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Background: Macrophages are activated in ventilator-induced lung injury (VILI), accompanied by macrophage pyroptosis.
Remimazolam (Re) plays a role in inhibiting macrophage activation. In this study, we aimed to investigate the mechanism of Re
in VILI.
Methods: A VILI model (20 mL/kg mechanical ventilation) was created using C57BL/6 mice. Alveolar macrophages were iso-
lated from bronchoalveolar lavage fluid (BALF) and received mechanical stretching to simulate the mechanical ventilation in
vitro. VILI model mice were treated with Re (16 mg/kg) to assess the alveolar structure, wet/dry (W/D) weight ratio, endothe-
lial barrier antigen (EBA) permeability index, BALF protein content, inflammatory factors, macrophage pyroptosis, pyroptosis-
related factors, and translocator protein (TSPO) level using a series of biological experiments. Whether Re alleviatedmacrophage
pyroptosis by regulating TSPO was determined by rescue experiments.
Results: Re alleviated VILI, as evidenced by improvement of abnormal morphology of lung tissues during VILI and decreases
in the lung W/D weight ratio, lung EBA permeability index, and BALF protein content. Re attenuated pulmonary inflammation
and macrophage pyroptosis during VILI via down-regulation of inflammatory factors (myeloperoxidase, malondialchehyche,
8-hydroxy-2 deoxyguanosine, interleukin-6, tumor necrosis factor-α, macrophage inflammatory protein-2, interleukin-1β, and
interleukin-18), and pyroptosis factors (cleaved gasdermin D (GSDMD)/GSDMD value, NOD-like receptor thermal protein do-
main associated protein 3 (NLRP3), and caspase-1). Re activated TSPO in macrophages. TSPO overexpression rescued the cell
stretch-inhibited macrophage viability and cell stretch-induced macrophage pyroptosis.
Conclusion: Re alleviates VILI by activating TSPO to inhibit macrophage pyroptosis.
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Introduction
In recent years, mechanical ventilation has been rec-

ognized as a promising strategy for the treatment of patients
with acute lung injury. Yet, ventilator-induced lung injury
(VILI), is a possible complication of mechanical ventilation
in clinics [1,2]. Reportedly, there are a series of inflamma-
tory responses that cause lung dysfunction during the de-
velopment of VILI [3]. In addition, alveolar macrophages,
instrumental in VILI, can be activated by mechanical ven-
tilation [4] and may contribute to the pathogenesis of VILI
[5,6]. Therefore, VILI could be treated using a specific drug
that inhibits macrophage activation.

The previous study has reported that remimazolam
(Re) can play an anti-inflammatory role through suppres-
sion of macrophage activation [7]. Re is a kind of ultra-
short-acting anesthetic, which was approved in 2020 and is
used for general anesthesia in adult patients [8]. At present,
anesthesia and ventilation are commonly used during oper-
ations [9]. Re can attenuate bronchopneumonia by reduc-
ing pro-inflammatory factors [10]. However, there is still
insufficient research on the mechanism of Re in VILI; this
topic is further explored in this study.

During VILI, alveolar macrophages release certain
pro-inflammatory factors, and this is accompanied by
macrophage pyroptosis [11]. Pyroptosis, a newly described
mode of programmed cell death, can exacerbate the in-
flammatory response and contribute to several inflamma-
tory diseases [12,13]. The typical sign of pyroptosis is the
activated NOD-like receptor thermal protein domain asso-
ciated protein 3 (NLRP3) inflammasome [14]. Of note, a
novel idea that the inhibition of pyroptosis can alleviate
VILI has been put forward [12]. This suggests that Re can
also repress pyroptosis by reducing the release of inflamma-
tory factors [15]. Therefore, it is worthwhile to investigate
whether Re can alleviate VILI by curbing macrophage py-
roptosis.

Through analysis of the SwissTargetPrediction
database (http://www.swisstargetprediction.ch/), we found
that translocator protein (TSPO) is a target receptor of Re.
TSPO, a kind of mitochondrial outer membrane protein,
is considered to be a new pivotal regulator of pyroptosis
[16,17]. A deficiency of TSPO can aggravate macrophage
pyroptosis [17]. Accordingly, Re may play a role in
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alleviating VILI by regulating TSPO to inhibit macrophage
pyroptosis.

In this study, we focused on clarifying the influence
of Re on the progression of VILI and explaining the un-
derlying molecular mechanism. We performed a series of
experiments to determine whether Re mitigates VILI by ac-
tivating TSPO to inhibit macrophage pyroptosis.

Materials and Methods

Animals
Thirty C57BL/6mice (male, 20–25 g, 8–12weeks old,

Hangzhou Medical College, Hangzhou, China) were fed
in a room with a normal circadian environment. All mice
could freely obtain standard food and water.

Animal Treatments and Grouping
After 1 week of feeding, the mice were randomized

into five groups (sham, Re, low tidal volume (VL), VILI,
and VILI + Re groups; n = 6/group), and underwent ex-
periments based on a previous report with minor modifica-
tions [18]. Post 12-h fast, all mice were anesthetized (1.5%
isoflurane), the neck skin was disinfected, and the trachea
was exposed by cutting the skin along the midline. A small
incision was made in the tracheal cartilage with scissors to
slowly insert a sterilized venous catheter about 1 cm along
the trachea. The catheter was tightly fixed with a surgi-
cal line and connected to a small animal ventilator (V-1000,
Shanghai Yuyan Instruments, Shanghai, China).

In the sham group, mice were not given mechanical
ventilation after tracheotomy and intubation. In the Re
group, based on the same treatment conditions as the sham
group, mice were additionally given an intraperitoneal in-
jection with Re (16 mg/kg, SML3467, Sigma-Aldrich, St.
Louis, MO, USA) [7]. In the VL group, mice received me-
chanical ventilation (7 mL/kg, 4 h) after tracheotomy and
intubation, with a respiratory frequency of 140 times/min.
In the VILI group, mice underwent mechanical ventilation
(20 mL/kg, 4 h) after tracheotomy and intubation, with a
respiratory frequency of 100 times/min [18]. In the VILI +
Re group, based on a treatment similar to the VILI group,
mice additionally received an intraperitoneal injection with
Re (16 mg/kg).

According to the grouping, mice were treated with 4 h
of mechanical ventilation. 12 h later, the anesthetized (in-
traperitoneal injection of pentobarbital sodium (50 mg/kg,
P3761, Sigma-Aldrich)) mice were sacrificed using cer-
vical dislocation to harvest lung tissues for pathological
examination, the evaluation of endothelial barrier antigen
(EBA) permeability index, and the measurement of in-
flammatory factors. The wet/dry (W/D) weight ratio was
calculated based on right lung tissues. Bronchoalveolar
lavage fluid (BALF) was collected for the assessment of
protein concentration, measurement of inflammation fac-
tors, and macrophage isolation. The aggravated lung in-

jury, increased lung tissue W/D weight ratio, and decreased
EBA permeability provide indications regarding the suc-
cess of model construction, and the representative results
are shown in Fig. 1A–C, with a success rate of model con-
struction of 83.3%.

Hematoxylin-Eosin (HE) Staining Assay
The pathological morphology of lung tissue was de-

tected by an HE staining assay kit (C0105S, Beyotime,
Shanghai, China). Harvested lung tissues were fixed
using 4% paraformaldehyde (P0099, Beyotime, Shang-
hai, China). After embedding with paraffin and slic-
ing, the lung tissue samples were dewaxed by xylene
(A530011, Sangon Biotech, Shanghai, China), and im-
mersed in 100/90/80/70% ethanol and distilled water. The
washed samples underwent color development by HE stain-
ing solutions. The treated samples were further reacted with
fresh xylene and sealed using neutral gum (E675007, San-
gon Biotech, Shanghai, China) in sequence. Finally, the
pathological morphology of lung tissue was photographed
using a light microscope (Resolution: 100 µm, ×100;
LV150, Nikon, Tokyo, Japan). The neutrophils in the alve-
olar space, neutrophils in the interstitial space, the exis-
tence of hyaline membranes, proteinaceous debris filling
the airspaces, and alveolar septal thickening were observed
for determination of a lung injury score [19]. Each variable
was divided into levels of 0 (normal), 1 (mild injury), and
2 (severe injury) based on the severity of the injury. The
sum of scores for the five independent variables is the lung
injury score, with a possible total of 10 points. The lung
injury score was calculated by two doctors at our hospital
who were unaware of the group information.

Lung W/D Weight Ratio
The wet and dry (after 72-h baking in a 60 °C oven)

weights of right lung tissue were obtained to calculate the
W/D weight ratio.

Lung EBA Permeability Index
As described in a previous report, the EBA permeabil-

ity index of the left lung was measured [18]. The lung tis-
sues were homogenized (2 mL 1 × phosphate buffer saline
(PBS), P1020, Solarbio, Beijing, China), treated (2 mL for-
mamide, 18 h, 65 °C; A600212, Sangon Biotech, Shanghai,
China), and centrifuged (15,000 ×g, 30 min, 4 °C) for col-
lection of supernatant. Optical density at 620 nm (OD620)
was measured using a spectrophotometer (UV-1800, Macy-
lab Instrument, Shanghai, China). The EBA permeability
index = OD620 of EBA in lung tissues/OD620 of EBA in
plasma [18].

Protein Concentration in BALF
Protein concentration detection in BALF was accom-

plished using a bicinchoninic acid (BCA) kit (C503021,
Sangon Biotech, Shanghai, China). Briefly, the protein
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sample was mixed with a BCA working solution (37 °C, 30
min). Finally, the OD562 was measured using a microplate
reader (HTS-XT, Bruker Optics, Rheinstetten, Germany).

Enzyme-Linked Immunosorbent Assay (ELISA)
The inflammation-related factors included myeloper-

oxidase (MPO), malondialchehyche (MDA), 8-hydroxy-2
deoxyguanosine (8-OHdG), interleukin (IL)-6, tumor
necrosis factor (TNF)-α, macrophage inflammatory pro-
tein (MIP)-2, IL-1β, and IL-18, which were measured
by ELISA. After lung tissues were fully ground in 1
× PBS and centrifuged, the supernatant was subjected
to quantification of MPO, MDA and 8-OHdG. TNF-α,
MIP-2, IL-1β, and IL-18 in BALF were quantitated.
Mouse MPO (YS02650B), MDA (YS02715B), 8-OHdG
(YS02529B), IL-6 (YS02456B), TNF-α (YS05734B),
MIP-2 (YS02592B), IL-1β (YS06169B), and IL-18
(YS02903B) ELISA kits were provided by YaJi Biological
(Shanghai, China). Samples were incubated in the ELISA
plate (30 min, 37 °C), and cultured in enzyme-labeled
reagent (30 min, 37 °C), with each step followed by
washing. Chromogenic agents A and B were sequentially
added to the ELISA plate (darkness, 30 min, 37 °C). The
termination solution was used to stop the reaction. Within
15 minutes, the OD450 was measured using a microplate
reader.

Isolation and Culture of Mouse Alveolar
Macrophages from BALF

As described in previous studies, the mouse alveo-
lar macrophages were isolated from BALF [11,18]. Post
BALF centrifugation (10 min, 200 ×g, 4 °C), the leuko-
cytes were collected, where alveolar macrophages were iso-
lated by negative magnetic bead sorting in the immunomag-
netic separation system (BD Biosciences Pharmingen, San
Jose, CA, USA). The purity of macrophages was identified
to be more than 95% by flow cytometry (Supplementary
Fig. 1), and these were used for further experiments.
The isolated macrophages were incubated with RPMI-1640
medium (30-2001, ATCC, Manassas, VA, USA) containing
10% fetal bovine serum (30-202-0, ATCC) and 1% peni-
cillin/streptomycin (PB180120, Procell, Wuhan, China) (37
°C, 5% CO2), routinely subjected to mycoplasma contami-
nation test and confirmed to be mycoplasma-free.

Macrophage Treatments and Grouping
Macrophage treatment involves two steps. In the

first step, macrophages were transfected with/without
pDONR223 vector/TSPO plasmid for 24 h. The cod-
ing sequence (CDS) region of the TSPO was inserted
into the pDONR223 vector (#23829, Addgene, Watertown,
MA, USA) to construct the overexpression plasmid. The
pDONR223 vector was used for the negative control (NC).
In the second step, macrophages were assigned to either
control, cell stretch (CS), CS + NC, or CS + TSPO groups.

Using the FX-5000T Flexercell Tension Plus system (Flex-
cell, Burlington, NC, USA), macrophages were stretched
to simulate the mechanical ventilation in vitro. In brief,
macrophageswere loaded in the Flexercell FX-4000T strain
unit and stretched (4 h) with a 20% range and frequency
of 30 cycles/min (0.5 Hz). The stretch-to-relaxation ratio
was 1:1 [20]. Control group: macrophages were loaded
in the Flexercell FX-4000T strain unit without mechanical
stretching. CS group: macrophages received mechanical
stretching (4 h). CS + NC or TSPO group: macrophages
received mechanical stretching (4 h) and were transfected
with pDONR223 vector or TSPO plasmid (24 h).

Transfection
Macrophages plated (5 × 105 cells/well) in 6-well

plates for 24 h received transfection as per grouping, em-
ploying X-tremeGENE 360 transfection reagent (XTG360-
RO, Roche, Basel, Switzerland). Solution A was the mix-
ture (5 min) of 5 µg pDONR223 vector/TSPO plasmid and
125 µL serum-free medium (SAFC Biosciences, 14530C,
Boston, MA, USA). Solution B was the mixture (5 min) of
10 µL transfection reagent and 125 µL serum-free medium.
The two solutions were fully mixed (15 min) and added to
macrophages for 24-h transfection.

Flow Cytometry Assay
The collected macrophages (5 × 105) were sus-

pended, and incubated (darkness) with the fluorescently la-
beled caspase-1 (FLICA®660, ICT-9122, ImmunoChem-
istry Technology, Hamburg, Germany) and propidium io-
dide (PI, A601112, Sangon Biotech, Shanghai, China).
Next, a flow cytometry assay was conducted using a flow
cytometer (PL00285, Thermo Fisher Scientific, Waltham,
MA, USA). The caspase-1- and PI-positive cells repre-
sented macrophage pyroptosis.

Western Blot
Extraction and concentration detection of total protein

in macrophages were conducted using RIPA Lysis Buffer
(PC101, Epizyme, Shanghai, China) and a BCA kit, respec-
tively. SDS-PAGE gel (RFT076, BioLab, Beijing, China)-
separated total protein was transferred onto the nitrocellu-
lose transfer membranes (SNM439, BioLab). Membranes
were sequentially incubated with 5% skim milk (25 °C, 1
h), primary antibodies (overnight, 4 °C), and Goat anti rab-
bit secondary antibodies (25 °C, 1 h). Related antibodies
are listed in Table 1. Gasdermin D (GSDMD) and cleaved
GSDMD levels were normalized by heat shock protein 90
(HSP90) level. NLRP3, IL-1β, caspase-1, and TSPO levels
were normalized by glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) level. After visualization by ECL reagent
(YWB003, YFXBIO, Nanjing, China), the images were
captured by a BeyoImage 600 Chemiluminescence imaging
system (Beyotime) and dissected by ImageJ 1.8.0 software
(National Institutes of Health, Bethesda, MD, USA). The
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Table 1. Information regarding antibodies used in this study.
Name Catalog Molecular weight (kDa) Dilution Manufacturer

GSDMD ab209845 53 1/1000 Abcam, Cambridge, UK
Cleaved GSDMD ab209845 32 1/1000 Abcam, Cambridge, UK
HSP90 ab32568 92 1/100,000 Abcam, Cambridge, UK
NLRP3 ab263899 118 1/1000 Abcam, Cambridge, UK
IL-1β ab315084 30 1/1000 Abcam, Cambridge, UK
Caspase-1 ab138483 51 1/1000 Abcam, Cambridge, UK
TSPO MA5-24844 19 1/1000 Thermo Fisher Scientific, Waltham, MA, USA
GAPDH ab9485 40 1/2500 Abcam, Cambridge, UK
Goat anti rabbit ab97051 — 1/10,000 Abcam, Cambridge, UK
GSDMD, gasdermin D; HSP90, heat shock protein 90; NLRP3, NOD-like receptor thermal protein domain as-
sociated protein 3; IL, interleukin; TSPO, translocator protein; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase.

Table 2. The primer sequences of related genes.
Gene Forward primer (5′-3′) Reverse primer (5′-3′)

TSPO (mouse) TTGGCCGATCTTCTGCTTGT CAGCAGGCCCAATGGTCATA
GAPDH (mouse) CCATGGGGAAGGTGAAGGTC AGTGATGGCATGGACTGTGG
TSPO, translocator protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

normalized relative protein expression level was calculated
using the formula: x’ (normalized data) = (x (original data)
– mean data (x))/std data (x, internal control).

Quantitative Real Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA from macrophages isolated using Trizol
reagent (T9424, Sigma-Aldrich) underwent RNA concen-
tration determination and mixing with one-step qRT-PCR
reagents (Solarbio, T2210). The fluorescence was detected
using the LightCycler480 (Roche). The data were analyzed
by the 2−∆∆ct method [21]. The primer sequences of TSPO
and GAPDH are listed in Table 2. GAPDH was employed
as the internal reference.

Cell Counting Kit-8 (CCK-8) Assay
Macrophage viability was assessed using a CCK-

8 kit (E606335, Sangon Biotech, Shanghai, China).
Macrophages (1 × 104 cells/well) in 96-well plates (12 h)
were treated in light of grouping. 24 h later, macrophages
were incubated with CCK-8 reagent (10 µL per sample, 2
h). OD450 was detected by a microplate reader.

Statistical Analysis
Data are presented as mean ± standard deviation and

analyzed using GraphPad 8.0 (GraphPad Software, San
Diego, CA, USA). All assays were repeated at least three
times. Differences among groups were compared using
one-way analysis of variance (ANOVA), and the Tukey test
was used for pairwise comparisons. p-values < 0.05 were
considered statistically significant.

Results

Re Alleviated VILI
HE staining results indicated that the alveolar structure

was normal in the sham, Re, and VL groups (Fig. 1A,B).
In contrast, the VILI groups displayed unordered alveolar
structure, fused alveolar cavities, and many inflammatory
cells (Fig. 1A,B, p < 0.001). Of note, the effects of VILI
on lung tissue morphology were reduced by Re (Fig. 1A,B,
p < 0.001). In contrast to the sham group, the lung W/D
weight ratio (Fig. 1C, p < 0.001), lung EBA permeabil-
ity index (Fig. 1D, p < 0.001), and BALF protein content
(Fig. 1E, p< 0.001) were significantly elevated in the VILI
group, and these effects were reversed by Re (Fig. 1C–E, p
< 0.001). Moreover, compared with the Re group, the lung
EBA permeability index and BALF protein content were
significantly increased in the VILI + Re group (Fig. 1D,E,
p < 0.05).

Re Mitigated Pulmonary Inflammation and
Macrophage Pyroptosis during VILI

The inflammation-related factors were evaluated by
ELISA. Our results revealed higher levels of MPO, MDA,
and 8-OHdG in lung tissues (Fig. 1F–H, p < 0.001), and
higher IL-6, TNF-α, MIP-2, IL-1β, and IL-18 levels in
BALF (Fig. 1I–M, p < 0.001) in the VILI group. These
inflammation-related factors were significantly lower in the
Re group (Fig. 1F–M, p < 0.001). Also, Re attenuated the
impact of VILI on inflammation-related factors based on
the comparison between the VILI and VILI + Re groups
(Fig. 1F–M, p < 0.01).

Moreover, macrophage pyroptosis was clearly trig-
gered during VILI, as indicated by the significant
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Fig. 1. Re alleviated VILI. For (A–L), C57BL/6 mice were classified into five groups (n = 6/group). Sham group: mice received
no mechanical ventilation after tracheotomy and intubation. Re group: mice received no mechanical ventilation after tracheotomy and
intubation, and were intraperitoneally injected with 16 mg/kg Re. VL group: mice underwent mechanical ventilation (7 mL/kg, 4 h)
after tracheotomy and intubation, and the respiratory frequency was 140 times/min. VILI group: mice underwent mechanical ventilation
(20 mL/kg, 4 h) after tracheotomy and intubation, and the respiratory frequency was 100 times/min. VILI + Re group: based on the
VILI group, mice were intraperitoneally injected with 16 mg/kg Re. (A,B) The pathological morphology of lung tissue (HE staining
assay). The arrows indicate the unordered alveolar structure, fused alveolar cavity, and inflammatory cells. Resolution: 100 µm, ×100.
(C) The W/D weight ratio of right lung tissue. (D) Calculation of EBA permeability index of left lung based on the optical density (a
spectrophotometer). (E) The protein content in BALF (BCA kit). (F–H) MPO (F), MDA (G) and 8-OHdG (H) levels in lung tissues
(ELISA). (I–M) IL-6 (I), TNF-α (J), MIP-2 (K), IL-1β (L) and IL-18 (M) levels in BALF (ELISA). ∗∗∗p < 0.001 vs. the Sham group.
+++p < 0.001 vs. the VILI group. θp < 0.05, θθp < 0.01, θθθp < 0.001 vs. the Re group. All assays were repeated three times. Re,
remimazolam; VL, low tidal volume; VILI, ventilator-induced lung injury; HE, hematoxylin-eosin; W/D, wet/dry; EBA, endothelial
barrier antigen; BCA, bicinchoninic acid; BALF, bronchoalveolar lavage fluid; MPO, myeloperoxidase; MDA, malondialchehyche; 8-
OHdG, 8-hydroxy-2 deoxyguanosine; IL, interleukin; TNF-α, tumor necrosis factor-α; MIP-2, macrophage inflammatory protein-2;
ELISA, enzyme-linked immunosorbent assay.
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Fig. 2. Re repressed macrophage pyroptosis during VILI. For (A–J), C57BL/6 mice were classified into five groups (n = 6/group).
Sham group: mice received no mechanical ventilation after tracheotomy and intubation. Re group: mice received no mechanical venti-
lation after tracheotomy and intubation, and were intraperitoneally injected with 16 mg/kg Re. VL group: mice underwent mechanical
ventilation (7 mL/kg, 4 h) after tracheotomy and intubation, and the respiratory frequency was 140 times/min. VILI group: mice under-
went mechanical ventilation (20 mL/kg, 4 h) after tracheotomy and intubation, and the respiratory frequency was 100 times/min. VILI +
Re group: based on the VILI group, mice were intraperitoneally injected with 16 mg/kg Re. (A,B) Macrophage pyroptosis is represented
by the caspase-1- and PI-positive cells (flow cytometry assay). (C–J) GSDMD, cleaved GSDMD, HSP90, NLRP3, IL-1β, caspase-1,
TSPO, and GAPDH protein levels in macrophages (Western blot). GSDMD and cleaved GSDMD levels were normalized by the HSP90
level. NLRP3, IL-1β, caspase-1, and TSPO levels were normalized by GAPDH level. ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001 vs. the Sham
group. +++p < 0.001 vs. VILI the group. θp < 0.05, θθθp < 0.001 vs. the Re group. All assays were repeated thrice. PI, propidium
iodide; GSDMD, gasdermin D; HSP90, heat shock protein 90; NLRP3, NOD-like receptor thermal protein domain associated protein 3;
TSPO, translocator protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

up-regulation of caspase-1+ cells, the cleaved GS-
DMD/GSDMD value, NLRP3, IL-1β, and caspase-1 in the
VILI group (Fig. 2A–H, p < 0.001); the opposite trends
were detected in the Re group (Fig. 2A–H, p < 0.001).
There was an increase in caspase-1+ cells in the VL group
(Fig. 2A,B, p < 0.001). Of note, the VILI-induced up-

regulation was confirmed to be reversed by Re based on
a comparison of the VILI + RE group with the Re group
(Fig. 2A–H, p < 0.05). Moreover, our data showed that
the caspase-1 protein level was significantly reduced by Re
compared to the sham group, and this reduction was offset
by VILI in the VILI + RE group (Fig. 2E,H, p < 0.001).
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Fig. 3. Re blockedmacrophage pyroptosis by activating TSPO.Macrophages were isolated frommouse BALF. For (A), macrophages
were transfected with/without pDONR223 vector/TSPO plasmid. (A) TSPOmRNA level in macrophages (qRT-PCR, GAPDH as internal
reference). For (B–J), macrophages were distributed into four groups. Control group: macrophages were loaded in the Flexercell FX-
4000T strain unit without mechanical stretching. CS group: macrophages received mechanical stretching (4 h). CS + NC or TSPO
group: macrophages received mechanical stretching (4 h) and transfected with pDONR223 vector or TSPO plasmid. (B) Macrophage
viability (CCK-8 assay). (C,D) Macrophage pyroptosis is represented by the caspase-1- and PI-positive cells (flow cytometry assay). (E–
J) GSDMD, cleaved GSDMD, HSP90, NLRP3, IL-1β, caspase-1, and GAPDH protein levels in macrophages (Western blot). GSDMD
and cleaved GSDMD levels were normalized by the HSP90 level. NLRP3, IL-1β and caspase-1 levels were normalized by GAPDH
level. ∆∆∆p < 0.001 vs. the NC group. ωωωp < 0.001 vs. the Control group. ###p < 0.001 vs. the CS + NC group. All assays were
repeated three times. CS, cell stretch; NC, negative control; qRT-PCR, quantitative real time polymerase chain reaction; CCK-8, cell
counting kit-8.

Re Blocked Macrophage Pyroptosis by Activating
TSPO

We found Re significantly increased the TSPO level
in macrophages (Fig. 2I,J, p< 0.01), whereas the level was

significantly reduced in the VILI group (Fig. 2I,J, p< 0.05);
however, the reduction in the VILI group was counteracted
by Re (Fig. 2I,J, p < 0.001).
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To elucidate whether Re alleviated macrophage py-
roptosis by activating TSPO, TSPO was overexpressed in
macrophages. qRT-PCR results revealed TSPO was suc-
cessfully overexpressed in macrophages (Fig. 3A, p <

0.001). CS was applied to simulate the mechanical ven-
tilation in vitro. Our data revealed that macrophage via-
bility was significantly inhibited in the CS group (Fig. 3B,
p < 0.001). Macrophage pyroptosis was clearly increased
under the treatment of CS, as indicated by the increases
in caspase-1+ cells, the cleaved GSDMD/GSDMD value,
NLRP3, IL-1β, and caspase-1 (Fig. 3C–J, p < 0.001).
Of note, these influences of CS on macrophage viability
and pyroptosis were reversed by overexpression of TSPO
(Fig. 3B–J, p < 0.001).

Discussion

Reducing alveolar macrophage pyroptosis is consid-
ered a promising therapy for the treatment of VILI [11].
Re can inhibit pyroptosis by suppressing the production of
inflammatory factors [15]. In this study, we explored the
molecular mechanism of Re mitigation of VILI. Our out-
comes clearly showed that Re alleviated VILI by activating
TSPO to inhibit macrophage pyroptosis.

Previous studies have shown that the VILI model
in rodents plays an indispensable role in exploring the
pathomechanism of VILI [18,22]. VILI is accompanied
by damaged lung tissues, and increases in the lung W/D
weight ratio, lung EBA permeability index, and BALF pro-
tein content [18,23,24]; these changes were also found in
our VILI model mice. Re has been reported to improve
bronchopneumonia-induced lung injury and reduce the lung
W/D weight ratio [10], suggesting that Re could also play
a role in VILI. Our results indicated that Re can allevi-
ate VILI, as confirmed by the reductions in the lung in-
jury score, W/D weight ratio, EBA permeability index, and
BALF protein content. These results support the potential
application of Re in treating VILI.

Reportedly, the inflammatory response is closely as-
sociated with the pathogenesis of VILI [25]. Consis-
tent with earlier findings [18], our data revealed that the
inflammation-related factors (MPO, MDA, 8-OHdG, IL-6,
TNF-α, MIP-2, IL-1β, and IL-18) were significantly in-
creased in VILI. The previous study has shown that Re can
alleviate bronchopneumonia by suppressing the inflamma-
tory response [10]. Here, we demonstrated that Re im-
proved the inflammatory response during VILI by down-
regulating these inflammatory factors, indicating the anti-
inflammatory effect of Re in VILI.

Furthermore, in VILI, alveolar macrophages are acti-
vated to generate pro-inflammatory factors, together with
macrophage pyroptosis [11]; these effects were also con-
firmed in our research. As a newly described mode of pro-
grammed cell death, pyroptosis is usually induced by cer-
tain inflammasomes [26,27]. Among them, the NLRP3
inflammasome is a kind of multimeric cytoplasmic pro-

tein complex, which is aggregated in response to cell dis-
turbance. The aggregation of the NLRP3 inflammasome
contributes to the activation of caspase-1, cleaving of GS-
DMD, and release of inflammatory factors (such as IL-1β
and IL-18), which then results in inflammatory cell death
(pyroptosis) [28–31]. Intriguingly, the inhibition of pyrop-
tosis can alleviate VILI [12], and Re can dampen pyroptosis
by downregulating the NLRP3 inflammasome and the re-
lease of inflammatory factors [10,15]. In this study, we re-
vealed that Re suppressed macrophage pyroptosis induced
by VILI, suggesting that Re can alleviate VILI by inhibiting
macrophage pyroptosis.

In addition, we confirmed that Re promoted TSPO ex-
pression in alveolar macrophages. Reportedly, TSPO is in-
volved in the progression of VILI [32]. Yet, in different
physiological conditions, the function of TSPO in vivo is
still disputed [33]. After silencing of TSPO, macrophage
pyroptosis is accelerated [17], indicating the potential ef-
fect of TSPO on mitigating macrophage pyroptosis. Our
data demonstrated that TSPO overexpression suppressed
the CS-induced macrophage pyroptosis in vitro. Combined
with the above reports, these results indicate that Re may
alleviate VILI by promoting TSPO to inhibit macrophage
pyroptosis. However, the mechanism by which Re impacts
macrophage pyroptosis has not been fully elucidated here,
which is one of the limitations of our study, and this topic
will be further investigated in the future. In future studies,
animal experiments also will be designed to test our find-
ings.

Conclusion

In summary, our results reveal an underlying mecha-
nism for the effect of Re on VILI, and verify the inhibitory
effect of Re on macrophage pyroptosis during VILI. Mech-
anistically, we confirm that Re alleviates VILI by activating
TSPO to dampen macrophage pyroptosis, indicating that
TSPO may serve as a critical target to improve VILI.
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