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a b s t r a c t

Background: Hyperactivated airway mucosa cells overproduce mucin and cause severe breathing com-
plications. Here, we aimed to identify the effects of saponins derived from Panax ginseng on inflammation
and mucin overproduction.
Methods: NCIeH292 cells were pre-incubated with 16 saponins derived from P. ginseng, and mucin
overproduction was induced by treatment with phorbol 12-myristate 13-acetate (PMA). Mucin protein
MUC5AC was quantified by enzyme-linked immunosorbent assay, and mRNA levels were analyzed using
quantitative polymerase chain reaction (qPCR). Moreover, we performed a transcriptome analysis of
PMA-treated NCIeH292 cells in the absence or presence of Rg5, and differential gene expression was
confirmed using qPCR. Phosphorylation levels of signaling molecules, and the abundance of lipid
droplets, were measured by western blotting, flow cytometry, and confocal microscopy.
Results: Ginsenoside Rg5 effectively reduced MUC5AC secretion and decreased MUC5AC mRNA levels. A
systematic functional network analysis revealed that Rg5 upregulated cholesterol and glycerolipid
metabolism, resulting in the production of lipid droplets to clear reactive oxygen species (ROS), and
modulated the mitogen-activated protein kinase and nuclear factor (NF)-kB signaling pathways to
regulate inflammatory responses. Rg5 induced the accumulation of lipid droplets and decreased cellular
ROS levels, and N-acetyl-L-cysteine, a ROS inhibitor, reduced MUC5AC secretion via Rg5. Furthermore,
Rg5 hampered the phosphorylation of extracellular signal-regulated kinase and p38 proteins, affecting
the NF-kB signaling pathway and pro-inflammatory responses.
Conclusion: Rg5 alleviated inflammatory responses by reducing mucin secretion and promoting lipid
droplet-mediated ROS clearance. Therefore, Rg5 may have potential as a therapeutic agent to alleviate
respiratory disorders caused by hyperactivation of mucosa cells.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
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1. Introduction

Respiratory diseases are pathological conditions that affect
proper lung function. Airway disorders, such as asthma, chronic
obstructive pulmonary disease, bronchiectasis, and pulmonary
cystic fibrosis, are characterized by severe inflammation andmucus
overproduction [1,2]. Mucus is produced in the submucosal and
mucosal cells of the airway epithelium. The primary function of
mucus is debris removal, which is essential to prevent microbial
invasion and aid in airwaymoisture loss [3]. Mucus contains several
large glycoproteins (mucins [MUCs]), which provide viscoelasticity
and play major roles as defense-related molecules in the lungs [4].
In human airway epithelial cells, over 20 MUC proteins are
expressed. Among them, MUC5AC, a human mucin 5AC protein
encoded by the MUC5AC gene, is primarily expressed in airway
surface epithelial goblet cells, and its overexpression is associated
with chronic inflammatory airway diseases [5,6].

Contemporary drugs for treating respiratory tract inflammation
are disadvantageous in terms of high cost and adverse side effects.
By contrast, natural products are readily accessible and can be used
as a crucial reserve of novel therapies for respiratory diseases
because of their renewable nature [7]. However, the efficacy and
safety of many natural products remain unclear owing to our
inadequate understanding of their complex molecular mecha-
nisms. Therefore, it is necessary to further investigate novel natural
anti-inflammatory drugs to address this issue [8,9].

Heat treatment is a method that can be applied to plant prod-
ucts to enhance their physiological activity. Heat treatment of
ginseng is known to induce structural changes due to the conver-
sion of ginsenosides, resulting in improved therapeutic efficacy
[10,11]. In this process, ginsenosides (ginseng saponins), i.e., Ra1,
Ra2, Ra3, Rf2, Rg4, Rg5, Rg6, Rk1, Rs1, and Rs2, are produced via the
heat transformation and deglycosylation of naturally occurring
ginsenosides [12]. In particular, large amounts of ginsenoside Rg5
can be produced during the steaming process, which was first
studied to alleviate inflammatory lung disease [13]. Rg5
(C42H70O12) is a principal component of red ginseng and belongs to
a family of protopanaxadiol ginsenosides [14]. This compound has
been shown to hinder cancer progression and has beneficial effects
on the skin, neurons, and microglia [13,15,16]. However, no reports
have demonstrated the molecular mechanisms through which Rg5
affects respiratory diseases.

Accordingly, in this study, we evaluated the molecular mecha-
nisms of Rg5 inmucous production and inflammation using human
lung mucosal epithelial cells.

2. Materials and methods

2.1. Cell culture and reagents

NCIeH292 human pulmonary mucoepidermoid carcinoma cells
were purchased from American Type Culture Collection (Manassas,
VA, USA). The cells were cultured at 37�C under a 5% CO2 using
high-glucose Dulbecco's modified Eagle medium (HyClone, Logan,
UT, USA) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (Welgene, Gyeongsan, Republic of Korea).
Phorbol 12-myristate 13-acetate (PMA) and N-acetyl-L-cysteine
(NAC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rg5
was purchased from the Ambo Institute (Daejeon, Republic of
Korea).

2.2. Quantitative real-time polymerase chain reaction (qPCR)

Total RNA fromNCIeH292 cells pretreatedwith Rg5 (0,10, 50, or
100 mg/mL for 2 h) and treated with PMA (10 mg/mL for 1 h) was
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extracted using TRIzol RNA Reagent (Life Technologies, Waltham,
MA, USA), as recommended by the manufacturer. For qPCR, 2 mg
RNA was subjected to reverse transcription at 37�C for 1 h using
AccuPower RT PreMix (Bioneer, Daejeon, Korea). Human gene
primers were purchased from Bionics (Seoul, Korea; Table S1), and
mRNA levels were analyzed using QGreenBlue 2 � qPCR Master
Mix (CellSafe, Yongin, Korea) on an AriaMX Real-TimePCR System
(Agilent, Santa Clara, CA, USA). Gene expression was normalized to
that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using
the comparative 2eDDCt method.

2.3. MUC secretion assay

The concentrations of MUC5AC in bile and serum were
measured using a human MUC5AC enzyme-linked immunosorbent
assay (ELISA) kit (cat. L190912437; USCN Life Science, Wuhan,
China). The microtiter plate provided in this kit was precoated with
biotin-conjugated anti-MUC5AC antibodies. Standards (0, 78, 156,
312, 625, 1250, 2500, or 5000 pg/mL standard diluent solution) and
NCIeH292 cells pretreated with Rg5 (0, 10, 50, or 100 mg/mL for 30
min) and treated with PMA (10mg/mL for 15min) were then added
to the appropriate microtiter plate wells. Next, avidin conjugated to
horseradish peroxidase was added to each microplate well, and the
plates were incubated at 37�C. After adding 3,3,5,5-
tetramethylbenzidine substrate solution, the color change was
measured at 450 nm using a microplate spectrophotometer
(SpectraMax 190; Molecular Devices, San Jose, CA, USA). The
MUC5AC concentration in each sample was determined by
comparing its optical density with that of the standard curve.

2.4. Cell viability

Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assays (Sigma-Aldrich).
The cells were seeded in 96-well plates (1 � 104 cells/well), incu-
bated overnight, and treated with varying concentrations of Rg5 for
24 h. MTT solution was added to the medium in each well at a
concentration of 0.20 mg/mL, and plates were incubated for 4 h at
37�C. After confirming formazan formation, medium was dis-
carded, and crystals were solubilized in 150 mL/well dimethyl
sulfoxide (cat. D2650; Sigma-Aldrich). The absorption was
measured at 570 nm on a microplate spectrophotometer.

2.5. RNA isolation and gene expression profiling

Total RNA was isolated from NCIeH292 cells treated with or
without Rg5 using RNeasy Mini Kit columns (Qiagen, Hilden, Ger-
many). RNA quality and quantity were assessed using a Bio-
analyzer2100 with an RNA6000 NanoChip (Agilent Technologies,
Amstelveen, The Netherlands) and an ND-1000 spectrophotometer
(NanoDrop Technologies, DE, USA), respectively. The RNA integrity
numbers of all samples were greater than 9.2. Briefly, duplicate
samples consisting of 300 ng total RNA from NCIeH292 cells pre-
treated with Rg5 (0 or 50 mg/mL for 30 min) and treated with PMA
(10 mg/mL for 1 h) were converted to double-stranded cDNA using
random hexamers incorporating a T7 promoter. Amplified RNAwas
generated from the double-stranded cDNA template through an
in vitro transcription reaction and purified with the Affymetrix
sample cleanup module. cDNA was regenerated through random-
primed reverse transcription using a dNTP mix containing dUTP.
The cDNA was then fragmented by UDG and APE 1 restriction en-
donucleases and end-labeled using a terminal transferase reaction
incorporating a biotinylated dideoxynucleotide. Fragmented end-
labeled cDNA was hybridized to GeneChip Mouse Gene 2.0 ST ar-
rays (Affymetrix, Santa Clara, CA, USA) for 17 h at 45�C and 60 rpm,
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as described in the Gene Chip Whole Transcript Sense Target La-
beling Assay Manual (Affymetrix). After hybridization, the chips
were stained and washed in a Genechip Fluidics Station 450
(Affymetrix) and scanned using a Genechip Array scanner 3000 7G
(Affymetrix). The raw data were deposited in the Gene Expression
Omnibus (accession ID: GSE173990).

2.6. Identification of differentially expressed genes (DEGs)

The log2-probe-intensities obtained from the raw data using the
‘oligo’ package in R software (version 3.6) [17] were normalized
using the quantile normalization method [18]. We then applied an
integrative statistical method to the normalized log2-probe-in-
tensities [19] to identify DEGs between NCIeH292 cells in the
presence and absence of Rg5. Briefly, for each gene, we computed
the observed T-value and log2-median-ratio between the two
conditions using Student's t-test and log2-median-ratio test,
respectively. Next, empirical null distributions of both T-values and
log2-median-ratios were estimated by performing random per-
mutation of the samples 1,000 times on the log2-probe-intensities.
By applying two-tailed tests for the empirical distributions, we
obtained the adjusted P-values for the observed T-value and log2-
median-ratio of each gene, and the two adjusted P-values were
combined into an overall P-value using Stouffer's method [20].
Finally, the DEGs were identified as genes with overall P-values <
0.1 and absolute log2-median-ratios > the cutoff, which was set as
the mean of the 10th and 90th percentiles of the corresponding
empirical distribution.

2.7. Enrichment analysis

We conducted functional enrichment analyses for the up- and
downregulated DEGs in NCIeH292 cells treated with Rg5 using the
DAVID software [21]. Gene Ontology biological processes (GOBPs)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
with P-value < 0.05 and number of genes > 3 were identified as
those significantly enriched by the DEGs.

2.8. Network analysis reconstruction of a molecular network model

To describe resolution-associated biological processes and
signaling pathways mediated by Rg5 treatment, we reconstructed a
molecular network model of the DEGs, which were annotated with
lipid (cholesterol and glycerolipid) metabolism and the trans-
forming growth factor (TGF)-b, mitogen-activated protein kinase
(MAPK), and nuclear factor (NF)-kB signaling pathways. The in-
teractions (edges) between the selected genes (nodes) in the
network were identified based on 84,683 protein-protein in-
teractions for 11,649 proteins obtained from the following 10
interactome databases: BioGRID, HuRI, IntAct, HitPredict, IID, MINT,
STRING, HPRD, DIP, and the HTRIdb [22e30]. The network was
visualized using Cytoscape software [31], and the nodes in the
network were further arranged based on information from the
KEGG pathway database.

2.9. BODIPY staining for flow cytometry

NCIeH292 cells were cultured in 60-mm cell culture dishes and
incubated overnight at 37�C. Cells were then treated with 30 mM
oleic acid (cat. O1008-5G; Sigma-Aldrich) as a control for more than
16 h. BODIPY493/503 staining solution (Thermofisher Scientific,
Waltham, MA, USA) was dissolved in phosphate-buffered saline
(PBS) at a concentration of 2 mM. The cells were incubated with
BODIPY staining solution in the dark for 15 min at 37�C. Thereafter,
the cells were washed with 3 mL PBS to remove media/serum and
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incubated with trypsin-ethylenediaminetetraacetic acid (0.25%) for
5 min at 37�C. Next, 5 mL PBS was added, and the cell suspension
was transferred to a 15-mL conical tube and centrifuged at
16,600 � g for 15 min at 4�C. The supernatant was discarded, and
the cell pellet was subjected to wash in 3 mL PBS, followed by
centrifugation at 13,000 rpm for 15 min at 4�C. The supernatant
was discarded, and the pellet resuspended in 300 mL flow cytom-
etry buffer (0.1 M HEPES [pH 7.4], 1.4 M NaCl, 25 mM CaCl2).
Thereafter, the cell suspension was transferred to a fluorescence-
assisted cell sorting tube, and flow cytometry was performed us-
ing a minimum of 10,000 events per condition.

2.10. BODIPY staining for microscopy

NCIeH292 cells were cultured on Lab-Tek chamber slides
(Thermofisher Scientific) and incubated overnight with bovine
serum albumin (BSA) or BSA-containing oleic acid. Cells were
treated with Rg5 (0, 10, 25, or 50 mg/mL for 2 h), washed with 500
mL PBS, and incubated with BODIPY staining solution in the dark for
15 min at 37�C. The cells werewashed with 1 mL PBS to remove the
medium/serum. Thereafter, the cells were fixed with 4% para-
formaldehyde in a PBS solution and washed with PBS three times
for 5 min each. A drop of Prolong Gold antifade reagent with DAPI
(Molecular Probes, Eugene, OR, USA) was added onto the slide as a
mounting solution. Imaging was performed using an LSM800
confocal microscope (Zeiss, Jena, Germany) with the ZEN V3.4
software (Zeiss), and images were captured at 400� magnification.
The relative intensity of BODIPY staining was measured using
ImageJ software.

2.11. Reactive oxygen species (ROS) assay

Cellular ROS levels were measured using 20 mM 2ʹ7ʹ-dichloro-
fluorescin diacetate (DCFDA) dye (Molecular Probes, Eugene, OR,
USA), a selective fluorescent indicator of ROS. NCIeH292 cells were
seeded in 24-well plates at a density of 2 � 105 cells and incubated
at 37�C for 24 h. Subsequently, the cells were pretreated either with
NAC (1 mM for 30 min) or Rg5 (50 and 10 mg/mL for 30 min) and
then treated with PMA (10 mg/mL for 30 min). For sampling, the
cells were washed with HEPES controlled salt solution (HCSS; 120
mM NaCl, 5 mM KCl, 1.6 mM MgCl2, 2.3 mM CaCl2, 15 mM glucose,
20 mM HEPES, 10 mM NaOH, pH 7.4) and treated with 20 mM
DCFDA dye for 30 min at 37�C. The cells were then washed with
HCSS, and intracellular fluorescence was determined by measuring
the fluorescence intensity at 485 and 530 nm (excitation and
emission, respectively).

2.12. Western blot analysis

NCIeH292 cells were pretreated with Rg5 (0, 10, 50, or 100 mg/
mL for 30 min), treated with PMA (10 mg/mL for 15 min), and then
harvested using RIPA buffer as lysis buffer (Tris base, sodium
chloride, Triton-X, sodium deoxycholate, EGTA). After centrifuga-
tion at 13,000 rpm for 15 min, the supernatant was removed, and
the protein content of the lysate was quantified using BCA assays
(cat. 23227; Thermofisher Scientific). Samples were boiled at 100�C
for 10 min in sodium dodecyl sulfate polyacrylamide gel electro-
phoresis sample buffer, and 20 mg was loaded onto 15% poly-
acrylamide gels. Electrophoresis was performed at 100 V for 1e2 h.
Proteins were transferred to polyvinylidene difluoride membranes
(Roche, Basel, Switzerland) with a Trans-Blot Electrophoretic
Transfer cell (Bio-Rad Laboratories, Hercules, CA, USA). Membranes
were incubated for 1 h in blocking buffer (1% BSA in TBS) and then
further incubated overnight at 4�C with the following primary
antibodies: anti-extracellular signal-regulated kinase (ERK; cat.



Fig. 1. Rg5 downregulated mucin overproduction and suppressed inflammation. (a) The chemical structure of the ginsenoside Rg5. (b) qPCR analysis of MUC5AC expression in
NCIeH292 cells pretreated with Rg5 (0, 10, 50, or 100 mg/mL for 30 min) and treated with PMA (10 ng/mL for 1 h). Gene expression was normalized to GAPDH expression. (c)
MUC5AC secretion analysis in NCIeH292 cells pretreated with Rg5 (0, 10, 50, or 100 mg/mL for 30 min) and treated with PMA (10 ng/mL for 30 min). (d) Cytotoxicity analysis in
NCIeH292 cells treated with Rg5 (0, 10, 25, 50, or 100 mg/mL for 24 h), as assessed using MTT assays. (e) Heatmap showing expression patterns of DEGs in duplicate samples of
NCIeH292 cells treated with Rg5 (0 or 50 mg/mL for 30 min) and PMA (10 mg/mL for 1 h). (f) Heatmap showing expression patterns of the anti- and pro-inflammatory genes, which
were differentially expressed in duplicate samples of NCIeH292 cells treated with Rg5 (0 or 50 mg/mL for 30 min) and PMA (10 mg/mL for 1 h). *P < 0.05, **P < 0.01, as determined
by one-way analysis of variance with a post hoc test (Dunnett's correction). DEG: differentially expressed gene; PMA: phorbol 12-myristate 13-acetate; MTT: 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; CTL: control.
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4695), anti-phospho-ERK (cat. 9101), anti-p38 (cat. 9212), and anti-
phospho-p38 (cat. 4631; all from Cell Signaling Technology, Bev-
erly, MA, USA) diluted in TBS-T at 1:4000. The secondary antibody
(GenDEPOT, Barker, TX, USA) was diluted at 1:5000 in TBS-T and
incubated with the membranes for 1 h at room temperature. Bands
were developed using SuperSignal West Pico PLUS Chemilumi-
nescent Substrate (Thermofisher Scientific), and protein expression
was detected using a Fusion Solo S chemiluminescence system
(Koreabiomics, Seoul, Korea).

2.13. Statistical analysis

Statistical analyses of experimental results, including the results
of ELISAs, DCFDA assays, flow cytometry, and cell viability assays,
were performed using Prism v8 (GraphPad Software). Unpaired
Student's t-tests and one-way analysis of variance with post-hoc
tests (Dunnett's correction) were applied for comparisons be-
tween two groups and more than two groups, respectively, as
indicated in the figure legends. Across all analyses, a P-value of less
than 0.05 was considered statistically significant.

3. Results and discussion

3.1. Rg5 blocked MUC overproduction and alleviated inflammation

Ginsenosides have been studied as therapeutic agents for
various diseases, and several recent studies have demonstrated that
certain ginsenosides possess anti-inflammatory properties [32,33].
Because airway inflammatory diseases are associated with hyper-
secretion of MUCs, we first aimed to select a ginsenoside that could
effectively decrease MUC production. Firstly, 16 saponins from
P. ginseng (Fig. S1) were selected based on their distinct structures.
Rg5, a ginsenoside originating from steamed ginseng (Fig. 1A),
effectively reduced MUC5AC secretion (Fig. S1) and demonstrated
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similar significance as compound K (ComK), a ginsenoside involved
in regulation of airway inflammation and mucus secretion. For that
reason, Rg5 presented a potential inhibitory effect on the hyper-
activation of mucosa cells and thus was selected as the target
compound for this study [34]. Furthermore, Rg5 reduced MUC5AC
mRNA levels (Fig. 1B) and suppressed MUC5AC secretion in a
concentration-dependent manner (Fig. 1C). Importantly, all tested
concentrations of Rg5 showed no cytotoxicity in the same cell line
(Fig. 1D), indicating its possible applications as an anti-MUC pro-
duction agent.

Next, to systematically investigate whether Rg5 contributed to
the alleviation of inflammation, we performed microarray analysis
and compared gene expression profiles in NCIeH292 cells in the
absence and presence of Rg5. The comparative analysis identified
762 DEGs, consisting of 436 and 326 up- and downregulated genes
in Rg5 treatment, respectively (Fig.1E and Table S2). Among the 762
DEGs, there were 16 cytokine/receptor-encoding genes associated
with pro-inflammatory responses and five genes associated with
anti-inflammatory responses and the wound healing process
(Fig. 1F and Table S3). Interestingly, among the 16 pro-
inflammatory genes, downregulation was observed for 13,
including tumor necrosis factor (TNF); TNF superfamily members
10, 14, and 15 (TNFSF10, TNFSF14, and TNFSF15); TNF receptor su-
perfamily member 21 (TNFRSF21); ectodysplasin A2 receptor
(EDA2R); C-X-C motif chemokine ligands 10 and 11 (CXCL10 and
CXCL11); interferon alpha and beta receptor subunit 2 (IFNAR2);
interleukin 4 receptor (IL4R); LIF, interleukin 6 family cytokine (LIF);
interleukin 17D (IL17D); and colony stimulating factor 1 (CSF1). By
contrast, upregulation was observed for all five anti-inflammatory
and wound healing-associated genes, i.e., interleukins 11 and 24
(IL11 and IL24), bone morphogenetic protein 2 (BMP2), TGF-b re-
ceptor 1 (TGFBR1), and activin A receptor type 1 (ACVR1), suggest-
ing the anti-inflammatory effects of Rg5.



Fig. 2. Systematic exploration of resolution-associated signaling pathways, lipid droplet formation and subsequent ROS removal by Rg5. (a) GOBPs and KEGG pathways enriched by
the genes depicted in Fig. 1E. Enrichment scores were converted to Z-scores, defined as Z ¼ N�1(1 e P), where N�1($) is the inverse standard normal distribution and P is that
enrichment P value. (b) Network model for the interactions among DEGs involved in several pathways. Pathways are based on the KEGG pathway database. The gray solid lines
represent interactions among proteins; the arrows and inhibition symbol denote activation and suppression, respectively. The differential expression patterns of genes with large
nodes were examined by qPCR. Small nodes with the symbol þ p or ep denote phosphorylation and dephosphorylation, respectively. qPCR: quantitative real-time polymerase chain
reaction; GOBP: Gene Ontology biological process; KEGG: Kyoto Encyclopedia of Genes and Genomes; DEGs: differentially expressed genes.
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Fig. 3. Rg5 induced the accumulation of lipid droplets to consequently reduce ROS levels. (a) qPCR analysis of ACAT2, HMGCS1, HMGCR, and SQLE expression levels in NCIeH292
cells pretreated with Rg5 (0, 10, 50, or 100 mg/mL for 30 min) and treated with PMA (10 ng/mL for 1 h). (b) Flow cytometry analysis of NCIeH292 cells pretreated with Rg5 (0, 10, 25,
or 50 mg/mL), treated with PMA (10 ng/mL for 30 min), and stained with BODIPY. (c) Confocal microscopy of NCIeH292 cells treated with Rg5 (0, 10, 25, or 50 mg/mL) and stained
with the lipid droplet indicator BODIPY (green). Images were captured at a magnification of 400 � . Cell nuclei (blue) were stained with DAPI. (d) Relative intensity of BODIPY
staining. (e) ROS assay of NCIeH292 cells were pretreated with NAC (1 or 10 mM for 30 min) or Rg5 (50 or 100 mg/mL for 30 min), treated with PMA (10 ng/mL for 30 min), and then
incubated with DCFDA for 30 min. (f) MUC5AC secretion analysis in NCIeH292 cells pretreated with NAC (10 mM for 30 min) and treated with PMA (10 ng/mL for 30 min). *P < 0.05,
**P < 0.01, ***P < 0.001. qPCR: quantitative real-time polymerase chain reaction; PMA: phorbol 12-myristate 13-acetate; NAC: N-acetyl-L-cysteine; CTL: control.
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3.2. Comprehensive transcriptome analysis of cellular processes
and signaling pathways involved in Rg5-mediated inflammatory
resolution

To systematically investigate the cellular processes and
signaling pathways that may contribute to the anti-inflammatory
response, we performed functional enrichment analysis of GOBPs
and KEGG pathways for the up- and downregulated genes (Fig. 2A
102
and Table S4). The upregulated genes significantly (P < 0.05) rep-
resented i) lipid metabolism (steroid and terpenoid backbone
biosynthesis and glycerolipid metabolism) and oxidation-reduction
processes and ii) protein phosphorylation and signaling pathways
(AMP-activated protein kinase, TGF-b, MAPK, and FoxO signaling),
whereas the downregulated genes represented i) signaling path-
ways (MAPK, FoxO, phosphatidylinositol 3-kinase/AKT, and NF-kB
signaling) and ii) inflammatory and immune responses (T cell



Fig. 4. Rg5 inhibited the MAPK signaling pathway and the production of pro-inflammatory cytokines. (a) qPCR analysis of pro-inflammatory genes (TNF, NF-kB) in NCIeH292
cells pretreated with Rg5 (0, 10, 50, or 100 mg/mL for 30 min) and treated with PMA (10 ng/mL for 1 h). (b) qPCR analysis of MAPK-associated genes (JUN, JUND, MAP3K8, and KRAS)
in NCIeH292 cells pretreated with Rg5 (0, 10, 50, or 100 mg/mL for 30 min) and treated with PMA (10 ng/mL for 1 h). (c) Western blot analysis of ERK, p38, phosphorylated ERK, and
phosphorylated p38 protein levels in NCIeH292 cells pretreated with Rg5 (0, 10, 25, or 50 mg/mL for 30 min) and treated with PMA (10 ng/mL for 15 min). GAPDH was used as a
loading control. *P < 0.05, **P < 0.01, ***P < 0.001. qPCR: quantitative real-time polymerase chain reaction; PMA: phorbol 12-myristate 13-acetate; CTL: control.
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receptor, Toll-like receptor, and TNF signaling pathways and
cytokine-cytokine receptor interaction).

We then generated a network model that described the in-
teractions among the DEGs and MUC5AC to provide insights into
the enriched cellular processes and signaling pathways at the
molecular level (Fig. 2B). The upregulated genes in Rg5-treated cells
were involved in cholesterol (ACSS2, ACAT2, HMGCS1, HMGCR, IDI1,
FDPS, FDFT1, SQLE, CYP51A1, MSMO1, HSD17B7, SC5D, and DHCR7)
and glycerolipid metabolism (GK, AGPAT4, LPIN1, and LIPG), which
may induce the accumulation of lipid droplets to facilitate ROS
clearance, and were also involved in the TGF-b signaling pathway
(BMP2, BMP6, TGFBR1, ACVR1, SMAD2, and SMAD4), which may
activate anti-inflammatory responses. By contrast, the down-
regulated genes were involved in TNF and NF-kB signaling path-
ways (TNF, TNFSF10, TNFSF14, TNFSF15, TNFSF21, IL4R, EDA2R,
PIK3R1, MAP3K14, NFKBIA, NFKB1, and GATA3) and their down-
stream targets (BCL2A1, TNFAIP8, MUC5AC, ICAM1, CSF, CXCL10, LIF,
JUNB, and NLRP3), thereby suppressing pro-inflammatory re-
sponses. Intriguingly, c-Jun N-terminal kinase and ERK signaling
pathways, which are both MAPK signaling pathways, were regu-
lated in opposite directions by the upregulated genes (FGF2, SOS2,
KRAS, MAPK2K4, DUSP8, DUSP10, JUN, and JUND) and down-
regulated genes (MAP3K8 andMYC), respectively. Collectively, these
findings provided insights into the molecular mechanisms through
which Rg5 may exert its beneficial effects.
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3.3. Rg5 induced the accumulation of lipid droplets to reduce ROS
levels

Rg5 has been linked to the regulation of several metabolic
pathways, including regulation of lipid and glucose homeostasis
[35]. In addition, unlike other ginsenosides, Rg5 is easily digested
by lysosomes, further indicating its advantages in cellular lipid
synthesis [36]. Based on our network model presented in Fig. 2B,
we examined whether cellular ROS levels were reduced via the
functions of the lipid droplets formed following Rg5 treatment. To
this end, we selected key genes involved in cholesterol metabolism,
such as acetyl-CoA acetyltransferase 2 (ACAT2), 3-hydroxy-3-
methylglutaryl-CoA synthase 1 (HMGCS1), 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), and squalene epoxidase
(SQLE), and evaluated the expression of these genes using qPCR
(Fig. 3A). These genes were readily upregulated by Rg5 treatment,
as shown in our network model based on microarray data (Fig. 2B).
Next, the abundances of lipid droplets were measured in control
cells and cells treated with different concentrations of Rg5 via flow
cytometry and fluorescence microscopy using the BODIPY-
conjugated lipid droplet indicator (Fig. 3B, C, and D). The results
showed that Rg5 intensified BODIPY signals, indicating an increase
in lipid droplets. Consistent with this, cellular ROS levels were also
reduced after Rg5 treatment (Fig. 3E). Furthermore, NAC, a ROS
inhibitor, readily reduced MUC5AC secretion (Fig. 3F), suggesting
that clearance of ROS by Rg5-induced lipid droplets contributed to
the reduction of MUC levels in mucosa cells.
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3.4. Rg5 regulated the activation of MAPK and NF-kB signaling
pathways for anti-inflammatory responses in mucosal cells

Our network model suggested that MAPK and NF-kB signaling
pathways, which are involved in the resolution of inflammation as
well as modulation of MUC5AC expression [37,38], were regulated
by Rg5 treatment (Fig. 2B). To further test this hypothesis, the dif-
ferential regulation of MAPK and NF-kB signaling pathways by Rg5
treatment was confirmed by qPCR analysis (Fig. 4A and B). For the
NF-kB signaling pathway, the mRNA levels of TNF and NF-kB were
significantly (P < 0.001) decreased after Rg5 treatment (Fig. 4A). For
the MAPK signaling pathway, we confirmed the significant
(P < 0.05) upregulation of JUN and KRAS and the significant
downregulation of MAP3K8 (Fig. 4B), consistent with our network
model. Furthermore, MUC5AC secretionwas found to be dependent
on the phosphorylation of ERK and p38, key kinases in the MAPK
signaling pathway, which are involved in the activation of NF-kB
and the production of pro-inflammatory cytokines; indeed, treat-
ment with inhibitory compounds decreased MUC5AC secretion
(Fig. S2). Hence, in addition to transcriptional regulation, our
western blot analysis revealed that phosphorylation of ERK and p38
proteins was repressed by Rg5 treatment (Fig. 4C). Collectively,
these results supported the regulatory effects of Rg5 on
inflammation-associated signaling pathways, as suggested by our
network model (Fig. 2B).
4. Conclusions

In the current study, a combination of systematic transcriptome
analysis and molecular biology experiments revealed that Rg5
upregulated lipid metabolism, thereby contributing to the lipid
droplet-mediated clearance of ROS, and modulated the activation
of the MAPK and NF-kB signaling pathways. As described in
hyperactivated airway mucosa cells show increased inflammatory
responses, resulting in the expression of pro-inflammatory cyto-
kines. Simultaneously, extracellular matrix synthesis and MUC
expression are augmented, leading to blockage of the airway. After
Rg5 treatment, the mucosa cells showed reduction of hyper-
activation, and this effect may help to alleviate respiratory disor-
ders. These findings provided valuable insights into the
development of new approaches to alleviate respiratory disorders.
Further studies of Rg5 treatment in combination with animal
model experiments and clinical analyses are warranted.

During normal lipid metabolism, epithelial cells are capable of
modulating homeostasis and inhibiting mechanisms associated
with inflammation through a variety of regulatory mechanisms,
including growth factors, cytokines, and chemokine [38e40]. In the
context of respiratory diseases, epithelial cells lose their ability to
regulate lipid metabolism, and oxidative stress releases inflam-
matory mediators, leading to lung diseases, such as loss of pul-
monary function, airway hypersensitivity, mucus hypersecretion,
and lung remodeling; this in turn results in abnormal recovery
mechanisms [41,42]. For example, TNF and NF-kB, which regulate
the expression of several genes involved in the immune response
(Fig. 2B), have been shown to be overexpressed in patients with
asthma, which is a serious refractory disease [43,44]. In addition,
p38 MAPK activation is initiated via a kinase cascade triggered by
extracellular inflammatory stimulation and induces apoptosis in
human airway epithelial cells [45]. Therefore, inflammatory drugs
capable of targeting molecules involved in lung pathways may
prove to be useful in the treatment of respiratory diseases [4,46].
Additionally, targeting lipid metabolism pathways and molecules
could contribute to superior treatment approaches by regulating
lipid homeostasis and mucus production [47].
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Furthermore, compared with other ginsenosides, Rg5 showed
better inhibitory effects on MUC production. Low-polarity ginse-
nosides, such as Rg5, are associated with better anti-inflammatory
activity in comparison to polar ginsenosides [48e50]. In addition,
Rg5 not only has anti-allergic effects but also exhibits better
pharmacokinetic properties compared with other ginsenosides
[51e53]. Therefore, we propose that the structural conformation of
Rg5 may facilitate better cellular uptake, leading to improved
metabolic responses. In the future, a more extensive and functional
system as well as diverse screening and evaluation methods are
necessary to further elucidate the potential applications of ginse-
nosides in human health.
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