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a b s t r a c t

Background: Panax ginseng Meyer (P. ginseng), a herb distributed in Korea, China and Japan, exerts
benefits on diverse inflammatory conditions. However, the underlying mechanism and active ingredients
remains largely unclear. Herein, we aimed to explore the active ingredients of P. ginseng against
inflammation and elucidate underlying mechanisms.
Methods: Inflammation model was constructed by lipopolysaccharide (LPS) in C57BL/6 mice and
RAW264.7 macrophages. Molecular docking, molecular dynamics, surface plasmon resonance imaging
(SPRi) and immunofluorescence were utilized to predict active component.
Results: P. ginseng significantly inhibited LPS-induced lung injury and the expression of pro-
inflammatory factors, including TNF-a, IL-6 and IL-1b. Additionally, P. ginseng blocked fluorescence-
labeled LPS (LPS488) binding to the membranes of RAW264.7 macrophages, the phosphorylation of
nuclear factor-kB (NF-kB) and mitogen-activated protein kinases (MAPKs). Furthermore, molecular
docking demonstrated that ginsenoside Ro (GRo) docked into the LPS binding site of toll like receptor 4
(TLR4)/myeloid differentiation factor 2 (MD2) complex. Molecular dynamic simulations showed that the
MD2-GRo binding conformation was stable. SPRi demonstrated an excellent interaction between TLR4/
MD2 complex and GRo (KD value of 1.16 � 10�9 M). GRo significantly inhibited LPS488 binding to cell
membranes. Further studies showed that GRo markedly suppressed LPS-triggered lung injury, the
transcription and secretion levels of TNF-a, IL-6 and IL-1b. Moreover, the phosphorylation of NF-kB and
MAPKs as well as the p65 subunit nuclear translocation were inhibited by GRo dose-dependently.
Conclusion: Our results suggest that GRo exerts anti-inflammation actions by direct inhibition of TLR4
signaling pathway.
© 2021 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Inflammation is an innate immunity involving in many patho-
logical progressions, protecting from external pathogens infections
and cellular damage [1e3]. Macrophages, a major type of immune
cells activated during inflammation, are able to synthesize and
release pro-inflammatory cytokines, including interleukin (IL)-6,
IL-1b and tumor necrosis factor (TNF)-a [4]. Systematic
is is an open access article under the CC BY-NC-ND license (http://creativecommons.

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ichbinlm@163.com
mailto:zhychun@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgr.2021.05.011&domain=pdf
www.sciencedirect.com/science/journal/12268453
http://www.ginsengres.org
http://www.ginsengres.org
https://doi.org/10.1016/j.jgr.2021.05.011
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jgr.2021.05.011
https://doi.org/10.1016/j.jgr.2021.05.011


H.-L. Xu, G.-H. Chen, Y.-T. Wu et al. Journal of Ginseng Research 46 (2022) 156e166
inflammation has been previously revealed to increase the risk of
autoimmune disorder, cardiovascular disease, neurodegenerative
disorder, central insulin resistance, and cancer [5e9]. Therefore,
modulating pro-inflammatory cytokines expression helps treat
inflammatory diseases and might become a valid therapeutic
strategy.

Acute lung injury (ALI) and its severer status, acute respiratory
distress syndrome (ARDS), are common lung disorders in critical
patients with a long hospitalization, which are characterized by
excessive inflammation and structural destruction of lung tissue,
with a fatality rate as high as 30% to 60% [10,11]. And it is pressing to
exploit novel therapeutic strategies for ALI management. Moreover,
mounting evidence has indicated the critical role of uncontrolled
inflammation on the pathogenesis and development of ALI [12].
Therefore, suppressing an excessive inflammatory reaction might
shed novel lights on ALI treatment.

Toll like receptor 4 (TLR4) plays a crucial role in the initiation of
innate immunity [13,14]. Research reveals that TLR4 forms a het-
erodimer with its co-receptor, myeloid differentiation factor 2
(MD2) on the cell surface for identification, and signal initiation of
lipopolysaccharide (LPS) [15]. Once LPS combining with MD2,
TLR4-MD2 complex forms dimerization and subsequently activates
nuclear factor-kB (NF-kB) and mitogen-activated protein kinases
(MAPKs) signaling pathways, resulting in expression of the in-
flammatory factors [16]. Over-stimulation of this pathway causes
serious inflammatory responses, further causing ALI and ARDS.
Thus, it is of great significance to identify natural drugs that inhibit
TLR4 activation to treat inflammation.

Panax ginseng Meyer (P. ginseng) as a traditional perennial plant
has been widely used in Korea, Japan, and China. Accordingly,
P. ginseng has been previously demonstrated to exhibit pharma-
cological actions in relieving symptoms of diverse diseases, such as
inflammatory and autoimmune disorders, cardiovascular disorders,
and cancer [17e20], most of which are involved in their patho-
logical processes via systemic inflammations. Thus P. ginseng me-
diates inflammatory protection for these diseases. Moreover,
P. ginseng, a single component or the component in complex pre-
scriptions, is widely adopted in diverse antitussive remedies in
Korea [21]. However, it remains largely unclarified of the underly-
ing mechanism and the active ingredients of P. ginseng against
inflammation. Therefore, herein, we aimed to explore the mecha-
nism and active components of P. ginseng. Moreover, this research
may offer other orientations of anti-inflammatory adjuvant for
diverse inflammation-associated diseases.
2. Materials and methods

2.1. Materials

P. ginseng and ginsenoside Ro (GRo) with over 98% purity were
purchased from Chengdu Must Biotechnology (Chengdu, China).
Recombinant Human TLR4/MD2 Complex Protein was obtained
from R&D Systems (Minneapolis, MN, USA). Antibodies targeting
phospho-IkBa, phospho-p65, p65, phospho-JNK, JNK, phospho-
P38, P38, phospho-ERK, ERK, and GAPDH were obtained from Cell
Signaling Technology (Beverly, MA, USA). Antibodies targeting TLR4
was obtained from Zen Bioscience Co. Ltd (Chengdu, China). LPS
(Escherichia coli O55:B5), fluorescence-labeled LPS (LPS488),
Dexamethasone (DEX), and TLR4 selective inhibitor resatorvid
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(TAK242) were from Sigma Aldrich (St. Louis, MO, USA). Other re-
agents were also commercially acquired.

2.2. Animal experiments

Six-weeks-old male C57BL/6 mice (18-22g) were obtained from
the Animal Department (Southern Medical University, Guangzhou,
China). The animal experimental procedures gained approval from
Ethics Council of Southern Medical University (No. L2019147).
Moreover, mice were fed with normal forage and accessible water
in the humid environment of diurnal light-dark. ALI model was
constructed according to the previous description [22]. Briefly, mice
were assigned randomly into 9 groups (n ¼ 10): control, LPS,
LPS þ P. ginseng low dose (50 mg/kg), LPS þ P. ginseng middle dose
(100mg/kg), LPSþ P. ginseng high dose (200mg/kg), LPSþ GRo low
dose (20 mg/kg), LPS þ GRo middle dose (40 mg/kg), LPS þ GRo
high dose (80 mg/kg) and LPS þ DEX (5 mg/kg) groups. The test
compounds dissolved with 3% tween-80 were orally administered
to mice (200 ml/20 g) for consecutive five days, and the same
amount of vehicle was administered to mice in the control and LPS
groups, followed by intraperitoneal injection with LPS (10 mg/kg).
All animals were euthanized 12h after LPS-injection.

For toxicity evaluation of P. ginseng and GRo in animal model, an
acute toxicity experiment was performed. Mice were assigned
randomly into control, P. ginseng (orally received 50, 100, 200 mg/
kg dose), and GRo groups (orally received 20, 40, 80 mg/kg dose).
After oral administration for one week, The serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) were
measured using commercial kits based on directions (Beyotime,
Shanghai, China).

2.3. RAW264.7 cells cultivation and cell viability

RAW264.7 cells were cultured in DMEM supplementedwith 10%
FBS and 100 mg/ml penicillin and 100 mg/ml streptomycin at 37�C in
a humidified atmosphere with 5% CO2. MTT assay was adopted to
examine cell viability according to the previous report [23].

2.4. Histopathological assessment of lung tissue

The lung tissue with 4% paraformaldehyde-immobilized and
paraffin-embedded was cut into 4 mm slices and then stained by
Haematoxylin and Eosin (H&E). The pathological modification was
examined using the optical microscope (Nikon Eclipse TieS, Tokyo,
Japan), and the lung injury score was evaluated by two pathologists
as described previously [24].

2.5. Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

RAW264.7 cells were seeded in 6-well plates and pretreated
with gradient doses of P. ginseng or GRo for 24 h, then co-incubated
with LPS (0.1 mg/ml) for 6 h. Trizol reagent (TaKaRa, Dalian, China)
was used for total RNA isolation, followed by cDNA synthesis based
onmanufacturer's directions. PCR re-actionwas performed by SYBR
Green I™ Premix Ex Taq PT™ kits (RR420A, TaKaRa) by StepOne
plus PCR system (Waltham, MA, USA) according to the previous
description [25]. The primers were as follows: TNF-a: forward 50-
TGGAACTGGCAGAAGAGGCAC-30 and reverse 50-
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AGGGTCTGGGCCATAGAACTGA-30. IL-6: forward 50-TAGTCCTTCC-
TACCCCAATTTCC-30 and reverse 50-TTGGTCCTTAGCCACTCCTTC-30.
IL-1b: forward 50-TTCAGGCAGGCAGTATCACTC-30 and reverse 50-
GAAGGTCCACGGGAAAGACAC-30. GAPDH: forward 50-
AGGTCGGTGTGAACGGATTTG-30 and reverse 50-TGTA-
GACCATGTAGTTGAGGTCA-30. The lung tissue was homogenized by
an impeller and then performed as mentioned above. GAPDH was
utilized to normalize target genes and data quantification was
performed using 2- DDCt method.

2.6. TNF-a, IL-6 and IL-1b secretion

Mouse enzyme-linked immunosorbent assay (ELISA) reagents
(Dakewe, Shenzhen, China) were employed to explore the impacts
of test compounds on TNF-a, IL-6, and IL-1b production. After
treatment, the secretion of these pro-inflammatory cytokines were
measured based on the directions.

2.7. Western blotting

Briefly, protein samples were dissolved with RIPA buffer and the
concentrations were assessed by a BCA Protein Assay Kit (Beyo-
time). Then, 30 mg proteins were separated on 10% SDS-PAGE, and
then transferred to PVDF membrane. After blocking the mem-
branes with 5% non-fat milk for 2 h, the membranes were incu-
bated with different primary antibodies at 4�C overnight, then
incubated with secondary antibodies for 2 h. Each protein bandwas
detected by enhanced chemiluminescence kits and quantified via
Image J.

2.8. Immunofluorescence confocal

To determine NF-kB (p65) nuclear translocation, LPSwas used to
treat RAW264.7 cells with or without test compounds for 1 h. Cells
were subsequently immobilized by paraformaldehyde containing
0.1% Triton, followed by incubation of p65 antibody at 4�C over-
night. After incubating with Alexa Flour 568 conjugated-secondary
antibody for 1 h, 4,6-diamidino-2-phenylindole (DAPI, Beyotime)
was employed for cell dyeing for 15 min. For LPS/TLR4 complex
assay, cells were incubated with the test compounds for 24 h, and
co-incubated with LPS488 (10 mg/ml) for 12 h, then stained by DAPI.
Subsequently, the immunofluorescence of p65 subunit trans-
location to nucleus and LPS intake to cell membranes were inves-
tigated via laser confocal microscope (CarlZeiss LSM 880, Jena,
Germany) [26].

2.9. Molecular docking and molecular dynamics (MD) simulations

Molecular docking was performed by Autodock Vina (Scripps
Research Institute, USA) to clarify the binding mechanism between
TLR4/MD2 complex (Protein Data Bank ID: 3FXI) and GRo (CID:
11815492). The TLR4/MD2 complex removed of water molecules
and bound ligands was prepared for molecular docking analysis.
The agonist-binding domain of TLR4/MD2 was confirmed as the
ligand binding site of TLR4/MD2 and AMBER03 force field was
utilized to perform MD simulations. Simply, the initiation of
simulated annealing minimization was set at 298K, with velocities
scaled down by 0.9 every 10 steps. Following energy minimization,
the temperature was adjusted to minimize the influence of tem-
perature control. Finally, 100-ns molecular dynamics simulations
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were conducted at a rate of 2 fs, and the coordinates of the com-
plexes were saved every 10 ps.

2.10. Surface plasmon resonance imaging (SPRi)

Kx5 S instrument (Plexera, USA) was utilized to monitor the
process to further detect the interaction between TLR4/MD2 com-
plex protein and GRo. Shortly, a chip was assembled with a plastic
flow cell for sample loading. The optical architecture and operation
details of the PlexArray HT were described previously [27]. GRo
samples were prepared with phosphate buffer saline at 50, 100,
200, 400 mM concentrations, and a 10-mM glycine-HCl buffer was
used as regeneration buffer. A typical binding curve was obtained
by GRo at 2 ml/s for 300 s association and then flowing running
buffer for 300 s dissociation, followed by 200 s regeneration buffer
at 3 ml/s. The binding data were collected and analyzed by the
commercial SPRi analysis software (Plexera SPR Data Analysis
Module, Plexera, USA).

2.11. Data analysis

Data were shown as mean ± standard deviation (SD) and were
analyzed by one-way analysis of variance for comparisons between
multiple groups using SPSS 21.0 (IBM Corporation, Armonk, NY,
USA). A difference of p < 0.05 was considered significant
statistically.

3. Results

3.1. P. ginseng inhibited LPS-induced lung injury and inflammation

To detect whether P. ginseng attenuated LPS-mediated lung
damage in vivo, the pathological damages in lung tissue were
measured by H&E staining. As indicated in Fig. 1A, LPS adminis-
tration resulted in destructive alterations compared to the control
group, including extensive alveolar wall thickening, infiltration of
inflammatory cells, and interstitial edema. However, treatment
with P. ginseng as well as DEX effectively inhibited lung pathological
lesions. Moreover, the lung injury was evaluated semi-
quantitatively based on histological examination, and the lung
injury score was markedly decreased by P. ginseng and DEX
(Fig. 1B). Interestingly, the effect of P. ginseng at a high dose was
equivalent to the effect of DEX, as there was no significant differ-
ence between P. ginseng-treated (200 mg/kg) and DEX-treated
groups. To further test the influence of P. ginseng on pro-
inflammatory factors, TNF-a, IL-6, and IL-1b expression was
detected. In vivo, we found themRNA levels of TNF-a, IL-6 and IL-1b
in lung tissue in the LPS group were increased in comparison to the
control group. However, P. ginseng or DEX administration alleviated
the LPS-induced over-expression of TNF-a, IL-6 and IL-1b mRNA
levels (Fig.1CeE). Similarly, the production of TNF-a, IL-6, and IL-1b
in serumwere reduced by P. ginseng as well as DEX as confirmed by
ELISA assay (Fig. 1FeH). Notably, the effect of high dose of P. ginseng
was not significant statistically compared to that of DEX on mRNA
levels and production of TNF-a, IL-6, and IL-1b. Briefly, the effect of
200 mg/kg P. ginseng on LPS-induced lung injury was equivalent to
that of DEX. Additionally, in the toxicity experiment, the serum AST
levels of P. ginseng groups were not significant compared to that of
control group and ALT levels were also similar between the groups,
indicating that P. ginseng in 50-200 mg/kg dose is relatively safe for



Fig. 1. P. ginseng suppressed LPS-triggered lung injury and inflammation. (A) The pathological images in lung tissue by H&E staining, the blue arrows indicate the alveolar wall, the
black arrows represent infiltration of inflammatory cells, the red arrows indicate interstitial edema (magnification, 200 �). (B) The lung injury score assessed semi-quantitatively
according to the pathological examination. (C-E) Relative mRNA expression of TNF-a, IL-6, and IL-1b in lung tissue. (FeH) The production of TNF-a, IL-6, and IL-1b in serum tested by
ELISA. (I) The serum AST levels of P. ginseng. (J) The serum ALT levels of P. ginseng. (K-M) Relative mRNA expression of TNF-a, IL-6 and IL-1b in RAW264.7 cells. (NeP) The production
of TNF-a, IL-6 and IL-1b in cells supernatant. (Q) Cell viability with or without P. ginseng by MTT assay. Data were shown as mean ± SD (n ¼ 4). *p < 0.05, **p < 0.01, vs the LPS group.
#p < 0.05, ##p < 0.01, vs the LPS þ DEX group. P. ginseng, Panax ginseng Meyer; LPS, lipopolysaccharide; TNF, tumor necrosis factor; IL, interleukin; H&E, haematoxylin and eosin;
ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.
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using inmurinemodel (Fig.1IeJ). In vitro, cells were incubated with
P. ginseng (50, 100, and 200 mg/ml) for 24 h, then co-incubated with
LPS (0.1 mg/ml) for 6 h. As shown in Fig. 1K-M, TNF-a, IL-6, and IL-1b
mRNA levels were elevated after LPS stimulation. However,
P. ginseng dose-dependently reduced gene expression of these pro-
inflammatory factors. Consistently, the production of TNF-a, IL-6,
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and IL-1b were remarkably lessened by P. ginseng in a dose-
dependent manner (Fig. 1NeP). Additionally, MTT showed that
P. ginseng had no toxicity toward RAW264.7 cells up to 400 mg/ml
(Fig. 1Q). Our results suggested that P. ginseng suppressed patho-
logical damages of lung tissue and expression of TNF-a, IL-6, and IL-
1b induced by LPS in vivo and in vitro.



Fig. 2. P. ginseng suppressed NF-kB and MAPKs activation via blocking LPS binding to TLR4. (A) Effects of P. ginseng on the binding between fluorescence-labeled LPS (LPS488) and
RAW264.7 cell membranes. Expression (B) and density analysis (C) of TLR4, phosphorylated IkBa and p65 in lung tissue. Expression (D) and density analysis (E) of TLR4, phos-
phorylated IkBa and p65 in RAW264.7 cells. (F) Effects of P. ginseng on NF-kB (p65) translocation from cytoplasm to nucleus. Expression (G) and density analysis (H) of phos-
phorylated JNK, P38 and ERK in lung tissue. Expression (I) and density analysis (J) of phosphorylated JNK, P38 and ERK in RAW264.7 cells. Data were shown as mean ± SD (n ¼ 3).
*p < 0.05, **p < 0.01, vs the LPS group. TLR4, Toll like receptor 4; NF-kB, nuclear factor-kB; MAPKs, mitogen-activated protein kinases; IkB, inhibitory kB; JNK, c-Jun N-terminal
kinase; ERK, extracellular signal-regulated kinase.
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3.2. P. ginseng inhibited NF-kB and MAPKs activation by blocking
LPS binding to TLR4

The TLR4 signaling has an essential role in inflammation
mediated by LPS. Herein, we detected whether P. ginseng sup-
pressed the binding between LPS and TLR4. As shown in Fig. 2A,
P. ginseng blocked LPS488 binding to cell membranes dose-
dependently. Consistently, western blotting showed that
P. ginseng significantly inhibited LPS-mediated over-expression of
TLR4 in lung tissue (Fig. 2BeC). Additionally, P. ginseng dose-
dependently reduced LPS-mediated over-expression of TLR4 in
RAW264.7 cells (Fig. 2DeE). NF-kB and MAPKs are downstream
elements of TLR4, which subsequently activate various inflamma-
tory responses [28]. Since NF-kB activation results from phos-
phorylated IkBa, which is crucial for its degradation and p65
subunit nuclear translocation [29], we explored whether P. ginseng
160
affected IkB-a and p65 phosphorylation. We found that the phos-
phorylation levels of IkBa and p65 were increased under LPS
treatment, which indicated that LPS activated NF-kB pathway.
Oppositely, P. ginseng significantly inhibited the phosphorylation
levels of IkBa and p65 in vivo (Fig. 2BeC). Consistent with TLR4
analysis, Fig. 2DeE revealed that the phosphorylation levels of IkBa
and p65 in vitrowere significantly inhibited by P. ginseng. Moreover,
we further detected whether P. ginseng attenuated NF-kB (p65)
subunit nuclear translocation. As revealed in Fig. 2F, LPS stimula-
tion induced p65 nuclear translocation. However, P. ginseng
dramatically inhibited p65 translocation from cytoplasm to nu-
cleus. Moreover, we found that the phosphorylation levels of
MAPKs (JNK, P38, ERK) were reduced obviously with treatment of
P. ginsengwithout altering total levels of MAPKs in vivo (Fig. 2GeH).
Similarly, P. ginseng pretreatment dose-dependently reduced the
phosphorylation levels of MAPKs in vitro (Fig. 2IeJ). Research
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demonstrates that MAPK phosphorylates transcription factors such
as c-Jun, c-Fos, and activating transcription factor 2 (ATF2), ulti-
mately leading to the expression of inflammatory factors [30].
Therefore, we further explored whether P. ginseng inhibited the
expression of c-Jun, c-Fos and ATF2. As shown in Supplementary
Figs. S2A-B, in vivo, the phosphorylation levels of c-Jun, c-Fos and
ATF2 were increased under LPS treatment, while P. ginseng man-
agement markedly suppressed the phosphorylation levels without
changing the total proteins. Consistently, in vitro, the phosphory-
lation levels of c-Jun, c-Fos and ATF2 were inhibited by P. ginseng
dose-dependently (Figs. S2C-D). The results firmly indicated that
P. ginseng suppressed the activation of NF-kB and MAPKs signaling
pathways via blocking LPS binding to TLR4.

3.3. GRo directly targeted TLR4

GRo, an oleanolic saponin of P. ginseng, has been revealed to
inhibit IL-1b-triggered inflammation in rat chondrocytes via sup-
pressing NF-kB [31]. In addition, GRo was discovered to inhibit LPS-
induced cyclooxygenase-2 (COX-2) and inducible nitric oxide syn-
thase (iNOS) in RAW264.7 cells [32]. We hypothesized that GRo
might be an active component of the anti-inflammatory roles of
P. ginseng. However, it remains unclear whether GRo prevents
inflammation via inhibition of TLR4. Molecular docking and MD
simulations were subsequently utilized to evaluate the interaction
between TLR4/MD2 complex and GRo. The three-dimensional
conformations of TLR4-MD2-LPS complex and TLR4-MD2-GRo
complex were displayed in Fig. 3A and B, respectively. The bind-
ing energy between TLR4/MD2 and GRo was �9.285 kcal/mol.
Additionally, the surface visualization models of TLR4-MD2-GRo
complex at 0ns and 100ns were displayed in Fig. 3C. GRo tightly
bound toTLR4/MD2 binding site center during thewhole process of
MD simulation. Moreover, as displayed in Fig. 3D, the progression of
the root mean square deviation (RMSD) of all atoms was from 0 ns
to 100 ns, of which the RMSD of MD2-GRo bound part was stable at
about 2-3 Å. For further clarification of the integration mechanism
of TLR4-MD2-GRo complex, immunofluorescence and SPRi were
performed. As shown in Fig. 3E, LPS immunofluorescence demon-
strated that LPS488 binding to cell membranes was dose-
dependently suppressed by GRo. SPRi revealed that GRo rapidly
bound to TLR4/MD2 complex recombinant protein with an equi-
librium dissociation constant (KD) value of 1.16 � 10�9 M, sug-
gesting an excellent binding affinity (Fig. 3F). The outcomes
robustly implicated that GRo directly targeted TLR4.

3.4. GRo inhibited LPS-induced inflammation

To explore whether GRo exerted anti-inflammatory effects,
in vitro as well as in vivo assays were performed. MTT displayed that
cell viability in GRo groups (10-400 mM) was similar with the
control group, implicating that GRo was not toxic on RAW264.7
cells (Fig. 4A). The mRNA expression of TNF-a, IL-6, and IL-1b
enhanced when LPS was used, but dose-dependently decreased
under GRo treatment (Fig. 4BeD). From ELISA experiments, GRo
remarkably lessened the production of TNF-a, IL-6, and IL-1b at
concentrations from 50 mM to 200 mM (Fig. 4EeG). Further animal
experiments demonstrated that LPS administration exhibited the
infiltration of inflammatory cells, alveolar wall thickening, and
interstitial edema as confirmed by H&E staining. However, GRo or
DEX administration significantly attenuated the lung pathological
lesions and the lung injury score, which the effect of 80 mg/kg GRo
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was similar to that of DEX (Fig. 4HeI). Moreover, as Fig. 4J-O shown,
either mRNA expression or pro-inflammatory cytokines secretion
was decreased by GRo treatment in mice. Additionally, DEX also
drastically abated the expression of TNF-a, IL-6, and IL-1b onmRNA
and secretion levels. Interestingly, GRo at a high dose (80 mg/kg)
exerted a remarkable activity in suppression IL-6 expression
compared to that of DEX. However, there was no significant dif-
ference on the expression of TNF-a and IL-1b between 80 mg/kg
GRo-treated and DEX-treated groups. Animal toxicity experiment
displayed that the serum AST and ALT levels in GRo groups (20-80
mg/kg) were similar with the control group, implicating that GRo in
20-80mg/kg dose is nontoxic and secure for using in murinemodel
(Fig. 4P-Q).

3.5. GRo inhibited TLR4-induced the activation of NF-kB and MAPKs
signaling pathways

To explore whether GRo inhibited the expression of TLR4 and its
signal downstream, the actions of TLR4/NF-kB/MAPKs signaling
pathways were tested. As Fig. 5AeB shown, in vivo, administration
with GRo significantly suppressed TLR4 expression, IkBa and p65
phosphorylation, all of which were increased by LPS treatment.
Similarly, the phosphorylation levels of MAPKs in lung tissue were
notably decreased by GRo (Fig. 5CeD). We further explored the
effects of GRo in vitro. Briefly, cells were incubated with GRo for 24
h, then co-incubatedwith LPS for 1 h.Western blotting showed that
the TLR4 expression and phosphorylation of IkBa, p65 enhanced in
LPS group while were decreased by GRo dose-dependently
(Fig. 5EeF). And GRo significantly suppressed the phosphoryla-
tion levels of JNK, P38, and ERK without altering the total proteins
(Fig. 5GeJ). Moreover, GRo effectively attenuated the nuclear
translocation of p65 subunit (Fig. 5K). Additionally, we further
investigated the effect of GRo on the expression of p65 in cytoplasm
and nucleus. As shown in Supplementary Fig. S1, LPS increased the
p65 nucleus accumulation. However, GRo significantly decreased
p65 nucleus accumulation and increased the cytoplasmic expres-
sion of p65. Moreover, the phosphorylation levels of c-Jun, c-Fos
and ATF2 were inhibited by GRo without change of the total pro-
teins in vivo and in vitro (Figs. S2E-H). The results implicated that
GRo suppressed TLR4-induced the activation of NF-kB and MAPKs
signaling pathways.

3.6. Inhibition of TLR4 signaling pathway did not enhance the
inhibitory effect of GRo in RAW264.7

To confirmwhether the inhibitory role of GRo in RAW264.7 was
due to the inhibition of TLR4 signaling, TLR4 was blocked using
TAK242, a selective TLR4 inhibitor, followed by detection of cell
viability, mRNA levels of TNF-a, IL-6 and IL-1b and expression of
relevant proteins of RAW264.7 cells. As displayed in Fig. 6A, treat-
ment with TAK242 exerted no cell toxicity as compared with the
control group. qRT-PCR demonstrated that mRNA levels of TNF-a,
IL-6 and IL-1b were significantly suppressed by GRo and TAK242
pretreatment. Nevertheless, the suppressive impact of co-
treatment of GRo and TAK242 failed to further significantly
inhibit the pro-inflammatory factors in comparison to the treat-
ment of GRo or TAK242 alone (Fig. 6BeD). Consistently, TLR4
expression and phosphorylation levels of IkBa, p65 as well as
MAPKs of GRo and TAK242 co-treatment group were not signifi-
cantly further attenuated in comparison with cells incubated with
TAK242 alone (Fig. 6EeF). The outcomes implicated that the



Fig. 3. GRo inhibited TLR4 directly. (A) Three-dimensional crystal structure of TLR4-MD2-LPS complex. (B) Three-dimensional crystal structure of TLR4-MD2-GRo complex. (C)
Surface presentation of TLR4-MD2-GRo complex in 0ns and 100ns. (D) Root mean square deviation (RMSD) of heavy atoms of TLR4-MD2-GRo complexes (blue) and unbound TLR4-
MD2-LPS (red). (E) Effects of GRo on fluorescence-labeled LPS (LPS488) binding to cell membranes. (F) The SPRi fitting curves of GRo (50, 100, 200, and 400 mM) binding to TLR4/
MD2 complex protein. GRo, ginsenoside Ro; MD2, myeloid differentiation factor 2; SPRi, Surface Plasmon Resonance imaging; RU, refractive units.
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Fig. 4. GRo suppressed LPS-induced inflammation in vivo and in vitro. (A) Cell viability with or without GRo via MTT assay. (B-D) Relative mRNA expression of TNF-a, IL-6, and IL-1b
in vitro. (E-G) The production of TNF-a, IL-6, and IL-1b in cells supernatant. (H) The lung injury score was assessed semi-quantitatively. (I) The pathological images in lung tissue by
H&E staining, the blue arrows indicate the alveolar wall, the black arrows represent infiltration of inflammatory cells, the red arrows indicate interstitial edema (magnification,
200 �). (J-L) Relative mRNA expression of TNF-a, IL-6 and IL-1b in lung tissue. (M-O) TNF-a, IL-6, and IL-1b production in serum. Data were shown as mean ± SD (n ¼ 4). *p < 0.05,
**p < 0.01, vs the LPS group. #p < 0.05, ##p < 0.01, vs the LPS þ DEX group. GRo, ginsenoside Ro; LPS, lipopolysaccharide.
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suppression of TLR4 signaling pathway did not strengthen the
inhibitory effect of GRo in RAW264.7 cells. Therefore, the anti-
inflammatory ability of GRo was due to the inhibition of TLR4
signaling pathway.

4. Discussion

Inflammation is vitally involved in the pathogenesis of ALI, and
pro-inflammatory cytokines are key determinants to aggravate the
extent of inflammation. Therefore, inhibition of pro-inflammatory
cytokines contributes to attenuated inflammation, which is the
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therapeutic basis for inflammation-related diseases. P. ginseng has
been found to protect against inflammatory diseases. For example,
Park SB illustrates that wood-cultivated ginseng suppressed IL-1b,
TNF-a and inflammatory enzymes like iNOS and COX-2 expression
[33]. In this research, we reveals the inhibitory influence of
P. ginseng on pro-inflammatory cytokines secretion through down-
regulating the mRNA levels. Notably, we found that the effect of
high dose of P. ginseng on LPS-induced lung injury was equivalent to
that of DEX. Our present findings will enrich the current under-
standing of P. ginseng on expression of inflammatory factors.



Fig. 5. GRo inhibited TLR4-induced the activation of NF-kB and MAPKs signaling in vivo and in vitro. Expression (A) and density analysis (B) of TLR4, phosphorylated IkBa and p65 in
lung tissue. Expression (C) and density analysis (D) of phosphorylated JNK, P38 and ERK in lung tissue. Expression (E) and density analysis (F) of TLR4, phosphorylated IkBa and p65
in RAW264.7 cells. Expression (G) and respective density analysis (H-J) of phosphorylated JNK, P38 and ERK in RAW264.7 cells. (K) The immunofluorescence of NF-kB (p65)
translocation to nucleus. Data were shown as mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01, vs the LPS group. GRo, ginsenoside Ro; TLR4, Toll like receptor 4; NF-kB, nuclear factor- kB;
MAPKs, mitogen-activated protein kinases.
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However, the active compounds and the underlying mechanism of
P. ginseng are not explored thoroughly.

Toll-like receptors have an essential effect in external pathogen
infections. Of note, TLR4 is a specific pattern recognition receptor
for LPS stimulation, thereby triggering inflammatory responses
[34]. Therefore, inactive TLR4 signaling pathway is of great signif-
icance. Intriguingly, we found that P. ginseng significantly sup-
pressed TLR4 expression and LPS binding to cell membranes dose-
dependently, suggesting that P. ginseng inhibited LPS/TLR4 inter-
action. Generally, TLR4/MD2 heterodimer specifically triggers
intracellular signaling pathways activation such as NF-kB and
MAPKs, subsequently causing inflammatory factors release, even
cell death [35]. NF-kB exists in the cytoplasm and is inactivated by
combining with IkB under normal condition, of which IkB-a is the
most important [36]. Phosphorylation of IkBa can cause subsequent
ubiquitination and proteasome degradation, thereby promoting
p65 subunit nuclear translocation and inducing the expression of
inflammatory cytokines [29,37]. Therefore, we further investigated
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whether P. ginseng inhibited NF-kB activation, we found that
P. ginseng inhibited the phosphorylation levels of IkB-a and p65
in vivo and in vitro. Consistently, P. ginseng also suppressed p65
translocation to nucleus. Additionally, MAPKs can phosphorylate c-
Jun, c-Fos, and ATF2, ultimately generate excessive inflammatory
factors, playing a crucial role in pathogenesis of inflammation
[38,39]. Consequently, we further found that P. ginseng decreased
MAPKs, c-Jun, c-Fos, and ATF2 phosphorylation levels without
altering total proteins. Our results are consistent to previous
research showing that ginseng could suppress the activation of NF-
kB and MAPK [33].

Molecular docking as an effective predicting tool enables the
recognition of new compounds at a molecular level for drug dis-
covery based on computer structure simulation, exploring the
protein-ligand interaction [40]. In addition, as a forefront of optical
sensing and high-throughput detection technology, SPRi explores
the multi-molecular interactions label-freely in a real time [41,42].
Hence, molecular docking, SPRi and immunofluorescence were



Fig. 6. Inhibition of TLR4 signaling pathway did not increase the inhibitory effect of GRo in RAW264.7 cells. TAK242 was applied to block TLR4 signaling pathway. RAW264.7 cells
were incubated with 10 nM TAK242 for 1 h, 200 mM GRo for another 24 h and co-incubated with LPS. (A) Cell viability under treatment with TAK242. (B-D) Relative mRNA
expression of TNF-a, IL-6, and IL-1b. Expression (E) and respective density analysis (G-I) of TLR4, phosphorylated IkBa, and p65. Expression (F) and respective density analysis (J-L) of
phosphorylated JNK, P38, and ERK. Data were shown as mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01. TLR4, Toll like receptor 4; TAK242, resatorvid.
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performed to further explore the active ingredient of P. ginseng as
the TLR4 inhibitor. In the present study, the binding energy of TLR4-
MD2-GRo complex suggested robust binding. Additionally, MD
simulation indicated that GRo steadily bound to the center of active
pocket of TLR4/MD2 complex, and SPRi revealed that the KD value
was 1.16 � 10�9 M, indicating an excellent binding affinity.
Immunofluorescence showed that treatment with GRo inhibited
LPS488 binding to the membranes of RAW264.7 macrophages
dose-dependently. Therefore, GRo was identified as a direct TLR4
inhibitor. Moreover, GRo not only relieved the LPS-induced path-
ological damages of lung tissue, but also suppressed the tran-
scription and secretion of TNF-a, IL-6 and IL-1b. Interestingly,
in vivo, GRo at a high dose was superior to DEX in decreasing IL-6
expression. Additionally, GRo blocked TLR4 expression and phos-
phorylation levels of MAPKs and NF-kB. Afterwards, to further
explore whether the suppressive impact of GRo in RAW264.7 cells
was caused by TLR4 signaling suppression, TAK242, a specific TLR4
inhibitor, was utilized for further assays. Consequently, the inhibi-
tory effect of GRo and TAK242 co-treatment on pro-inflammatory
165
cytokines was not significantly enhanced in comparison with the
treatment with GRo or TAK242 alone. The anti-inflammatory
impact of GRo was equivalent to that of TAK242. Collectively, the
above outcomes suggested that TLR4 was the major pharmaco-
logical target of GRo.

5. Conclusion

Summarily, our results reveal that GRo exerts anti-inflammatory
effect by directly inhibiting TLR4 signaling pathways. GRo may
serve as a natural therapeutic compound for inflammation-
associated disorders.
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