with
our in vivo results. To truly reflect the dynamic catalytic
kinetics of the enzyme, we determined the enzyme activity
of GPX4. The results indicated that following LPS stimula-
tion, GPX4 enzymatic activity was significantly decreased
in RAW264.7 (Fig. 3h), whereas DEX intervention effec-
tively restored its catalytic activity. Furthermore, this ther-
apeutic effect was reversed by the co-administration of the
Nrf2 inhibitor ML385. To detect intracellular Fe** with
higher specificity we performed live-cell imaging analysis
using the FerroOrange probe. DEX treatment reduced intra-

cellular Fe?* fluorescence in LPS-stimulated macrophages,
indicating clearance of iron overload. Co-administration
of ML385 reversed this effect, restoring high Fe?" sig-
nals(Fig. 3i). As highly reactive oxygen-derived com-
pounds produced during oxygen metabolism, ROS play a
dynamic regulatory role in shaping ferroptosis, oxidative
stress, and inflammatory microenvironments. Flow cytom-
etry was used to assess ROS content based on MFI values,
revealing that the LPS-induced rise in ROS levels was ame-
liorated by DEX treatment, whereas these levels rose again
in the ML385 treatment group (Fig. 3j). To confirm that
DEX exerts its effects by modulating ferroptosis, we per-
formed additional intervention experiments using the fer-
roptosis inhibitor Fer-IN-22. Our results showed that under
LPS stimulation, the Fer-IN-22 intervention group exhib-
ited a phenotype highly consistent with that of the DEX-
treated group. Specifically, GPX4 expression levels were
significantly restored(Fig. 3k), MDA accumulation was
markedly suppressed(Fig. 31). The findings demonstrate
that DEX suppresses ferroptosis and oxidative stress in vitro
through the Nrf2/HO-1 pathway.

3.4 DEX Inhibits M1 Macrophages In Vitro and In Vivo
Through the Nrf2/HO-1 Pathway

We previously found that changes in the inflamma-
tory microenvironment promote programmed cell death
in macrophages [28], with these effects being related to
macrophage polarization. As such, we proceeded to inves-
tigate the potential of DEX to regulate the inflammatory
phenotypic polarization of macrophages via Nrf2. iNOS
and CD86 are M1 macrophage markers, whereas CD206
is a marker for the M2 phenotype. Western blotting and
IF staining revealed that iNOS expression was enhanced in
the LPS group and markedly decreased after DEX admin-
istration, whereas it was elevated in response to ML385
treatment in vitro (Fig. 4a,b). In vivo, bronchoalve-
olar lavage fluid was isolated from mice and subjected
to flow cytometry to quantify surface marker expression
on AMs (Siglec-F*CD11¢"). DEX significantly lowered
the proportion of CD86+ cells (Fig. 4c). Lung tissues
were collected for immunofluorescence staining to iden-
tify interstitial macrophages (IMs, F4/80™). The expression
of iNOS decreased in the DEX-treated group, whereas it
was elevated in the group treated with the Nrf2 inhibitor
ML385, while the opposite trend was observed with re-
spect to CD206 expression. Similarly, the effect of DEX on
macrophage polarization was partially reversed by ML385
treatment (Fig. 4d). These findings collectively support
a role for Nrf2 in these effects, indicating that DEX may
impact the inflammatory macrophage microenvironment
through Nrf2. Specifically, our central mechanistic con-
clusions are primarily directed at the AMs population, with
the IMs data serving as additional evidence that this Nrf2-
dependent regulation extends to the broader pulmonary mi-
croenvironment. Consistently, ELISA analyses of super-
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natants from LPS-stimulated RAW264.7 macrophages re-
vealed that DEX reduces TNF-a levels through Nrf2 ac-
tivation (Fig. 4e). To definitively clarify the causal rela-
tionship between ferroptosis and macrophage polarization,
we performed targeted intervention experiments in our in
vitro model using the classical ferroptosis inducer RSL3
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and the ferroptosis inhibitor Fer-IN-22. Under the condi-
tion of DEX intervention, the co-administration of RSL3
to reactivate ferroptosis not only re-suppressed GPX4 pro-
tein expression but also caused the macrophages to once
again exhibit severe intracellular free iron accumulation (in-
dicated by significantly enhanced FerroOrange red fluo-
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rescence) alongside a typical highly refractive vacuolated
morphology. Accompanying this return of the ferroptotic
phenotype, the inhibitory effect of DEX on iNOS was re-
versed, and the macrophages repolarized toward the M1
pro-inflammatory phenotype (Fig. 4f,g).

3.5 DEX Protects Against Epithelial Damage Through the
Nrf2-Dependent Disruption of Macrophage Ferroptosis
Caused by the Inflammatory Microenvironment

DEX was found to ameliorate macrophage ferrop-
tosis by suppressing pro-inflammatory M1 macrophage
polarization-related inflammatory —microenvironmental
conditions via Nrf2. We next examined the impact of
this regulatory effect on pulmonary epithelial-like A549
cells by culturing these injured cells with supernatants
from LPS-stimulated RAW264.7 cells and analyzing
damage-related phenotypes to evaluate the response of
epithelial-like cells to macrophage-derived inflammatory
mediators in vitro (Fig. 5a). Treating A549 cells with the
conditioned medium from DEX-treated RAW264.7 cells
was further found to significantly enhance the expression
of migration-related Snaill and MMP-9 (Fig. 5b,c) and
ML385 was found to partially abrogate the therapeutic ef-
fects of DEX. The expression of tight junction proteins and
barrier integrity are more rigorous and standard indicators
for assessing epithelial injury in the context of acute lung
injury. As shown in the figures, the conditioned medium
from LPS-stimulated macrophages significantly down-
regulated the protein expression of ZO-1 and Occludin,
indicating severe epithelial barrier disruption. Conversely,
DEX intervention significantly restored the expression
of both proteins. Crucially, this protective effect was
effectively reversed by the Nrf2 inhibitor ML385 (Fig.
5d,e). What’s more, the supernatant from DEX-treated
RAW264.7 cells reduced apoptosis in A549 cells (Fig. 51).
The influence of DEX on lung epithelial cell damage was
thus found to be mediated by Nrf2-dependent alterations
to the composition of the inflammatory microenvironment
induced by macrophages.

4. Discussion

DEX is a selective agonist of the 02 adrenergic re-
ceptor that enhances lung tissue recovery by modulat-
ing macrophage phenotypes and decreasing MPO activ-
ity and inflammatory cytokine production [21]. Ferropto-
sis involves a complex interaction between iron imbalance,
fatty acid metabolism, and a weakened antioxidant system
[29]. Ferroptosis can trigger a cascading innate immune re-
sponse, which in turn stimulates inflammation via the secre-
tion of damage-associated molecular patterns [30]. Ferrop-
tosis inhibitors have been demonstrated to ameliorate lung
injury [31]. Here, DEX was found to inhibit GPX4/GSH-
dependent lipid peroxidation and to significantly inhibit fer-
roptosis in ALI by reducing excessive ROS accumulation
and iron formation.
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Prior research indicates that iron overload enhances
the expression of M1 markers such as TNF-aand IL-1p,
while reducing levels of M2 markers like TGM2. This
suggests that ferroptosis influences the polarization of M1
macrophages [32]. The Fenton reaction or GPX4 de-
pletion can catalyze ROS production, promoting M1-type
macrophage polarization [33]. M1 macrophages, in turn,
secrete cytokines such as TNF-a, which trigger the upreg-
ulation of the ACSL3 enzyme, promote intracellular lipid
accumulation, and create conditions conducive to ferrop-
tosis [34]. We propose that the phenotypic remodeling of
macrophages and ferroptosis interact and contribute to dis-
ease progression in CLP-induced ALI by influencing iron
metabolism, lipid metabolism, and cytokine secretion [35].

Antioxidant responses are regulated by the transcrip-
tion factor Nrf2, which plays a crucial role in managing
lipid peroxidation and iron metabolism [36]. Activation
of the Nrf2/HO-1 pathway promotes M2 macrophage ac-
tivity and suppresses M1 macrophage activity, thereby re-
ducing inflammation [37]. Our findings suggest that DEX
may induce the upregulation and activation of Nrf2/HO-
1 and GPX4. Importantly, we verified that neither DEX
nor the Nrf2 inhibitor ML385 altered the baseline status
of healthy lung tissues and resting macrophages. Fur-
thermore, ML385 administration alone exerted no signif-
icant regulatory effects on the lung tissues of CLP mice or
LPS-stimulated RAW264.7 cells (Supplementary Fig. 1).
However, the Nrf2 inhibitor ML385 partially counteracted
the effects of DEX. Thus, DEX may inhibit ferroptosis and
phenotypic polarization by activating the Nrf2-HO-1 path-
way.

In this study, macrophages in the LPS group secreted
significantly higher levels of TNF-a, while those in the
DEX group secreted significantly lower levels of this in-
flammatory cytokine. Macrophage-derived secretion of
multiple bioactive compounds underpins their modulatory
effects on ECs during ALI [38]. During bacterial or viral in-
fections, M1 macrophage polarization leads to significant
TNF-a release, enhancing macrophage cytotoxicity or in-
ducing apoptosis in lung epithelial cells [39]. TNF-a pro-
motes macrophage polarization and ferroptosis in some in-
flammatory diseases [34]. We postulated that macrophage
activity and ferroptosis, reflected by elevated TNF-a levels,
alter the inflammatory microenvironment, in turn regulat-
ing A549 cell migration and death, thereby conferring lung
protection.

Although utilizing A549—a lung adenocarcinoma cell
line with intrinsic pro-tumor signaling—as a surrogate
model for normal alveolar epithelial cells presents dis-
tinct limitations, it remains widely recognized and applied
in previous literature as a basic in vitro model represent-
ing the physiological characteristics of alveolar epithelium
[40,41]. Specifically, the upregulated expression of Snail-
1 and MMP-9, along with the enhanced migration capac-
ity observed in this malignant cell line, more strongly sug-
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gests pro-tumor signaling (such as epithelial-mesenchymal ithelial injury repair. To address this gap, we additionally
transition, EMT) rather than simply reflecting normal ep-  performed Western blot analyses for the key tight junction
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proteins ZO-1 and Occludin. Nevertheless, given the dis-
tinct tumor biological background inherent to this cell line,
these key findings must be further validated in parallel us-
ing non-malignant epithelial cell lines (e.g., BEAS-2B) or
primary alveolar epithelial cells in future studies.

Limitations

Several limitations of this study should be explic-
itly acknowledged. First, regarding the underlying mecha-
nisms, while DEX was found to inhibit ferroptosis through
GSH/GPX4 dependence, further studies are needed to clar-
ify how DEX interacts with phospholipid substrates and
iron metabolism. Second, concerning the in vivo experi-
mental design, the current study employed a prophylactic
treatment regimen in which DEX was delivered concur-
rently with the septic insult, thereby limiting the direct ex-
trapolation of our findings to clinical scenarios involving
established sepsis with delayed therapeutic intervention.
Further studies utilizing a therapeutic time window (e.g.,
DEX administration at 6 h post-CLP) are warranted to vali-
date the translational relevance. Moreover, we must explic-
itly acknowledge that the specific pharmacological doses of
DEX and ML385 used in this murine model cannot be di-
rectly extrapolated to human clinical dosing, necessitating
future translational pharmacokinetic validations. Further-
more, all in vivo measurements were performed at a sin-
gle time point 24 h post-CLP. Consequently, the distinct
kinetics of Nrf2 activation, macrophage polarization, and
ferroptosis execution, as well as their precise causal se-
quence, could not be fully delineated. A systematic short-
term kinetic study (e.g., with sampling at 6, 12, 24, and
48 h post-CLP) is necessary to clarify the temporal hierar-
chy and establish definitive causal relationships. Addition-
ally, relying on the classical M1/M2 dichotomy to evalu-
ate macrophage polarization is an inherent oversimplifica-
tion, as it does not fully capture the complex and continuous
spectrum of macrophage activation states present in vivo.
Furthermore, our in vivo experiments exclusively utilized
male mice; future studies must include both sexes to evalu-
ate potential sex bias. Additionally, the potential confound-
ing immunomodulatory effects of isoflurane anesthesia dur-
ing the procedures cannot be entirely ruled out. Third, from
a methodological standpoint, while we have now supple-
mented the study with adequately powered survival and
clinical severity analyses (Supplementary Fig. 2, n = 10),
the sample sizes for specific downstream targeted mecha-
nistic endpoints (e.g., Western blotting, flow cytometry, and
histological evaluations) remained limited (n = 3 indepen-
dent animals per group). This limited sample size mathe-
matically precludes empirical normality testing and serves
as an explicit constraint on robust statistical inference. Al-
though our post-hoc analyses demonstrated extremely large
effect sizes (Cohen’s d > 3.0) for key endpoints such as his-
tological lung injury scores and MPO expression—thereby
mathematically supporting the massive biological magni-
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tude of the observed differences despite the small n—future
investigations utilizing larger animal cohorts are warranted
to completely validate these statistical findings. Finally, our
in vitro experiments utilized the A549 cancer cell line as a
surrogate for alveolar epithelium, and the disruption of Nrf2
relied on a pharmacological agent (ML385). Future vali-
dation employing primary alveolar epithelial cells and pre-
cise genetic approaches (e.g., Nrf2 knockout models) will
be crucial to definitively confirm these regulatory axes.

5. Conclusions

In summary, these results highlight the ability of DEX
to prevent inflammation, oxidative stress, and lung in-
jury in sepsis-associated ALI through regulatory effects
on macrophages. These effects may be associated with
changes in the inflammatory microenvironment induced by
the modulation of macrophage inflammatory phenotypes.
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