Am J Transl Res 2020;12(2):493-506
www.ajtr.org /ISSN:1943-8141/AJTRO099915

Original Article

Ginsenoside Rg1 protects against

cigarette smoke-induced airway remodeling by
suppressing the TGF-1/Smad3 signaling pathway

Sibin Guan?, Ping Yu?, Jianhong Cao?, Xiaoling Xi!, Qingliu Zhang?, Chenying Zhu?, Hao Hu?, Xin Gong?,
Huimin Fan?

1Department of Cardiology, 2Research Center for Translational Medicine, Shanghai East Hospital, Tongji University
School of Medicine, 150 Jimo Road, Shanghai 200120, China

Received July 21, 2019; Accepted January 22, 2020; Epub February 15, 2020; Published February 28, 2020

Abstract: Chronic obstructive pulmonary disease (COPD) is a devastating and common respiratory disease charac-
terized by chronic inflammation and progressive airway remodeling. Ginsenoside Rg1 (GRg1), a major active com-
ponent of Panax ginseng, has been found to possess beneficial properties against acute lung injury and respiratory
diseases. However, the effects of GRg1 on airway remodeling in COPD remain unclear. In this study, we aimed to
investigate the potential protective effects of GRg1 on airway remodeling induced by cigarette smoke (CS) and the
underlying mechanism. A rat model of COPD was established in which the animals were subjected to CS and GRg1
daily for 12 weeks. Subsequently, we evaluated lung function, inflammatory responses, along with airway remod-
eling and associated signaling factors. GRg1 treatment was found to improve pulmonary function, reduce airway
collagen volume fraction, and markedly reduce the expression of IL.-6, TNF-a, a-SMA, and collagen |. Moreover,
GRg1 treatment decreased the expression of TGF-B1, TGF-BR1, and phosphorylated-Smad3. In vitro, pretreatment
of MRC5 human lung fibroblasts with GRg1 prior to exposure to cigarette smoke extract (CSE) reversed the cell ul-
trastructure disorder, decreased the expression of IL.-6 and TNF-«, and significantly attenuated transdifferentiation
of MRC5 cells by suppressing a-SMA and collagen | expression. Additionally, GRg1 suppressed the TGF-f1/Smad3
signaling pathway in CSE-stimulated MRC5 cells, whereas Smad3 over-expression abolished the anti-transdifferen-
tiation effect of GRg1. In conclusion, the results of our study demonstrated that GRg1 improves lung function and
protects against CS-induced airway remodeling, in part by down-regulating the TGF-B1/Smad3 signaling pathway.
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Introduction lular matrix (ECM) [4]. The prognosis for pati-
ents with COPD has improved in the past 20

Chronic obstructive pulmonary disease (COPD) years, largely owing to the use of anticholiner-

constitutes a primary cause of mortality and gics, P2-agonists, methylxanthines, inhaled
morbidity and represents a significant econom- corticosteroids, and phosphodiesterase-4 in-
ic burden on the public health system in China hibitors. However, the efficacy of these thera-
[1]. Characterized by progressive and irrevers- pies in preventing airway remodeling in COPD is
ible airflow restriction, COPD is attributed to still limited, and the number of COPD-related
long-term exposure to noxious gases and parti- deaths continues to rise. Therefore, it is urgent
cles, most often related to cigarette smoke to explore novel therapeutic strategies for the
(CS) [2] and presents with a mixture of chronic treatment of this deadly disease.
inflammation, emphysema, and narrowing of

the small airways [3]. It has been demonstrated From the perspective of traditional Chinese
that the loss of lung function in COPD may medicine, the main cause of COPD is lung Qi
result from small airway remodeling, including deficiency and blood stasis. Panax ginseng, a
differentiation of bronchial fibroblasts to myofi- well-known traditional Chinese medicine, sig-

broblasts and massive deposition of extracel- nificantly improves the Qi of the lung and exerts
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protective effects against blood stasis, and has
long been widely applied for the management
of respiratory diseases [5-7]. Ginsenoside Rgl
(GRg1), a tetracyclic triterpenoid, constitutes
one of the bioactive ingredients extracted from
Panax ginseng. Several studies indicate that
GRg1 possesses anti-oxidative activity [8] and
efficiently attenuates fibrosis in the heart, liver,
and kidney [9-11]. Moreover, GRg1 can sup-
press the expression of interleukin (IL)-6 and
tumor necrosis factor (TNF)-a, and relieve
endoplasmic reticulum stress and the inflam-
matory response [12, 13]. GRg1 has also been
demonstrated to down-regulate pulmonary cell
apoptosis in lung epithelial cells to protect
against acute lung injury and improve lung func-
tion [14, 15]. However, the role of GRg1 in the
airway remodeling of COPD has not been fully
elucidated.

Transforming growth factor-f1 (TGF-B1) is rec-
ognized as a multifunctional cytokine that
affects a wide range of biological processes
including cell differentiation, ECM synthesis,
tissue repair, and gene transcription [16].
Previous studies have also highlighted TGF-f1
as a strong stimulus that plays a crucial role in
pulmonary fibrosis in both humans and animals
[17]. Consistent with this, the level of TGF-B1 is
elevated in lung tissues from patients with
COPD [18] and the canonical TGF-B1/Smad sig-
naling pathway, along with other non-canonical
signaling pathways, are reported to be involved
in COPD pathogenesis [19, 20]. Notably, GRg1
could effectively decrease the TGF-B1 expres-
sion in renal fibrosis [21], however, the latent
mechanism of GRg1 in pulmonary protection
remains to be explored.

Accordingly, in this study we aimed to investi-
gate the potential protective effects of GRg1 on
the airway remodeling induced by CS and
explore the underlying mechanisms using a rat
model of COPD and MRC5 human embryonic
lung fibroblasts. The findings of this study may
contribute to the identification of potential drug
targets and novel therapeutic strategies for
treating COPD.

Materials and methods
COPD animal model
The experimental protocol was conducted in

accordance with National Institutes of Health
guidelines and approved by the Institutional
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Animal Care and Use Committee of Tongji
University. A total of 30 male Sprague-Dawley
(SD, 8 weeks, 200 + 20 g, five per cage) rats
were randomly divided into the following three
groups with 10 rats per group: control, COPD,
and COPD+GRg1 (20 mg/kg/d). The COPD ani-
mal model was established by exposure to the
smoke from 15 cigarettes (Dagianmen, 13 mg
tar and 1.3 mg nicotine per cigarette, Shanghai
Tobacco Company, Shanghai, China) for 40
min, twice daily, with smoke-free intervals of
6 h, for 6 days a week over 12 weeks. GRg1l
(Urchem Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China) was administered intragastri-
cally 30 min prior to CS exposure. The rats in
the control and COPD groups were administrat-
ed normal saline (2 ml per rat). At the end of
week 12, lung function was evaluated before
the rats were sacrificed for sample collection.

Lung function evaluation

All rats were anesthetized with an intraperito-
neal injection of 2% pentobarbital (40 mg/kg).
The trachea was opened with an inverted
T-shaped incision on the upper trachea near
the laryngeal part of the pharynx. Each animal
was then placed in a forced pulmonary maneu-
ver system connected to an animal pulmonary
functionality test machine (AniRes2005, Bes-
tlab, Beijing, China) for measuring resistance
inspiration (Ri), resistance expiration (Re), dy-
namic lung compliance (Cdyn), ratio of forced
expiration volume in forced expiratory volume
0.3 s/forced vital capacity (FEV,,/FVC), and
peak expiratory flow (PEF).

Lung histological analysis and immunohisto-
chemistry

The inferior lobes of the right lung were re-
moved, fixed in 4% paraformaldehyde, embed-
ded in paraffin, and cut into 4 um thick sec-
tions. Hematoxylin and eosin (H&E) staining
was performed to evaluate pathological chang-
es of the lung, and Masson Trichrome staining
was used to detect airway fibrosis. Some depa-
raffinized sections were used for immunohisto-
chemical assays to detect alpha-smooth mus-
cle actin («-SMA) (Abcam, Cambridge, UK)
expression. Measurements were performed
using Image-Pro Plus 6.0 software.

Enzyme-linked immunosorbent assay (ELISA)

The fractions of IL-6, TNF-«, and TGF-B1 in rat
sera were determined using an ELISA Kit
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(Abcam) according to the manufacturer’s in-
structions. Plates were read in an ELISA micro-
plate reader (ELx800, BioTek, VT, USA) at 450
nm.

Cigarette smoke extract (CSE) preparation

CSE was prepared according to previously de-
scribed methods [22], with some modificati-
ons. Briefly, one Dagianmen cigarette (Shang-
hai Tobacco Company), smoked using a peri-
staltic pump, was bubbled through 20 ml of cell
growth medium in 10 min. The solution was
adjusted to pH 7.4 and sterilized through a
0.22 um pore filter. The medium was consid-
ered 100% strength CSE and used within 30
min of preparation.

Cell culture and treatment

Human embryonic lung fibroblasts (MRC5 ce-
lls) were obtained from the Cell Bank of the
China Science Academy (Shanghai, China).
Cells were seeded in minimum essential medi-
um (MEM, Gibco, Carlsbad, CA, USA) containing
10% fetal bovine serum (Gibco) and incubated
at 37°C in a humidified atmosphere with 5%
CO, and 95% air. The medium was replaced
every 2-3 days. To induce airway remodeling,
MRC5 cells were first starved for 24 h in se-
rum-free MEM and then exposed to CSE (10%)
for 48 h. To explore the role of GRg1l in CSE-
induced airway remodeling, MRC5 cells were
pretreated with GRg1 (40 uM) for 1 h prior to
CSE stimulation. To elucidate whether GRgl
protects MRC5 cells against airway remodeling
via the TGF-1/Smad3 signaling pathway, hu-
man Smad3 cDNA was cloned into the pHBLV-
CMVIE-ZsGreen vector (Genechem Co., Shang-
hai, China). Smad3 lentivirus (Lv) packaging
and concentration were performed by co-trans-
fecting constructs with two helper plasmids,
PSPAX2 and PMD2G, in HEK293T cells with te-
chnical help from Genechem Co. MRC5 cells at
50-70% confluence were infected with Smad3-
Lv (multiplicity of infection = 20) for 12 h in
the presence of 5 mg/ml polybrene (Sigma, St
Louis, MO, USA). Infection efficiency was deter-
mined by western blot analysis. Subsequently,
the cells were subjected to GRgl treatment
and CSE stimulation.

Cytotoxicity assay

A Cell Counting Kit-8 (CCK-8) assay (Dojindo,
Kumamoto, Japan) was used to detect the cyto-
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toxicity of GRg1 and CSE toward MRC5 cells.
A total of 3x10° cells/well were seeded in 96
well plates and cultured in a 37°C incubator
with 5% CO,. Upon reaching 70% confluence,
the cells were treated with GRg1 (5, 10, 20,
40, or 80 uM) or CSE (5, 10, 15, or 20%). After
12, 24, 48, or 72 h, 10 ul of CCK-8 was added
to the media for 2 h. The CCK-8 assay was
repeated at least three times, and the absor-
bance of all samples was measured at 450
nm using an ELISA reader (MQX200R, BioTek,
Winooski, VT, USA).

Transmission electron microscopy

The cells were harvested and fixed with 2%
glutaraldehyde and post-fixed in 1% osmium
tetroxide. The fixed cells were then dehydrated
in ice-cold graded ethanol (30, 50, 70, 80, 95,
and 100%). The samples were embedded in
Epon 812 (Electron Microscopy Sciences,
Hatfield, PA, USA), followed by cutting into ultra-
thin sections. Each sample was stained with
uranyl acetate and lead citrate. Images were
acquired on a CM-120 transmission electron
microscope (Philips, Holland).

Real-time polymerase chain reaction (PCR)
analysis

Total RNA was extracted from rat lung tissues
and cultured cells using TRIzol reagent (TaKa-
Ra, Liaoning, China). Equal amounts of total
RNA were reverse-transcribed to cDNA accord-
ing to the manufacturer’s protocols. The prim-
ers were synthesized by Sangon Biotech
(Shanghai, China). The mRNA levels of a-SMA,
TGF-B1, IL-6, TNF-¢, and collagen | were quanti-
fied using SYBR Green real-time PCR (TaKaRa).
Real-time PCR reactions were performed using
the ABI7500 real-time PCR System (Applied
Biosystems, Foster City, CA, USA). Relative
mMRNA level was calculated using the 254t
method. GAPDH was used as the endogenous
control. The primer sequences are shown in
Table 1.

Western blot

Protein concentrations were determined by the
Bradford assay using bovine serum albumin
standards. Equal amounts of proteins were
separated by 6-10% SDS-PAGE and then trans-
ferred to nitrocellulose membranes. The mem-
branes were incubated with primary antibodies
overnight at 4°C and then with horseradish
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Table 1. Primer sequence for RT-PCR

Genes Forward (5’-3’) Reverse (3’-5)

collagen I GGACACTACTGGATCGACCTAAC CTCACCTGTCTCCATGTTGCA
TGF-B1"  ATTCCTGGCGTTACCTTGG AGCCCTGTATTCCGTCTCCT
GAPDH"  GGCACAGTCAAGGCTGAGAATG  ATGGTGGTGAAGACGCCAGTA
a-SMA* CTATGAGGGCTATGCCTTGCC GCTCAGCAGTAGTAACGAAGGA
collagen I¥ CCAGGCAGAGATGGTGAAGA GCAGGTCCTTGGAAACCTTG

IL-6% ATTCGGTACATCCTCGAC TGATGATTTTCACCAGGC

TNF-o* ACTCTTCTGCCTGCTGCACTTTGG GTTGACCTTTGTCTGGTAGGAGACGG
GAPDH*  GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

Notes: “genes from rat; “genes from human.

Table 2. Comparison of lung function in different groups

Control COPD COPD+GRg1
Ri (cmH,0*s/ml) 1.45+0.12 2.36 £ 0.18™ 1.92 + 0.10*
Re (cmH,0¢s/ml) 1.94+0.11 2.88 +0.16™ 2.61 + 0.14#
Cdyn (ml/cmH,0) 0.18 £ 0.02 0.12 + 0.02™ 0.14 + 0.01#
FEV, ,/FVC (%) 89.44 + 3.23 72.11 +3.58™ 77.61 + 3.91%
PEF (ml/s) 34.55 + 3.82 23.38 + 3.87" 30.08 + 2.43%

Notes: resistance inspiration (Ri), resistance expiration (Re), dynamic lung compliance
(Cdyn), the ration of forced expiration volume in 0.3 s/forced vital capacity (FEV,/
FVC) and peak expiratory flow (PEF) were measured by buxco pulmonary function
analysis system at the end of week 12. Data were presented as mean * SD. Statistical
significance was assessed by one-way ANOVA and Tukey's post hoc test. “P<0.05 and

treatment improved the
lung function by eliminat-
ing the increase in Ri and
Re, along with the decre-
ase in FEV ,/FVC, Cdyn,
and PEF, indicating that
GRg1 ameliorated airflow
restriction and obstruc-
tive pulmonary ventilation
disorder.

GRg1 alleviates inflam-
matory responses in
COPD rats

H&E staining showed th-
at the lung tissue in the
COPD group presented
severe alveolar wall thi-
ckening, inflammatory ce-
Il infiltration, pulmonary
alveoli consolidation, and
emphysema compared wi-
th the control group. The-
se impairments were at-
tenuated by treatment wi-

**P<0.01 vs. control; #P<0.05 and *#P<0.01 vs. COPD.

peroxidase-conjugated secondary antibodies
(1:2000) for 1 h. Antibodies included those
against a-SMA (1:400), collagen | (1:200), TGF-
B1 (1:500), TGF-BR1 (1:200), phosphorylated-
Smad3 (p-Smad3, 1:500), Smad3 (1:1000),
and GAPDH (1:1000) (all from Abcam).

Statistical analysis

Values are expressed as the mean % stan-
dard deviation. One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test us-
ing GraphPad Prism 5.0 software (La Jolla, CA,
USA) was performed to analyze the differences
between multiple groups. The values of P<0.05
were considered statistically significant.

Results

GRg1 prevents lung function decline in COPD
rats

As depicted in Table 2, compared with the con-
trol group, CS exposure induced a significant
increase in Ri and Re, albeit a decrease in
FEV,/FVC, Cdyn, and PEF (P<0.05). GRgl
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th GRg1 (Figure 1A). The
ELISA results showed that
the serum concentrations
of the inflammatory response biomarkers IL-6
and TNF-« significantly increased in the COPD
group compared to the control group (P<0.01).
Additionally, GRg1 down-regulated the CS-in-
duced increase of IL-6 and TNF-a expression
(Figure 1B and 1C).

GRg1 alleviates airway fibrosis in COPD rats

To test whether GRg1 modifies fibrosis in the
airway, we performed Masson Trichrome stain-
ing at the end of 12 weeks. The results showed
that the airway collagen fractional area was
markedly attenuated in the COPD+GRg1 group
compared with the COPD group (Figure 2A and
2B). The content of collagen | was further as-
sessed by real-time PCR. RNA expression of
collagen | was also reduced in the COPD+GRg1
group, compared with the COPD group (Figure
2C, P<0.01). Next, we evaluated the effects of
GRg1 on myofibroblasts by examining «-SMA
expression. Immunohistochemical analysis sh-
owed widespread a-SMA expression in the lung
tissue of the COPD group compared with the
control group whereas GRg1 treatment mark-
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Figure 1. GRg1 attenuated the histopathological changes in lung tissues and inflammatory responses in COPD
rats. A. After 12 weeks of CS exposure, lung tissue were collected, fixed, dehydrated and embedded in paraffin. 4
um thickness slices were collected for H&E staining analysis of the pathology changes of lung tissue. N = 6 in each
experimental group. Images were taken at x100 magnification. Scale bar = 100 ym. B, C. Expressions of IL.-6 and
TNF-o in serum were determined by ELISA. Date were expressed as mean + SD. Statistical significance was as-
sessed by one-way ANOVA and Tukey’s post hoc test. "P<0.05 and ""P<0.01 vs. control; #P<0.05 and #P<0.01 vs.

COPD. The experiment was repeated at least three times.

edly decreased a-SMA expression (Figure 2D
and 2E).

GRg1 down-regulates serum TGF-B1 expres-
sion and attenuates the TGF-31/Smad3 sig-
naling pathway in the lung tissue of COPD rats

As the TGF-B1/Smad3 signaling pathway plays
a critical role in pulmonary fibrosis, we next
examined whether GRg1 could affect this path-
way in lung tissues. As shown by western blot-
ting (Figure 3A-D), the protein expression of
TGF-B1, TGF-BR1, and p-Smad3 was signifi-
cantly higher in the COPD group than the con-
trol group (P<0.01). Treatment with GRg1 down-
regulated the expression of TGF-B1, TGF-BR1,
and p-Smad3 (P<0.01). Additionally, GRgl
treatment markedly decreased serum TGF-B1
concentration compared with the COPD group
(Figure 3E).
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Effects of CSE and GRg1 on MRC5 cell viability

A CCK-8 kit was used to evaluate the changes
in cell viability after MRC5 cells were incubated
with different concentrations of CSE (0, 5, 10,
15, and 20%) or GRg1 (10, 20, 40, and 80 uM)
for 72 h. CSE decreased cell viability in a dose-
and time-dependent manner. Following 48 h
incubation, 15% and 20% CSE groups display-
ed striking decreases in cell viability (44.20%
and 19.59%, respectively). Notably, 72 h of
incubation decreased the cell viability in all CSE
groups (>40% viability decline, Figure 4A). We
next examined the effect of GRg1 on MRC5
cell viability. Incubation with 80 uM GRg1 for
48 or 72 h down-regulated the cell viability by
14.36% and 19.65%, respectively (Figure 4B).
Therefore, 48 h of treatment of 10% CSE and/
or 40 uM GRg1 was chosen for the follow-up
experiments.

Am J Transl Res 2020;12(2):493-506
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Figure 2. GRg1 attenuated airway fibrosis in COPD rats. A. At the end of week 12, lung sections were prepared,
and Masson Trichrome staining analysis was used to assess the fibrotic changes of lung tissue. N = 6 in each ex-
perimental group. Images were taken at x100 magnification. Scale bar = 100 uym. B. Quantitative collagen assay
indicated that GRg1 markedly reduced the ratio of area with collagen accumulation in COPD rats. C. The mRNA level
of collagen | was measured by real-time PCR. The results expressed as relative mRNA expression (relative to GAPDH
mRNA level). CS exposure promoted mRNA expression of collagen | in lung tissue, and could be attenuated by GRg1.
D. Lung sections were prepared, and immunohistochemistry was used to assess the expression of a-SMA. Images
were taken at x200 maghnification. Scale bar = 100 ym. E. CS increased the expression of a-SMA in lung tissue, and
was abated by GRg1. Data were expressed as mean + SD. Statistical significance was assessed by one-way ANOVA
and Tukey's post hoc test. "P<0.05 and "*P<0.01 vs. control; #P<0.05 and #*P<0.01 vs. COPD.
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Figure 3. GRg1 down-regulated TGF-B1 expression in serum and regulated TGF-B1/Smad3 signaling pathway in lung
tissue of COPD rats. A-D. At the end of week 12, total proteins were isolated from lung tissue of different groups.
Western blot tested the level of TGF-B1, TGF-BR1 and p-Smad3 in lung tissue. CS-induced up-regulation of TGF-1,
TGF-BR1 and p-Smad3 could be reduced by GRgl. E. The concentration of TGF-B1 in serum was determined by
ELISA. Date were expressed as mean * SD. Statistical significance was assessed by one-way ANOVA and Tukey’s
post hoc test. “P<0.05 and "*P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. COPD.

GRg1 decreases the inflammatory response
and transdifferentiation of MRC5 cells follow-

ing CSE exposure

Recent studies have shown that GRg1 exerts a
protective effect against lung injury [15, 23].
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The effects of GRg1 expression on pro-inflam-
matory cytokines induced by CSE were there-
fore analyzed. RT-PCR results showed that
GRg1 treatment significantly decreased CSE-
induced expression of IL-6 and TNF-a (P<0.01,
Figure 5A and 5B). Our data also indicated that
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Figure 4. The survival rate of MRC5 cells grown in various concentration of CSE or GRg1 was determined by CCK-8
assay. A. Effect of different concentration of CSE on cell viability. B. Effect of different concentration of GRg1 on cell
viability. Data were provided as mean + SD of three independent experiments. Statistical significance was assessed
by one-way ANOVA and Tukey’s post hoc test. “P<0.05 and ""P<0.01 vs. corresponding Sham group.

compared with the CSE group, GRg1 treatment
reduced the expression of a-SMA and collagen
| both at the mRNA and protein level (P<0.01,
Figure 5C-G). Moreover, we evaluated the
changes in ultrastructure of MRC5 cells using
transmission electron microscopy. When MRC5
cells were treated with CSE, swelling of mito-
chondrial cristae and deformation and vacuol-
ization in mitochondria were observed. In addi-
tion, the cells exhibited obvious distension of
the endoplasmic reticulum indicating an in-
crease in synthesis function. These effects
were attenuated by GRgl treatment (Figure
5H).

GRg1 attenuates MRC5 cell transdifferentia-
tion by suppressing the TGF-31/Smad3 signal-
ing pathway

Next, we tested whether the TGF-f1/Smad3
signaling pathway was involved in the suppres-
sion of transdifferentiation in MRC5 cells. We
found that the expression of TGF-B1, TGF-BR1,
and p-Smad3 was upregulated in MRC5 cells
exposed to CSE. GRg1 treatment significantly
reduced TGF-B1, TGF-BR1, and p-Smad3 pro-
tein levels compared with the CSE group (P<
0.05, Figure 6A-D). Together with the in vivo
results, our data indicated that GRg1 relieved
CSE-induced transdifferentiation of MRC5 ce-
llIs, which may be related to inhibition of the
TGF-B1/Smad3 signaling pathway. To further
clarify the result, we first up-regulated the
expression of Smad3 in MRC5 cells (Figure 6E
and 6F) by lentivirus vector transfection. We
determined that Smad3 over-expression en-
hanced the protein levels of a-SMA and colla-
gen |, demonstrating that Smad3 over-expr-
ession blocked the anti-transdifferentiation of
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GRgl in MRC5 cells exposed to CSE (Figure
6G-I). However, Smad3 over-expression did not
significantly affect IL-6 and TNF-a expression in
MRC5 cells treated with GRg1 and CSE (Figure
6J and 6K).

Discussion

Airway remodeling in COPD is a complex patho-
physiological process that involves inflamma-
tion, fibrosis, oxidative stress, and other patho-
logical processes, which eventually lead to ir-
reversible and progressive airflow limitation.
Panax ginseng represents a traditional Chinese
herb widely used to treat a range of respiratory
diseases including COPD [24]. In the present
study, we investigated the protective effect of
one of the main active compounds of Panax
ginseng, GRg1, on airway remodeling and the
underlying mechanisms using in vivo and in
vitro systems. We demonstrated that 1) GRgl
suppressed airway remodeling in a rat model of
COPD and improved lung function; 2) GRgl
attenuated the transdifferentiation and colla-
gen secretion of MRC5 cells; and 3) GRgl
exerted its anti-airway remodeling property by
inhibiting the TGF-B1/Smad3 signaling path-
way.

Ginseng has been found to effectively and sa-
fely improve the pulmonary function and exer-
cise capacity in patients with COPD [25, 26]. In
our COPD animal model, we found that GRg1
prevented the disruption of Cydn, FEV, ./FVC,
and PEF, and suppressed the deterioration of
RI. Our data suggested that GRg1 effectively
abolished pulmonary dysfunction during CS
exposure. Small airways of less than 2-3 mm in
diameter constitute the main site of airway
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Figure 5. GRg1 lessened inflammatory responses and transdifferentiation of MRC5 cells after CSE exposure. MRC5
cells were subjected to 10% CSE and treated with GRg1 (40 uM) for 48 h. A-D. Real-time PCR analysis indicated
that CSE significantly increased the IL-6, TNF-a, a-SMA and collagen | mRNA expression. In the GRg1 treatment
group, the mRNA levels of IL-6, TNF-a, a-SMA and collagen | were decreased significantly. E-G. Western blot analysis
showed that the protein expression of a-SMA and collagen | was up-regulated by CSE, and such effects were allevi-
ated by GRg1 treatment. H. Ultrastructure of MRC5 cells were determined by transmission electron microscopy.
GRg1 protected the normal ultrastructural morphology of mitochondria (white arrows) and endoplasmic reticulum
(black arrows). Images were taken at x33000 magnification. Scale bar = 500 nm. Data were expressed as mean *
SD. Statistical significance was assessed by one-way ANOVA and Tukey’s post hoc test. “P<0.05 and ""P<0.01 vs.
Sham group; #P<0.05 and ##P<0.01 vs. CSE group.

obstruction in COPD [27]. Consistent with the duced alveolar cavity, along with decreasing
pulmonary function results, GRg1l treatment the disruption and loss of epithelial cilia and
improved the small airway obliteration and re- airway wall fibrosis. Thus, GRg1 appeared to

501 Am J Transl Res 2020;12(2):493-506



Ginsenoside Rg1 protects against airway remodeling by suppressing TGF-1/Smad3

A TGRS e @D G B c
15 1.5
erpr1 I R - g . &
- i =
7 ; 2 %10 £% 10
p-Smad3 e “ o g3 # _‘f—'_’é -
4 Zg
Smad3 W —— & o8 é-ﬁ”
GAPDH WS S S 00 00
& N
& ” & ‘50’6\ & e:‘e%& gsc?"‘ & cc;e-“
& & F & o
&
<
D 15 E E 28 o
o 20
- ** . F-3 ’g
3% # g%
530 GAPDH e W i
e~ 9= o5
A~
0.0 é@e ,3:~° ,,55 0.0 -
n ) > &
& 06,*’ & W~ 9‘9 & & ¢o°
@ & = 5 @ & &
& ~ 3 o
G H |
collagen (D R i BN ‘-
AA z
cswn (D S o - i3, = £3, e
< g o
B [CF s 2
GAPDH o = 3
- £3., " o
& A N N e 8~
) ) ) ()
St 8 & Al Al
& lo‘: Qé" & ‘{;ﬁ bqs?\ ee-e & c,@-‘;. o‘*&\ c,ﬂ‘s
I, » ., »* ﬁ/‘ » q"'
&° & & & & & & &£
& & < & S
&F 2 & & & <
v N e ! ~ v
J 15 K 159
3 i
2 § A% < § e #t it
s womoow o £ . =
© 8 05 F 2 o5
== £
0.0- . Y 0.0- . .
& A N N & » >
(f) C’QQ C,Q.Q C’Q.Q 0‘9 OQ,Q (JQQ PQ_Q
¢ & 3 ¢ & &
¢ & .s.o" & @q“’ s,cf’
& & & 3
& & g &
N il 4

Figure 6. GRg1 attenuated MRC5 cells transdifferentiation through suppressing the TGF-f1/Smad3 signaling path-
way. A-D. Western blot analysis demonstrated that TGF-1, TGF-BR1 and p-Smad3 were increased in MRC5 cells
exposed to CSE, and could be inhibited by GRg1. E, F. MRC5 cells were infected with Smad3-lentivirus. Western
blot assay was performed to confirm the transfection efficiency. G-l. MRC5 cells were subjected to Smad3 over-ex-
pression, followed by CSE and GRg1 treatment. Western blot analysis demonstrated that over-expression of Smad3
abated the protective effect of GRg1 in MRC5 cells by increasing a-SMA and collagen | level in MRC5 cells. J, K. The
concentrations of IL-6 and TNF-a in MRC cells were determined by real-time PCR. Smad3 over-expression did not
alter the expression of IL-6 and TNF-a. Data were expressed as mean + SD. Statistical significance was assessed by
one-way ANOVA and Tukey’s post hoc test. "P<0.05 and *"P<0.01 vs. Sham group; *P<0.05 and #P<0.01 vs. CSE
group. 2P<0.05 and 22P<0.01 vs. CSE+GRg1 group.

Chronic lung inflammation induced by inhala-
tion of CS or other noxious particles plays an

block airway remodeling during COPD develop-
ment.
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important role in the airway remodeling of
COPD and is related to disease progression
and mortality [28, 29]. The effects of ginseng
and ginseng-derived ingredients against this
phenomenon have been extensively explored
[30]. Ginseng extracts could strongly inhibit
the activation of NLRP3 and AIM2 inflamma-
somes, resulting in the suppression of pyropto-
some formation and inflammatory cytokines in
vivo and in vitro [31]. Fan and colleagues fur-
ther revealed that GRgl protected against
neurodegeneration by ameliorating the over-
expression of pro-inflammatory cytokines in-
cluding IL-13, IFN-y, and TNF-« in chronic stress
models [32]. Moreover, GRg1 alleviated sepsis-
induced lung injury by decreasing IL-6 and
TNF-« levels [13]. These findings are consistent
with the results of the current study. In vivo,
GRg1l treatment markedly decreased inflam-
matory cell infiltration in lung tissues and re-
duced the plasma levels of the inflammatory
cytokines IL-6 and TNF-a in COPD rats. GRg1
treatment also decreased the expression of
these cytokines in CSE-induced MRC5 cells. In
addition, recent studies have revealed the
involvement of the mitochondria and the en-
doplasmic reticulum in inflammatory signaling
[33, 34]. Notably, we observed that GRg1 sup-
pressed mitochondrial deformation and swell-
ing, along with endoplasmic reticulum disten-
tion in vitro, indicating that GRg1 could at-
tenuate the pro-inflammatory responses indu-
ced by CSE.

Airway fibrosis also plays a pivotal role during
lung function decline and airway remodeling
in COPD [35]. During CS or CSE exposure,
numerous inflammatory cytokines and pro-fi-
brogenic factors are synthesized and secreted
[36, 37]. In response to these stimuli, the intra-
pulmonary fibroblasts transform into myofibro-
blasts, which secrete elevated levels of colla-
gen and serve as potent effector cells of air-
way fibrosis [38, 39]. GRg1l was reported to
reduce myocardial fibrosis and ameliorate car-
diac remodeling in acute myocardial infarction
in a rat model [40]. Similarly, the present study
indicated that GRgl treatment significantly
down-regulated collagen | expression and fib-
rotic friction in the lung tissues of COPD rats.
GRg1 also inhibited MRC5 cell activation and
differentiation by reducing a-SMA and collagen
| expression. These results indicated that GRg1
exerts a protective effect against airway fib-
rosis.
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We further investigated the mechanism by
which GRg1 inhibits airway remodeling. TGF-31
is considered as a “master switch” that is tight-
ly involved in pulmonary fibrosis [41]. Studies
showed that activating the TGF-B1/Smad3 sig-
naling pathway induces fibroblasts to transdif-
ferentiate into myofibroblasts, and secrete lar-
ge quantities of ECM [42]. Therefore, targeting
the TGF-B1/Smad3 signaling pathway might
constitute a promising therapeutic approach
for COPD. Recent studies have demonstrated
that GRg1 can suppress the activity of the TGF-
B1/Smad signaling cascade. Specifically, it was
observed that GRg1 could block the TGF-B1/
Smad signaling pathway in HCS-T6 rat hepatic
stellate cells, thereby decreasing the collagen
level and ameliorating hepatic fibrosis [43].
GRg1 has also been reported to protect aga-
inst renal fibrosis by suppressing TGF-f1 and
Smad2/3 expression [44]. Consistent with
these findings, we observed that GRg1l could
reduce the content of TGF-B1 and reverse the
activation of TGF-BR1 and p-Smad3 in COPD
rats and CSE-induced MRC5 cells, leading to
the down-regulation of a-SMA and collagen |
expression. Furthermore, over-expression of
Smad3 increased «-SMA and collagen | expr-
ession which abolished the anti-transdifferenti-
ation effect of GRgl. Therefore, we conclude
that GRg1 attenuates airway remodeling at le-
ast in part through the suppression of the TGF-
B1/Smad3 signaling pathway.

A limitation of our study is that we only exam-
ined the TGF-B1/Smad3 signaling pathway. In
addition to this pathway, other signhaling path-
ways may also be activated by CS, such as the
Wnt/B-catenin, PI3BK/AKT, or Nrf2/DAMP sig-
naling pathways [45-47], which are all involved
in airway remodeling. It is unclear whether
other signaling pathways participate in the
GRgl-mediated protection against airway re-
modeling. We observed that over-expression of
Smad3 did not affect IL-6 or TNF-a levels in
CSE-stimulated MRC5 cells, indicating that
GRg1l may regulate inflammatory responses
through non-Smad3 dependent signaling path-
ways. In addition, although our study demon-
strated that GRg1 improved CSE-induced mito-
chondria injury, we did not determine whether
mitophagy or mitochondrial dynamics mediate
the protective effect of GRg1 in airway remod-
eling. Further studies are warranted to eluci-
date the mechanisms underlying the GRg1-
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mediated benefits on pulmonary function in
COPD.

In conclusion, the results of the present study
demonstrated that the administration of GRg1
has notable benefits on pulmonary function
and inhibits the progression of airway remodel-
ing in COPD by down-regulating inflammatory
responses and airway fibrosis. Our data also
revealed that GRg1l exerts its anti-fibrotic ef-
fects primarily by suppressing the TGF-B1/
Smad3 signaling pathway. These findings pro-
vide insights into the molecular mechanisms of
GRg1 function and its potential as a novel ther-
apeutic agent for COPD.
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