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Immune function plays a critical role in defending the body against harmful external
stimuli, such as pathogens, and contributes to the maintenance of overall physiological
homeostasis. Activation of the immune system is essential for enhancing host defense
and preventing immune-related and infectious diseases. In this study, we investigated the
immune-enhancing potential of Codonopsis lanceolata shoot extract using the murine
macrophage cell line RAW 264.7. Among the solvent extracts tested, the ethanol extract
exhibited the highest nitric oxide (NO) production. Treatment with the ethanol extract
significantly increased the expression of immune-related genes, including iNOS, COX-2,
p-p65, and MAPK. LC-MS/MS analysis identified the major compounds present in the
ethanol extract, and in silico docking analysis expected that lancemaside A exhibited the
strongest binding affinity to TLR4, a receptor implicated in innate immune signaling.
Treatment of RAW 264.7 cells with lancemaside A not only induced the highest NO
production but also showed a strong interaction with TLR4. Additionally, lancemaside A
enhanced phagocytic activity in a dose-dependent manner and upregulated the expression
of immune-related genes. Collectively, these findings suggest that lancemaside A from
the ethanol extract of C. lanceolata shoots may serve as a promising functional ingredient
for enhancing immune responses and could be developed as a potential immunomodulatory
food material.

Keywords: Immune-stimulation, Phagocytosis activity, Codonopsis lanceolata shoot, Lancemaside
A, LPS, TLR4

Introduction

Codonopsis lanceolata is a perennial plant widely distributed across Central, East, and South Asia
and has long been used in traditional medicine to treat respiratory and inflammatory disorders,
including coughs, bronchitis, spasms, and edema. The roots of C. lanceolata contain diverse bioactive
compounds, such as polyphenols, saponins, and tannins [1, 2]. In the Republic of Korea, approximately
7,000 tons of C. lanceolata roots are produced annually after three to six years of cultivation. During
the harvest process, however, over 100 tons of aerial shoot parts are discarded each year as agricultural
by-products, despite the lack of scientific evaluation of their biological functions. To date, these shoots
remain an underutilized resource, and their potential immunological value has not been studied.
Therefore, a comprehensive assessment of their bioactivity is required to determine their feasibility as
novel functional materials.

The immune system plays a central role in maintaining homeostasis by protecting the body against
pathogenic microorganisms and environmental stressors. This system comprises a coordinated network
of immune cells, organs and signaling molecules that regulate both innate and adaptive immune
responses [3-5]. Beyond host defense, the immune system contributes to various physiological processes,
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including tissue regeneration, metabolic regulation, and immune surveillance against malignant cells, promoting overall health and preventing
disease [6]. These diverse roles emphasize the crucial importance of immune regulation for both homeostasis and the prevention of chronic and
metabolic diseases.

Phagocytosis is fundamental function of innate immune cells, particularly macrophages, and involves the receptor-mediated internalization of
foreign particles into membrane-bound vesicles known as phagosomes [7-9]. During this process, activated macrophages produce nitric oxide
(NO), a key effector molecule that contributes to pathogen elimination and immune regulation [10-12]. Besides its direct antimicrobial activity,
NO plays a critical role in modulating inflammatory signaling and coordinating innate immune responses, making it a widely used indicator of
macrophage activation in immunological studies [13].

Toll-like receptor 4 (TLR4) is a key pattern recognition receptor expressed in macrophages and is primarily responsible for recognizing
lipopolysaccharide (LPS), a major component of the outer membrane of Gram-negative bacteria. Upon binding to LPS in association with LPS-
binding protein (LBP), TLR4 initiates intracellular signaling cascades that active inflammatory responses [14-17]. One major pathway involves the
nuclear translocation of phosphorylated p65, which promotes the transcription of pro-inflammatory mediators, including inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2), leading to enhanced NO production. In parallel, TLR4 activation stimulates mitogen-activated
protein kinase (MAPK) pathways, including p38, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK). These
pathways play distinct roles in inflammatory regulation, with p38 MAPK primarily involved in COX-2 expression and JNK and ERK contributing
to the induction of pro-inflammatory cytokines [1, 18-23].

In this study, we investigated the immunostimulatory effects of C. lanceolata shoots, an underutilized agricultural by-product generated during
root harvesting, using RAW 264.7 macrophage cells as an in vitro model. Furthermore, the bioactive constituents present in the shoots were
characterized by LC-MS/MS analysis, and their potential molecular mechanisms were explored through molecular docking simulations and
complementary molecular biology techniques. This integrated approach provides new insights into the immunological potential of C. lanceolata
shoots and supports their feasibility as a sustainable functional ingredient derived from agricultural by-products.

Materials and Methods

Reagents and Antibodies

Phagocytosis assay kit (Abcam, USA) was purchased from Abcam, Griess reagent and cycloheximide were purchased from Sigma-Aldrich, and
interferon gamma was purchased from Thermo Fisher. TLR4 and Vinculin were purchased from Santa Cruz Biotechnology (USA); p-p65, p-JNK,
p-p38 MAPK, and GAPDH were purchased from Cell Signaling Technology (USA); iNOS was purchased from Invitrogen (USA); and COX-2 was
purchased from Abcam.

Preparation of Extracts
Six-year-old dried shoots of Codonopsis lanceolata (CLE), cultivated in Jeongseon-gun (Republic of Korea), were harvested at May 2023 for this
study. For the ethanol extract (E-CLE), 30 g of dried shoots were extracted with 300 ml of 70% ethanol at 70°C for 3 h with continuous stirring at
60 rpm. The hot water extract (W-CLE) was prepared by extracting 30 g of dried shoots in 300 mL of distilled water under the same conditions.
After extraction, the solutions were filtered using Whatman No. 41 filter paper (Whatman, UK), concentrated under reduced pressure, and
lyophilized. The extraction yield was calculated as the weight percentage of the dried extract relative to the initial dried plant material (%, w/w).
The yields of W-CLE and E-CLE were 34.3% and 20.6%, respectively. All lyophilized extracts were stored at -70°C until further use.

Cell Culture

Murine macrophage cell line RAW 264.7 was purchased from the Korean Cell Line Bank (Republic of Korea). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (HyClone, USA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin (Gibco, USA) as a complete medium in a humidified incubator at 37°C and 5% CO, atmosphere. All experiments were performed
using the cells cultured with a complete medium and illustrated in the experimental design in Fig. SI.

Cell Viability Assay

To evaluate the effects of CLE and lancemaside A on the viability of RAW264.7 murine macrophages,a MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay was performed. RAW264.7 cells were seeded into 96-well plates at a density of
2.5 x 10* cells per well and allowed to adhere for 24 h. The cells were then primed with interferon-gamma (IFN-y) for 1 h, followed by treatment
with various concentrations of CLE or lancemaside A in IFN-y-containing medium for 24 h at 37°C in a humidified incubator with 5% CO,. After
treatment, 20 pL of MTS solution containing phenazine methosulfate (PMS) was added to each well and incubated for 30 min. Cell viability was
determined by measuring absorbance at 490 nm.

Measurement of NO

The murine macrophage cell line RAW 264.7 was used to measure NO production capacity. RAW 264.7 cells were seeded in 96-well plates at a
concentration of 2.5 x 10* cells per well and stabilized at 37°C, 5% CO, for overnight. After removing the supernatant, the plates were primed with
IFN-y (10 ng/ml) for 1 h and then incubated in IFN-y (10 ng/ml) medium with LPS (0.1 ug/ml) and CLE samples treated at concentrations of 12.5-
800 pg/ml. After 24 h, 80 pl of the incubated supernatant was transferred to another 96-well plate, mixed with 80 ul of Griess reagent (Sigma, USA),
and reacted for 15 min. Then, the NO production capacity was evaluated by measuring the light absorbance at 540 nm.

Western Blotting

RAW 264.7 cells were seeded 60 mm dishes dishes at a density of 3.0 x 10 cells per dish and incubated at 37°C in a humidified atmosphere
containing 5% CO, for 24 h to allow cell stabilization. After removal of the culture medium, the cells were pretreated with interferon-y (IFN-y,
10 ng/ml) for 1 h. Subsequently, the cells were incubated in medium containing IFN-y (10 ng/ml) together with lipopolysaccharide (LPS, 0.1 pg/ml),
CLE (200 and 400 pg/ml), or lancemaside A (0.1, 0.5, and 1 uM).
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To evaluate the expression of iNOS, COX-2, and p-p65, RAW 264.7 cells were pretreated with IFN-y for 1 h and then treated with CLE,
lancemaside A, or LPS for 24 h. To assess MAPK signaling pathways, including ERK1/2, phosphorylated ERK (p-ERK), p38, phosphorylated p38
(p-p38), INK, and phosphorylated JNK (p-JNK), the cells were pretreated with IFN-y for 1 h followed by treatment with CLE, lancemaside A, or
LPS for 30 min. Murine macrophage cell line RAW 264.7 cells were lysed with lysis buffer, and protein concentration was quantified using the
Pierce BCA protein assay kit. Protein samples were separated using 10% SDS-PAGE and transferred to PVDF membranes (15 min, 25 V). The
membranes were blocked with 3% bovine serum albumin (BSA) solution at room temperature for 1 h, followed by incubation with the showed
primary antibodies for 16 h at 4°C. The membrane was then washed three times with TBST for 10 min each, followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibody for 40 min. After the membrane was washed, protein bands were detected using a
chemiluminescence reader (LuminoGraph III Lite, ATTO, Japan).

U-HPLC MS/MS Analysis for Metabolite Profiles

Natural compound profiling was performed on U-HPLC system (Vanquish U-HPLC, Thermo Fisher Scientific, USA), coupled to a quadrupole
mass spectrometer (Thermo Scientific Orbitrap Exploris 120 high-resolution/accurate mass spectrometer, interfaced with a heated electrospray
ionization (H-ESI) source), at the Biopolymer Research Center for Advanced Materials (BRCAM, Sejong University, Republic of Korea).

The PDA detector was conducted on a Vanquish Diode Array Detector FG at 210 nm and 3D scan mode (Thermo Fisher Scientific). Briefly, the
prepared samples (10 pl) were injected into a C18 column (Waters, ACQUITY UPLC BEH C18, 2.1 x 100 mm, 1.7 um, Waters Corp., USA), with
the column maintained at 45°C throughout the acquisition period. The mobile phase was eluted by a gradient of water (A) and acetonitrile (B),
containing 0.1% acetic acid, with a gradient dilution profile of 99% A (0-2 min), 99-5% A (2-20 min), 5% A (22-25 min), 5-99% A (25-27 min),
and 99% A (27-30 min), at a flow rate of 0.25 ml/min. The mass spectrometry was performed using a heated capillary (325°C), vaporizer (350°C),
and spray voltage of 3.5 kV (positive mode), and 2.5 kV (negative mode). The sheath gas, aux gas, and sweep gas were set at 50, 25, and 1 psi,
respectively. HCD collision energies of 15, 30, and 60% were applied to a full scan range from 100-1,500 m/z, at resolutions of 120,000 for MS1 and
15,000 for MS2. The raw MS data were processed using Xcalibur version 4.6 and Compound Discoverer 3.3 (Thermo Fisher Scientific).
Compounds were identified by matching m/z values and MS/MS fragments against the mzCloud and ChemSpider databases.

The prepared sample and lancemaside A standard (10 ul) were injected into a C18 column (Waters, ACQUITY UPLC BEH C18, 2.1 x 150 mm,
1.7 um, Waters Corp.), with the column maintained at 45°C throughout the acquisition period. The mobile phase was eluted by a gradient of water
(A) and acetonitrile (B), containing 0.1% acetic acid, with a gradient dilution profile of 98% A (0-2 min), 99-5% A (2-20 min), 5% A (22-25 min),
5-98% A (25-27 min), and 98% A (27-30 min), at a flow rate of 0.25 ml/min. The mass spectrum conditions included a heated capillary of 325°C,
a vaporizer temperature of 350°C, a spray voltage of 3.5 KV in positive mode, and 2.5 KV in negative mode; the sheath gas, aux gas, and sweep gas
were setat 50,25, and 1 psi, respectively. The HCD collision energy was set at 30, 50, and 80% were applied to a product ion monitoring (PIM mode)
at 1189.56 m/z and resolutions of 15,000 for MS2. The raw MS data were processed using Xcalibur version 4.6 (Thermo Fisher Scientific).

Molecular Modeling and Docking Simulation

Molecular docking simulations were conducted using the CDOCKER algorithm implemented in Discovery Studio 23.1 (BIOVIA, USA). CDOCKER
is a CHARMm-based molecular dynamics docking tool designed to evaluate ligand-receptor interactions through precise conformational
sampling [24].Toll-like receptor 4 (TLR4) was selected as the target protein due to its essential role in recognizing lipopolysaccharides (LPS) and
mediating innate immune responses in mammals. Since LPS requires the co-receptor MD2 to activate TLR4, the three-dimensional structure of
the TLR4/MD2 complex in complex with LPS (PDB ID: 3VQ1) was downloaded from the Protein Data Bank (https://www.rcsb.org). The co-
crystallized LPS molecule was used to define the ligand-binding site. Missing structural components in the protein, such as loops, side chains, or
terminal residues, were completed using the “Prepare Protein” and “Clean Protein” functions within the software. Hydrogen atoms were also
added to optimize the protein geometry for docking. Molecular docking was evaluated using the negative CDOCKER energy score, which reflects
the combined contribution of receptor-ligand interaction energy and internal ligand strain. Among generated poses, those with higher (i.e., more
negative) -CDOCKER energy values were considered to indicate stronger and more stable binding affinities [25, 26].

An In Vitro Pull-Down Assay

RAW 264.7 murine macrophages were cultured in 100 mm dishes until reaching 100% confluence, lysed with lysis buffer, and prepared for
analysis after determining the protein concentration using the Pierce BCA Protein Assay Kit according to the manufacturer’s instructions. RAW
264.7 cells were incubated with lancemaside A conjugated to 4B beads (or Sepharose 4B alone as a control) (100 pl, 50% slurry) and reaction buffer
[50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-40, 2 ug/ml serum albumin, 0.02 mM PMSE 1X protease
inhibitor mixture] at 4°C for 24 h. After incubation, the beads were washed five times with buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM
NaCl, 1 mM DTT, 0.01% Nonidet P-40, 0.02 mM PMSF]. Proteins bound to the beads were analyzed by immunoblotting.

Phagocytosis Activity Assay

Phagocytosis activity assays were performed using a phagocytosis assay kit (Abcam, #ab234054). The murine macrophage cell line RAW 264.7
was seeded in 4-well plates at a density of 2.5 x 10° cells per well and in 96-well plates at a density of 2.5 x 10* cells per well. The cells were incubated
at 37°C in a humidified atmosphere containing 5% CO, for 24 h to allow stabilization. After removing the supernatant, cells were primed with IFN-y
(10 ng/ml) for 1 h, followed by treatment with IFN-y (10 ng/ml) medium and lancemaside A at different concentrations (0.25 uM, 0.5 uM, 1 uM,
5 uM). The control group was treated with LPS (0.1 ug/ml). After 1 h pretreatment, all cells were treated with 5 pl of Zymosan slurry for 2 h. Cells
were then washed, and fluorescence values were evaluated on a microplate reader at EX/EM 540/570 nm.

Statistical Analysis

All experiments were performed at least three times. Data are presented as the mean + standard deviation (SD), and statistical significance was
defined as p < 0.05. Statistical analyses were conducted using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test, with
GraphPad Prism software (GraphPad Software, USA).
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Results

CLE Enhances Nitric Oxide Production via ERK/p38-Associated Activation of p65 in RAW 264.7 Macrophages

To assess the immunostimulatory potential of C. lanceolata shoot extracts (CLE), we compared the hot water and ethanolic extracts of CLE in
RAW 264.7 macrophages. MTS assay showed no cytotoxicity up to 400 pg/ml for either extract (Fig. SIA). The ethanolic extract significantly
increased nitric oxide (NO) production in a concentration-dependent manner, whereas the hot-water extract showed little to no effect at
equivalent doses (p < 0.05; Fig. 1A). Western blotting revealed that ethanolic CLE up-regulated iNOS and COX-2 (p < 0.05; Fig. 1B and 1C);

2z T
= =
= 2
2 g g
: wos [T 5:
% iNOS T )
2 s o
= g — N
2 COX-2 | M- S — 23
SE
GAPDH | s s s g2
0
ConLPS 50 100 200 400 50 100 200 400 LPS (0.1 pgimL) - + - - Con LPS 200 400 Con LPS 200 400
1) "EtOH (ng/mL)  Water (ng/mL) CLE (ug/mL) - - 200 400 iNOS cox-2
D E 2 28 F o 28
[} [}
s & 20} €8 20
- < 2 <
p-ERK g0 £0
é o 1.5 o i ¥ 9015
4
wg 3%
ERK o N 1.0F o N 1.0
s 3]
> 2
£ E ot S E o5
o} L]
[T O c
p-JNK = €=y
LPS (0.1 pgimt) - + - - LPS (0.1 pgimL) - + - -
CLE (ug/mL) - - 200 400 CLE (ug/mL) - - 200 400
JNK
G |
2T
[ )=
p-p38 E % 4
g0
wo 3
2o
38 ;
b af 2
> ©
GAPDH | (D WD D S 28
0
LPS (0.1 pgimL) - + - - LPS (0.1 pg/mt) - + - -
CLE (ug/mL) - - 200 400 CLE (ng/mL) - - 200 400
H | "EE 2.0 w J 25 2.5r
— 88 bl 28 20
g g c < 1.5F L <
p-STAT1| S ) g0
B Ee 773 2 1.5
: 58" 23
p-p65 [ “ o N SN 1.0
] S®
2 E o5 EEos
- ° — ° *
GAPDH | 4lEID SHED SHED S E";g \ e
0
LPS (0.1 pgimL) - + - - LPS (0.1 pgimL) - + - - LPS (0.1 pgimL) - + - -
CLE (ug/mL) - - 200 400 CLE (ug/mL) - - 200 400 CLE (ug/mL) - - 200 400

Fig. 1. Ethanolic Extract of Codonopsis lanceolata Shoots Enhances Nitric Oxide Production and Activates ERK/p38-Associated NF-kB p65
Signaling in RAW 264.7 Macrophages. RAW 264.7 cells were treated with hot-water or ethanolic extracts of Codonopsis lanceolata shoots to evaluate cell
viability, nitric oxide (NO) production, and the expression of inflammatory signaling molecules. (A) NO levels were measured in culture supernatants using the
Griess assay; the ethanolic extract significantly increased NO production in a concentration-dependent manner (*p < 0.001 vs. control). (B, C) The cells were
primed with IFN-y for 1 h and followed by treated with CLE or LPS for 24 h to evaluate iNOS and COX-2. (D-G) The cells were primed with IFN-y for 1 h and
followed by treated with CLE or LPS for 1 h to analyze phosphorylation levels of ERK1/2, p38, and JNK, respectively. (H-J) The cells were primed with IFN-y for 1 h
and followed by treated with CLE or LPS for 1 h to analyze phosphorylation levels of STAT1 and p65, respectively. Data are presented as mean + SD (n=3). p<0.01,
""p < 0.001 vs. control indicate significant activation of immune-related responses in RAW 264.7 cells.
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densitometry was normalized to GAPDH. To determine upstream pathways, we examined MAPKs and found increased phosphorylation of
ERK1/2,p38,and JNK (Fig. 1D-1G); these signals were normalized to GAPDH. As other regulatory pathways, phosphorylation of STAT-1 and NF-
kB p65 also increased by CLE in a dose-dependent manner (Fig. 1H-1J). Overall, CLE appears to modulate immune responses through
coordinated regulation of the MAPK, NF-«B p65, and STAT-1 signaling pathways.

Phytochemical Profiling and In Silico Prediction of Binding Affinity Candidates from Codonopsis lanceolata Ethanol Extract
The phytochemical composition of the ethanolic extract of C. lanceolata shoots was analyzed using ultrahigh-performance liquid chromatography
coupled with tandem mass spectrometry (UHPLC-MS/MS). Six major metabolites, luteolin, kaempferol, diosmetin, lancemaside A, a-linolenic
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Fig. 2. UPLC-MS/MS-Based Phytochemical Profiling and Molecular-Docking Analysis of Codonopsis lanceolata Ethanol Extract. (A, B)
Total ion chromatogram (TIC) of the hot-water and ethanolic extracts of C. lanceolata shoots obtained in negative-ion mode. Relative peak intensities of the six
identified metabolites (1: luteolin, 2: kaempferol, 3: diosmetin, 4: lancemaside A, 5: a-linolenic acid, 6: palmitic acid). (C) Comparative abundance of individual
compounds, showing higher levels in the ethanolic extract than in the hot-water extract. 'p < 0.05 vs. water extract. (D) Docking model of lancemaside A with the
TLR4/MD-2 complex, highlighting hydrogen-bonding interactions (blue dashed lines) with polar residues (Lys263, Tyr291, Asn293, Arg90, Glu92, Pro118, Ser120)
and hydrophobic contacts (yellow) with Leu78 and Val61. (E) Pull-down assay demonstrating direct binding of lancemaside A to the TLR4/MD-2 complex. (F)
Nitric oxide production measured in culture supernatants using the Griess assay, showing a concentration-dependent increase after treatment with lancemaside A.
Data are presented as mean = SD (n=3). "p <0.01,p < 0.001 vs. control.
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Table 1. Identification of major phytochemicals detected by UHPLC-MS/MS in negative ion mode.

NO Identification Formula [M-H] (m/z) error (ppm) Fragment ions in negative (-) ion mode
1 Luteolin CsH,004 285.04 (0.15) 199.04, 175.04, 151.00, 133.03, 107.01
2 Kaempferol C,sH,,05 269.05 (-0.03) 225.06, 201.06, 181.07, 163.02, 151.00, 117.03
3 Diosmetin C,6H,,04 299.06 (0) 284.03,267.03, 256.04, 227.04, 211.04, 200.05, 148.01
4 Lancemaside A Cy;HyyOs 1189.26 (0.08) 647.38, 585.38, 469.16, 407.33
5 a-Linolenic acid C,sH;,0, 279.23 (0.15) 243.06, 200.06, 152.04, 116.07,111.02
6 Palmitic acid C,6H3,0, 255.23(0.16) 235.21,199.23,170.82,111.63,101.35, 88.03, 73.02, 59.01

acid, and palmitic acid, were identified based on accurate mass, retention time, and fragment-ion spectra (Table 1). Among these, all six
compounds were significantly more abundant in the ethanolic extract than in the hot-water extract (Fig. 2A-2C), indicating greater extraction
efficiency of medium- to low-polarity constituents under ethanolic conditions.

Lancemaside A Derived from Ethanolic Extract of Codonopsis lanceolata Shoots Increases Nitric Oxide Production through Binding to the
TLR4/MD-2 Complex

To predict potential interactions with innate-immunity receptors, molecular-docking simulations were conducted between these metabolites
and the TLR4/MD-2 complex. Docking validation was performed by re-docking lipopolysaccharide (LPS) into the active site, successfully
reproducing its crystallographic binding pose. LPS occupies the hydrophobic pocket of the TLR4/MD-2 complex, forming multiple hydrogen
bonds with Arg90 and Lys263 and hydrophobic contacts with Leu78, Val61, and Phe76, consistent with its established agonistic activity. Among
the tested metabolites, lancemaside A exhibited the most favorable docking score (CDOCKER interaction energy = -78.61 kcal/mol) (Table 2),
stably fitting into the same pocket as LPS. It formed several hydrogen bonds with Lys263, Tyr291, Asn293, Arg90, Glu92, Pro118, and Ser120, while
its triterpenoid moiety established hydrophobic contacts with Leu78 and Val61 (Fig. 2D). As validated the binding data, we found that lancemaside
A directly binds to the TLR4/MD2 complex in RAW 264.7 cells, supporting its potential as a natural immunomodulatory compound that activates
macrophages through TLR4/MD-2 interaction (Fig. 2E). Meanwhile, the concentration of lancemaside A in CLE was quantified as 101.27 ng/mg
CLE using a standard curve-based calibration method (Fig. S2). These results suggest that, although structurally distinct from LPS, lancemaside A
can interact with the TLR4/MD-2 binding site and may function as a natural modulator of the TLR4/MD-2-mediated immune-signaling pathway.
As expected, lancemaside A showed the highest NO production among the groups without non-cytotoxic (Fig. 2F and S1B).

Lancemaside A Stimulates the Phagocytic Activity of Murine RAW 264.7 Macrophages

To investigate the immunostimulatory effects of lancemaside A, RAW 264.7 macrophages were treated with 0.1, 0.5, and 1 uM of the compound.
Phagocytic activity was examined after co-incubation with zymosan particles, a fungal antigen that induces macrophage phagocytosis, in the
presence or absence of LPS as a positive control. Confocal microscopy combined with Z-stack imaging revealed that lancemaside A enhanced the
internalization of zymosan particles in a concentration-dependent manner, indicating increased phagocytic activity (Fig. 3A). Consistently, a
quantitative phagocytosis assay performed in a 96-well format showed a significant, dose-dependent increase in phagocytic capacity in
lancemaside A-treated cells compared with untreated controls (Fig. 3B). To confirm whether lancemaside A enhanced phagocytosis activity
through the TLR4 signaling pathway, we evaluated the phagocytosis activity of lancemaside A in RAW 264.7 cells treated with TAK-242 asa TLR4-
specific inhibitor. As expected, TAK-242 decreased the effects of lancemaside A on phagocytosis activity (Fig. 3C). These results suggest that
lancemaside A promotes macrophage activation by enhancing TLR4 signaling pathways.

Lancemaside A Up-Regulates the Expression of Immune Response-Related Markers through MAPK Signaling Cascades in Murine RAW
264.7 Macrophages

To elucidate the molecular mechanism underlying the immunostimulatory activity of lancemaside A, the expression of key inflammatory
mediators was evaluated by Western blot analysis. Treatment with lancemaside A dose-dependently increased the expression of inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) (Fig. 4A-4C).

To determine the upstream pathways associated with the immunostimulatory effects of lancemaside A, we evaluated the phosphorylation of MAPK,
STAT1, and NF-«B p65, which are activated by CLE. As expected, these upstream factors were phosphorylated by lancemaside A (Fig. 4D-4J).
These findings suggest that lancemaside A activates macrophages through TLR4 signaling, which may elevate NF-«kB p65-mediated transcription
of immune response-related genes in RAW 264.7 macrophages.

Table 2. Docking energy between TLR4 and the candidates derived from C. lanceolata.

NO Compounds -CDOCKER energy Interaction amino acid residues with ligands
1 LPS 136.276 SER413, ARG434, PHE438, LYS263, LYS360, ILE52, VAL61, PHE76, LEU78, ARG90,
TYR102, PRO118, SER120, ALA165, PHE151
2 Lancemaside A 78.6077 LYS263, TYR291, ASN293, ARG90, GLU92, PRO118, SER120
3 Diosmetin 26.6197 LYS263, TYR102, PHE121
4 a-Linolenic acid 25.8555 ILE25, PHE119, PHE121, GLU122, GLY123, PHE126
5 Kaempferol 25.4107 LYS263,PRO118, PHE121
6 Luteolin 25.2269 LYS263, TYR102, PHE121
7 Palmitic acid 23.6955 ILE124
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Fig. 3. Lancemaside A Improves Phagocytic Activity of RAW 264.7 Macrophages. (A) Confocal microscopy images showing zymosan particle
internalization in RAW 264.7 cells treated with different concentrations of lancemaside A (0.1, 0.5, and 1 uM) for 24 h. Z-stack imaging was used to confirm
intracellular localization of zymosan particles. LPS (1 pug/ml) served as a positive control. (B) Quantitative phagocytosis assay conducted in a 96-well plate format,
showing a dose-dependent increase in phagocytic activity after lancemaside A treatment. (C) The cells were treated with LPS, lancemaside A, or lancemaside A
(1 uM) + TAK-242, respectively. Data represent mean + SD (1 = 3). p < 0.05, 'p < 0.001 vs. control.

J. Microbiol. Biotechnol. 2026 | Vol. 36 7



JMEB

151 4ar
2T 2z
® 0 20
ca oo
2 < - <L 3f dkk
X g g0 10 g0
iNOS o n 8 N e
3 O3 Xs 2k
i kG A | 23 S8
ST T T TR i3 |
E T “g 13
GAPDH | S S S0 S s ee $2
0 0
LPS (0.1 pg/mL) - + - - - LPS (0.1 pg/mL) - + - - - LPS (0.1 pg/mL) - + - - -
Lancemaside A (uM) - - 01 05 1 Lancemaside A (nM) - - 01 05 1 Lancemaside A (uM) - - 01 05 1
2.01 2.01
2T 2
[ira) 20
c Sa
815 L 15
o =0
2 ze
p-ERK wg 10 Sg 10
a N 2 N
[ 3t (=1
2 g 0.5 2 g 0.5
ERK E 8 § 8
0 0
LPS (0.1 pg/mL) - + - - - LPS (0.1 pg/mL) - + - - -
p-JNK LancemasideA(uM) - - 01 05 1 LancemasideA(uM) - - 01 05 1
JNK G
P 4r
38 E §
p-p o
© 9
23
p38 o §
S
SE
GAPDH 82
LPS (0.1 pg/mL) - + - - - LPS (0.1 pg/mk) - + - - -
Lancemaside A (pM) - - 01 05 1 Lancemaside A (uM) - - 01 05 1
3.
QA 5 [ af k%
25 oo
ga 4 s
£ £SO 2
T <9 3 )
-STAT1 | } 22 9z
P & i g5 8
0 o o N
p_pes - " é.% 2 g % 1F
W P 1
&9 < o
GAPDH --C-’| R [ )
LPS (0.1 pg/mL) - + - - - LPS (0.1 pgimL) - + - - - LPS (0.1 pgimL) - + - - -
Lancemaside A (uM) - - 01 05 1 Lancemaside A (nM) - - 01 05 1 Lancemaside A (uM) - - 01 05 1

Fig. 4. Lancemaside A Activates MAPK and NF-kB p65 Signaling Pathways in RAW 264.7 Macrophages. (A-C) RAW 264.7 cells were primed with
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iNOS and COX-2 were evaluated by Western blot analysis, with band intensities normalized to GAPDH. (D-G) Also, after treatment for 1 h, the phosphorylation of
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Discussion

In this study, we demonstrated the immunomodulatory potential of C. lanceolata shoots and their major bioactive component, lancemaside A,
using the murine macrophage cell line RAW 264.7 in combination with in silico analyses. C. lanceolata has long been recognized for its high
saponin content and diverse pharmacological activities, including anti-fatigue, immune-enhancing, and vasoprotective effects [27]. While the
root of C. lanceolata have been extensively investigated, the aerial shoots generated during cultivation have remained underexplored despite being
rich in bioactive metabolites. Previous studies on these shoots, often regarded as agricultural waste, have primarily focused on their antioxidant
properties. In contrast, the present study characterizes C. lanceolata shoots as a value-added agricultural by-product and evaluates their potential
as a novel functional ingredient with immunostimulatory activity.

Comparative analysis of nitric oxide (NO) production demonstrated that the ethanolic extract of C. lanceolata shoots (CLE) exhibited
significantly higher immunostimulatory activity than the hot-water extract (Fig. 1A). UHPLC-MS/MS profiling revealed that the ethanolic CLE
contained higher levels of triterpenoid saponins, including lancemaside A, as well as phenolic compounds (Fig. 2A). This enhanced activity is
consistent with the amphiphilic nature of triterpenoid saponins, which are more efficiently extracted using alcohol-based solvents capable of
solubilizing both hydrophilic sugar moieties and hydrophobic aglycone backbones [28]. Collectively, these findings indicate that ethanolic
extraction preferentially enriches saponin-type immunomodulatory constituents from C. lanceolata shoots.

Among the six major metabolites identified in CLE, lancemaside A exhibited the highest predicted binding affinity toward the TLR4/MD-2
complex (Table 2, Fig. 2D and 2E). Structural studies have shown that LPS binds deeply within hydrophobic pocket of MD-2, where multiple lipid
A acyl chains promote dimerization of TLR4/MD-2/LPS complexes and trigger strong inflammatory signaling [20]. In contrast, molecular
docking in the present study predicted that lancemaside A primarily interacts with polar residues, Lys263, Arg90, and Tyr291, through hydrogen
bonding, without extensive hydrophobic insertion into the MD-2 pocket. This distinct binding mode suggests that lancemaside A may actas a
partial or modulatory TLR4 agonist rather than a full endotoxin-like activator. Such a mechanism may account for the moderate yet significant
induction of NO production and immunostimulatory signaling observed in RAW 264.7 macrophages [29].

The TLR4-mediated signaling plays a central role in macrophage activation by recruiting adaptor proteins that initiate downstream MAPK and
NE-kB p65 pathways [30]. In the present study, lancemaside A significantly increased the expression of iNOS and COX-2, and phosphorylated p65
(Fig. 4A-4C), accompanied by enhanced phosphorylation of ERK, JNK, and p38 (Fig. 4D-4G). As late phase, STAT1 contributed to the immune
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Fig. 5. Proposed Immunostimulatory Mechanism of Lancemaside A in Macrophages. Lancemaside A enhances macrophage immune function by
engaging the TLR4/MD-2 complex and modulating downstream MAPK, NF-kB, and STAT1 signaling pathways.
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response by lancemaside A (Fig. 4H-4]). ERK is involved in actin polymerization and membrane ruffling required for phagocytosis [31], while p38
contributes to phagosome maturation and redox signaling during microbial uptake [32]. JNK is mainly associated with context-dependent
regulation of immune signaling, particularly through AP-1-mediated transcription, rather than direct phagocytic processes [33]. Together, these
results support a model in which lancemaside A engages the TLR4/MD-2 complex and activates MAPK signaling (ERK, p38, and JNK), leading to
cytoskeletal remodeling and enhanced phagocytic uptake, followed by NF-kB-dependent induction of iNOS and COX-2, with subsequent
STAT1-NF-kB cooperation sustaining immune responses in the later phase.

Collectively, these findings suggest that lancemaside A, a triterpenoid saponin derived from C. lanceolata shoots, may function as a putative
immunomodulator that interact with TLR4-associated signaling pathways to promote macrophage activation, including ERK/p38-NF-kB p65
signaling and enhanced phagocytic activity. Although lancemaside A has previously been reported to exert anti-inflammatory effects under LPS-
induced hyperinflammatory conditions, these findings were derived from experimental paradigms specifically designed to suppress excessive
TLR4-mediated inflammation. In contrast, the present study adopts a distinct experimental framework aimed at evaluating immune enhancement
prior to overt inflammatory challenge. Under these conditions, lancemaside A alone enhanced phagocytic activity in response to exogenous
particles and activated immune-related signaling pathways, which is more appropriately interpreted as promotion of innate host defense rather
than anti-inflammatory suppression. Importantly, immune responses operate along a continuum, whereby appropriately regulated activation
supports effective immune defense, whereas excessive activation leads to pathological inflammation. The relatively controlled responses observed
in this study, compared with LPS alone, suggest that lancemaside A promotes innate immune priming rather than hyperinflammatory activation.
Taken together, these findings support the concept that lancemaside A functions as a context-dependent immunomodulator, exerting distinct
immunological effects depending on the experimental and physiological milieu. This study identifies the shoots of C. lanceolata as a previously
underexplored source of bioactive saponins and provides preliminary mechanistic insight into macrophage activation mediated by plant-derived
molecules. In summary, lancemaside A enhances macrophage immune function by engaging the TLR4/MD-2 complex and modulating downstream
MAPK, NF-«B, and STAT1 signaling pathways (Fig. 5).

Despite the immunomodulatory effects observed in this study, several limitations should be acknowledged. The findings are based on a single
murine macrophage cell line (RAW 264.7) and in silico docking analysis, which may not fully capture immune responses in primary cells or in vivo
systems. Therefore, further validation using primary immune cells and appropriate animal models will be necessary to confirm the physiological
relevance and translational potential of lancemaside A as a functional food-derived immunomodulatory candidate. In conclusion, the present
study suggests that lancemaside A exhibits immunomodulatory activity at the cellular level, providing a basis for future studies aimed at validating
its immune-related functions in more physiologically relevant models.
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