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Inhibitory Mechanism of Grape Seed Proanthocyanidin
Extract against Cigarette Smoke Extract-induced
Emphysema using a Mouse Model of
Chronic Obstructive Pulmonary Disease
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ABSTRACT

Cigarette smoke (CS) increases reactive oxygen species (ROS) production in inflammatory
and epithelial cells. ROS enhance autophagy-induced inflammation in alveolar macrophages
(AMs), which are the primary source of cytokines and have been implicated in the
pathogenesis of chronic obstructive pulmonary disease (COPD). Grape seed proanthocyanidin
extract (GSPE) is a flavonoid compound with potent antioxidant and anti-inflammatory effects.
However, whether GSPE can inhibit inflammation and emphysema remains unclear. In this
study, we aimed to clarify whether GSPE can inhibit emphysema and airway inflammation by
ameliorating cigarette smoke extract (CSE)-induced autophagy through the suppression of
oxidative stress in macrophages. Results showed that GSPE significantly attenuated CSE-
induced emphysema and airway inflammation in mouse lungs. Moreover, GSPE ameliorated
lung inflammation by reducing the numbers of total cells, macrophages, and neutrophils and
decreasing the levels of tumor necrosis factor-o, interleukin (IL)-1B, and IL-6 in the
bronchioloalveolar lavage fluid. ROS levels increased after CSE treatment but clearly
decreased with in vitro GSPE treatment. GSPE decreased transcription factor EB (TFEB)
oxidation by reducing ROS production, consequently inhibiting TFEB nuclear translocation.
Furthermore, GSPE suppressed ROS-induced autophagy in RAW 264.7 cells, bone marrow-
derived macrophages, and AMs. Consequently, it diminished CSE-induced lung inflammation
by inhibiting the NLR family pyrin domain containing 3 (NLRP3) inflammasome. These
results suggest that GSPE ameliorates CSE-induced inflammation and emphysema by
regulating autophagy-induced NLRP3 inflammasome through the ROS/TFEB signaling

pathway in a COPD mouse model.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive, irreversible inflammatory
disease of the lungs that involves loss of alveolar surface area (emphysema) and airway
inflammation (chronic bronchitis), which limit airflow [1, 2]. COPD is a major cause of
morbidity and mortality worldwide, and its incidence increases annually. The etiology of
COPD potentially involves imbalances in inflammation, redox homeostasis, and
protease/antiprotease equilibria, which are related to smoke exposure [3, 4]. However, the

mechanisms underlying COPD pathogenesis remain incompletely understood.

Cigarette smoke (CS) exposure is a major etiologic factor for COPD [5]. CS contains more
than 4,700 chemicals, including several highly reactive oxygen species (ROS). Thus, CS can
enhance ROS production in inflammatory and epithelial cells [4, 6, 7]. Excessive ROS
production in the respiratory tract, lungs, and blood of patients with COPD leads to oxidative
modifications in proteins, lipids, and DNA [8]. In addition, CS-induced oxidative stress results
in chronic inflammation and recruitment of inflammatory cells, primarily alveolar
macrophages (AMs) and neutrophils, to the airways. Lung AMs, the primary source of
cytokines in response to inflammatory stimuli [9], participate in lung injury pathogenesis by
initiating inflammatory responses and facilitating neutrophil infiltration and tissue damage in
the lungs [10]. In macrophages, CS enhances autophagy activation [11, 12]. Moreover, AMs
have been implicated in the pathogenesis of COPD and CS-related lung diseases, such as acute

lung injury [13, 14]. However, their roles in CS-related lung disease remain unclear.

Autophagy is a regulated process for the turnover of cytoplasmic proteins and organelles
through lysosome-dependent mechanisms. During this process, double-membraned
autophagosomes sequester organelles, protein aggregates, or pathogens and fuse with a
lysosome to form an autolysosome for the degradation or recycling of cytoplasmic components.
Autophagy is a critical and conserved cellular survival mechanism to maintain cellular
homeostasis [15, 16]. This process can be induced under pathological conditions to protect
cells from injurious stimuli or, alternatively, induce irreversible tissue injury [17-20]. Chen et
al. reported that cigarette smoke extract (CSE)-induced oxidative stress increases LC3-II
accumulation, which is enhanced by bafilomcyin Al and lysosomal protease inhibitors,

indicating that CSE-induced oxidative stress promotes autophagy [17, 19]. Additionally,



autophagy is important in regulating innate immunity and inflammation [18]. Specifically, it
has been suggested to regulate the release of proinflammatory cytokines. Zhang et al. reported
that autophagy in macrophages regulates early lung inflammation during mechanical
ventilation through NLR family pyrin domain containing 3 (NLRP3) inflammasome signaling
[20]. Furthermore, during lipopolysaccharide-induced lung inflammation, autophagy
deficiency in macrophages decreases lung and bronchoalveolar immune cell infiltration and
cytokine levels in the air space [21]. However, the exact functions of autophagy in pulmonary

macrophages in CSE-induced COPD pathogenesis remain unclear.

The NLRP3 inflammasome is a cytosolic multi-protein complex that is primarily expressed
in monocytes and macrophages [22, 23]. It is a component of the innate immune response that
can enhance the secretion of interleukin (IL)-1p and IL-18 through caspase-1 activation,
resulting in resistance to the damage caused by some pathogens. However, overactivation of
the NLRP3 inflammasome can lead to various inflammatory lung diseases, including COPD.
Numerous studies have utilized various agents, including the antioxidant drug cysteamine [24],
Vitamin E [25], 4-phenyl butyric acid [26], and the mitophagy inhibitor Mdivil [27], to
ameliorate the aberrant autophagy induced by smoke exposure in mouse models. However,
research on this topic is currently limited; thus, additional studies are needed to discover novel

antioxidant drugs.

Grape seed proanthocyanidin extract (GSPE) is a flavonoid compound with various
pharmacological properties, such as antioxidant [28], anticarcinogenic [29], antiallergic [30],
anti-inflammatory [31], antihypertensive [32], and antiviral [33]. Additionally, GSPE
ameliorates amiodarone-induced lung toxicity [34] and bleomycin-induced pulmonary fibrosis
[35]. Considering that autophagy can be induced with CSE-induced oxidative stress and
contributes to lung inflammation and emphysema, we hypothesized that GSPE as an
antioxidant can reduce CSE-induced oxidative stress and autophagy, consequently suppressing
inflammation and emphysema. We further aimed to investigate whether GSPE alleviates
autophagy-induced NLRP3 inflammasome induction by inhibiting the ROS/transcription
factor EB (TFEB), resulting in the amelioration of CSE-induced lung inflammation and

emphysema in a COPD mouse model.



Materials and methods

1. Animal experiments

Specific pathogen-free (SPF) 6-week-old female BALB/c mice weighing between 18 and
20 g were purchased from Koatech Co. (Pyongtack, Korea). The mice were housed in an SPF
animal facility and used after a week of acclimatization. This study was approved by the
Institutional Review Board (IRB) of Ulsan University Hospital (UUH; IRB No. NON2022-
002) and the Institutional Animal Care and Use Committee (IACUC; No. A-221012-01). After
a week of acclimation, the mice were randomly divided into six groups (n=8 per group): (1)
phosphate-buffered saline (PBS): mice treated with PBS; (2) CSE+PBS: mice injected with
CSE and PBS; (3) PBS+GSPE: mice injected with PBS and 100 mg/kg GSPE; (4-6)
CSE+GSPE (25, 50, or 100 mg/kg): mice intraperitoneally injected with 25, 50, or 100 mg/kg
GSPE 30 min before CSE injection. The mice were intraperitoneally injected with 0.2 mL of
CSE on days 1, 8, 15, and 23 and then sacrificed on day 28.

2. Reagents and antibodies

Enzyme-linked immunosorbent assay (ELISA) kits for tumor necrosis factor (TNF)-a, IL-
1B, and IL-6 were purchased from BD Biosciences (Cambridge, MA, USA). GSPE was
provided by Hanlim Pharmaceuticals (Entelon®, Seoul, Korea). CM-H,DCFDA was
purchased from Invitrogen (C6827, Carlsbad, CA, USA). Hoechst 33342 (H3570), 3-
methyladenine (3-MA, M9281), and N-acetyl-L-cysteine (NAC; A9165) were obtained from
Sigma Chemical (St. Louis, MO, USA). N-(Biotinoyl)-N'-(iodoacetyl) ethylenediamine
(BIAM; AS-60644) was obtained from AnaSpec (Fremont, CA, USA). Cyto-ID autophagy
detection kit 2.0 (ENZ-KIT175-0050) and the CellTiter 96TM aQueous One Solution Cell
Proliferation Assay (MTS; G3580) were purchased from Promega (Madison, WI, USA).
SureBeads™ Protein G Magnetic beads were purchased from Bio-Rad (#161-4023). The
following primary antibodies were used for analysis in this study: antibodies against TFEB
(A303-673A) from Bethyl Laboratories Inc. (Montgomery, TX, USA) and LC3B (#2775) from
Cell Signaling Technology (Danvers, MA, USA). Lamin B1 (#13435) and B-actin (A5441)
used as internal controls were obtained from Invitrogen (San Diego, CA, USA). Horseradish
peroxidase (HRP)-labeled secondary anti-mouse (#7076) and anti-rabbit (#7074) antibodies
were purchased from Cell Signaling Technology. APC rat and anti-F4/80 antibody (1:100,



566787; BD Biosciences, USA) was purchased from BD Biosciences. Anti-rabbit IgG Fab2
Alexa Fluor® 488 molecular probes (1:2000, A-11070) as a secondary antibody were obtained

from Invitrogen.
3. Preparation of CSE

CSE was prepared as previously described [8]. Briefly, three cigarettes (3R4F reference
cigarette from The Tobacco and Health Research Institute, University of Kentucky, USA) were
burned, and the smoke was passed through 10 mL of PBS at a constant airflow rate using a
peristaltic pump (VWR International). Then, the CSE-PBS solution adjusted to pH 7.2-7.4
was filtered through a 0.22 pm filter, which was considered 100% CSE and used within 1 h of
CSE preparation. For in vitro studies, a cigarette was burned, and the smoke was collected into

10 mL of RPMI-1640 using a peristaltic pump (VWR International).
4. Morphological assessment of lung tissues

The lung tissues were fixed in 3% paraformaldehyde and dehydrated with graded ethanol
solutions. After embedding in paraffin, 4-um-thick sections were prepared and stained with
hematoxylin and eosin (H&E). The mean linear intercept (MLI) (um) and destructive index
(DI) (%) were measured to quantify emphysema as described previously [36, 37]. Briefly, the
MLI was measured by dividing the length of a line drawn across the lung section by the total
number of intercepts counted within this line. The DI was calculated by dividing the defined

destructive alveoli by the total number of alveoli.
5. Bronchoalveolar lavage fluid preparation and total cell and leukocyte counts

On day 28, bronchoalveolar lavage fluid (BALF) was collected by instilling an initial 1 mL
of sterile PBS, followed by two washes with 500 uL of PBS. The fluid was centrifuged at 1500
rpm for 5 min, and the supernatant of the BALF was used to determine cytokines. The cell
pellet was resuspended in 1 mL of PBS, and the total cell count in the BALF was measured
with a hemocytometer. The resuspended cells were diluted to a final concentration of 2.5 x
10° cells/mL, and 200 pL of cells was cytospun onto slides at 800 rpm for 5 min with a Thermo-
Shandon Cytospin 4 cytofuge (Thermo Fisher Scientific, Waltham, MA, USA). The slides
were stained with Wright—Giemsa stain, and 300 leukocytes were counted on each slide. The

numbers of neutrophils and macrophages were counted.



6. Cell culture

Mouse macrophage RAW 264.7 cells (KCLB, Seoul, Korea) were grown in RPMI 1640
medium (Welgene, Daegu, Korea) supplemented with 10% FBS and 1% penicillin—
streptomycin solution at 37 °C in a humidified atmosphere with 5% CO,. RAW 264.7 cells
were pretreated with GSPE (3 pug/mL) for 4 h and then stimulated with 3% CSE for an
additional 24 h.

7. Isolation and culture of mouse bone marrow-derived macrophages

Bone marrow-derived macrophages (BMMs) were obtained as described previously [38].
Briefly, the femora and tibiae were aseptically removed from the mice. The marrow cavity was
washed with Dulbecco’s modified Eagle’s medium from one end of the bone using a sterile
21-gauge needle after dissecting the bone ends. The resulting bone marrow suspension was
washed twice and incubated on plates with mouse stem cell factor (30 ng/mL) for 16 h.
Floating cells were harvested; after 2 days of incubation, large populations of
monocyte/macrophage-like cells adhered to the culture plates. Floating cells were discarded
by washing dishes with PBS, and the adherent cells (BMMs) were collected and seeded on

plates.
8. Isolation of AMs from lungs

AMs were isolated from mouse lungs as described previously [7]. Briefly, BALF was
collected by washing the lung with an initial 1 mL of sterile PBS, followed by two 500 puL
PBS washes. The fluid was centrifuged at 1500 rpm for 5 min, and a differential cell count
was performed after washing the lavage cells. Lavage fluid from mice contained 98% AMs,

and the AMs were 96% viable, as determined by a trypan blue exclusion assay.
9. Cell viability assay

RAW 264.7 cells were cultured in a 96-well plate at 3 x 10* cells per well and grown to 80%
confluency. The cells were then treated with CSE at the indicated concentrations (0%, 3%, 5%,
10%, 15%, and 20 %). An MTS assay was performed using CellTiter 96 aQueous One Solution
Cell Proliferation Assay (Promega) in accordance with the manufacturer’s instructions, and

the optical densities of the samples were determined using a spectrophotometer at 490 nm.

10. Intracellular ROS measurement



Intracellular ROS was detected using the fluorescent probe 2',7'-dichlorofluorescein
diacetate (CM-H.DCFDA). RAW 264.7 cells were pretreated with GSPE (3 pg/mL) for 4 h
following 3% CSE stimulation for 15 h. Then, the cells were rinsed briefly in PBS and
incubated with culture medium containing 5 uM CM-H,DCFDA at 37 °C for 30 min in the
dark. Fluorescence was detected by flow cytometry (FACSCanto II), and the data were
analyzed using FlowJo V10 software (Tree Star Inc., San Carlos, CA). RAW 264.7 cells were
grown on glass cover slips in 24-well plates, and then ROS levels were measured using
confocal microscopy. The cells were pretreated with GSPE (3 pg/mL) for 4 h and then
stimulated with 3% CSE for 15 h. After staining with 10 uM CM-H,DCFDA for 15 min, the
cover slips were removed from the wells of the plate and placed on a slide for analysis.
Fluorescence images were analyzed using an Olympus FV1200 confocal microscope

(Olympus, Tokyo, Japan).
11. Immunofluorescence

AMs were seeded onto sterile glass coverslips in a 24-well flat-bottomed microplate at 5 x
10* cells/well and then incubated in RPMI-1640 medium supplemented with 10% FBS and 1%
penicillin—streptomycin solution at 37 °C in a humidified atmosphere with 5% CO. The cells
were pretreated with GSPE (3 ug/mL) for 4 h and then stimulated with 3% CSE for an
additional 24 h. The culture medium was removed from the coverslips, and all the cultured
cells were fixed with 4% ice-cold formaldehyde for 10 min and then permeabilized with 0.2%
Triton X-100 (Sigma-Aldrich) in PBS. The samples were pre-blocked with 1% bovine serum
albumin for 30 min at room temperature to reduce nonspecific staining. The cells were probed
with an anti-LC3BII antibody (1:100) and APC rat and anti-mouse F4/80 antibody (1:100) at
4 °C overnight and subsequently detected with anti-rabbit IgG Fab2 Alexa Fluor® 488
molecular probes (1:2000). The immunofluorescence images were obtained using an Olympus

FV3000 confocal microscope (Olympus).
12. RNA isolation and quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells using QIAzol reagent and reverse-transcribed with
random primers and M-MLV reverse transcriptase (Promega, Madison, USA). qPCR was
carried out using SYBR Green Taq polymerase (Qiagen, Hilden, Germany) on a StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The housekeeping gene
18S rRNA (RPS) was amplified in parallel with the genes of interest. The relative amount of



transcript was calculated using the 2722T method. The following primers were used: 5'-TGT
GGA ACA TGG AGG GAA GAG-3' and 5-TGT GCC TGT GCT GGA ACT TTC-3'
(p62/SOSTM1I); 5'-TGA AAT CAATGC TGC CTG GG-3" and 5'-CCA GAA CAG TAT AAC
GGC AAC TCC-3" (BECLIN 1); 5'-ATG GGA GTT GGC GAA GGC AAG T-3" and 5'-CAG
CCAAGGAACTCCATG TGT C-3' (ATG 4b); 5'-GAG CAG GAC TAT GAA CGG CTA G-
3"and 5-GTC CAG GTT CTG GAT GTG ATG C-3' (ATG 9b); 5'-ATC AGA GAG TTG ACC
GCA GTT G-3"and 5'-AAT GAA CCG AAG CAC ACC ATA G-3' (RPS).

13. Nuclear and cytosolic fractionation

To detect the localization of TFEB, we fractionated RAW 264.7 cells by using a nuclear and
cytosol fractionation kit in accordance with the manufacturer’s protocol. Proteins were
separated by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose membranes. The membranes were blocked with 5% skim milk
in Tris-buffered saline containing 0.05% Tween 20 (1X TBS-T) for 1 h at room temperature
and then incubated overnight at 4 °C with primary antibodies against TFEB, Lamin B1, and
B-actin. After being washed with 1X TBS-T, the membranes were incubated with HRP-
conjugated secondary antibodies for 1 h at room temperature and developed using the ECL

detection system (GE Healthcare, Waukesha, WI).
14. Western blot analysis

Total proteins from RAW 264.7 cells and BMMs were extracted on ice with lysis buffer (50
mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, and 0.01% protease
inhibitor mixture). After centrifugation for 15 min at 16,000 x g, the supernatants were
recovered. The protein concentration was determined using the BCA protein assay kit (Pierce
Biotechnology, Rockford, IL, USA). Typically, 20 pg of protein per lane was loaded on SDS-
PAGE gels and transferred onto nitrocellulose membranes. The membranes were blocked for
1 h with 5% skim milk in PBS containing 0.05% Tween 20 (PBS-T) and then incubated
overnight at 4 °C with primary antibodies against LC3BII, TFEB, Lamin B1, and B-actin. After
being washed with PBS-T, the membranes were incubated for 1 h with HRP-conjugated

secondary antibodies and developed using the ECL detection system.
15. Immunoprecipitation

Total lysate of RAW 264.7 cells was subjected to immunoprecipitation (IP) using an anti-



NLRP3 antibody with SureBeads magnetic beads (Novex, ThermoFisher Scientific, Waltham,
MA, USA). The anti-NLRP3 antibody (1 pg) was incubated with total protein lysate (1 mg)
overnight at 4 °C and then incubated with magnetic beads for 3 h at 4 °C. After being washed
with PBS-T, the tube was placed on the magnet. The supernatant was analyzed by

immunoblotting for ASC, cleaved caspase-1, and NLRP3 antibodies.
16. Transfection of siRNA

RAW 246.7 cells were seeded in 24-well plates at 2 x 10° cells/well and grown for 24 h.
The cells were transfected with small interfering RNA (siRNA) against ATGS, TFEB or with
scrambled siRNA (scRNA) using Lipofectamine 3000 and then incubated in the presence or
absence of 3% CSE for 24 h.

17. Measurement of cytokines

Cytokines were analyzed in the BALF recovered from mice or in the cell culture
supernatants. The concentrations of TNF-q, IL-1p, and IL-6 were measured using ELISA kits

in accordance with the manufacturer’s instructions (R&D Systems).
18. Detection of acidic vesicular organelles

To characterize autophagy, we quantified acidic vesicular organelles (AVOs; i.e.,
autolysosomes) by using flow cytometry after staining with acridine orange (AO) as described
previously [39]. The cells were stained with AO (1 ug/mL) for 20 min, washed twice, and
analyzed by using flow cytometry (FACSCanto II).

19. Detection of oxidized TFEB via carboxymethylation

RAW 264.7 cells were preincubated with GSPE (3 pg/mL) for 4 h and then cultured in a
medium with 3% CSE for an additional 15 h. Then, the medium was removed, and the cells
were snap-frozen in liquid nitrogen. Radioimmunoprecipitation (RIPA) buffer containing 100
M BIAM (Molecular Probes, Invitrogen, Carlsbad, CA) was rendered free of oxygen by
bubbling with nitrogen gas at a low flow rate for 20 min. The frozen cells were lysed in 700
pL of RIPA buffer with protease inhibitor and then incubated for 15 min at room temperature.
Lysates were clarified by centrifugation and immunoprecipitated with 1 pg of TFEB-specific
antibody (Bethyl Laboratories). Immunocomplexes labeled with BIAM were detected with

HRP-conjugated streptavidin and developed with an enhanced chemiluminescence kit.



20. Electrophoretic mobility shift assay (EMSA)

Nuclear protein extracts were obtained from RAW 264.7 macrophages stimulated with
GSPE (3 pg/mL) or NAC (5 mM) in accordance with the manufacturer’s manual (LightShift
Chemiluminescent EMSA kit). Susbequently, 3 pug of nuclear extract was added to 20 fmol
biotin-labeled oligonucleotides (TFEB, 5-GTA GGC CAC GTG ACC GGG-3'; NF-Y, 5’ -
AGA CCGTAC GTGATT GGT TAATCT CTT-3’) and then incubated with 1X binding buffer,
50 ng/mL poly(dI-dC), 0.05% Nonidet P-40, 5 mM MgCl,, 10 mM EDTA, and 2.5% glycerol
for 20 min at room temperature. The reactions were analyzed by electrophoresis on 3%
polyacrylamide gels in 0.5X TBE buffer at 40 V for 80 min and then transferred onto positively
charged nylon membranes in 0.5X TBE at 40 V for 60 min. The transferred DNA was

crosslinked to the membranes at 10 mJ/cm? and detected using HRP-conjugated streptavidin.
21. Autophagosome quantification

RAW 264.7 cells were grown on glass cover slips in 24-well plates, and autophagy was
measured using the Cyto-ID autophagy detection kit (ENZ-51031-0050). RAW 264.7 cells
were pretreated with GSPE (3 pg/mL) for 4 h, stimulated with 3% CSE for 15 h, and then
stained with Cyto-ID Green dye and Hoechst 33342 at 37 °C for 30 min in accordance with
the manufacturer’s instructions. The coverslips were removed from the wells of the plate and
placed on a slide for confocal microscopic analysis. Fluorescence images were analyzed using

an Olympus FV1200 confocal microscope.
22. Statistical analyses

All values are expressed as means =+ standard error of the mean (SEM). Each series of
experiments was repeated at least three times. Considering that the sample means were
normally distributed, we used one-way analysis of variance (ANOVA) for comparisons of
more than two groups, followed by Bonferroni post-tests, and the t-test for two-group
comparisons. Statistical analyses were performed using GraphPad Prism 5 (GraphPad Prism
Software Inc., CA, USA) and SPSS 24.0 (SPSS, Inc., IL, USA). A p value <0.05 was

considered statistically significant.



Results

1. GSPE ameliorates CSE-induced lung inflammation and emphysema

GSPE exerts potent antioxidant and anti-inflammatory effects on inflammatory diseases,
including lung disease [31, 35, 40]. Therefore, we hypothesized that GSPE can ameliorate the
development of CSE-induced COPD by attenuating oxidative stress and inflammation. To
investigate the effect of GSPE on the molecular pathogenesis of COPD, we first established a
CSE-induced COPD mouse model. For histopathological analysis, lung sections were stained
with H&E. Intraperitoneal injection of CSE in the mice led to inflammation and
emphysematous lung destruction within 28 days. H&E staining revealed peribronchial
interstitial infiltration of inflammatory cells as well as alveolar edema. Emphysema was
greater in the CSE-treated group than in the PBS-treated group (Fig. 1A). Airspace
enlargement and destruction of alveolar walls were evaluated based on the MLI and DI,
respectively, and both significantly increased in the mice exposed to CSE (Fig. 1B), indicating
that CSE contributed to airspace enlargement and the destruction of alveolar walls, which is a
structural feature of emphysema [41]. By contrast, the GSPE+CSE group showed significant
reductions in these parameters compared with those observed in the CSE-only group. The
significantly increased alveolar edema in the lung lesions of mice exposed to CSE was
ameliorated by GSPE (Fig. 1A, B), indicating the inhibitory effect of GSPE on CSE-mediated
COPD in mice.

Furthermore, we determined whether GSPE can ameliorate CSE-induced lung
inflammation. Pulmonary macrophages play prominent pathologic roles in humans with
COPD [42]. Consistent with these findings, the numbers of macrophages increased in the lungs
of CSE-exposed mice (Fig. 1D). However, as shown in Fig. 1D, the total cell count, neutrophils,
and macrophages in the BALF were significantly lower in the GSPE+CSE group than in the
CSE-only group. The GSPE+CSE group also showed significantly lower lung inflammation
scores and TNF-a, IL-1p, and IL-6 levels than the CSE-only group (Fig. 1C, E). These results
indicated that GSPE ameliorated the CSE-induced lung inflammation during COPD

progression.
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2. GSPE attenuates CSE-induced autophagy

CSE-induced oxidative stress can induce autophagy, which contributes to lung
inflammation and lung injury. Thus, we examined whether the antioxidant GSPE can reduce
autophagy by decreasing CSE-induced oxidative stress. We assessed the cytotoxic effect of
CSE on murine macrophage RAW 264.7 cells. As shown in Fig. 2A, cellular toxicity increased
significantly after 3% CSE treatment for 24 h. Considering that the cell viability decreased to
less than 40% after exposure to CSE at concentrations greater than 5%, we used 3% CSE. To
investigate the effects of GSPE pretreatment on CSE-induced autophagy, we first measured
the lipidated form of LC3B (LC3BII), a marker of autophagic flux in RAW 264.7 mouse
macrophages and BMMs, which are primary macrophages generated from bone marrow cells.
As expected, treatment with CSE substantially enhanced LC3BII accumulation in a dose-
dependent manner, whereas cotreatment with GSPE (3 pg/mL) significantly inhibited the
CSE-induced LC3BII accumulation (Fig. 2B, C). In addition, CSE-upregulated LC3BII
formation was significantly decreased by the autophagy inhibitor 3-MA. The hallmark of
autophagy is the formation of autophagosomes and autolysosomes, which are formed by the
fusion of an autophagosome with a lysosome. To evaluate whether CSE facilitates the
formation of AVOs and GSPE reverses this process, we performed flow cytometry using AO
fluorescent dye. The cells were stained with AO, a weak fluorescent base that accumulates in
acidic spaces and fluoresces bright red. In AO-stained cells, the cytoplasm and nucleolus
appear bright green and dim red, respectively, whereas AVOs appear bright red. Thus, the
intensity of the red fluorescence is proportional to the degree of acidity and the total volume
of AVOs. In the present study, LC3BII accumulation increased after exposure to 2%, 3%, and
4% CSE. Consistent with this result, AVO formation was more significant at 3% than at 2%
CSE. Starvation was also tested as a positive control for autophagy induction. Pretreatment
with GSPE decreased the CSE-enhanced formation of AVOs and the percentage of cells with
AVOs from 41% to 22% (Fig. 2D). A similar pattern was observed in the 3-MA treated group.
AVO staining results showed that CSE clearly increased AVO formation, which was inhibited
when the cells were cotreated with GSPE, confirming that GSPE can reduce CSE-induced
autophagy. Additionally, we used Cyto-ID® Green dye to detect the autophagic vacuoles
formed during autophagy. Consistent with Fig. 2B and D, Fig. 2E shows that treatment with
CSE induced significant autophagic flux in the cells in comparison with the vehicle, whereas

pretreatment with GSPE markedly decreased the CSE-induced increase in autophagic flux.

11



Moreover, we isolated AMs from mouse BALF and then performed double immunostaining
of F4/80 (red) and LC3BII (green) by using immunocytochemical staining to identify the role
of GSPE in the CSE-induced autophagy of AMs. The autophagy activation of AMs was greater
in the CSE group than in the vehicle group (Fig. 2F). However, pretreatment with GSPE
significantly decreased the CSE-induced LC3BII expression in macrophages. These results
suggested that GSPE can apparently reduce CSE-induced autophagy in mouse lung

macrophages.
3. GSPE inhibits CSE-induced oxidative stress, leading to reduced autophagy

We sought to elucidate which signal mediates CSE-induced autophagy. CS enhances ROS
production in inflammatory cells, such as AMs [43, 44], and elevated ROS formation promotes
autophagy [45, 46]. Therefore, we hypothesized that treatment with CSE increases ROS
production to enhance macrophage autophagy and that cotreatment with GSPE abolishes the
CSE-induced oxidative stress and thus inhibits autophagy. To assess whether GSPE reduces
CSE-induced autophagy by inhibiting oxidative stress, we measured intracellular ROS levels
in CSE-treated cells by using DCF-DA, which is oxidized by ROS to fluorescence DCF. RAW
264.7 cells and BMMs were pretreated with GSPE (3 pg/mL) for 4 h, exposed to 3% CSE for
another 15 h, and then stained with DCF-DA. Subsequently, intracellular ROS levels were
measured using confocal microscopy and flow cytometry. As shown in Fig. 3A and B, the
RAW 264.7 cells pretreated with GSPE exhibited significantly lower intracellular ROS
production than those treated with CSE alone. Similarly, pretreatment of BMMs with GSPE
decreased the CSE-induced increase in ROS production (Fig. 3C). These results suggested that
GSPE exerted efficient antioxidant effects on CSE-induced oxidative stress in macrophages.
Additionally, GSPE pretreatment significantly reduced the CSE-induced increase in LC3BII
levels (Fig. 3D). The same pattern was observed with NAC, a ROS scavenger. Removal of
ROS by NAC decreased the enhancing effect of CSE on autophagy activation (Fig. 3E). These
results indicated that ROS mediated the CSE-induced autophagy, but GSPE pretreatment
ameliorated ROS production and thus decreased the CSE-induced autophagy. Moreover,
pretreatment with GSPE significantly decreased the CSE-induced increase in intracellular
ROS levels. These results suggested that GSPE exhibited antioxidant effects on CSE-induced

oxidative stress and ameliorated oxidative stress-mediated autophagy.
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4. GSPE reduces CSE-induced TFEB oxidation, resulting in decreased TFEB

nuclear translocation

We investigated which molecule was the target for ROS when exerting an effect on
autophagy. ROS directly oxidize TFEB, which promotes nuclear localization [47] and the
expression of genes associated with autophagy and lysosomes. Therefore, we assessed whether
CSE treatment can increase the levels of oxidized TFEB and whether GSPE pretreatment can
reduce this CSE-induced increase. As shown in Fig. 4A, CSE treatment decreased the level of
reduced TFEB, whereas GSPE pretreatment restored the reduced TFEB in the presence of CSE.
Next, we determined whether CSE treatment enhances TFEB nuclear translocation in
macrophages and whether ROS affect this process. CSE treatment decreased the nuclear
localization of TFEB, but GSPE pretreatment attenuated the effect of CSE (Fig. 4B). The same
pattern was observed with NAC. Removal of ROS by NAC significantly diminished the
enhancing effect of CSE on the nuclear translocation of TFEB. Collectively, CSE enhanced
the oxidized TFEB and thereby facilitated its activity to increase autophagy, leading to
inflammation and further lung injury. However, the increased levels of oxidized TFEB after
CSE administration were reversed by GSPE pretreatment. These results showed that ROS
removal by GSPE or NAC significantly diminished the enhancing effect of CSE on autophagy
activation by preventing CSE-induced TFEB nuclear translocation. The increased TFEB
transcriptional activity caused by CSE was confirmed by its induced levels of DNA binding
activity and the expression of TFEB target gene. The transcriptional activity of TFEB was
assessed using EMSA. Compared with the vehicle, CSE alone enhanced the DNA binding
activity of TFEB, whereas GSPE reversed this effect. ROS removal by NAC also reduced the
inducing effect of CSE (Fig. 4C). Competition assays using excess of unlabeled probes were
performed to determine the specificity of DNA—protein complex formation. NF-Y DNA
binding activity was measured as a loading control. Consistent with previously reported results
[48, 49], the results of the present study showed that TFEB regulated the expression of genes
associated with autophagy (47GS5, BECNI, and SOQSTM1). Silencing of TFEB attenuated the
expression of SOSTM1, BECNI1, ATG4b, and ATG9b in the presence of CSE (Fig. 4D). Then,
we investigated the effects of TFEB on CSE-induced autophagy. Silencing of TFEB attenuated
the increasing effects of CSE on AVO formation (Fig. 4E). These results suggested that CSE
enhanced TFEB transcriptional activity, mediating oxidative stress-induced autophagy.

However, GSPE restored CSE-induced autophagy by decreasing TFEB transcriptional activity.
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5. GSPE attenuates autophagy-induced lung inflammation by inhibiting NLRP3

inflammasome

Autophagy regulates the release of proinflammatory cytokines, including IL-1B. The
activation of the NLRP3 inflammasome in AM is involved in COPD pathogenesis [50, 51]. In
particular, CS promotes activation of the NLRP3 inflammasome, increasing the release of
proinflammatory cytokines, such as IL-1p and IL-18, in human alveolar epithelial cells [52].
Therefore, we hypothesized that inhibition of autophagy through GSPE treatment would
diminish CSE-induced lung inflammation by inhibiting the NLRP3 inflammasome. RAW
264.7 cells were pretreated with GSPE (3 pg/mL) for 4 h and then stimulated with 3% CSE
for an additional 24 h. The expression levels of NLRP3 inflammasome assembly markers,
including NLRP3, ASC, and caspase-1, were determined through western blot. As shown in
Fig. 5A, the levels of ASC and caspase-1 proteins clearly increased in the macrophages
exposed to 3% CSE. However, GSPE significantly abolished the CSE-induced increase in the
expression levels of these NLRP3 inflammasome assembly markers. We confirmed that
autophagy mediated the effect of CSE on NLRP3 inflammasome activation. Loss of autophagy
by pharmacological inhibition or siRNA silencing of 4TG5 dramatically diminished the
enhancing effect of CSE on NLRP3 inflammasome activation. Consistent with this result, the
autophagy inhibitor 3-MA also significantly decreased CSE-upregulated NLRP3
inflammasome (Fig. 5B). Moreover, ATGS5 knockdown using siATGS5 reduced the expression
of the NLRP3 inflammasome in the presence CSE (Fig. 5C). These results indicated that GSPE
can regulate autophagy-induced NLRP3 inflammasome activation, which was responsible for

the CSE-induced lung inflammation during COPD progression (Fig. 6).

14



GSPE

CSE

Vehicle

(A)

GSPE100/CSE

GSPE50/CSE

GSPE25/CSE

(€)

2100 UoewWe}uU|

60

40

(%) 10

+

+
100 25 50 100

+

CSE
GSPE

30+

(=] =]

(wr) W

CSE
GSPE

100 25 50 100

GSPE

100 25 50 100

inued)

1. (cont

ig.

F

15



(D) — — "

i

[=2]
1

-
L
=y
=}
1

X
L
e
2]
1

Total cells (x10%/L)
S
Macrophage (x10%/L)
Neutrophil (x10%/L)

- 0.0-
CSE - + - + + + CSE - + - + + + CSE - + - + + +
GSPE - - 100 25 50 100 GSPE - - 100 25 50 100 GSPE - - 100 25 50 100

(=]
o
L

P
~—
w
o
o
£
(=
o
-
(=3
(=]
:|#

o D
< <
IL-6 (pg/mli)
D (=]
< <

TNF-a (pg/mil)
8

IL-1B (pg/ml)

»n
o
|
N
(=]
L

CSE - + - + CSE - + - 4 CSE - + - +
GSPE - - + o+ GSPE - - + o+ GSPE - - + 4+

Fig. 1. GSPE ameliorates CSE-induced lung inflammation and emphysema in mice.

BALB/c mice were treated with 25, 50, or 100 mg/kg GSPE 30 min before CSE injection
and then intraperitoneally injected with 0.2 mL of CSE on days 1, 8, 15, and 23. Panel (A)
shows lung sections stained with H&E after 28 days. Original magnification, 80x. Scale bars,
300 um. (B) Relative to the mice from the CSE + PBS group, the mice from the CSE+GSPE
group showed fewer morphometric changes in the mean linear intercept (MLI) (um) and
destructive index (DI) (%); (C) a lower inflammation score; (D) lower numbers of total cells,
neutrophils, and macrophages in the BALF; and (E) lower levels of TNF-q, IL-1f, and IL-6
in the BALF. Data are representative of three independent experiments. *p < 0.05, **p <0.01,
***p < 0.001 in comparison with the PBS group. #p < 0.05, ##p < 0.01, ###p < 0.001 in

comparison with the CSE+PBS group.
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Fig. 2. GSPE attenuates CSE-induced autophagy.

(A) RAW 264.7 cells were treated with CSE at the indicated concentrations (0%, 3%, 5%,
10%, 15%, and 20%) for 24 h. Cell viability was measured using the MTS assay. (B) RAW
264.7 cells and (C) BMMs were subjected to western blot to determine LC3BII expression,
which was normalized to that of B-actin. (D) RAW 264.7 cells were stained with AO (1 pg/mL)
for 20 min to assess AVO formation and analyzed using flow cytometry. (E) RAW 264.7 cells
were stained with Cyto-ID Green dye and Hoechst 33342 for confocal analysis. (F) AMs were
immune stained with an APC rat and anti-mouse F4/80 and anti-LC3 antibodies and
subsequently detected with Alexa Flour 488 conjugated secondary antibody using a confocal
system. Scale bars, 20 um. Data are representative of three independent experiments. *p <
0.05, **p < 0.01, ***p < 0.001 compared with untreated cells. #p < 0.05, ##p < 0.01, ##p <
0.001 compared with CSE-treated cells.
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Fig. 3. GSPE inhibits CSE-induced oxidative stress, leading to reduced autophagy.

(A, B) RAW 264.7 cells and (C) BMMs were treated with GSPE (3 pg/mL) for 4 h and then
incubated with 3% CSE for 15 h. Intracellular ROS were stained with DCF-DA and analyzed
using flow cytometry and confocal microscopy. Scale bars, 20 um. (D, E) RAW 264.7 cells
and BMMs were treated with GSPE (3 pg/mL) or NAC (5 mM) for 4 h before the addition of
3% CSE for 24 h. LC3BII expression was detected by western blot analysis and normalized to
that of B-actin. Data are representative of three independent experiments. *p < 0.05, **p <

0.01, ***p < 0.001 in comparison with nontreated cells. ##p < 0.01, ###p < 0.001 in

comparison with CSE-treated cells.
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Fig. 4. GSPE reduces CSE-induced TFEB oxidation, resulting in decreased TFEB nuclear

translocation.

(A) Raw 264.7 cell lysates were labeled with BIAM, TFEB was immunoprecipitated (IP)
from each sample, and HRP-streptavidin immunoblotting was performed to evaluate the
reduced form of TFEB. (B) Whole-cell lysates were separated into cytoplasmic and nuclear
fractions, followed by western blot analysis with anti-TFEB antibodies. Cytoplasmic and
nuclear extracts were normalized using antibodies for B-actin and Lamin B1, respectively. (C)
RAW 264.7 cells (8 x 10° cells) were incubated with vehicle (V) (lane 1), CSE (lane 2), GSPE
(lane 3), CSE+GSPE (lane 4), or CSE+NAC (lane 5). A 100-fold excess of unlabeled probes

21



(lane 6) was used as a negative control. The extracts were assayed for TFEB activity by EMSA.
NF-Y probe was used as a loading control. (D) The cells were transfected with scRNA or
siTFEB and incubated further with 3% CSE. RNA was isolated and analyzed by qPCR. (E)
Cells were transfected with scRNA or siTFEB, incubated with 3% CSE for 24 h, and then
stained with AO (1 pg/mL) for 20 min before analysis using flow cytometry. Data are
representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
compared with nontreated cells. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with CSE-

treated cells.
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Fig. 5. GSPE attenuates autophagy-induced lung inflammation by inhibiting the NLRP3

inflammasome.

(A) RAW 264.7 cells were treated with GSPE (3 pg/mL) for 4 h and then incubated with 3%
CSE for 24 h. (B) RAW 264.7 cells were treated with GSPE (3 pg/mL), 3-MA (100 nM), or
NAC (5 mM) for 4 h and then incubated with 3% CSE for 24 h. (C) The cells were transfected
with scRNA or siATGS5 and incubated further with 3% CSE for 24 h. After whole-cell lysates
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were prepared from cultured cells, activation of NLRP3 inflammasome was detected using IP
with anti-NLRP3 antibody followed by immunoblotting (IB) for ASC, cleaved caspase-1, and
NLRP3 antibodies. Data are representative of three independent experiments. *p < 0.05, **p
< 0.01 compared with nontreated cells. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with
CSE-treated cells.
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Fig. 6. Schematic diagram of proposed pathways.

GSPE ameliorates lung inflammation and emphysema progression by regulating the

autophagy-induced NLRP3 inflammasome through the ROS/TFEB signaling pathway in a
COPD mouse model.
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Discussion

COPD is a progressive, irreversible inflammatory disease of the lungs that involves small
airway inflammation and destruction of lung parenchyma, i.e., emphysema, which leads to
airflow limitation [1, 2]. Cigarette smoking is a major risk factor for COPD, leading to
significantly elevated ROS generation. CS-induced oxidative stress is an important mechanism
underlying COPD pathogenesis, resulting in chronic inflammation of the airways and
recruitment of inflammatory cells, primarily AMs and neutrophils. Numerous studies have
shown the relationship between oxidative stress and autophagy in COPD [53, 54]. CS exposure
is the most common method to build a COPD animal model. However, new modeling methods
are being explored constantly because of the long modeling time and instability [55, 56]. CS
and CSE induce autophagy, which plays an essential role in the pathogenesis of lung diseases
such as COPD [11, 19, 44-46]. Considering that autophagy can be induced with CSE-induced
oxidative stress and contributes to lung inflammation and emphysema, we hypothesized that
the antioxidant GSPE can inhibit CSE-induced oxidative stress and autophagy, reducing
inflammation and emphysema severity. To evaluate the role of GSPE in COPD pathogenesis,
we first established a CSE-induced COPD mouse model by intraperitoneally injecting CSE as
previously described [36, 57]. CS exposure and CSE intraperitoneal injection can induce
emphysema, exhibiting similar effectiveness in constructing the model [36, 57-60].
Intraperitoneal injection of CSE in rats induces emphysematous lung destruction [57, 59, 60],
a method that has also been successfully replicated in mice [36, 58]. Finally, CSE injection is
not only convenient but also has advantages, such as consistency, stability, and a short
modeling time. For these reasons, we selected intraperitoneal CSE injection as a method to
establish a COPD mouse model. Our pathologic findings showed the inhibitory effect of GSPE
on CSE-induced COPD in mice. GSPE also markedly reduced airspace enlargement,
destruction of alveolar walls, release of proinflammatory cytokines, and immune cell
infiltration induced by CSE. These results showed that GSPE exerted protective effects on the

CSE-induced COPD mouse model by alleviating pathological changes.

Autophagy is a conserved cellular survival mechanism to maintain cellular homeostasis. It
plays an important role in overcoming exogenous stress, but prolonged and excessive
autophagy can cause irreversible lung injury. Autophagy activation is induced by CS and is

closely associated with COPD pathogenesis [11, 12]. However, the role of autophagy in COPD
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pathogenesis remains controversial because of its protective and injurious aspects. Thus, the
role of autophagy in human diseases is complex. Several studies have reported that autophagy
impairment accelerates COPD progression, suggesting that it plays a protective role in CSE-
induced COPD pathogenesis [24, 61, 62]. Furthermore, SIRT6 overexpression promotes
autophagy, attenuating the senescence of CSE-induced human bronchial tracheal epithelial
cells [63]. By contrast, some studies have reported that activation of autophagy aggravates
pathological processes, negatively affecting COPD prognosis [26, 53, 64]. Wang et al. found
that CSE-induced autophagy activation exacerbates lung damage in COPD [64]. Moreover,
Gouzi et al. showed that autophagy inhibition by 3-MA nearly restores the diameter of COPD
myotubes to normal [53]. Cigarette smoking promotes the autophagy of lung macrophages,
suggesting that excessive autophagy can contribute to lung macrophage dysfunction [65-67].
These studies demonstrated that dysfunction of lung macrophages inhibits phagocytosis and
bacterial clearance and enhances the release of inflammatory mediators and proteases [2-4,
26], eventually causing airway inflammation and alveolar destruction. Although further
studies are required to elucidate the role of autophagy in COPD, the present data clearly
demonstrated that CSE induced significant autophagic flux in cells in comparison with the
vehicle. By contrast, GSPE considerably inhibited CSE-induced autophagy in RAW 264.7
cells, BMMs, and AMs. CSE triggered excessive autophagy in macrophages, which could lead
to uncontrolled inflammation, whereas GSPE recovered the excessive CSE-induced

inflammation by suppressing autophagy.

Recent studies have reported that ROS produced from the mitochondria and NADPH
oxidases are vital for autophagy activation [45] and that ROS function as upstream signals in
autophagy [68]. Consistent with these findings, the present data showed that CSE markedly
increased intracellular ROS levels in macrophages, whereas GSPE treatment significantly
decreased the CSE-induced ROS levels. These results indicated that GSPE exhibited
antioxidant effects on CSE-induced oxidative stress in macrophages. In addition, GSPE
significantly reduced the CSE-induced increase in LC3BII accumulation. Similarly, the ROS
scavenger NAC also exerted the same effect. These results suggested that ROS removal by
GSPE or NAC significantly diminished the enhancing effect of CSE on autophagy activation,

indicating that ROS could be responsible for CSE-induced autophagy in macrophages.

We also determined which molecule was the target for ROS to affect autophagy. Recent

studies have indicated that ROS directly oxidize TFEB, which enhances nuclear localization
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in oxysterol-induced osteoclasts [69]. TFEB is a key transcription factor regulating autophagy
at the transcriptional level and can bind to the promoters of autophagy genes to induce
autophagosome formation and autophagosome-lysosome fusion. Our results demonstrated that
CSE can increase the oxidized TFEB and nuclear localization of TFEB. By contrast, GSPE
could reduce the oxidized TFEB, which subsequently attenuated the CSE-induced increase in
TFEB nuclear translocation. The removal of ROS by NAC also clearly abolished the
enhancing effect of CSE on TFEB nuclear translocation. These data demonstrated that the
CSE-enhanced autophagy activation was mainly mediated by increasing TFEB nuclear
translocation through the CSE-induced ROS level in macrophages. However, the antioxidant
GSPE ameliorated CSE-induced oxidative stress and TFEB nuclear translocation, leading to

autophagy downregulation.

Autophagy ensures balance between innate immunity and inflammation by regulating the
release of proinflammatory cytokines [18]. Zhang et al. reported that activation of autophagy
in macrophages induces mechanical ventilation-induced lung inflammation through NLRP3
inflammasome signaling [20]. Moreover, autophagy deficiency in macrophages decreases lung
and bronchoalveolar immune cell infiltration and cytokine levels in the air space during
lipopolysaccharide-induced lung inflammation [21]. However, the exact role of autophagy in
the pulmonary macrophages in CSE-induced COPD pathogenesis remains unclear. The
NLRP3 inflammasome, primarily expressed in monocytes and macrophages, is a cytosolic
multi-protein complex that is a part of the innate immune response. However, overactivation
of the NLRP3 inflammasome can lead to various inflammatory diseases, including COPD. In
addition, NLRP3 expression is increased by exposure to CS in mouse lung tissue [70-72]. Cao
et al. demonstrated that activation of the NLRP3 inflammasome may be associated with CS-
induced ROS production [71]. Our data demonstrated that the levels of NLRP3, ASC, and
caspase-1 proteins were clearly increased in macrophages exposed to CSE. However, GSPE
abolished the CSE-induced increase in the expression of these NLRP3 inflammasome
assembly markers. These results indicated that GSPE can mitigate the CSE-induced activation

of the NLRP3 inflammasome.

Previous studies have implicated inflammasome-dependent cytokines in COPD
pathogenesis. For instance, increasing amounts of NLRP3 and IL-1p are expressed in COPD
lungs [73, 74], and CS-exposed NLRP3 knockout mice show reduced production of caspase-
1, IL-1B, and IL-18 [75]. IL-1PB is a major proinflammatory cytokine that enhances the
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production of additional cytokines, such as IL-6. CS triggers the release of IL-1f and other
master cytokines, such as TNF-q, IL-6, and IL-8, resulting in macrophage activation in COPD
[76]. Consistent with the CSE-induced activation of the NLRP3 inflammasome, our results
showed that IL-1p levels significantly increased in the BALF after CSE administration. This
result indicated that NLRP3 inflammasome activation during CSE administration contributed
to IL-1P release and that CSE can activate the NLRP3/ASC/caspase-1 inflammasome in
macrophages. However, the CSE-induced IL-1p production was clearly decreased by GSPE,
suggesting that GSPE can ameliorate CSE-mediated inflammasome activation and the

subsequent inflammation.
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Conclusions

This study demonstrated that CSE-induced ROS production elevated autophagy by
enhancing the nuclear translocation of TFEB through oxidized TFEB in macrophages. The
excessive autophagy in macrophages enhanced NLRP3 inflammasome activation,
contributing to lung inflammation and emphysema progression in a mouse model of COPD.
However, GSPE decreased TFEB-oxidizing ROS levels, which reduced TFEB nuclear
translocation and autophagy in CSE-treated macrophages and ameliorated the CSE-induced
lung inflammation and emphysema in mice. These results demonstrate that GSPE exerted
protective effects against inflammation and emphysema in a COPD mouse model by
regulating the autophagy-induced NLRP3 inflammasome through the ROS/TFEB signaling
pathway.

The work presented here has been published before [77].
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