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a b s t r a c t

Background: Cigarette smoke (CS) is considered a principal cause of chronic obstructive pulmonary
disease (COPD) and is associated with mucus hypersecretion and airway inflammation. Ginsenoside
compound K (CK), a product of ginsenoside metabolism, has various biological activities. Studies on the
effects of CK for the treatment of COPD and mucus hypersecretion, including the underlying signaling
mechanism, have not yet been conducted.
Methods: To study the protective effects and molecular mechanism of CK, phorbol 12-myristate 13-
acetate (PMA)-induced human airway epithelial (NCIeH292) cells were used as a cellular model of
airway inflammation. An experimental mouse COPD model was also established via CS inhalation and
intranasal administration of lipopolysaccharide. Mucin 5AC (MUC5AC), monocyte chemoattractant
protein-1, tumor necrosis factor-a (TNF-a), and interleukin-6 secretion, as well as elastase activity and
reactive oxygen species production, were determined through enzyme-linked immunosorbent assay.
Inflammatory cell influx and mucus secretion in mouse lung tissues were estimated using hematoxylin
and eosin and periodic acideschiff staining, respectively. PKCd and its downstream signaling molecules
were analyzed via western blotting.
Results: CK prevented the secretion of MUC5AC and TNF-a in PMA-stimulated NCIeH292 cells and
exhibited a protective effect in COPD mice via the suppression of inflammatory mediators and mucus
secretion. These effects were accompanied by an inactivation of PKCd and related signaling in vitro and
in vivo.
Conclusion: CK suppressed pulmonary inflammation and mucus secretion in COPD mouse model
through PKC regulation, highlighting the compound's potential as a useful adjuvant in the prevention
and treatment of COPD.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
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1. Introduction

As the mortality and prevalence of chronic obstructive pulmo-
nary disease (COPD) increase annually, novel pharmacological
strategies that prevent COPD exacerbation, thus reducing the
associated clinical burden, are necessary [1]. The mucus hyperse-
cretion and chronic inflammation are characteristics of patients
with COPD, and cigarette smoke (CS) is a leading reason of both
[2,3]. The levels of inflammatory mediators and the numbers of
immune cells are upregulated in bronchoalveolar lavage fluid
(BALF) from cigarette smokers [4]. Since there is sufficient evidence
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Abbreviations

BALF bronchoalveolar lavage fluid
CK compound K
COPD chronic obstructive pulmonary disease
CS cigarette smoke
IL-6 interleukin-6
LPS ipopolysaccharide
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein-1
MUC5AC Mucin 5AC
NF-kB nuclear factor-kB
PMA phorbol 12-myristate 13-acetate
ROF roflumilast
ROS reactive oxygen species
TNF-a tumor necrosis factor-a.
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that CS triggers the release of mucin 5AC (MUC5AC), cytokines
(tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6)), as well
as reactive oxygen species (ROS) in the lung, CS is considered a
principal threat factor for COPD [2,5e7]. In addition, bacterial res-
piratory infections were reported to accelerate progressive airway
inflammation [3]. Thus, inhalation of CS and lipopolysaccharide
(LPS) can synergistically promote inflammatory responses in mice,
leading to lung injury similar to that observed in patients with
COPD [4,8].

CS induces lung inflammation through a complex signal cascade
involving transcription factors such as nuclear factor-kB (NF-kB),
early growth response gene (EGR)-1, and cAMP response element-
binding protein (CREB) regulated by mitogen-activated protein ki-
nases (MAPKs) [6,7,9]. MAPKs include three major serine/threonine
kinases, namely extracellular receptor kinase-1/2 (ERK1/2), p38
MAPK, and c-Jun N-terminal kinase (JNK), all of which are closely
related to COPD pathogenesis [10]. Of them, ERK1/2 triggers the
secretion of inflammatorymediators including ROS, IL-6, and TNF-a
through downstream targets EGR-1 and RSK/CREB in airway
epithelial cells [11e13]. JNK drives the inflammatory response to
allergens through the activation of transcription factors including
NF-kB [14e16]. Therefore, MAPKs and their downstream signal
molecules are recognized as potential therapeutic targets in sup-
pressing airway inflammation.

Protein kinase C (PKC) is a serine/threonine kinase for several
enzymes with diverse biological functions. Out of these, PKCd is
considered a potential biomarker and therapeutic target in lung
injury [17]. As an upstream regulator of MAPKs and inflammatory
transcription factors, PKCd is intimately associated with the im-
mune response in pulmonary conditions, including chronic
inflammation, COPD, and emphysema [18,19]. The activation of
PKCd by inflammatory stimuli such as CS, phorbol 12-myristate 13-
acetate (PMA), and ovalbumin (OVA) enhances the inflammatory
response, while pharmacological and genetic PKCd inhibition sup-
press airway inflammation [20e23]. We previously demonstrated
that, targeting PKCd could inhibit the inflammatory response
through downregulation of TNF-a-induced IKK/NF-kB in human
lung epithelial cells [18]. Moreover, rottlerin, a selective PKCd in-
hibitor, inhibits MUC5AC expression via suppression of MAPKs and
NF-kB activity in human lung epithelial cells [24]. Therefore, PKCd
and MAPK signaling present major therapeutic targets for anti-
inflammatory modalities in the cure of inflammatory respiratory
diseases including COPD.

Panax ginseng Meyer has been applied as a tonic and herbal
medicine in East Asia, including Korea, China, and Japan for a long
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period [25]. It reveals various pharmacological activities, including
anti-inflammatory and neuroprotective activities [26,27]. P. ginseng
and its constituents, ginsenosides, are attractive therapeutic agents
for the protection of inflammatory lung diseases including COPD
[28,29]. Of these, ginsenoside compound K (CK, [20-O-(b-D-gluco-
pyranosyl)-20(S)-protopanaxadiol], known as IH-901) is a major
ginsenoside metabolite with anti-inflammatory and antioxidant
properties [30e32].

However, the preventive activities of CK in COPD experimental
models have not yet been confirmed. Thus, in the current work, we
aimed to study the effects and molecular mechanism of CK against
mucus production and airway inflammation in PMA-treated hu-
man lung epithelial cells and a CS/LPS-exposed COPDmousemodel.

2. Materials and methods

2.1. Chemicals and reagents

Black ginseng extracts were prepared, and ginsenoside com-
pound K (CK, purity >95%) was provided by Dr. Dae Young Lee
(Department of Herbal Crop Research, National Institute of Horti-
cultural and Herbal Science, Soi-myeon, Eumseong-gun, Chungbuk,
Republic of Korea). Research cigarette 2R4F was obtained from the
Tobacco and Health Research Institute (University of Kentucky,
Lexington, KY). PMA, LPS, DMSO (Dimethyl Sulfoxide), roflumilast
(ROF), and rottlerin were obtained from Sigma-Aldrich (St. Louis,
MO). Anti-phospho(p)eNFekB, eNFekB, -p-p70S6K, -p70S6K, -p-
mTOR, -mTOR, -EGR-1, -p-RSK, -RSK, -p-CREB, -CREB, and -p-PKCd
antibodies were obtained from Cell Signaling Technology (Beverly,
MA). Anti-p-JNK, -JNK, -p-ERK, -ERK, -PKCd, and -b-actin antibodies
were acquired from Santa Cruz Biotechnology (Santa Cruz, CA).

2.2. Cell preparation and viability assessment

Human airway epithelial NCIeH292 (CRL-1848) cells and hu-
man embryonic kidney HEK293T (CRL-3216) cells were purchased
from the ATCC. NCIeH292 and HEK293T cells were grown in RPMI
1640 and DMEM (Hyclone, Logan, UT), respectively, supplemented
with 10% fetal bovine serum (FBS) and 100 mg/mL streptomycin 100
units/mL plus penicillin (Hyclone) at 37 �C under a humidified 5%
CO2 atmosphere. In order to determine cell viability, NCIeH292 and
HEK293T cells were grown in a 96-well plate at an average density
of 8 � 103 cells/well and incubated with the respective medium for
16 h. The media were changed for medium without serum. After
culture for another 16 h, cells were grown with respective con-
centrations of CK presence or absence PMA for 24 h. Cell viability
was determined in triplicate via Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technologies, Rockville, ML) as per the manu-
facturer's instructions. Absorbance was estimated on an Epoch
microplate reader (BioTek instruments, Inc., Winooski, VT) and
switched to a percentage (%) of the control value.

2.3. ELISA assay

NCIeH292 cells were seeded in a 96-well plate at an average
density of 8 � 103 cells/well for 16 h. The media were changed for
mediumwithout serum for 16 h. Cells were pre-treated with CK (1,
2, and 4 mM) for 2 h and were then cultured with PMA (100 nM) for
measuring at individual response times before collecting the su-
pernatant. The levels of TNF-a in the supernatant were counted by
ELISA kit (BD Pharmingen, San Diego, CA), following recommended
manufacturer's instructions. The quantity of MUC5AC protein in
cell culture supernatant was measured as depicted previously, with
slight modifications [20,33]. The concentration was determined by
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calculating absorbance at 450 nm on an Epoch microplate reader
(BioTek instruments, Inc., Winooski, VT).

2.4. Transient dual-luciferase reporter analysis

HEK293Tcells were grown at seeding density of 5� 104 cells per
well in a 24-well plate. After 24 h, cells were transfected using
reporter plasmids with transfection reagent (Invitrogen, Carlsbad,
CA), following manufacturer's instructions. In brief, to express the
luciferase reporter gene fused to the MUC5AC promoter (HEK293T/
MUC5AC promoter-Luc), HEK293T cells were transfected for
16e18 h [34]. Cells were pre-treated with CK for 2 h, and PMA
(100 nM) was then stimulated for 12 h. The lysed cells were
measured luciferase activity by the dual-luciferase assay system
(Promega, Madison, WI) on a spectraMax® M4 multi-mode
microplate reader (Molecular Devices, Sunnyvale, CA). The values
of transient luciferase activity are indicated as a percentage (%) of
the control value measured in DMSO-treated cells.

2.5. Experimental animal model of COPD

C57BL/6 Nmice (male, 6 week-old,18e20 g) were obtained from
Koatech Co., Ltd. (Pyeongtaek-si, Korea), transferred to specific
pathogen-free (SPF) conditions, and allowed to acclimatize prior to
experiments. The experimental mouse model of COPD was estab-
lished as previously described [6,35]. Briefly, CS inhalation in mice
was performed for 8 days using 3R4F research cigarettes (Lex-
ington, KY) and a smoking machine (SciTech Korea, Inc., Seoul,
Korea). In parallel, intranasal administration of LPS (5 mg LPS dis-
solved in 30 mL PBS per mouse) was conducted on day 7. The oral
administration of CK and ROF was performed for 8 days, 1 h before
CS exposure. On day 9, the mice were sacrificed, followed by the
collection BALF and lung samples. Experimental mice were divided
into four groups (n ¼ 6 per subgroup) as follows: i) NC, normal
control; ii) COPD; CS exposure/intranasal LPS administration; iii)
ROF, COPD þ 5 mg/kg ROF oral administration; iv) CK 2.5,
COPD þ 2.5 mg/kg CK oral administration. CK and ROF were dis-
solvedwith 1% Tween-20 and 1% DMSO in PBS, respectively. Animal
experiments were approved by the ACUC of the Korea Research
Institute of Bioscience and Biotechnology (KRIBB, Chungbuk, Korea;
KRIBB-AEC-20216).

2.6. Inflammatory cell number and mediators in BALF

On day 9, the mice were anesthetized using zoletil as well as
xylazine, and tracheal cannulation using PBS was conducted (two
times; total volume 1.4 mL) as previously described [7]. The ac-
quired BALF was separated into cells and supernatant via centri-
fugation at 1500 rpm and 4 �C for 10 min. Immune cells in BALF
were fixed and stained by Diff-Quik staining kit (Cat. No. 38721,
Sysmex, Kobe, Hyogo, Japan) to distinguish inflammatory cells.
Further, the cells were used to determine ROS production and
elastase activity as per previously described methods [36]. The
levels of TNF-a, monocyte chemoattractant protein (MCP)-1, and IL-
6 in BALF supernatant were detected by respective ELISA kits,
following manufacturer's protocol (BD bioscience, NJ, and R&D
Systems, MN, USA).

2.7. Western blot analysis

Total protein extraction from cultured cells and mouse lung
tissues was performed using lysis buffer containing phosphatase
and protease inhibitors (Roche, Switzerland). At least 30 mg from
cell lysate was separated via SDS-PAGE and transferred onto PVDF
membranes. Each membrane was blocked using 5% skim milk for
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1 h, followed by incubation with specific antibodies against
peNFekB, NF-kB, p-p70S6K, p70S6K, p-mTOR, mTOR, EGR-1, p-
RSK, RSK, p-CREB, CREB, p-PKCd, PKCd, p-JNK, JNK, p-ERK, ERK, and
b-actin at 4 �C overnight (1:1000 dilution). The membranes were
incubated with HRP-conjugated secondary antibodies (1:2000,
Jackson ImmunoResearch Laboratories, Inc., USA) for 2 h at room
temperature after washing with TBST. Finally, the membranes were
developed with ECL solution (Thermo Fisher Scientific, Inc., Rock-
ford, IL, USA). Each band was visualized and measured by an image
analyzer (Fujifilm, Tokyo, Japan) with Multi Gauge software
(Version 3.0).
2.8. Histology

For histological analysis, each lung tissue sample was cleaned
with PBS, fixed with 10% formalin, embedded in paraffin, sectioned
with a rotary microtome (each section was 4-mm thick), and then
stained with hematoxylin and eosin (H&E, Sigma-Aldrich St. Louis,
MO) as well as periodic acideschiff (PAS, IMEB, Inc., San Marcos,
CA) stain solution, following the manufacturer's instruction. Lung
tissue samples were visualized under a light microscope (H&E
staining: � 100 magnification; scale bar, 100 mm; PAS
staining: � 400 magnification; scale bar: 25 mm).
2.9. Statistical analysis

All data are indicated as the mean ± standard deviation. Sta-
tistical significance was assessed via two-tailed Student's t-tests to
compare the between two groups. One-way ANOVA followed by
Dunnett's multiple comparisons was analyzed the differences be-
tween multiple groups. Data analysis was performed using IBM
SPSS 20.0 (IBM Corporation, Armonk, NY, USA). Data with values of
p < 0.05 were counted statistically significant. Single (*), double
(**), and triple (***) asterisk marks employed statistical signifi-
cance as p < 0.05, p < 0.01, and p < 0.001, respectively.
3. Results

3.1. CK suppresses TNF-a and MUC5AC expression in PMA-
stimulated human lung epithelial cells (NCIeH292)

Before assessing the effects of CK in NCIeH292 cells, we inves-
tigated whether cell viability is affected by CK with or without of
PMA (100 nM) for 24 h (Fig. 1A). CCK-8 assay results indicated that
CK exhibited no considerable cytotoxicity at concentrations below
4 mM. Thus, we applied CK at concentrations below 4 mM in the next
experiments. Next, we assessed whether PMA-induced TNF-a
secretion is suppressed by CK using ELISA. CK pre-treatment sup-
pressed TNF-a secretion in NCIeH292 cells (Fig. 1B). Further, 2 mM
CK also reduced the secretion of MUC5AC in NCIeH292 cells from
6 h after PMA treatment (Fig. 1C).

To investigate the suppressive activities of CK on MUC5AC
transcription, we assessed MUC5AC promoter activity in response
to CK. HEK293T cells were transiently transfected plasmid DNA
with MUC5AC promoter (HEK293T/MUC5AC promoter-Luc), and
luciferase reporter activity was evaluated at each CK concentration
in the presence of PMA. As shown in Fig. 1D, PMA-stimulated
MUC5AC promoter-Luc reporter activity was decreased by CK pre-
treatment. Similar to the data presented in Fig. 1A, CK exhibited no
significant cytotoxicity in HEK293T cells at concentrations below
4 mM (Fig. 1E). These results indicated that CK effectively inhibits
both the PMA-induced transcription and secretion of MUC5AC.



Fig. 1. Effects of CK on TNF-a and MUC5AC expression in PMA-stimulated NCIeH292 cells. (A) The viability of NCIeH292 cells was evaluated after treatment with CK (1, 2, and 4 mM)
in the presence (white bars) or absence (black bars) of PMA using CCK-8 assay. (BeC) The effects of CK on TNF-a and MUC5AC secretion were analyzed by ELISA. NCIeH292 cells
were pretreated with the respective concentration of CK for 2 h, followed by treatment with PMA (100 nM). TNF-a was measured at 8 h, and MUC5AC was assessed at various time
points. The control in MUC5AC secretion is group without PMA in response time for 3 h (white triangle). (D) The suppressive effects of CK on MUC5AC transcription are shown.
HEK293T cells were transiently transfected with a luciferase reporter gene fused to the MUC5AC promoter (HEK293T/MUC5AC promoter-Luc) for 16e18 h, pretreated with cor-
responding concentration of CK for 2 h, and were then treated with PMA (100 nM) for 12 h. (E) The viability of HEK293T cells was measured by CCK-8 assay after treatment with CK
in the presence (white bars) or absence (black bars) of PMA. Data are represented as the mean ± standard deviation from three independent experiments. #p < 0.05 vs. negative
control group (without PMA); *p < 0.05, **p < 0.01, and ***p < 0.001 vs. PMA only group.
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3.2. CK regulates the activation of PKCd and its downstream
molecules in PMA-stimulated NCIeH292 cells

Since NF-kB and MAPK signaling activation are targeted for
asthma and COPD treatment [10,16], we assessed whether CK
Fig. 2. Effects of CK on PMA-induced PKCd and its downstream molecules in NCIeH292 c
subsequently treated with PMA (1 mM) for 15 or 30 min. Total cell lysates were analyzed via
JNK, p-ERK, and ERK; (C) EGR-1, p-RSK, RSK, p-CREB and CREB; (D) p-PKCd and PKCd antibodi
bands indicate the relative band intensity (fold change relative to the control). (E) The effect
levels were measured using an ELISA assay. Individual bars indicate means ± S.D. for three se
vs. PMA only group.
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affected these as well as associated upstream effector molecules. As
shown in Fig. 2A, CK considerably inhibited PMA-induced NF-kB
phosphorylation. The activation of mTOR in human brochial
epithelial cells promotes the activation of NF-kB signaling, essential
for the inflammatory response [37,38]. Similar to peNFekB results,
ells. NCIeH292 cells were added with the respective concentration of CK for 2 h and
western blotting using (A) phospho(p)eNFekB, NF-kB, p-mTOR, and mTOR; (B) p-JNK,
es. Anti-b-actin was chosen as an internal loading control. The numbers underneath the
of CK combined with rottlerin (selective PKCd inhibitor). TNF-a and MUC5AC secretion
parate experiments. #p < 0.05 vs. negative control group (without PMA); ***p < 0.001
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CK pretreatment downregulated PMA-induced mTOR phosphory-
lation (Fig. 2A).

Next, we assessed the inhibitory effect of CK on MAPK activa-
tion. PMA-induced JNK and ERK phosphorylation was confirmed in
NCIeH292 cells, with both attenuated via CK pretreatment
(Fig. 2B). Based on the observed suppression of ERK activation, we
assessed the molecular events downstream of ERK. The PMA-
induced upregulation of both EGR-1 and RSK phosphorylation
decreased with CK pretreatment. CK also suppressed CREB phos-
phorylation downstream of RSK (Fig. 2C).

Since the PKCd/EGFR axis is known to induce the activation of
MAPK and NF-kB signaling [39], we investigated whether CK sup-
presses PKCd activation in PMA-stimulated NCIeH292 cells. The
PMA-induced phosphorylation of PKCd was downregulated
following CK pretreatment for 15 and 30 min (Fig. 2D). Next, we
evaluated the combined effect of CK treatment with a selective
inhibitor for PKCd (rottlerin) to confirm the inhibitory effects of CK
on PMA-induced TNF-a or MUC5AC secretion by using ELISA. We
observed that PMA-induced TNF-a or MUC5AC expression was
more effectively suppressed by the combined treatment of CK with
rottlerin, compared with CK alone (TNF-a, black bars and MUC5AC,
white bars; Fig. 2E). Overall, our results indicate that CK could
reduce the protein levels of the downstream target genes by
negatively regulating MAPKs and downstream inflammation-
promoting transcription factors, such as NF-kB, EGR-1, and CREB,
through the suppression of PKCd activation.
3.3. CK reduces inflammatory mediator production in an
experimental animal model of COPD

Using CS- and LPS-exposed (CS/LPS) mice, we explored whether
administration of CK could ameliorate CS/LPS exposure-stimulated
lung inflammation. As shown in Fig. 3A and B, the significant in-
crease in ROS production and elastase activity observed in BALF of
COPDmodel mice was reduced by CK treatment. Moreover, CK also
suppressed the upregulation of IL-6 and TNF-a in BALF (Fig. 3C and
D). The inhibitory activity of 2.5 mg/kg CK was comparable to that
of positive control ROF, which has been shown to decrease symp-
toms in patients with COPD [40]. Our results revealed that CK exerts
Fig. 3. Effects of CK on airway inflammation in COPD mouse models. The results of (A) ROS p
mice. NC: normal control mice; COPD: CS- and LPS (CS/LPS)-exposed COPD mice; ROF: CS/L
treated with compound K (CK, 2.5 mg/kg). Data are expressed as the mean ± standard dev
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anti-inflammatory activities in the COPDmouse model as well as in
the NCIeH292 cellular model.

3.4. CK prevents inflammatory cell influx and mucus secretion in
COPD mouse model

As shown in Fig. 4A and B, a remarkable increase of neutrophils
and macrophages was confirmed in the BALF of COPD model mice
via Diff-Quik staining. The increase was suppressed through CK
pretreatment. Moreover, CK inhibited the secretion of MCP-1, a
chemoattractant regulating the migration and infiltration of
monocytes/macrophages (Fig. 4C). These points were consistent
with the histological assessment of lung tissues. H&E staining
revealed the presence of inflammatory cells in airway epithelium
(Fig. 4D, blue arrow). This histopathological change was consider-
ably suppressed by CK pretreatment (Fig. 4D). Consistent with
Fig. 1C, PAS staining revealed the increased mucus production
within the airways of COPD model mice (Fig. 4E, triangular arrow).
CK also inhibited the increased mucus levels (Fig. 4E). These results
demonstrate that CK exerts its anti-COPD activity through sup-
pressing inflammation andmucus secretion in COPDmouse model.

3.5. CK regulates PKC signaling in the experimental animal model of
COPD

In order to explore the molecular mechanism of CK in the lung
tissue of COPD mouse model, we assessed PKC signaling as earlier
on the NCIeH292 cellular model (Fig. 2A). In agreement with
in vitro results, CK inhibited the phosphorylation of NF-kB, mTOR,
and mTOR downstream target p70S6K1 in the lung tissue lysates of
COPDmodel mice (Fig. 5A). The effect of CK on JNK and ERK activity
was also confirmed in lung tissue from COPD model mice. In
agreement with the results from Fig. 2B, CK markedly inhibited JNK
activation (Fig. 5B). Moreover, the enhanced EGR-1 expression as
well as the phosphorylation of RSK and CREB, all three being
downstream of ERK, were considerably attenuated by CK treatment
in mice (Fig. 5C). Further, CK as well as ROF inhibited PKCd activa-
tion to suppress its downstream targets such as MAPK and NF-kB
(Fig. 5D). Overall, CK preferentially inhibited PKCd, downregulating
roduction, (B) elastase activity, (C) IL-6, and (D) TNF-a production in the BALF of COPD
PS-exposed mice treated with roflumilast (ROF, 5 mg/kg); CK2.5: CS/LPS-exposed mice
iation (n ¼ 6). #p < 0.05 vs. negative control group; *p < 0.05 vs. COPD only group.



Fig. 4. Effects of CK on inflammatory cell influx and mucus secretion in the COPD mouse model. The numbers of (A) neutrophils and (B) macrophages in BALF from COPD mice were
determined via Diff-Quik staining. (C) ELISAwas employed for the detection of MCP-1 levels in BALF from COPDmice. (D) H&E stain was used to assess the presence of inflammatory
cells around peribronchial lesions ( � 100 magnification; scale bar, 100 mm). Blue arrows indicate inflammatory cells. (E) Periodic acid-Schiff staining was done to assess the
production of mucus in airway epithelium ( � 400 magnification; scale bar, 25 mm). The triangular arrows indicate mucus production. NC: normal control mice; COPD: CS and LPS
(CS/LPS)-exposed COPD mice; ROF: CS/LPS expose-induced mice treated with roflumilast (ROF, 5 mg/kg); CK2.5: CS/LPS expose-induced mice treated with compound K (CK, 2.5 mg/
kg). Data are expressed as the mean ± standard deviation (n ¼ 6). #p < 0.05 vs. negative control group; *p < 0.05 and **p < 0.01 vs. COPD only group.

Fig. 5. Effect of CK on PKCd and its downstream molecules in the lung tissue of COPD mouse. (A) The activation levels of peNFekB, NF-kB, p-p70S6K, p70S6K, p-mTOR, and mTOR;
(B) p-JNK, JNK, p-ERK, and ERK; (C) EGR-1, p-RSK, RSK, p-CREB, and CREB; (D) p-PKCd and PKCd in lung tissue lysates from COPD mice were detected via Western blot analysis. Anti-
b-actin was chosen as an internal loading control. NC: normal control mice; COPD: CS and LPS (CS/LPS)-exposed COPD mice; ROF: CS/LPS-exposed mice treated with roflumilast
(ROF, 5 mg/kg); CK2.5: CS/LPS-exposed mice treated with compound K (CK, 2.5 mg/kg). The numbers underneath the bands indicate the relative band intensity (fold change relative
to control).
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MAPK (ERK and JNK) as well as mTOR signaling. As a result,
inflammation-related transcription factors such as NF-kB, EGR-1,
and CREB were suppressed. Our finding provide insight into the
molecular mechanism of CK as a therapeutic agent for prevention
501
of inflammatory airway diseases such as COPD by suppressing PKCd
activation and subsequent JNK/mTOR/NF-kB, MEK/ERK/EGR-1, and
ERK/RSK/CREB axis (Fig. 6).



Fig. 6. Proposed molecular mechanism for the CK-induced inhibition of inflammatory mediators and mucus production in human lung airway epithelial cells and COPD mouse
models. PMA and CS promote EGFR-mediated PKCd phosphorylation and vice versa. In this experiment, the increased phosphorylation of PKCd, JNK, and ERK as confirmed in both
CS/LPS-exposed mice and PMA-treated cells. CK inhibited the expression level of inflammatory factors such as IL-6 and TNF-a as well as that of MUC5AC, both in vitro and in vivo.
Our results suggest that the inhibitory effect of CK on cytokine expression may be mediated via inhibition of PKCd, and its downstream effectors such as MAPKs and mTOR.
PKCd (number 1) and MAPKs (ERK and JNK, number 2) are presumably affected by CK, leading to the inhibition of inflammation-related transcription factors including NF-kB, EGR-1,
and CREB. Taken together, CK inhibits JNK/mTOR/NF-kB, MEK/ERK/EGR-1, and ERK/RSK/CREB axis through the suppression of PKCd activity. TM: transmembrane.
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4. Discussion

COPD patients and cigarette smokers produce high levels of
inflammatory moderators, including MUC5AC and TNF-a within
respiratory tract epithelium [41]. TNF-a is a pivotal pro-
inflammatory cytokine that may be utilized for COPD diagnosis
and assessing disease progression [42]. Airway mucus hyperse-
cretion leads to decreased lung function, a deprived quality of life,
acute COPD exacerbation, as well as increased hospitalization and
mortality [41]. SinceMUC5AC is amajor mucin component secreted
within the lung, it is closely associated with COPD progression,
similarly to TNF-a [20,43]. In the present study, CK inhibited the
secretion of MUC5AC and TNF-a in PMA-stimulated human lung
cells (Fig. 1).

Neutrophil-derived ROS and elastase cause alveolar destruction,
resulting in lung damage, perpetuation of the inflammatory state,
stimulation of mucus secretion, and breathing difficulties [44].
Further, the amplified number of macrophages and neutrophils in
the airways reflect COPD severity [45]. Macrophage-derived TNF-a
and IL-6 promote airway inflammation, while MCP-1 recruits ever
greater numbers of immune cells to the inflamed sites [5,46]. Thus,
the suppression of neutrophil/macrophage influx and associated
inflammatory mediators in BALF may indicate the amelioration of
airway inflammation.

Since CS/LPS exposure trigger lung inflammation and mucus
secretion in a way comparable to that observed in COPD patients
[6,35,45], we evaluated whether CK exerts protective effects in the
COPD-like mouse model. Our results indicated that CK inhibited
neutrophil/macrophage recruitment, ROS production, elastase ac-
tivity, as well as TNF-a, IL-6, and MCP-1 secretion in BALF (Figs. 3
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and 4). Histological analysis revealed that the extensive influx of
inflammatory cell nearby the peribronchial region was notably
attenuated by CK (Fig. 4D). Furthermore, mucus secretion was
effectively reduced following CK pretreatment (Fig. 4E). Taken
together, the current results strongly support the possibility of CK
as a therapeutic agent for inflammatory airway diseases including
COPD.

Growing evidence suggests that COPD inflammatory markers
including MUC5AC, IL-6, TNF-a, and MCP-1, are associated with
MAPK and NF-kB activation [6,7,33]. Of MAPKs, JNK activates mTOR
signaling, thus representing a potential therapeutic target for COPD
[47,48]. Moreover, mTOR and its downstream target p70S6K1
induce NF-kB activation in lung epithelial cells [37,49]. Thus, JNK/
mTOR/NF-kB axis has been considered as a molecular target for the
treatment of COPD.

Previous studies reported that CS-induced pulmonary inflam-
mation was mediated by ERK and EGR-1, which were essential for
MUC5AC production in lung epithelial cells [50,51]. Moreover,
MUC5AC expression was modulated by ERK and its downstream
target RSK, resulting in CREB activation in brochial epithelial cells
[52]. Thus, ERK-mediated EGR-1 expression/activation and RSK/
CREB pathway are considered as major targets for the prevention of
inflammatory respiratory diseases, including COPD.

Our findings indicate that CK suppressed PMA-induced JNK
phosphorylation. CK also exerted inhibitory effects on mTOR,
p70S6K1, and NF-kB phosphorylation. In addition, PMA-induced
ERK/RSK/CREB phosphorylation and EGR-1 expression were effec-
tively attenuated following CK pretreatment. In agreement with
these in vitro results, CK inhibited JNK and ERK phosphorylation as
well as mTOR, p70S6K1, NF-kB, RSK, and CREB phosphorylation and
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EGR-1 expression in mouse tissue. These data potently support that
CK has anti-COPD effects through suppression of MAPK (ERK and
JNK) as well as mTOR signaling, regulating inflammation-related
transcription factors including NF-kB, EGR-1, and CREB.

Accumulating evidence has highlighted PKCd as a crucial in-
flammatory regulator in various epithelial cells, acting through the
activation of downstream molecules such as MAPKs and NF-kB
[53,54]. PKCd activation is closely related to lung inflammatory
diseases including asthma and COPD [7,20]. Previous studies have
shown that CS and PMA could activate EGFR-mediated PKCd tyro-
sine phosphorylation [55,56]. PKCd was also suggested to induce
EGFR activation as well as that of downstream MAPKs and NF-kB
[57]. Therefore, we suggest that targeting PKCd and downstream
signaling could be an effective strategy for the amelioration of
airway inflammation and mucus secretion in COPD. Importantly,
the negative regulation of CK on PKCd phosphorylation was
confirmed in both in vitro and in vivo.

CK is a major metabolite of P. ginseng saponin, known to be a
more bioactive in its soluble form [58]. CK content inwhite ginseng
is naturally low, increased via heating, fermentation, and enzymatic
conversion [59]. Our results on the anti-inflammatory activity of CK
in the airway suggest that processed P. ginseng products, such as red
ginseng and black ginseng, may have greater physiological activity
than white ginseng.

5. Conclusions

In summary, the present study confirmed the preventive effects
of CK in airway inflammation andmucus secretion both in vitro and
in vivo, comparable to those of ROF, an FDA-approved drug. These
effects were closely related to the inactivation of PKCd signaling. CK
preferentially inhibited PKCd and its downstream molecules,
including MAPKs (ERK and JNK) and mTOR, thereby suppressing
inflammation-related transcription factors such as NF-kB, EGR-1,
and CREB. Targeting these pathways may be valuable for the
treatment and prevention of airway inflammation and mucus
secretion. Taken together, CK represents a pharmacological or nu-
traceutical candidate for airway inflammatory diseases, such as
COPD.
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