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Background: Chronic obstructive pulmonary disease (COPD) is a prevalent yet manageable respiratory condition. However,
treatments presently used normally have side effects and cannot cure COPD, making it urgent to explore effective medications.
The ginsenoside Rg3 (Rg3) has been shown to have anti-inflammatory and anti-tumor properties and can improve COPD. The
primary objectives of this investigation were to explore the impact of Rg3 on COPD and delve into the associated mechanisms.
Methods: In vitro models exposed human bronchial epithelial cells (BEAS-2B) to cigarette smoke extract (CSE), and in vivo
models induced COPD in mice through chronic inhalation of cigarette smoke (CS). Sirtuin 1 (SIRT1) expression was regulated via
cell transfection or mice infection with recombinant lentiviruses. SIRTI mRNA levels were quantified using quantitative real-time
reverse transcription polymerase chain reaction (QRT-PCR), and SIRT protein levels were assessed by western blot or enzyme-
linked immunosorbent assays (ELISA). Mitophagy was evaluated by light chain 3 (LC3) II/I and phosphatase and tensin homolog
(PTEN)-induced kinase 1 (PINK1) levels, and apoptosis was determined using terminal deoxynucleotidyl transferase dUTP nick-
end labeling (TUNEL). Lung function was measured with the Buxco system, and inflammation was assessed via interleukin 6
(IL-6) and keratinocyte-derived cytokine (KC) levels in bronchial alveolar lavage fluid. Lung morphological impairments were
determined through Hematoxylin and Eosin (H&E) staining and mean linear intercept (MLI) measurement.

Results: In BEAS-2B cells, CSE treatment caused a decrease in SIRT1 expression (p < 0.01) and an increase in LC3 II/I (p <
0.01) and PINK1 (p < 0.01), which were all reversed by Rg3 (p < 0.01), with 20 M Rg3 performing the best and being used
subsequently. CSE increased apoptosis of BEAS-2B cells (p < 0.01), which was reversed by Rg3 (p < 0.01). Upregulated SIRT1
further decreased levels of LC3 II/I (p < 0.001), PINK1 (p < 0.001), and cell apoptosis (p < 0.001) for CSE- and Rg3-treated
cells, whereas downregulated SIRT1 reversely increased levels of LC3 II/I (p < 0.001), PINK1 (p < 0.001), and cell apoptosis
(p < 0.001). The establishment of COPD caused a decrease in SIRT1 mRNA (p < 0.001), SIRT1 protein (p < 0.001), and lung
functions (p < 0.001) whereas IL-6 (p < 0.001), KC (p < 0.001), lung impairment, and MLI (p < 0.001) were increased; all of
these effects were reversed by Rg3 (p < 0.001). Moreover, the Rg3-induced reversion was furthered by SIRT1 upregulation (p <
0.001) and was disrupted by SIRT1 downregulation (p < 0.001).

Conclusion: Rg3, through activation of SIRT1, suppresses mitophagy and apoptosis, ameliorates COPD, and improves lung
functions.
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Introduction gate novel pharmaceutical options for managing symptoms

associated with COPD.

Chronic obstructive pulmonary disease (COPD) is a
prevalent, avoidable, and manageable chronic respiratory
condition marked by persistent airflow limitation in the air-
ways, leading to symptoms such as dyspnea, cough, and
mucus production [1]. The most common cause of COPD
is cigarette smoke exposure [2]. Through appropriate inter-
vention, most COPD patients can better control symptoms
and improve their quality of life. However, the existing
COPD treatment drugs, mainly composed of a combination
of bronchodilators and long-acting inhaled hormones, all
have side effects during use [3,4]. And there is currently no
treatment that can cure COPD. Hence, it is crucial to investi-

Ginsenoside Rg3 (Rg3) is a compound derived from
red ginseng, with anti-inflammatory, anti-tumor, and other
pharmacological properties [5,6]. It has been shown that
Rg3 can treat and relieve symptoms of COPD by inhibit-
ing neutrophil migration [7]. Sirtuins (SIRTs) are a family
of deacetylases dependent upon NAD+ [8,9]. Studies have
reported that sirtuin 1 (SIRT1) can regulate mitochondrial
biogenesis [10,11], apoptosis [12,13], and autophagy [14,
15] through the deacetylation of transcription factors and
histones [16,17]. Because SIRT1 requires NAD+ cofactors
to increase enzyme activity, it responds to changes in the
environment, oxidative stress, and metabolism [18,19]. It
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has been shown that SIRT1 can be covalently oxidized by
cigarette smoke (CS)-derived oxidants/aldehydes, resulting
in post-translational modification, inactivation, and protein
degradation [20,21]. Relevant research results show that
SIRT1 is reduced in the lungs of smokers and COPD pa-
tients [22]. Moreover, sodium hydrosulfide can up-regulate
the expression of SIRT1 in vivo and in vitro, and protect
lung bronchial epithelial cells from cigarette smoke extract
(CSE)-induced epithelial-mesenchymal transition (EMT)
[23]. Thus, activation of SIRT1 can help prevent and treat
CS-induced airway remodeling.

Previous studies have proved that Rg3 can activate
SIRT1 expression to reduce the inflammatory response of
a rat myocardial infarction model [24], and can also reduce
chondrocyte damage [25]. As a widely studied gene locus
in mammals, SIRT1 can regulate a variety of cellular tar-
gets and functions and has corresponding therapeutic po-
tential. However, the effects and mechanisms of Rg3 in
the treatment of COPD are still unclear. We hypothesized
that Rg3, as a SIRT1 activator, could suppress mitophagy
and cell apoptosis in COPD, thus slowing the progression
of COPD. Mitochondrial autophagy is a selective macroau-
tophagy/autophagy that degrades dysfunctional or exces-
sive mitochondria [26]. Mitochondrial damage induced by
CS exposure accumulates in the process of COPD [27] and
autophagy can eliminate damaged mitochondria. At the
same time, studies have also shown that regulating apop-
tosis can improve COPD [28,29].

Therefore, in order to verify our hypothesis, we exam-
ined the effects of Rg3 on mitophagy and apoptosis in CS-
induced COPD models in vivo and in vitro. The effect of
Rg3 on COPD was evaluated by measuring the lung func-
tion of experimental animals. In addition, the potential in-
volvement of the SIRT1 signaling pathway was analyzed.

Materials and Methods

Cell Culture

Human bronchial epithelial cells (BEAS-2B) (iCell-
h023) were purchased from iCell Bioscience Inc. (Shang-
hai, China). The cells were cultured in Dulbecco’s modified
eagle medium (DMEM; iCell-0001, iCell Bioscience Inc.,
Shanghai, China) containing 10% fetal bovine serum (FBS;
iCell-0500, iCell Bioscience Inc., Shanghai, China) and 1%
penicillin-streptomycin (iCell-15140-122, iCell Bioscience
Inc., Shanghai, China). The culturing condition was 37 °C,
70%—80% relative humidity, and 5% COs. Cells passed to
the third generation were used for subsequent experiments.
Cells have been verified by short tandem repeat (STR), and
mycoplasma testing was performed before cells were used
in order to avoid cell contamination.

Preparation of CSE

The preparation of CSE used in vitro was based on a
previous study [30]. Briefly, 10 mL of serum-free sterile
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DMEM was added into a 60-mL plastic syringe and one
puff of cigarette smoke (40 mL; 3R4F; University of Ken-
tucky, Lexington, KY, USA) was drawn into this syringe
and mixed with the medium for 30 seconds. During the
mixing, the syringe was gently shaken. A total of 10 puffs
were taken from one cigarette and for each puff, the proce-
dure of mixing with DMEM was repeated. Consequently,
one cigarette was used for 10 mL of aqueous CSE solution
which was filtered by an aseptic 0.22-um filter to exclude
bacteria and particles to acquire the 100% CSE solution.
The procedure for preparing CSE used in vivo was similar
to that for CSE used in vitro except that the 10 mL DMEM
was substituted with 2 mL sterile phosphate-buffered saline
(PBS; C0551A, Beyotime, Shanghai, China).

Cell Treatments

The design of cell treatments was based on the pre-
vious study with some modifications [7]. The acquired
100% CSE solution was diluted in serum-free DMED and
was standardized to 10% CSE which was used for cultur-
ing BEAS-2B cells which act as the in vitro CS exposure
model. Rg3 was purchased (SML0184, Sigma-Aldrich,
Saint Louis, MO, USA) and added into culture medium at
certain concentrations for culturing cells. The groups of
cells with different treatments are listed in Table 1.

Transfection
The lentiviruses containing pCMV2-
GV146-GFP vector inserted by the short hair-

pin (sh)RNA of human SIRTI (sh-SIRTI; 5'-
CACCGCCTCACATGCAAGCTCTAGTCGAAACTAGA
GCTTGCATGTGAGGC-3") for cell transfec-
tion or ShRNA of mice Sirt/ (sh-Sirtl; 5'-
CACCGCACCGATCCTCGAACAATTCCGAAGAATTG
TTCGAGGATCGGTGC-3%) for  mice transfec-
tion or the negative control shRNA (sh-NC; 5'-
ACCGGCCTAAGGTTAAGTCGCCCTCGCTGAGCGAG
GGCGACTTAACCTTAGGTTTTTGAATTC-3') for
cell transfection or the negative control (sh-nc; 5'-
AAAAGCTACACTATCGAGCAATTTTGGATCCAAAA
TTGCTCGATAGTGTAGC-3’) for mice transfection were
obtained for downregulating SIRT! expression in BEAS-2B
cells. The lentiviruses containing blank pCMV2-GV146-
GFP vector (OE-NC/OE-nc), the pCMV2-GV146-GFP-
SIRTI expression plasmid for cell transfection (OE-SIRT/;
inserted by full-length of human S/RTI, NC 000010),
and pCMV2-GV146-GFP-Sirt! expression plasmid for
mice transfection (OE-Sirtl; inserted by full-length of
mice Sirtl, NC_000076) were obtained for upregulating
SIRTI expression in BEAS-2B cells and Sirt/ expression
in mice. All lentiviruses were constructed by GeneChem
(Shanghai, China). The transfections of CSE-treated
cells were performed using the Lipofectamine™ 3000
transfection reagent (L3000150, Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
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Table 1. Cell grouping and administration.

Group (n =5) Methods of intervention

Control BEAS-2B cells cultured normally

CSE BEAS-2B cells were treated with 10% CSE for 12 hours and then cultured normally
CSE+High BEAS-2B cells were treated with 10% CSE for 12 hours and then treated with 40 pM Rg3
CSE+Medium BEAS-2B cells were treated with 10% CSE for 12 hours and then treated with 20 pM Rg3
CSE+Low BEAS-2B cells were treated with 10% CSE for 12 hours and then treated with 10 uM Rg3

CSE, cigarette smoke extract; Rg3, ginsenoside Rg3; BEAS-2B, bronchial epithelial cells.

Mice Preparation

This study has been approved by the ethics commit-
tee of Anhui University of Chinese Medicine (approval no.
AHUCM-rats-2021064). Thirty-five female BALB/C mice
(8 weeks old), weighing 30 + 2 g, were procured from Bei-
jing Vital River Laboratory Animal Technology Co., Ltd.
(lot number: 211, Beijing, China). The mice were provided
with standard food and water and housed under conditions
of 21-23 °C, 40%—-60% relative humidity, and a 12-hour
light/dark cycle.

Grouping and Treatments of Mice Models

Treatments for mice were according to the previous
study with some modifications [7]. For mediating Sirtl ex-
pression in mice, lentiviruses used for cell transfection were
diluted into PBS (C0551A, Beyotime, Shanghai, China)
to achieve a concentration of 108 CFU/mL and the mix-
ture was administered to the mice by nasal drip (30 uL).
To expose the mice to CS, they were initially immobilized
using restraint, and a snug latex-sealed nose cap was se-
curely placed over the nose and mouth, extending beyond
the whiskers. Subsequently, the restrained mice were po-
sitioned in an inhalation tower designed to maintain the
required atmospheric conditions. Cigarette smoke (3R4F,
University of Kentucky, Lexington, KY, USA) with a total
suspended particle concentration of 400 mg/m? was deliv-
ered to the mice through the tower. Mice in the Control
group were exposed to room air and the remaining 30 mice
in other groups were exposed to CS for 2 times/day and
1 h/time. The CS exposure was performed for 14 weeks.
The administration of lentiviruses and Rg3 began in the
12th week and was performed daily. After nasal drip of
lentiviruses, the Rg3 (40 mg/kg) was administrated intra-
gastrically at least 2 hours before CS inhalation. The fi-
nal treatment was completed at the end of the 14th week;
24 hours after the last treatment, the mice were euthanized
via intraperitoneal injection of sodium pentobarbital (110
mg/kg) for subsequent experiments. After the mice were
euthanized, a thoracoabdominal incision was made to ex-
pose the lungs. The lungs were perfused with physiologi-
cal saline to clear blood. Using sterile instruments, specific
portions of lung tissue were carefully excised or dissected.
The grouping and treatments for experimental animals are
shown in Table 2.

Lung Function Measurements and Sample Collection

Mice were fixed and a cannula used for invasive lung
function testing was inserted into the trachea. The test
was performed using the Buxco pulmonary function test-
ing system (FinePointe; Data Sciences International, St.
Paul, MN, USA). Afterwards, the bronchial alveolar lavage
fluid (BALF) was collected by separating the trachea and
attaching it to a syringe containing sterile PBS (1 mL)
which was used for washing the pulmonary cavity 3 times.
The retrieved fluid was collected as BALF. Ultimately,
mouse lungs were retrieved, rinsed with PBS, fixed in 4%
paraformaldehyde (P0099, Beyotime, Shanghai, China),
and then embedded in paraffin.

Hematoxylin and Eosin (H&E) Staining

The lung tissues, embedded in paraffin, were sec-
tioned into 4-um slices and subjected to staining with
Hematoxylin and Eosin (H&E; C0105S, Beyotime, Shang-
hai, China) as per the manufacturer’s instructions. Micro-
scopic observation of the histopathological features of the
lung tissues was conducted using a microscope (CKX53,
OLYMPUS, Tokyo, Japan). The mean linear intercept
(MLI) was determined using ImageJ software (1.48, Na-
tional Institutes of Health, Rockville, MD, USA), consid-
ering the number of intercepts, the length of a line, and the
frequency of lines placed on the sections [31].

Quantitative Real-time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

Total RNA extraction was carried out using the TRI-
zol reagent (DP424, Tiangen, Beijing, China), followed
by reverse transcription into cDNA using the FastQuant
cDNA Synthesis Kit (KR116, Tiangen, Beijing, China).
The qRT-PCR reaction mixture was composed using the
SYBR Green One-Step qRT-PCR Kit (D7268S, Beyotime,
Shanghai, China), and the reaction was conducted in a
PCR instrument (LightCycler96, Roche, Shanghai, China).
[-actin served as the internal reference, and the expression
data for the target genes were analyzed using the 2~ 24CT
method. The sequences of used primers were: human
SIRTI (forward, 5'-TGCCGGAAACAATACCTCCA-3;
reverse 5'-AGACACCCCAGCTCCAGTTA-3’), human
B-actin (forward, 5'-CCTCGCCTTTGCCGATCC-3'; re-
verse 5'- GGATCTTCATGAGGTAGTCAGTC-3'), mouse
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Table 2. Grouping and treatments of mice models.

Group (n =5) Methods of intervention

NC Mice were normally raised and with no treatments

Model Mice were treated with CS exposure for 14 weeks and intragastrically administered normal saline
(10 mL/kg) from the 12th week

Model+Rg3 Mice were treated with CS exposure for 14 weeks and intragastrically administered Rg3 (40 mg/kg)

Model+Rg3+OE-nc

from the 12th week

Mice were treated with CS exposure for 14 weeks and from the 12th week, mice received a nasal

drip of OE-nc solution (dissolved in PBS; 108 CFU/mL, 30 pL) and were intragastrically

Model+Rg3+OE-Sirt11

administered Rg3 (40 mg/kg)

Mice were treated with CS exposure for 14 weeks and from the 12th week, mice received a nasal

drip of OE-Sirtl solution (dissolved in PBS; 108 CFU/mL, 30 uL) and were intragastrically

Model+Rg3+sh-nc

administered Rg3 (40 mg/kg)
Mice were treated with CS exposure for 14 weeks and from the 12th week, mice received a nasal

drip of sh-nc solution (dissolved in PBS; 108 CFU/mL, 30 pL) and were intragastrically

Model+Rg3+sh-Sirt1

administered Rg3 (40 mg/kg)
Mice were treated with CS exposure for 14 weeks and from the 12th week, mice received a nasal

drip of sh-Sirt1 solution (dissolved in PBS; 108 CFU/mL, 30 uL) and were intragastrically

administered Rg3 (40 mg/kg)

CS, cigarette smoke; PBS, phosphate-buffered saline; Sirtl, sirtuin 1; OE-nc, lentiviruses containing blank vectors; OE-Sirt],

lentiviruses containing Sirtl overexpression plasmid; sh-nc, lentiviruses containing vector inserted with negative control short

hairpin (sh)RNA; sh-Sirt1, lentiviruses containing vector inserted with shRNA against Sirtl.

Sirt]  (forward, 5'-GACGCTGTGGCAGATTGTTA-
3/ reverse  5'-GGAATCCCACAGGAGACAGA-
3 and mouse B-actin (forward, 5'-

GTCGTACCACAGGCATTGTGATGG-3';
5'-GCAATGCCTGGGTACATGGTGG-3").

Ieverse

Western Blot Assay

Total proteins were extracted using the Radio Im-
munoprecipitation Assay (RIPA) method (P0013, Bey-
otime, Shanghai, China), and the protein concentration was
determined using the bicinchoninic acid (BCA) protein as-
say kit (P0012S, Beyotime, Shanghai, China). Separa-
tion of proteins was achieved using a 10% SDS-PAGE
gel (P0012, Beyotime, Shanghai, China), followed by
transfer to membranes (IPVH15150, Millipore Sigma,
Billerica, MA, USA). The membranes were then incu-
bated overnight at 4 °C with primary antibodies, includ-
ing anti-SIRT1 (1:1000 dilution, ab110304, Abcam, Cam-
bridge, MA, USA), anti-light chain 3 (LC3) (1:1000 di-
lution, ab192890, Abcam, Cambridge, MA, USA), anti-
phosphatase and tensin homolog (PTEN)-induced kinase
1 (PINK1) (1:1000 dilution, ab216144, Abcam, Cam-
bridge, MA, USA), and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:1000 dilution, Cat. No.
ab8245, Abcam, Cambridge, MA, USA). Subsequently,
the membranes were incubated with the secondary anti-
body horseradish-peroxidase (HRP) goat anti-mouse IgG
(1:1000 dilution, Cat. no. A0216, Beyotime, Shanghai,
China) at room temperature for 2 hours. Protein visualiza-
tion was achieved using the enhanced chemiluminescence
kit (P0O018S, Beyotime, Shanghai, China), and the analysis

was conducted using ImagelJ software (1.48, National Insti-
tutes of Health, Rockville, MD, USA).

Apoptosis Assay

The membrane-breaking solution (Pinofei Biologi-
cal Technology Co., Ltd., Wuhan, China) was carefully
applied to the cell slides or tissue sections, which were
then subjected to digestion with protease K (39450-01-
6, Roche, Basel, Switzerland). Following this, the slides
were incubated overnight at 4 °C in the terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling (TUNEL)
reagent (11684817910, Roche, Basel, Switzerland). After
staining the nucleus with DAPI (C1002, Beyotime, Shang-
hai, China), the slides were sealed and observed using a mi-
croscope (CKX53, OLYMPUS, Tokyo, Japan).

Enzyme-linked Immunosorbent Assays (ELISA)

The BALF obtained was subjected to centrifugation
at 3000 rpm and 4 °C for 10 minutes. The resulting su-
pernatant was collected, and the levels of inflammatory
cytokines were assessed using the mouse kits for SIRT1
(ab206983, Abcam, Cambridge, MA, USA), interleukin
6 (IL-6; ab222503, Abcam, Cambridge, MA, USA), and
keratinocyte-derived cytokine (KC; EMCXCLI, Invitro-
gen, Carlsbad, CA, USA) following the provided instruc-
tions.

Statistical Analysis

GraphPad Prism 7.0 software (GraphPad Software
Inc., San Diego, CA, USA) was employed for statistical
analysis. Results were expressed as mean + standard de-
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Fig. 1. Rg3 upregulated SIRT1 expression and inhibited mitophagy in cigarette smoke extract (CSE)-treated BEAS-2B cells. (a)

The expression level of SIRT1 protein. (b) Western blot detection of mitophagy-related proteins. N = 5. Rg3, ginsenoside Rg3; Control,
normally cultured BEAS-2B cells; CSE, BEAS-2B cells treated with cigarette smoke extract; CSE+High, BEAS-2B cells treated with
CSE and 80-uM Rg3; CSE+Medium, BEAS-2B cells treated with CSE and 40-uM Rg3; CSE+Low, BEAS-2B cells treated with CSE
and 20-uM Rg3; SIRT1, sirtuin 1; LC3, light chain 3; PINK1, phosphatase and tensin homolog (PTEN)-induced kinase 1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. **p < 0.01, ***p < 0.001.

viation (SD). T-tests were used for comparisons between
two groups, and one-way analysis of variance (ANOVA)
was used for multiple groups, followed by Newman—Keuls
post hoc tests. p values < 0.05 were considered statistically
significant.

Results

Rg3 Upregulated SIRTI Expression, and
Downregulated Mitophagy and Apoptosis in
CSE-treated BEAS-2B Cells

As shown in Fig. la, the protein expression level of
SIRT1 in the CSE group was lower than that in the Con-
trol group (p < 0.001). However, the expression level of
SIRT1 was reversely upregulated after using Rg3 at the high
(» < 0.001), medium (p < 0.001), and low (p < 0.001)
concentrations, and the medium concentration of Rg3 (40

uM) possessed the strongest capacity for upregulation of
SIRT1. Changes in mitophagy-related proteins are shown
in Fig. 1b. The levels of LC3 II/T and PINK1 protein in
BEAS-2B cells were higher in the CSE group compared
with the Control group (LC3 II/I, p < 0.001; PINK1, p <
0.01). The increase in LC3 II/I was reversed by the ad-
dition of 40 uM Rg3 (» < 0.001) and 80 pM Rg3 (p <
0.001). Similarly, the increase in PINK1 was reversed by
the addition of 20 pM Rg3 in (p < 0.001),40 uM Rg 3 (p <
0.001) and 80 uM Rg3 (p < 0.001). Together, these results
demonstrated that Rg3 could activate SIRT1 and suppress
mitophagy in CSE-treated BEAS-2B cells. According to
the results in Fig. 1, Rg3 with a medium level of concentra-
tion (40 uM) had the strongest effect on activation of SIRT1
and decreasing mitophagy-related proteins; therefore, we
used 40-uM Rg3 for the subsequent experiment. As shown
in Fig. 2, the apoptosis rate of cells in the CSE group was
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Fig. 2. Ginsenoside Rg3 suppressed apoptosis of CSE-treated BEAS-2B cells. Apoptosis was detected by the TUNEL method (scale
bar: 100 pm). N =5, TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling. ***p < 0.001.

increased compared with that of cells in the Control group
(p < 0.001). This increase was reversed with the further
administration of 40-uM Rg3 (p < 0.001).

Rg3 Inhibited CSE-induced Mitophagy and
Apoptosis in BEAS-2B Cells through Upregulating
SIRTI

The SIRTI mRNA levels shown in Fig. 3 demon-
strated that SIRT1 expression in CSE-treated CEAS-2B
cells was upregulated by OE-SIRT1 transfection (p <
0.001) and the SIRT1 expression in CSE-treated CEAS-
2B cells was downregulated by sh-SIRT1 transfection (p
< 0.001), verifying the transfection efficiency. Moreover,
as shown in Fig. 4a, the SIRT1 protein level was signif-
icantly higher in CSE-treated BEAS-2B cells with OE-

SIRT1 transfection and Rg3 (40 uM) administration com-
pared with that in CSE-treated BEAS-2B cells with OE-NC
transfection and Rg3 (40 uM) (p < 0.001). In contrast,
the SIRT1 protein level was significantly lower in CSE-
treated BEAS-2B cells with sh-SIRT transfection and Rg3
(40 uM) administration compared with that in CSE-treated
BEAS-2B cells with sh-NC transfection and Rg3 (40 uM)
(» < 0.001). Results in Fig. 4a combined with results
in Fig. 4b demonstrated that the increased SIRT1 protein
level in the CSE+OE-SIRT 1+Medium group corresponded
to decreased levels of LC3 II/I (p < 0.001) and PINK1
protein (p < 0.001). On the other hand, the decreased
SIRT1 protein level in the CSE+sh-SIRT1+Medium group
corresponded to increased levels of LC3 II/I (p < 0.001)
and PINKI protein (p < 0.001). We have demonstrated


https://www.discovmed.com/

2392

L
S
o 37 * %k
<
&
2_
£
E * KK
» ]
o
2
)
K 0- T
O
(14

CSE
CSE+OE-NC
CSE+OE-SIRT1
CSE+sh-NC

— ﬂ CSE+sh-SIRT1
A EA
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treated BEAS-2B cells transfected with lentiviruses containing blank
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with lentiviral vector encoding SIRT1 overexpression plasmid; CSE+sh-NC, CSE-treated BEAS-2B cells transfected with lentiviral
vector encoding negative control short hairpin (sh)RNA; CSE+sh-SIRT1, CSE-treated BEAS-2B cells transfected with lentiviral vector

encoding shRNA against SIRT1. ***p < 0.001.

that Rg3 can increase the SIRT1 level and decrease lev-
els of LC3 II/I and PINK1 protein in CSE-treated BEAS-
2B cells (Fig. 1); moreover, a further increase in SIRT1
level causes further decrease in the levels of LC3 II/I and
PINK1 protein (thus inhibiting mitophagy), whereas a de-
crease in the SIRT1 level reversely increases the levels of
LC3 II/T and PINK1 protein (thus promoting mitophagy).
Together, these results demonstrate that the effect of Rg3
on inhibiting CSE-induced mitophagy in BEAS-2B cells is
achieved through upregulating the SIRT1 level. Similarly,
for apoptosis, we have demonstrated that the increase in
the SIRT1 level induced by Rg3 was accompanied by a de-
crease in apoptosis in CSE-treated BEAS-2B cells (Fig. 2);
Moreover, the further increase in the SIRT1 level of the
CSE+OE-SIRT+Medium group caused further decrease
in apoptosis in CSE-treated BEAS-2B cells (Fig. 5; p <
0.001), whereas the decrease in SIRT1 level of the CSE+sh-
SIRT1+Medium group reversely increased the apoptosis in
CSE-treated BEAS-2B cells (Fig. 5; p < 0.001). Together,
these results demonstrate that the effect of Rg3 on decreas-
ing CSE-induced apoptosis in BEAS-2B cells is mediated
by upregulation of the SIRT1 level.

Rg3 Improved Lung Function in CS-induced COPD
Mice Models by Upregulating Sirtl Expression

As shown in Fig. 6a,b, the levels of Sirt]l mRNA (p
< 0.001) and Sirtl protein (p < 0.001) were decreased
in the Model group in which chronic CS-induced COPD

murine models were established, compared with the NC
group in which mice were normally cultured. The decrease
in Sirt1 level was reversely upregulated by Rg3 administra-
tion (MRNA, p < 0.001; protein, p < 0.001). Moreover, for
Rg3-treated COPD model mice, the infection of OE-Sirtl
increased the level of Sirt]l compared with the infection of
OE-nc (mRNA, p < 0.001; protein, p < 0.001) and the in-
fection of sh-Sirtl decreased the level of Sirtl compared
with the infection of sh-nc (mRNA, p < 0.001; protein, p <
0.001). We found that compared with mice in the NC group,
mice in the Model group had higher levels of functional
residual capacity (FRC; Fig. 6¢, p < 0.001) and lower levels
of forced expiratory volume in 100 ms (FEVO0.1)/forced vi-
tal capacity (FEVC) (Fig. 6d, p < 0.001). Mice in the Model
group had higher levels of airway resistance (AR; Fig. 6e, p
< 0.001) and lower levels of dynamic compliance (Fig. 6f;
p < 0.001), all of which indicate impaired lung function
all of which were reversed by Rg3 administration (FRC, p
< 0.01; AR, p < 0.01; FEV0.1/FVC, p < 0.05; dynamic
compliance, p < 0.001). These results demonstrate that
Rg3 can improve lung function impaired by CS-induced
COPD. Compared to Rg3-treated COPD mice models, the
further upregulation of Sirtl in Model+Rg3+OE-Sirt]1 led
to a further decrease in FRC (p < 0.01) and AR (p < 0.05)
as well as a further increase in FEV0.1/FVC (p < 0.05)
and dynamic compliance (p < 0.05), whereas downregu-
lation of Sirtl in Model+Rg3+sh-Sirtl reversely increased
FRC (p < 0.01) and AR (p < 0.01) as well as reversely de-
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Fig. 4. Rg3 inhibited CSE-induced mitophagy in BEAS-2B cells by upregulating SIRT1. (a) The expression levels of SIRT1
protein. (b) Detection of mitophagy-related proteins. N = 5. CSE+OE-NC+Medium, CSE-treated BEAS-2B cells transfected with
lentiviruses containing blank vector and administered 40-uM Rg3; CSE+OE-SIRT1+Medium, CSE-treated BEAS-2B cells transfected
with lentiviruses containing SIRT1 overexpression plasmid and administered 40-uM Rg3; CSE+sh-NC+Medium, CSE-treated BEAS-2B
cells transfected with lentiviruses containing vector inserted with negative control short hairpin (sh)RNA and administered 40-uM Rg3;
CSE+sh-SIRT1+Medium, CSE-treated BEAS-2B cells transfected with lentiviruses containing vector inserted with shRNA of SIRT1

and administered 40-uM Rg3. ***p < 0.001.

creased FEVO0.1/FVC (p < 0.05) and dynamic compliance
(p < 0.05). Together, these results demonstrate that Rg3
improved the lung function in COPD mice models by up-
regulating Sirt] levels.

Rg3 Reduced Lung Tissue Inflammation in
CS-induced COPD Mice Models by Upregulating
Sirtl Expression

As shown, the levels of IL-6 (Fig. 6g, p < 0.001) and
KC (Fig. 6h, p < 0.001) were increased in the Model group
compared with the NC group, indicating increased inflam-
mation in lung tissues. Administration of Rg3 in mice mod-

els decreased levels of both IL-6 (Fig. 6g, p < 0.001) and
KC (Fig. 6h, p < 0.001), indicating the effect of Rg3 on
reducing inflammation of lung tissues in COPD mice mod-
els. Moreover, compared to Rg3-treated mice models, the
further upregulation of Sirtl in Model+Rg3+OE-Sirt]1 led
to a further decrease in IL-6 (Fig. 6g, p < 0.05) and KC
(Fig. 6h, p < 0.01), whereas downregulation of Sirtl in
Model+Rg3+sh-Sirt] reversely increased I1L-6 (Fig. 6g, p
< 0.01) and KC levels (Fig. 6h, p < 0.01). Thus, Rg3 re-
duced the lung inflammation in COPD mice models by up-
regulating Sirtl levels.
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Fig. 5. Rg3 inhibited CSE-induced apoptosis in BEAS-2B cells by upregulating SIRT1. Apoptosis was detected by the TUNEL
method (scale bar: 100 um). N = 5. ***p < 0.001.

Rg3 Reduced Lung Impairment in CS-induced COPD
Mice Models by Upregulating Sirtl Expression

As shown in Fig. 7 the MLI in lung tissues obtained
from the Model group was increased compared with that
in lung tissues obtained from the NC group (p < 0.001),
indicating a severe morphological impairment in the lungs
of COPD mice. Rg3 administration decreased the MLI (p
< 0.001) in the Model+Rg3 group, demonstrating that Rg3
reduced the impairment of lung tissues induced by COPD.
Furthermore, compared to Rg3-treated mice models, the
further upregulation of Sirtl in the Model+Rg3+OE-Sirt1
group further decreased the MLI (p < 0.01), whereas down-
regulation of Sirtl in the Model+Rg3+sh-Sirt] group re-
versely increased the MLI (p < 0.05). Thus, Rg3 reduced
the lung impairment in COPD mice models by upregulat-
ing Sirtl levels. These findings can be directly observed
in the representative images of H&E stained lung tissues,
showing the bronchial epithelial tissue destruction and en-

CSE+OE-SRIT1

%k k% I

CSE+sh-NC CSE+sh-SIRT1

%k k
— CSE+Medium
CSE+OE-NC+Medium
CSE+OE-SIRT1+Medium
CSE+sh-NC+Medium

CSE+sh-SIRT1+Medium

pooon

larged airspaces expansion with thicker alveolar septum in
the Model group compared to the NC group, which were
ameliorated by Rg3 treatment. Compared with lung tis-
sues of Rg3-treated COPD mice, the upregulation of Sirtl
further ameliorated the morphological impairment, whereas
the downregulation of Sirtl exacerbated the impairment.

Discussion

COPD, encompassing emphysema and chronic bron-
chitis [32], causes impaired respiratory function for the 16
million Americans diagnosed with the condition [33]. With
the global spread of the novel coronavirus epidemic, COPD
patients are also more likely to be infected with COVID-19,
leading to aggravation of their COPD symptoms [34-36].
Therefore, we urgently need to find a new target for the
treatment of COPD.

In recent years, the application of Rg3 in lung diseases
has attracted more and more attention. The previous study
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Fig. 6. Rg3 improved lung function and reduced lung inflammation in CS-induced COPD mice models by upregulating Sirt1
expression. (a) Relative mRNA levels of SIRT1 in mice models. (b) SIRT1 protein levels in mice models. (¢) Levels of functional residual
capacity (FRC) in mice models. (d) Levels of forced expiratory volume in 100 ms (FEV0.1)/forced vital capacity (FEVC) in mice models.
(e) Levels of airway resistance (AR) in mice models. (f) Levels of dynamic compliance in mice models. (g) Levels of interleukin 6 (IL-
6) in bronchial alveolar lavage fluid (BALF) from different mice models. (h) Levels of keratinocyte-derived cytokine (KC) in BALF
from different mice models. N = 5. NC, negative control group of mice which were cultured normally; Model, chronic obstructive
pulmonary disease (COPD) mice established by chronic CS exposure; Model+Rg3, COPD mice treated with Rg3; Model+Rg3+OE-nc,
Rg3-treated COPD mice infected with lentiviruses containing blank vector; Model+Rg3+OE-Sirtl, Rg3-treated COPD mice infected with
lentiviruses containing Sirt]l overexpression plasmid; Model+Rg3+sh-NC, Rg3-treated COPD mice infected with lentiviruses containing
vector inserted with negative control shRNA; Model+Rg3+sh-Sirtl, Rg3-treated COPD mice infected with lentiviruses containing vector
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(scale bar: 50 um). N =5. *p < 0.05, **p < 0.01, ***p < 0.001.

has shown that Rg3 can inhibit EMT that occurs during air-
way remodeling [37]. Therefore, we further explored the
possible mechanism of Rg3 in relieving COPD through in
vivo and in vitro experiments. Mitochondrial dysfunction
is a key event in the pathogenesis of COPD [38]. CS expo-
sure can cause mitochondrial damage, which is accompa-

nied by mitophagy [39]. The previous study has also found
that there is abnormal apoptosis in the bronchial epithelium
of COPD rats [40]. SIRT1 is known to be closely related
to mitochondrial function and apoptosis. The present study
highlights the previously established anti-inflammatory and
anti-tumor properties of Rg3. By demonstrating its abil-
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ity to reverse the effects of CSE on SIRT1 expression and
mitigate the associated cellular changes, this study supports
Rg3 as a potential therapeutic agent for COPD. The findings
suggest a role for Rg3 in regulating mitophagy and apopto-
sis in human BEAS-2B cells exposed to CSE. The upregu-
lation of SIRT1 by Rg3 is associated with a decrease in mi-
tophagy markers (LC3 II/I, PINK1) and cell apoptosis, in-
dicating a potential mechanism for Rg3’s protective effects.
In vivo experiments using CS-induced COPD mice models
demonstrate that Rg3 can reverse COPD-induced decreases
in SIRT1 expression and lung function, and can reverse in-
creases in pro-inflammatory markers (IL-6, KC), lung im-
pairment, and mean linear intercept (MLI). This suggests a
potential therapeutic role for Rg3 in ameliorating COPD-
related lung damage. This study emphasizes the pivotal
role of SIRT1 in mediating the protective effects of Rg3.
Modulating SIRT1 levels affects mitophagy, apoptosis, and
the overall response to COPD-related insults. These results
shed light on the intricate molecular mechanisms underly-
ing Rg3’s therapeutic actions.

In conclusion, this study suggests that Rg3 may have
therapeutic potential in mitigating COPD-related cellular
changes, inflammation, and lung damage. The involve-
ment of SIRT1, mitophagy, and apoptosis in these effects
warrants further exploration. While the findings provide a
foundation for future research and potential clinical appli-
cations, additional studies are needed to address the lim-
itations and facilitate the translation of Rg3 into a viable
COPD treatment option.

Conclusion

Our study demonstrated that Rg3 inhibits mitophagy
and apoptosis of CSE-treated bronchial epithelial cells, and
ameliorates COPD in mice models by upregulating SIRT1
expression. This study demonstrates that Rg3 could be po-
tentially used as a novel medication for treating COPD.
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