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Background: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are clinically severe respiratory disorders
without available pharmacological therapies. Dynasore is a cell-permeable molecule that inhibits GTPase activity and exerts protective
effects in several disease models. However, whether dynasore can alleviate lipopolysaccharide (LPS)-induced ALI is unknown. This
study investigated the effect of dynasore on macrophage activation and explored its potential mechanisms in LPS-induced ALI in vitro
and in vivo.

Methods: Bone marrow-derived macrophages (BMDMs) were activated classically with LPS or subjected to NLRP3 inflammasome
activation with LPS+ATP. A mouse ALI model was established by the intratracheal instillation (i.t.) of LPS. The expression of PYD
domains-containing protein 3 (NLRP3), caspase-1, and gasdermin D (GSDMD) protein was detected by Western blots. Inflammatory
mediators were analyzed in the cell supernatant, in serum and bronchoalveolar lavage fluid (BALF) by enzyme-linked immunosorbent
assays. Morphological changes in lung tissues were evaluated by hematoxylin and eosin staining. F4/80, Caspase-1 and GSDMD
distribution in lung tissue was detected by immunofluorescence.

Results: Dynasore downregulated nuclear factor (NF)-xB signaling and reduced proinflammatory cytokine production in vitro and
inhibited the production and release of interleukin (IL)-1B, NLRP3 inflammasome activation, and macrophage pyroptosis through the
Drp1/ROS/NLRP3 axis. Dynasore significantly reduced lung injury scores and proinflammatory cytokine levels in both BALF and serum
in vivo, including IL-1p and IL-6. Dynasore also downregulated the co-expression of F4/80, caspase-1 and GSDMD in lung tissue.
Conclusion: Collectively, these findings demonstrated that dynasore could alleviate LPS-induced ALI by regulating macrophage
pyroptosis, which might provide a new therapeutic strategy for ALI/ARDS.
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Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are clinically severe respiratory disorders that
lead to high morbidity and mortality worldwide.' No available pharmacological therapy is specific and effective in the
treating ALI/ARDS. Although the underlying mechanism of the development of ALI/ARDS remains to be elucidated, the
excessive influx of inflammatory cells and an imbalance in the inflammatory response contribute to the pathogenesis of
this life-threatening disease. Among the infiltrating inflammatory cells, macrophages play a key role in promoting
inflammation and lung tissue damage by producing proinflammatory cytokines during ALI/ARDS development.
Exposure to endotoxin induces macrophages to release tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-12
through transcriptional up-regulation and IL-1B through the activation of the PYD domains-containing protein 3
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(NLRP3) inflammasome. Thus, exploring new potential drugs to target these transcriptional factors, as well as the
NLRP3 inflammasome, is essential for treating ALI/ARDS in clinical practices.

The NLRP3 inflammasome is a cytoplasmic protein complex of the innate immune system composed of the sensor
molecule NOD-like receptor (NLR) family protein NLRP3, the apoptosis-associated speak-like protein (ASC), and the
effector caspase-1.""" The activation of the NLRP3 inflammasome requires two signals. The first signal is primed by
pathogen- or danger-associated molecular patterns (DAMPs) through Toll-like receptors, which upregulate the expression
of NLRP3, and pro-IL-1p or pro-IL-18 by activating the nuclear factor (NF)-xB pathway. The second signal is mediated
by diverse extracellular stimuli, which are often referred to as NLRP3 agonists, leading to the assembly of the
inflammasome complex and eventual activation.*® Once activated, the NLRP3 inflammasome processes pro-caspase-1
into mature caspase-1, which, in turn, cleaves cytokine precursors to mature forms and causes gasdermin D (GSDMD) to
form holes in the cell membrane, resulting in the maturation and release of IL-1p and IL-18.° These NLRP3 inflamma-
some-mediated pyroptotic cell death and cytokine production processes are critical for host defenses during infection.
However, the excessive activation of the NLRP3 inflammasome is associated with the progression of inflammation.
Recent studies showed that the NLRP3 inflammasome played a critical role in the development of ALIL'®'?
Inflammasome activation in infected macrophages was shown to be the key driver of COVID-19 pathology, and
inhibiting the NLRP3 inflammasome pathway reversed chronic lung pathology.'* While the activation of the NLRP3
inflammasome helps in host protection against invading pathogens, excessive NLRP3 inflammasome-mediated inflam-
mation can lead to lung tissue injury and organ dysfunction.'* Therefore, the NLRP3 inflammasome has been recognized
as an essential target in the treatment of ALI/ARDS."?

Dynasore is a cell-permeable small molecule that non-competitively inhibits the GTPase activity of dynaminl,
dynamin2, and dynamin-related protein 1 (Drp1)."® Since GTPase controls a wide range of cellular responses, regulating
its activities has been recognized as a promising approach to treating various diseases. The inhibition of GTPase by
dynasore has demonstrated protective effects in several disease models, such as mitigating oxidative stress on the ocular
surface, reducing heart ischemia/reperfusion injury, and ameliorating spinal cord injury.'®"'® However, whether dynasore
can alleviate macrophage activation and LPS-induced ALI is unknown. This study found that dynasore significantly
reduced key proinflammatory cytokine production from macrophages by inhibiting the NF-kB pathway and activating
NLRP3 inflammasome. Importantly, pretreatment with dynasore attenuated lung injury in an LPS-induced mouse model
of ALIL Thus, the study findings suggest a new potential target for treating of ALI/ARDS.

Materials and Methods

Materials

Dynasore (minimum purity > 99%) (Cat# 2897) and mouse DuoSet kits for IL-1B/IL-1F2, TNF-a, IL-6, and IL-12 were
purchased from R&D Systems (Minneapolis, MN, USA). The molecular structure of dynasore is illustrated in
Supplementary Figure S1. LPS from Escherichia coli O111:B4 (Cat# L4391) was purchased from Sigma-Aldrich (St
Louis, MO, USA). The XTT Cell Viability Kit (Cat# 9095) was purchased from Cell Signaling Technology (Danvers, MA,
USA). MitoSOX™ Red mitochondrial superoxide indicator (Cat# M36008) was obtained from Thermo Scientific
(Waltham, MA, USA). Dulbecco’s modified Eagle medium (DMEM) and heat-inactivated fetal bovine serum (HIFBS)
were purchased from Gibco (Waltham, MA, USA). Recombinant murine colony-stimulating factor (M-CSF; Cat# 315-02)
was purchased from PeproTech (Waltham, MA, USA).

Mouse Strains

Male C57BL/6J mice (6 to 8 weeks old) weighing 20-25 g were purchased from Shanghai Model Organisms Center. Mice
were maintained in a 12 h light/dark cycle under specific pathogen-free conditions. All procedures were performed in
accordance with the Guidelines for the Care and Use of Laboratory Animals established by the US National Institutes of
Health and were approved by the Ethics Committee of Animal Experiments of Tongji University (No. TIBB03722101).
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LPS-Induced Model of Acute Lung Injury

The sample size calculation for the animal experiments was determined using the Resource Equation Approach.'® Based on
the computational formula, the required sample size for animal experiments ranged from 4 to 6 animals per group. In our
experiments, each group comprised n=6, consistent with the calculated algorithm. The mice were randomly divided into 8
groups of 6 mice each: control group, dynasore 10 mg group, dynasore 30 mg group, dynasore 50 mg group, LPS group,
dynasore 10 mg + LPS group, dynasore 30 mg + LPS group, and dynasore 50 mg + LPS group. In the dynasore groups, mice
were pretreated with dynasore at 10 mg/kg, 30 mg/kg, or 50 mg/kg by intraperitoneal injection for 3 h before the intratracheal
instillation (i.t.) of phosphate-buffered saline (PBS)/LPS. In the LPS group and Dynasore + LPS groups, the ALI model was
established by the intratracheal instillation (i.t.) of LPS (dissolved in 50 pL of sterile PBS) at a dose of 10 mg/kg as
described.”® Mice in the control group and Dynasore groups were given an intratracheal instillation of isovolumetric sterile
PBS. The mice were euthanized by an overdose of inhaled carbon dioxide, followed by irrigation or lung tissue collection.

Bone Marrow-Derived Macrophage Isolation and Culture

Bone marrow-derived macrophages (BMDM:s) were isolated from C57BL/6J mice as previously described.”'*? Briefly,
the tibia and femora were isolated and pulverized to obtain bone marrow cells. The cells were suspended and grown in
DMEM (10% HIFBS and 1% penicillin-streptomycin) containing 20 ng/mL of M-CSF at 37 °C and 5% CO, in
a humidified incubator. On days 4 and 6, half the volume of fresh growth medium was added. After 7 days in culture,
nonadherent cells were removed by vigorous washing and the adherent macrophages were harvested and plated. Cell
purity of isolated BMDMs was analyzed by flow cytometry and confirmed to be more than 99%, using CD45, F4/80, and
CD11b as the main markers (Flow cytometry gating strategy as shown in Supplementary Figure S2). The cells were
plated in DMEM (10% HIFBS and 1% penicillin-streptomycin) at 5x10° cells/well in 24-well culture plates or 1x10°
cells/well in 12-well culture plates for further experimentation.

Macrophage Activation

BMDMs were seeded at 1x10° /mL for the experiments. The cells were untreated or treated with different concentrations
of dynasore (5 uM, 10 uM, 25 uM, and 50 uM) for 1 h and stimulated with LPS (100 ng/mL) for 24 h to induce classical
activation.”® The cells were primed with LPS (500 ng/mL) for NLRP3 inflammasome activation for 3 h before adding 5

mM adenosine triphosphate (ATP) for 30 min.**?°

Lactate Dehydrogenase Activity

The CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen, Waltham, MA, USA) was used to quantify lactate
dehydrogenase (LDH) release from the BMDMs as a measure of cell death following inflammasome stimulation.
Freshly harvested supernatants were used in this assay. Supernatant (50 plL) was added to 50 pL of the reaction mixture
and incubated in the dark at room temperature for 30 min. Stop solution (50 pL) was added to terminate the reaction, and
absorbance was measured at 490 nm and 680 nm using a microplate reader. Lysis buffer was added to untreated cells 45
min before harvesting and served as maximum LDH release controls.

Mitochondrial Reactive Oxygen Species (ROS) Measurement

BMDMs were seeded in a 24-well plate overnight and left untreated or treated with different concentrations of dynasore
for 1 h. The cells were then stimulated with LPS for 3 h and loaded with 5 uM MitoSOX at 37 °C 10 min later. Cells
were acquired on a FACS Aria II flow cytometer, and the data were analyzed using FlowJo v.9.5.2 software.

Cell Viability
Cell viability was analyzed using the XTT assay. BMDMs were seeded in 96-well plates overnight, incubated with different
concentrations of dynasore (5 uM, 10 uM, 25 uM, and 50 uM) for 1 h, and then stimulated with LPS (100 ng/mL) for 3 h or
24h. Absorbance was read at 450 nm after 1 to 3 h of incubation with 50 uL of XTT detection solution at 37 °C.
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Quantification of Cytokines

Cytokines were quantified using IL-1p/IL-1F2, TNF-0, IL-6, and IL-12 DuoSet kits. The assays were conducted
according to the manufacturer’s instructions, with appropriately diluted cell supernatants added to each plate.
Absorbance was measured at 450 nm and 540 nm on a microplate reader. Absorbance values were corrected by
subtracting background absorbance, and cytokine concentrations were subsequently obtained by extrapolation from
a standard curve plot.

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted from BMDMs using TRIzol reagent (Invitrogen, Waltham, MA, USA), and cDNA was
synthesized using a Transcriptor First Strand cDNA Synthesis Kit (Thermo Scientific, Rockford, IL, USA). Real-time
quantitative polymerase chain reaction (RT-qPCR) analysis was performed using PowerUp™ SYBR™ Green Master
Mix (Thermo Scientific, Rockford, IL, USA). Gene expression was normalized to that of with B-actin as the house-
keeping gene and measured by the 272" method. The relative gene expression was assayed by 2~ IL-1p, IL-6, IL-12,
NLRP3, Caspase-1, and GSDMD primers used in this study were synthesized by Sangon Biotech (Shanghai, China), and

the sequences are shown in Table 1.

Western Blotting

After different treatments and stimulation, the cells were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors. The cell lysate was boiled in sodium dodecyl sulfate (SDS) sample buffer for 5 min at 95—
100°C, separated by SDS- polyacrylamide gel electrophoresis, and transferred to polyvinylidene membranes. The
membranes were blocked for 1 h in Tris-buffered saline (TBS) plus 5% nonfat dry milk and then incubated with primary
antibodies overnight at 4 °C. The primary antibodies were: mouse anti-IL-1 antibody (Ab; Cat# AF-401; R&D Systems,
Minneapolis, MN, USA); rabbit anti-NLRP3 Ab (Cat# 15101), anti-cleaved GSDMD Ab (Cat# 10137), anti-NF-kB p65
Ab (Cat# 8242), anti-phospho-NF-kB p65 (Ser616) Ab (Cat# 3033), anti-DRP1 (D6C7) Ab (Cat #8570), and anti-
phosphorylated DRP1 (Ser616) Ab (Cat# 3455); Cell Signaling Technology (Danvers, MA, USA); and rabbit anti-pro-
caspase-1+pl0+pl2 (Cat# ab179515), and rabbit anti-f actin (Cat# ab8227; Abcam, Cambridge, MA, USA). After
washing three times, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies
for 1h at room temperature in TBST plus 5% nonfat dry milk. Western blotting substrates were added for 5 minutes after
washing three times.

Bronchoalveolar Lavage Fluid (BALF) Collection

BALF was collected by instilling 1 mL of ice-cold PBS (pH 7.4) intratracheally using a 20-gauge blunt needle, aspirated
back after 30s.%° The recovered fluid was centrifuged at 1500 rpm for 5 min at 4 °C, and the supernatant was collected
and stored at —80 °C for subsequent experiments (eg, quantification of IL-1B, IL-6, and IL-12 cytokines).

Table | Sequences of the Primers Used to Quantitate Gene Expression

Gene Forward Primer (5'-3') Reverse Primer (5'-3')

np TTGACGGACCCCAAAAGATG CAGCTTCTCCACAGCCACAA

116 CCAGAAACCGCTATGAAGTTC | CGGACTTGTGAAGTAGGGAAGG
12 GGAAGCACGGCAGCAGAATA | AACTTGAGGGAGAAGTAGGAATGG
Nirp3 ATTACCCGCCCGAGAAAGG CATGAGTGTGGCTAGATCCAAG

Caspasel | CGTACACGTCTTGCCCTCAT GTCACCCTATCAGCAGTGGG

Gsdmd GATCAAGGAGGTAAGCGGCA | CACTCCGGTTCTGGTTCTGG

f-actin GATGCTCCCCGGGCTGTATT GGGGTACTTCAGGGTCAGGA

1372 "os Drug Design, Development and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Shan et al

Hematoxylin & Eosin (H&E) Staining

Lung tissue was fixed in 4% paraformaldehyde, dehydrated in ethanol, and embedded in paraffin. Subsequently, 5-um
sections were sliced for H&E staining or immunofluorescence analysis. Histopathological changes were observed by
microscopy. Lung injury scores were calculated according to the recommendations of the American Thoracic Society.?’

Immunofluorescent Double Labeling

After permeabilizing the tissues and blocking non-specific binding sites, the tissue sections were incubated with the
following primary antibodies diluted in serum: rabbit anti-GSDMD pro+ NT Ab (Cat# AF4012; Affinity Biosciences,
Changzhou, China) and mouse anti-caspase-1 Ab (Cat# sc56036; Santa Cruz Biotechnology, Beijing, China) in
a humidified chamber overnight at 4 °C. Tissue sections were incubated with anti-rabbit and anti-mouse 1gG (H+L)
secondary antibodies for 1 h at room temperature in the dark. After immunostaining, the sections were incubated with 1
pg/mL of DAPI for 5 min in the dark to label the nuclei. The sections were visualized under a Nikon fluorescent
microscope connected to a digital camera. The number of positive cells (red or green) and the total number of cells (blue)
were counted using the counting function of ImageJ software.

Statistical Analysis

The data are presented as the mean + standard deviation (SD). For analyses with sample sizes of n=6, Welch-ANOVA with
Games-Howell post-hoc test was employed to assess differences among three or more groups, utilizing the R programming
language (R version 4.2.3). For datasets with sample sizes n=3 or 4, permutation tests conducted in the R programming
language were used to evaluate differences among three or more groups. QQ plots were utilized to assess data distribution
prior to conducting the analyses in the R language. A p-value of < 0.05 was considered significant.

Results
Dynasore Inhibits the Classical Activation of Macrophages by LPS

BMDMs were pretreated with different concentrations of dynasore followed by classical activation by LPS stimulation to
explore the effects of dynasore on macrophage-mediated inflammation. As shown in Figure 1A, pretreatment with
dynasore did not impact BMDM cell viability after 24 hours of LPS stimulation. However, dynasore significantly
reduced both mRNA and protein levels of key proinflammatory cytokines including IL-6 and IL-12 (Figure 1B-E).

The effects of dynasore on the production of IL-1p, which is another classic cytokine produced from classically
activated macrophages, were examined. To this end, a well-established LPS priming (signal 1) plus ATP stimulation
(signal 2) model was used to study IL-1B processing. As shown in Figure 1F and G, dynasore treatment significantly
reduced both mRNA and protein levels of pro-IL-1p in BMDMs primed by LPS. Dynasore also inhibited the release of
mature IL-1p after ATP stimulation in a dose-dependent manner and slightly increased cell activity (Figure 1H and I).
These data demonstrate that dynasore could effectively inhibit proinflammatory cytokine production from classically
activated macrophages.

Dynasore Inhibits NLRP3 Inflammasome Activation and Pyroptosis in Macrophages
This study is based on the successful induction of NLRP3 inflammasome activation in BMDMSs by the first signal LPS
primer followed by the second signal ATP, as shown in Supplementary Figure S3. As IL-1p secretion was significantly

decreased by dynasore after LPS plus ATP stimulation (Figure 1I), whether dynasore could affect NLRP3 inflammasome
activation and mediated its pyroptosis in macrophages was investigated. Dynasore effectively inhibited the release of
caspase-1 pl0, an active form of caspase-1 and an indicator of NLRP3 activation, after LPS plus ATP stimulation
(Figure 2A). GSDMD N-terminal and LDH release were also reduced by dynasore treatment (Figure 2A and B),
indicating that NLRP3-mediated pyroptotic cell death was blocked. The mRNA expression of NLRP3, caspase-1, and
GSDMD was similarly downregulated by dynasore treatment after LPS plus ATP stimulation (Figure 2C-E). These data
suggest that dynasore inhibited NLRP3 inflammasome activation, downstream IL-1p cleavage, and pyroptosis in
macrophages.
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Figure | Dynasore inhibits the classical activation of macrophages by LPS. (A) Cell viability was tested in BMDMs stimulated with LPS (100 ng/mL) for 24 h by the XTT assay. (B and C)
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cell lysates of untreated or dynasore-pretreated BMDMs. Cells were primed with 100 ng/mL of LPS for 3 h. (H) Viability of cells incubated with the indicated concentrations of dynasore
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Dynasore Downregulates NF-kB Signaling and Drp|/ROS/NLRP3 Inflammatory
Pathways

NF-kB signaling pathway plays a crucial role in the regulation of innate immunity and inflammation. NF-kB has been
recognized as a key transcription factor of proinflammatory cytokines in classically activated macrophages. The effects
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on NF-kB p65 and its phosphorylated form were examined to explore the potential mechanism of how dynasore inhibited
proinflammatory cytokine production in LPS-stimulated macrophages. NF-xB p65 and p-p65 were downregulated in
macrophages by dynasore treatment (Figure 3A). Compared to the control group, the nuclear translocation of NF-kB p65
was induced in macrophages by LPS stimulation. However, the immunofluorescence intensity of cellular (or nuclear)
NF-kB p65 was reduced by dynasore treatment in a dose-dependent manner (Figure 3B and C). These data indicate that
dynasore could directly inhibit NF-kB signaling in classically activated macrophages and, thus, reduce proinflammatory
cytokine production.

Next, how dynasore inhibited NLRP3 inflammasome activation and mediated its pyroptosis in macrophages was
analyzed. Dynasore is a chemical inhibitor of Drpl, which is a GTPase that regulates mitochondrial fission.”® During
cellular stress, Drpl localizes to the mitochondrial outer membrane and, in turn, is phosphorylated at Ser616. This
process induces mitochondrial fission to promote the production of reactive oxygen species (ROS), which is an important
driver of NLRP3 inflammasome activation.”” ' We found that Drp1 phosphorylation at the Ser616 site was inhibited by
dynasore in LPS-stimulated macrophages (Figure 3D). Mitochondrial ROS production was also decreased after dynasore
treatment (Figure 3E and F). Thus, dynasore might inhibit NLRP3 inflammasome activation through the Drp1/ROS/
NLRP3 axis.

Dynasore Alleviates Lipopolysaccharide-Induced Acute Lung Injury in vivo

Mice were treated with dynasore at doses of 10 mg/kg, 30 mg/kg, or 50mg/kg before the intratracheal instillation (i.t.) of
LPS (10 mg/kg) to determine whether dynasore could alleviate LPS-induced ALI and explore the optimal protective
concentration of dynasore in vivo. The levels of proinflammatory cytokines in both BALF and serum were significantly
reduced by dynasore pretreatment (Figure 4A-D). The inflammatory cytokines IL-1p in BALF and IL-6 in serum were
significantly decreased in the dynasore 30mg group compared to the dynasore 10 mg group (p < 0.05). Doses of 30 mg/
kg and 50 mg/kg dynasore similarly prevented increases in proinflammatory cytokines (IL-1p and IL-6) in BALF and
serum (Figure 4A—D). Therefore, dynasore at a dose of 30 mg/kg was used as the optimal protective concentration in the
ALI model in subsequent experiments.

Compared to the control group, LPS administration successfully induced acute lung tissue injury, as indicated by lung
histology (Figure 5A). However, dynasore (30 mg/kg) pretreatment significantly reduced lung injury scores, shown by
alleviated tissue damage and less alveolar hemorrhage, thickening of the alveolar wall, and the infiltration of inflamma-
tory cells (Figure 5A and B). The levels of proinflammatory cytokines in both BALF and serum, including IL-1f and IL-
6, were also significantly reduced by dynasore (30 mg/kg) treatment (Figure 5C—G). As dynasore reduces NLRP3
inflammasome activation in macrophages, pyroptosis-related protein expression was analyzed in lung tissue to evaluate
the inhibition of NLRP3 inflammasome activation. As shown in Figure 6, the co-expression of F4/80 (main marker of
macrophages), caspase-1 (localized in the cytoplasm) and GSDMD (localized in the cell membrane) was upregulated by
LPS administration. Compared to the LPS group, the co-expression of F4/80, caspase-1 and GSDMD was significantly
reduced in the dynasore 30 mg/kg + LPS group (Figure 6). Thus, these data show that dynasore pretreatment alleviated
LPS-induced acute lung injury by decreasing proinflammatory cytokines production and macrophages pyroptosis in vivo.

Discussion

The findings of this study demonstrated that dynasore treatment alleviated macrophage activation in vitro and LPS-
induced ALI in vivo. Dynasore reduced key proinflammatory cytokine production in macrophages by inhibiting NF-xB
pathways and NLRP3 inflammasome, processes likely linked to the Drp1/ROS pathway (Figure 7). Our findings suggest
a new potential target for ALI/ARDS therapeutic intervention.

Macrophages are the most abundant immune cells in lung tissue and play a critical role in maintaining tissue
homeostasis by initiating host defenses upon pathogen stimulation.*> However, the excessive inflammatory response
mediated by macrophages promotes ALI/ARDS.**** Therefore, the timely regulation of the inflammatory signaling
pathway in macrophages is critical for re-establishing tissue homeostasis. Inflammatory disorders caused by the excessive
production of proinflammatory cytokines are key factors in the development of ALI/ARDS. Exposure to endotoxin
induces macrophages to release TNF-a, IL-6, and IL-12 through the transcriptional up-regulation of the NF-kB pathway
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Figure 3 Dynasore downregulates NF-«B signaling and Drp I/ROS/NLRP3 inflammatory pathways. (A) NF-kB p65 and NF-kB p-p65 protein detection in cell lysates of untreated
or dynasore-pretreated BMDMs. Cells were primed with 100 ng/mL of LPS for | h. (B) Images of NF-kB p65 nuclear translocation visualized by immunofluorescence in untreated
BMDMs and BMDMs treated with LPS (100 ng/mL, 30 min) and dynasore (5, 10, 25, and 50 pM). (C) Quantification of mean fluorescence intensity of NF-kB p65 nuclear
translocation analyzed in (B). (D) Drp| and p-Drp| protein detection in untreated or dynasore-pretreated BMDM cell lysates. Cells were primed with 100 ng/mL of LPS for 12
h. (E) Flow cytometric analysis of mROS expression detected using MitoSox dye in untreated or BMDMs pretreated with dynasore and activated with LPS (100 ng/mL, 3 h). (F)
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Figure 4 Different concentrations of dynasore reduced key proinflammatory cytokine production in vivo. (A and B) The effects of dynasore (10 mg/kg, 30 mg/kg, or 50 mg/kg)
pretreatment were assessed 24 h after the intratracheal instillation of LPS (10 mg/kg). IL-1f and IL-6 cytokines were assayed in BALF of 8 groups of mice. (C and D) Assay of IL-
1B and IL-6 cytokines in the serum of 8 groups of mice (control group, dynasore 10 mg group, dynasore 30 mg group, dynasore 50 mg group, LPS group, dynasore 10 mg + LPS
group, dynasore 30 mg + LPS group, and dynasore 50 mg + LPS group, n = 6). Data (A—D) are shown as the mean * SD. *p < 0.05; **p < 0.01; ***p < 0.001.

and IL-1f by NLRP3 inflammasome activation. While targeting NF-kB pathways has long been recognized as a potential
strategy to suppress excessive inflammation, recent studies showed that NLRP3 inflammasome-mediated IL-1f cleavage
and pyroptotic cell death contribute significantly to ALI/ARDS development.*>** The NLRP3 inflammasome processes
pro-caspase-1 into mature caspase-1, which, in turn, cleaves cytokine precursors to mature forms and causes GSDMD to
form holes in the cell membrane, resulting in the release of IL-1B and other inflammatory cytokines.** Subsequently, the
excessive influx of inflammatory cells and the release of many proinflammatory factors increase the permeability of the
alveolar epithelium and induce the destruction of the alveolar-capillary barrier, leading to pulmonary edema and ALL?
Importantly, inhibiting NLRP3 inflammasome activation led to the alleviation of ALL'"'? Therefore, the NLRP3
inflammasome has been recognized as an essential target for the treatment of ALI/ARDS.

Dynasore is a cell-permeable small molecule that inhibits the GTPase activity of dynaminl, dynamin2, and Drp
Since GTPase controls a wide range of cellular responses, regulating its activities has been recognized as a promising
approach to treating different diseases, including inflammatory diseases. Recent studies have revealed the critical roles of
Rho GTPase and RAB26 GTPase in regulating pulmonary endothelial cell permeability and preventing vascular leakage,
which are critical in the development of acute lung injury.***' The application of dynasore to inhibit GTPase activities
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Figure 5 Dynasore alleviates lipopolysaccharide-induced acute lung injury in vivo. (A) The effects of dynasore (30 mg/kg) pretreatment on lung injury were assessed by H&E
staining (representative images at X200 and % 100) 24 h after the intratracheal instillation of LPS (10 mg/kg). Scale bars, 100 um/200 um. (B) Lung injury scores were calculated
according to the severity of lung injury. (C—G) Assays of IL-1p, IL-6, and IL-12 cytokines in BALF and serum in 4 groups of mice: control group and dynasore 30 mg group, LPS
group, and dynasore 30 mg + LPS group, n = 6. The experiments were independently repeated 3 times. Data (B—G) are shown as the mean  SD (n = 3). *p < 0.05; ***p <0.001;
wHrEEp < 0.0001.

has demonstrated protective effects in several disease models.'”"'® Dynasore protected cardiac lusitropy and limited cell
damage by maintaining mitochondrial morphology and intracellular ATP in stressed cells.'” Moreover, dynasore
significantly enhanced motor function by inhibiting the activation of the neuronal mitochondrial apoptotic pathway
after spinal cord injury.'"® Consequently, dynasore’s inhibition of GTPase activity may play a crucial role in the
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Figure 6 Dynasore decreases the co-expression of F4/80, caspase-| and GSDMD in vivo. The distribution and protein co-expression of F4/80, caspase-| and GSDMD were
examined by immunofluorescence. The numbers of positive cells (F4/80 red; caspase- |, Orange; or GSDMD, green) and the total number of cells (DAPI, blue) in the 4 mice
groups (control group, dynasore 30 mg group, LPS group, and dynasore 30 mg + LPS group, n = 6; scale bar; 100 pm) were counted using the counting function of Image
J software. Fluorescence intensity of the co-expression of F4/80, caspase-| and GSDMD was quantified using Image ] software, and all values were normalized to the control
group. The experiments were independently repeated 3 times. **p < 0.001; ****p < 0.0001.

pathogenesis and progression of acute lung injury. In the present study, dynasore was shown to be effective in alleviating
macrophage activation in vitro and LPS-induced acute lung injury in vivo.

Macrophages were pretreated with different concentrations of dynasore followed by classical activation by LPS
stimulation to explore the effects of dynasore on macrophage-mediated inflammation. Dynasore pretreatment signifi-
cantly reduced proinflammatory cytokines, including IL-6 and IL-12. Dynasore treatment also significantly decreased the
protein levels of pro-IL-1p primed by LPS and inhibited the release of IL-1f after LPS priming plus ATP stimulation in
a dose-dependent manner. These data suggest that dynasore effectively inhibited the classical activation of macrophages.
Then, whether dynasore affected NLRP3 inflammasome activation and mediated its pyroptosis in macrophages was
investigated. Dynasore effectively reduced caspase-1 pl10, GSDMD N-terminal, and LDH release after LPS plus ATP
stimulation. Thus, the data indicate that dynasore treatment inhibited both NLRP3 inflammasome activation and
pyroptosis in macrophages.

The NF-kB signaling pathway plays a crucial role in regulating innate immunity and inflammation. NF-xB has been
recognized as an early transcription factor that manipulates immune responses, is rapidly activated, and increases
proinflammatory cytokines in macrophages during ALL***® Activation of the NF-kB pathway can upregulate the
expression of NLRP3, pro-IL-1f, or pro-IL-18 in the first signal of the NLRP3 inflammasome. Thus, the effects on
NF-xB p65 and its phosphorylated form by dynasore were analyzed to explore the potential mechanism of how dynasore
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Figure 7 The signaling mechanism diagram of dynasore alleviates inflammation in macrophages and acute lung injury.

inhibited proinflammatory cytokines production in LPS-stimulated macrophages. The results suggest that NF-kB p65,
p-p65, and NF-kB p65 nuclear translocation were downregulated by dynasore treatment. These data indicate that
dynasore could directly inhibit NF-xB signaling during the classical activation of macrophages, reducing proinflamma-
tory cytokine production.

We next tested how dynasore inhibited NLRP3 inflammasome activation and mediated its pyroptosis in macrophages.
Dynasore is a chemical inhibitor of Drp1, which is a GTPase that regulates mitochondrial fission.?**° Zhang et al showed
that Drpl hyperactivation suppressed glycolysis by inhibiting hexokinase 1 and further activated the NLRP3
inflammasome.®® Rayamajhi et al observed that the hyperactivation of Drpl led to mitochondrial damage, aberrant
mitochondrial fission, the perinuclear aggregation of damaged mitochondria, and increased ROS production following
infection.?” The NLRP3 inflammasome can be activated by components of cellular metabolites, ROS, or DAMPs.**4
During cellular stress, Drpl localizes to the mitochondrial outer membrane and is phosphorylated. This process induces
mitochondrial fission to promote the production of mitochondrial ROS, which is associated with NLRP3 inflammasome
activation.*®*” The results of this study indicated that Drpl phosphorylation at the Ser616 site was inhibited in LPS-
stimulated macrophages by dynasore treatment. ROS production was also decreased after dynasore treatment. Therefore,
dynasore might inhibit NLRP3 inflammasome activation through the Drpl/ROS/NLRP3 axis.

Mice were treated with dynasore before the intratracheal instillation of LPS to determine whether dynasore could
prevent LPS-induced ALI in vivo. Compared to the control group, LPS administration successfully induced acute lung
tissue injury. However, dynasore pretreatment significantly reduced lung injury scores, reflected by less tissue damage
and alveolar hemorrhage, thickening of the alveolar wall, and infiltration of inflammatory cells. In addition, the levels of
proinflammatory cytokines in both BAL and serum, including IL-1p and IL-6, were significantly reduced by dynasore
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treatment. As dynasore reduces NLRP3 inflammasome activation in macrophages, whether dynasore affected macro-
phages pyroptosis-related pathways in vivo was investigated. The co-expression of F4/80, caspase-1 and GSDMD was
also upregulated by LPS administration. Compared to LPS-only administration, the co-expression of F4/80, caspase-1
and GSDMD was significantly reduced after dynasore treatment, indicating that dynasore pretreatment alleviated LPS-
induced ALI by decreasing proinflammatory cytokine production and macrophages pyroptosis in vivo.

The limitations of this study are as follows: The unavailability of commercially viable agonists for enhancing NLRP3
inflammasome activity presented a significant challenge. Furthermore, the inherent low transfection efficiency of the
lentiviral vector, particularly in non-proliferating primary BMDMs overexpressing NLRP3, prevented the execution of
rescue experiments using dynasore to inhibit the NLRP3 inflammasome.

In summary, the study findings revealed that dynasore, a cell-permeable small molecule, alleviated macrophage
activation in vitro and LPS-induced ALI in vivo. Dynasore reduced key proinflammatory cytokine production by
macrophages by inhibiting NF-xB pathways and NLRP3 inflammasome, processes likely linked to the Drpl/ROS
pathway. Our study might reveal a new target for the treatment of ALI/ARDS.

Conclusion

This study revealed that dynasore treatment effectively mitigated macrophage activation in vitro and alleviated LPS-
induced ALI in vivo. Dynasore exerted its effects by reducing the production of crucial proinflammatory cytokines in
macrophages through the inhibition of NF-kB pathways and the NLRP3 inflammasome. These processes are likely

associated with the Drp1/ROS pathway. These findings offer a promising new target for therapeutic intervention in ALI/
ARDS.
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