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Introduction: Non-small cell lung cancer (NSCLC) stands as one of the most prevalent malignancies, and chemotherapy remains the
primary treatment for advanced stages. However, the high expression of ABC binding cassette transporters, including MRP, P-gp, and
LRP, along with multidrug resistance proteins, has been identified as a significant factor contributing to decreased chemotherapy drug
sensitivity. This study aims to explore the impact and underlying mechanisms of Curculiginis Rhizoma [Hypoxidaceae; Curculigo
orchioides Gaertn.] (CR) in combination with cisplatin on improving chemoresistance mediated by ABC binding cassette transporters
and multidrug resistance proteins in NSCLC.

Methods and Results: To unravel the relationship between JNK, MRP, P-gp, and LRP in NSCLC and gain insights into the
regulatory mechanism of CR, this study employs an integrated approach encompassing bioinformatics, molecular docking, molecular
dynamics, animal and cellular experiments. Bioinformatics analysis revealed a significant increase in the expression levels of JNK,
MRP, P-gp, and LRP subtypes in multidrug-resistant non-small cell lung cancer. Subsequent animal experiments have shown that the
combination of CR with cisplatin can improve the survival rate of lung cancer mice. Molecular docking and molecular dynamics
analyses demonstrated favorable binding interactions between curculigoside and the aforementioned subtypes of INK, MRP, P-gp, and
LRP. In cellular experiments, the combination of cisplatin with both curculigoside and CR extract resulted in a notable decrease in cell
viability and downregulation of the expression of JNK1, JNK2, MRP1, MRP2, MRP4, P-gp, and LRP1 in A549/cis cells.
Conclusion: Remarkably, curculigoside exerted a significant downregulation effect on the expression levels of INK1, MRP1, MRP2,
MRP4, and LRP1. CR, particularly its main effective metabolite, curculigoside, has the potential to enhance the sensitivity of non-
small cell lung cancer to cisplatin by regulating levels of INK/MRP/LRP/P-gp and mitigating multidrug resistance.
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Introduction

Non-small cell lung cancer (NSCLC) is a common and aggressive subtype of lung cancer, characterized by high
malignancy, recurrence risk, and heightened sensitivity to radiotherapy and chemotherapy. Despite the advancements
in treatment modalities, such as chemotherapy, molecular targeted therapies, and immune checkpoint inhibitors, drug
resistance remains a significant obstacle in the management of NSCLC. Multidrug resistance proteins, including multi-
drug resistance protein (MRP), P-glycoprotein (P-gp), and lung resistance-associated protein (LRP), are pivotal down-
stream regulators involved in the development of secondary multidrug resistance in NSCLC.'™ These transporters hinder

drug entry into cancer cells, leading to diminished drug sensitivity and reduced treatment efficacy.
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ABC transporters are proteins that can use the energy generated by ATP hydrolysis for transmembrane transport of
different substrates. These proteins are typically located on the cell membrane and can protect cells from harmful toxins.*
Moreover, ABC transporters are energy-dependent transport systems for periplasmic solute-binding proteins (SBPs),
activated by ATP hydrolysis,” which can transport solutes from the inside of the cell to the outside. Up to now, based on
the sequences and structures of ABC domains, 48 members of the ABC transporter protein family have been identified
and classified into seven families, labeled A to G. ABC transporters are further categorized into three types: importers (in
prokaryotes), exporters (in eukaryotes and prokaryotes), and ABCs involved in DNA repair and translation. Therefore,
they can also affect the pharmacokinetics of chemotherapy.6 Among them, multidrug resistance protein 1 (MDR1), also
known as p-glycoprotein(P-gp), has a gene named ABCBI1. The gene for multidrug resistance-associated protein (MRP)
is ABCC.” LRP is different from MRP and P-gp. It is mainly distributed in the nucleus or cytoplasm, but in lung cancer
cells, it is mainly distributed in cytoplasmic vesicles. It mainly prevents drugs from entering the nucleus through nuclear
pores, transports drugs that have entered the nucleus out of the cell or transfers drugs in the cytoplasm to vesicles, and
excretes them through exocytosis, resulting in drug resistance reactions in the body.® Studies have found that targeting
the inhibition of the expression of P-gp, MRP and LRP proteins in tumor tissues can enhance the sensitivity of non-small
cell lung cancer to chemotherapy drugs and improve the tumor inhibition rate.”'°

To address the challenge of multidrug resistance in NSCLC, comprehensive exploration of the underlying mechan-
isms and identification of predictive biomarkers at the molecular level are essential. In clinical practice, combination
therapy has been adopted to optimize NSCLC treatment outcomes. In particular, the integration of traditional Chinese
medicine (TCM) with Western medicine has shown significant advantages in enhancing treatment success rates,
improving survival outcomes, and alleviating patient suffering. As a result, the combined approach is gaining increasing
attention as a promising strategy for combating NSCLC drug resistance.

Curculiginis Rhizoma [Hypoxidaceae; Curculigo orchioides Gaertn.] (CR) is a prominent medicinal botanical drug
deeply rooted in Traditional Chinese Medicine (TCM). With its rich history of use, CR has gained recognition for its
diverse pharmacological properties and therapeutic applications. CR exhibits promising pharmacological effects as an
anti-tumor and immune-modulatory agent.'""'> Our previous research revealed that CR extract and its main metabolite
sensitize cisplatin-resistant lung cancer cells (A549/cis) to cisplatin treatment and downregulate P-glycoprotein (P-gp)
expression in A549/cis.'® Building on these findings, this study aims to further investigate the roles of CR and
Curculigoside in overcoming cisplatin resistance in non-small cell lung cancer (NSCLC) using an integrated approach
that includes bioinformatics analysis, network pharmacology, molecular docking, molecular dynamics simulations, and
in vivo and in vitro experiments. The ultimate goal is to identify novel traditional Chinese medicine monomers for the
reversal of multidrug resistance in NSCLC, supporting the potential of combining traditional Chinese medicine with

Western medicine in cancer therapy.

Materials and Methods

Ethnopharmacological Relevance

Curculiginis Rhizoma [Hypoxidaceae; Curculigo orchioides Gaertn.], is a traditional Chinese medicine with efficacy of
tonifying Yang and strengthening body immunity in thousands of years of clinical practice in China. Curculigoside is
a major active metabolite of Curculiginis Rhizoma, which plays an important role in anti-inflammatory, anti-oxidation

and immune-enhancing.

Animal Model Establishment

Establishment of in situ lung cancer model mice: Male C57BL/6 mice (18-22 g, supplied by Beijing Vital River
Laboratory Animal Technology Co., Ltd) were acclimatized for 3 days before the experiment. Mixed the mouse Louis
lung cancer cells (LLC cells, the cell concentration is 1x10° - mL ") with Matrigel matrix glue and loaded into 80 liters/
unit insulin syringe. Anesthetized and fixed the mice. After disinfection, pre-prepared cell suspension was injected into
left axillary region of mice. Normally fed for 2 weeks.
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Animal Treatment

Mice were housed in the specific-pathogen-free facility at the laboratory of Dongzhimen Hospital, Beijing University of
Chinese Medicine. All the experiments on animals were performed under the Guidelines for the Care and Use of
Laboratory Animals. The protocols were approved by the institutional animal experimentation committee of Dongzhimen
Hospital, Beijing University of Chinese Medicine.

Mice were divided into 5 groups: Normal group, cisplatin group, and the combination treatment groups with high,
medium, and low concentrations of CR along with cisplatin (Jiangsu Hansoh Pharmaceutical Group Co., Ltd. Batch number:
H20040813) (The concentration of cisplatin was 2.5mg/mL, and each mouse was injected intraperitoneally at 0.1mL/10g
every other day; High-dose CR: CR water extract at a concentration of 8mg/mL, administered via gavage at 0.05mL/g, every
other day; Medium-dose CR: CR water extract at 4mg/mL, administered via gavage at 0.05mL/g every other day; Low-dose
CR: CR water extract at a concentration of 2mg/mL, administered via gavage at 0.05mL/g, every other day).

Bioinformatics Analysis

The combined expression profiles and clinical data of TCGA-LUSC and TCGA-LUAD were downloaded from TCGA™
database for analysis. For cancer drug sensitivity information, normal samples were excluded, leaving a total of 1043
patient samples. Samples exhibiting Complete Response were considered drug-sensitive, while those showing Non-
Complete Response, including partial response, stable disease, and progressive disease, were regarded as drug-resistant, '
comprising 161 chemotherapy-resistant samples and 218 chemotherapy-sensitive samples. Among these samples, 623
were in survival status, while 399 were in death status.

GSE109821'° and GSE77209'7 datasets, along with their corresponding drug sensitivity information, were obtained
from the GEO database. GSE109821, sourced from the non-small cell lung cancer cell line on the sequencing platform
GPL11154, included 36 samples, with 4 samples classified as chemotherapy-resistant and 32 samples as chemotherapy-
sensitive. GSE77209, sourced from the non-small cell lung cancer cell line on the sequencing platform GPL10558,
comprised 28 samples, with 18 samples classified as chemotherapy-resistant and 10 samples as chemotherapy-sensitive.
The above two GEO data sets were combined into one set of data for analysis by using R package sva'® to correct the
batch effect existing between different data sets.

JNK, MRP, P-gp, and LRP genes may exhibit differential expression patterns between drug-resistant and drug-
sensitive samples. To explore this, we utilized the R package ggpubr'® to visually represent the expression profiles and
corresponding drug sensitivity information obtained from TCGA and GEO databases using violin plots, with samples
grouped into resistant and sensitive categories. The Mann—Whitney U-test was performed to determine statistical
significance, with P < 0.05 considered as statistically significant. Moreover, TCGA expression profiles and clinical
data were employed to segregate cancer patient samples into high- and low-expression groups based on the expression
and survival information of JNK, MRP, P-gp, and LRP-related genes using the R package survminer’® and its
surv_cutpoint function.”! Subsequently, we performed Kaplan—Meier (KM) survival analysis using the R packages
survival*? and survminer® to compare overall survival (OS) between the high- and low-expression groups. The results
were visualized by plotting survival curves, and statistical significance was assessed using the Log rank test.

Molecular Docking Analysis

The 3D structure of the curculigoside was retrieved from the PubChem database and downloaded in SDF format.
Subsequently, the SDF format file was converted to a PDB format file using PyMol. Following this, the ligand small
molecules were imported into AutoDock Tools software and subjected to dehydration, hydrogenation, and detection of
rotatable bonds before being saved in PDBQT format to construct the active component molecular library. Concurrently,
the protein 3D crystal structure PDB files of INK1, JNK2, MRP1, MRP2, MRP4, P-gp, and LRP1 were obtained from
the PDB protein database. These protein structures underwent processing in AutoDockTools, involving the addition of
polar hydrogen, fixing atom type, fixing bond order, adding charge, setting protonation state, and removing additional

water molecules, followed by saving the processed structures in “pdbqt” format files.
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First, LibDock molecular docking was performed with the Conformation Method set to Fast and Docking Preferences
set to High Quality. The initial evaluation of ligand-receptor binding was based on the docking results. Subsequently,
AutoDock Vina software was used to perform molecular docking of curculigoside with JNK1, INK2, MRP1, MRP2,
MRP4, P-gp, and LRP. The docking box size was set to 88 A x 88 A x 82 A to cover all docking sites. The docking
process was conducted using a semi-flexible docking approach, where JNK1, INK2, MRP1, MRP2, MRP4, P-gp, and
LRP were treated as rigid bodies, while only the conformation of the ligand small molecule was allowed to vary.

Molecular Dynamics Analysis

The protein and small-molecule ligand of molecular docking results were separated. The small-molecule force field files
were subsequently generated using the antechamber tool in Ambertools software. These small-molecule force field files
were then converted into GROMACS force field files using the acpype software tool. Finally, the protein and small-
molecule ligand files were merged to construct the simulation system for the complex.

Molecular dynamics simulations (MD) were performed using Gromacs 2022 program under constant temperature and
pressure with periodic boundary conditions. The Amber99sb-ildn force field and TIP3P water model were employed.
During the MD simulations, all hydrogen bonds were constrained using the LINCS algorithm with a time step of 2 fs.
Electrostatic interactions were computed using the Particle-mesh Ewald (PME) method with a cutoff of 1.2 nm. The
cutoff for van der Waals interactions was set to 10 A, and the neighbor list was updated every 10 steps. The V-rescale
temperature coupling method was used to maintain the simulation temperature at 295 K, and the Berendsen method was
used to control the pressure at 1 bar. NVT and NPT equilibration simulations were performed for 100 ps at 295 K,
followed by a 100 ns MD simulation of the complex system with conformations saved every 10 ps. After the simulation,
the trajectories were analyzed using VMD and PyMOL, and the g mmpbsa program was used for MMPBSA binding
free energy analysis between the protein and small-molecule ligands.

Botanical Drug Preparation Methods
The original medicinal materials of CR were provided by Beijing Shengshilong Pharmaceutical Co. LTD (Batch number:
201018gxw). The extract of CR was prepared through the following steps: Weighed 64.6g of CR, placed it in a round-
bottom flask, added 646mL of distilled water, and refluxed for 90 minutes. After double-layer gauze filtration, the residue
was subjected to a second reflux with 516.8mL of distilled water for 60 minutes. The extracts from both steps were
combined, and the solution was evaporated at 60°C to obtain 16.88g of dried extract (extract ratio 1:3.827). To use,
dissolve the extract in distilled water to prepare a stock solution with a concentration of 0.128g/mL.

Curculigoside was provided from Shanghai Yuanye Bio-Technology Co. Batch number: A10194-20mg, Analytical
standard, Content 98.3%. When using it, dissolve curculigoside in cell culture medium to prepare a stock solution with
a concentration of 1mg/mL.

Cell Culture

The human cisplatin-resistant lung cancer cell line A549/cis cells were obtained from the Cell Resource Center, Institute
of Basic Medical Sciences, Chinese Academy of Medical Sciences (Resource number:110HUM-PUMCO000519). The
cells were cultured in RPMI1640 medium (Beijing Solarbio Science&Technology Co., Ltd., China) supplemented with
15% fetal calf serum (Biological Industries, IL) and 100 units/mL penicillin and streptomycin (Invitrogen, Waltham, MA,
USA). Cell cultures were maintained in a 37°C, 5% CO, incubator with saturated humidity. The cells were passaged
every 4 days at a ratio of 1:4 and used for experiments during the logarithmic growth phase.

Cell Viability

A549/cis cells were seeded in 96-well plates and incubated in a 37°C, 5% CO, incubator. The growth of A549/cis cells
was observed under an inverted microscope. Adherent culture cells were washed with PBS, and 5x10° cells (100uL
suspension) were then seeded in each well of the 96-well plates. In single-agent administration experiments, the cells
were treated with cisplatin alone at a concentration of 1pg/mL, 2ng/mL, 3pg/mL, 4pg/mL, Spug/mL, 6ug/mL, 7ug/mL,
10pg/mL, CR at a concentration of 100pg/mL, 250pg/mL, 500pg/mL, 750pg/mL, 1000pug/mL, and curculigoside at
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a concentration of 0.5ug/mL, 1ug/mL, Sug/mL, 10pg/mL, 20pg/mL, 50ug/mL, 100ug/mL, 500pg/mL, incubated for 24
hours. In combination administration experiments, the cells were treated with cisplatin at a concentration of 6ug/mL, CR
at concentrations of 50pg/mL, 500ug/mL, and 1000pug/mL, and curculigoside at concentrations of 50ug/mL, 500ug/mL,
and 1000pg/mL in complete medium, and then incubated for 24 hours. After the incubation, the medium was aspirated,
and each well was added with 10uL of CCK-8 reagent (Dongren Chemical Technology, Shanghai, China; Batch number:
CK04) and 90pL of complete medium solution. The plates were further incubated at 37°C for 1 hour. After incubation,
the absorbance of each well was measured at a wavelength of 450nm using a microplate reader. The experiment was
repeated three times. The inhibition rate (%) was calculated using the following formula: Inhibition rate (%) = [(A_blank
group - A_observation group)/(A_blank group - A_solvent control group)] x 100%.

Western Blotting Analysis

Following a 24-hour treatment of AS549/cis cells with the aqueous extract of CR (500pg/mL) and curculigoside (50pg/
mL), both individually and in combination with cisplatin (6pg/mL), the treated AS549/cis cells were subsequently
incubated in RIPA buffer (RIPA:PMSF=10:1) for a duration of 30 minutes. Followed by centrifugation at 12,000 x g
for 15 minutes at a temperature of 4°C. Total protein was extracted from cultured cells using RIPA buffer, supplemented
with the PMSF protease inhibitor (Beijing Solarbio Science&Technology Co., Ltd.; Batch number: P8340). The protein
concentration was determined using the BCA Protein Assay kit (Beijing Solarbio Science&Technology Co., Ltd.; Batch
number: PC0020). Subsequently, 25ug of total protein lysates were subjected to electrophoresis on a 7.5% SDS-
polyacrylamide gel (Beijing Solarbio Science&Technology Co., Ltd.; Batch number: P1200). Following separation on
SDS-PAGE gels, the proteins were transferred onto PVDF membranes (Merck Millipore Ltd; batch number:
R1CB66016). Subsequently, the membranes were blocked with 5% skim milk at room temperature for a duration of
1 hour. Afterward, they were washed three times with TBST and incubated overnight at 4°C with a diluted primary
antibody JNK1 (1:5000, Abcam, product number: ab110724), JNK2 (1:500, Abcam, product number: ab76125), MRP1
(1:1000, Abcam, product number: ab230948), MRP2 (1:500, Abcam, product number: ab172630), MRP4 (1:1000,
Abcam, product number: ab233382), P-gp (1:500, Abcam, product number: ab170904), LRP1 (1:1000, Abcam, product
number: ab92544), and GA (1:5000, Abways, product number: AB0037). Following this, the membranes were washed
three times for five minutes each with TBST and then incubated with a secondary Goat Anti-Rabbit IgG(H + L)HRP
(1:10,000, Abways, product number: AB0101) at room temperature for 1 hour. Finally, the membranes were washed
three times with TBST at room temperature for 5 minutes each time. The target protein was detected by ECL reagent
(Beijing Ranjeco Technology Co., LTD., batch number: 21,299,536), and the intensity of protein bands was quantified by
Image J software.

Measurement of Rhodamine 123 Concentration

Following a 24-hour treatment of A549/cis cells with the aqueous extract of CR (500pug/mL) and curculigoside (50ug/
mL), both individually and in combination with cisplatin (6pg/mL) in 6-well plates. After digestion with trypsin without
EDTA (Thermo Fisher Scientific Inc.; Batch number: 15,050,065), the cells were stained with Rhodamine 123 dye
(GluBio Pharmaceutical Co., Ltd; Batch number: R-22420) at room temperature in the dark for 30 minutes. Following
a centrifugation at 1000g for 5 minutes, the supernatant was removed. The cells were then washed twice with PBS, each
for 5 minutes, and resuspended in PBS for confocal microscopy observation at 40x magnification with an emission
wavelength of 529nm.

Statistical Analysis
Statistical analysis was performed using SPSS 20.0. A two-way ANOVA followed by Bonferroni’s multiple comparisons
test was used to compare differences between multiple groups. Two-tailed unpaired Student’s t tests were performed and
p-values <0.05 were considered significant. All statistical tests are justified as appropriate, and the data meet the
assumptions of the tests.
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Results
The Anti-Cancer Effects of CR in vivo

Twelve days after the in situ injection of LLC cells into the mice, tumor tissue was visible in the armpit area. The results
indicate that compared to the cisplatin group, the survival time of C57 mice was significantly prolonged after admin-
istering cisplatin in combination with high and medium concentrations of CR, as shown in Figure 1.

The Expressions of JNKI, JNK2, MRPI, MRP4, P-Gp and LRP| in NSCLC Were

Analyzed by Bioinformatics

Using the GEO database, violin plots were generated based on the expression values of INK, MRP, P-gp, and LRP-related
genes in drug-resistant and drug-sensitive samples. The results indicated significant differences in the expression levels of
INK1, INK2, MRP1, MRP4, P-gp, and LRP1, while no significant differences were observed for MRP2 (Figure 2).

Subsequently, the TCGA database was utilized to analyze JNK, MRP, P-gp, and LRP-related genes. The results
showed significant differences in the expression levels of JNK2, MRP1, MRP4, and LRPI, while no significant
differences were observed for JNK1, MRP2, and P-gp (Figure 3).

Based on the optimal threshold of JINK, MRP, P-gp, and LRP-related gene expression in relation to survival status,
patients were divided into high-expression and low-expression groups. Survival analysis revealed that the overall survival
rate was worse in the high INK1, INK2, MRP2, and LRP1 expression groups. Additionally, the overall survival rate was
worse in the low MRP4 and P-gp expression groups. However, there was no significant difference in overall survival
between the high MRP1 expression and low MRP1 expression groups. These findings suggest that INK1, JNK2, MRP2,
MRP4, and LRP1 may impact the prognosis of non-small cell lung cancer (NSCLC) patients (Figure 4).

Molecular Docking and Molecular Dynamics Showed That Curculigoside Had Good
Binding Ability with JNKI, ]NK2, MRPI, MRP4, P-Gp and LRPI
Molecular docking analysis demonstrated favorable binding interactions between curculigoside and JNK1, JNK2, MRP1,
MRP4, P-gp, and LRP1. The corresponding docking scores for curculigoside with JNK1, JNK2, MRP1, MRP2, MRP4,
MDRI1(P-gp), and LRP were —6.79 kcal/mol, —7.51 kcal/mol, —6.49 kcal/mol, —6.89 kcal/mol, —7.62 kcal/mol, —8.12
kcal/mol, and —6.05 kcal/mol, respectively, indicating strong interactions and good docking activity (Figure 5).
Considering that molecular docking may not fully account for protein flexibility, molecular dynamics simulations
were conducted to further elucidate the interaction between curculigoside and receptor proteins. As depicted in
(Figure 6A—C), the Root mean square deviation (RMSD) values of curculigoside and its binding partners (JNKI,
INK2, MRP1, MRP2, MRP4, P-gp, and LRP) remained relatively stable during the 100ns molecular dynamics simula-
tions. Additionally, the Radius of Gyration (Rg) values indicated overall stability, suggesting that the protein-small

100 Normal
-~ I == Cisplatin
% | == High-dose CR+Cis
E == Medium-dose CR+Cis
E 50 I_I = Jow-dose CR+Cis
E
2

Day

Figure | Survival curve of C57 mice.

476 https: OncoTargets and Therapy 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Huang et al

MRP1 MRP2 MRP4
20 = Wil 0.00016
Wilcoxon, p = 1.1e-05 Wilcoxon, p = 0.22 ooxon, p =
15 15 16
10 - 10 oo
a = pe— o B o1 —
5 5
0 0
drug resistant drug sensitive drug resistant drug sensitive 4 drug resistant drug sensitive
Grou Group
MDR1 LRP1
Wilcoxon, p = 1.8e-05 Wilcoxon, p = 0.00027
15
B g
s o 10
5
drug resistant drug sensitive drug resistant drug sensitive
Group
JNK1 JNK2

Wilcoxon, p = 3.9e-05 Wilcoxon, p = 0.0027

. ; 5
&40 - g
10

drug resistant drug sensitive drug resistant drug sensitive

Figure 2 The expressions of JNKI, JNK2, MRPI, MRP2, MRP4, P-gp and LRPI in NSCLC were analyzed by GEO Database. Violin plots illustrating the expression
differences of each protein between the drug-sensitive group and drug-resistant group. (A) MRPI, (B) MRP2, (C) MRP4, (D) P-gp (MDRI), (E) LRPI, (F) JNKI, (G) JNK2.

molecule complexes remained stable during the simulations. Analysis of the distance between the centroid of the initial
docking site residues and the centroid of curculigoside provided information on the stability of the small-molecule
binding to the protein during the simulations (Figure 6D). Moreover, the analysis of the embedding area indicated that the
binding state of curculigoside and proteins remained relatively stable (Figure 6E), except for fluctuating hydrogen bonds
between curculigoside and LRP (Figure 6F). The number of hydrogen bonds in the other groups was relatively stable,
primarily distributed between 2 and 6 (Figure 6G).

Considering solvation energy, RMSD, Rg, and interaction energy for each group, the trajectory of the complex in the
steady state was selected and calculated using the Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA)
method (Table 1). The binding energy of curculigoside to JNK1, JNK2, MRP1, and MRP4 was negative, indicating
strong binding and affinity between curculigoside and these proteins. Conversely, the binding energy of curculigoside to
LRP, MDR1(P-gp), and MRP2 was positive, suggesting weaker binding and affinity in these cases. The binding free
energy decomposition revealed that van der Waals force interaction was the primary driving force for curculigoside
binding to the receptor proteins, followed by electrostatic interaction, with hydrophobic interactions playing an auxiliary
role.

On this basis, the affinity between curculigoside and the protein was analyzed. By superposing the small molecule to
the simulated conformation of the protein, it was found that the small molecules in each complex had a high degree of
overlapping conformation near the initial binding site. The results showed that the small molecules were always bound to
and near the initial binding site of the protein during the simulation. Finally, the conformation when the simulation is

stable is selected to analyze its structure and interactions, as shown in Figure 7.
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Figure 3 The expressions of [NKI, JNK2, MRPI, MRP2, MRP4, P-gp and LRPI in NSCLC were analyzed by TCGA Database. Violin plots illustrating the expression
differences of each protein between the drug-sensitive group and drug-resistant group. (A) MRPI, (B) MRP2, (C) MRP4, (D) P-gp (MDRI), (E) LRPI, (F) JNKI, (G) JNK2.

Cisplatin Combined with CR/Curculigoside Inhibited A549/Cis Cell Proliferation

Cell viability was assessed using the CCK8 assay. Cisplatin, Curculiginis Rhizoma and curculigoside alone, it was found that
Curculiginis Rhizoma and curculigoside had almost no toxic effect on A549/cis cells. Due to the toxicity of Curculiginis
Rhizoma itself, the optimal concentration was selected for the following experiments after reference as shown in the
Figure 8A—C. Cisplatin combined with different concentrations of Curculiginis Rhizoma water extract (50ug/mL, 500ug/
mL, 1000pg/mL) and different concentrations of curculigoside (50pg/mL, 500pug/mL, 1000pg/mL) had a higher inhibition
rate on A549/cis cells than cisplatin alone group. The combination group exhibits an increased inhibitory effect on A549/cis
cell with the rising concentrations of CR and curculigoside. At the same time, the groups treated with CR and curculigoside
alone did not show any inhibitory effects on cells, indicating that their synergistic enhancement with cisplatin may not
originate from their direct cytotoxicity to the cells, as illustrated in Figure 8D and E. The reversal activities assay of CR and
curculigoside on cisplatin-insensitivity of A549/DDP cells are 250 and 166.7, respectively.

Inhibition of Cisplatin-Induced Upregulation of JNK, MRP, LRP, and P-Gp by CR/

Curculigoside

Western blot analysis was employed to assess protein expression levels. The findings demonstrated an upregulation of
JNK1, JNK2, MRP1, MRP2, MRP4, LRP1, and P-gp protein expressions in the cisplatin group compared to the normal
group. In particular, the cisplatin group exhibited significantly increased expressions of INK1, INK2, MRP2, MRP4, and
LRPI. In contrast, the cisplatin +CR group displayed decreased expressions of JNK1, INK2, MRP1, MRP2, MRP4,
LRP1, and P-gp, with notable reductions in MRP1, MRP2, and LRP1 compared to the cisplatin group. Additionally, the
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Figure 4 Survival analysis of JNKI, J]NK2, MRPI, MRP2, MRP4, P-gp and LRP| in NSCLC in TCGA database. Survival curves comparing the high expression group and low
expression group of each protein. (A) MRPI, (B) MRP2, (C) MRP4, (D) P-gp (MDRI), (E) LRPI, (F) JNKI, (G) JNK2.

cisplatin +curculigoside group exhibited decreased expressions of JNK1, INK2, MRP1, MRP2, MRP4, LRP1, and P-gp
compared to the cisplatin group, with significant decreases observed in JNK1, MRP1, MRP2, MRP4, and LRPI.
Meanwhile, compared to the normal group, there were no significant differences in the expression of JNK1, JNK2,
MRP1, MRP2, MRP4, LRP1, and P-gp in the CR and curculigoside groups (Figure 9A-G).

Rhodamine 123 is Lowly Expressed in the Cells by CR/Curculigoside

Confocal fluorescence microscopy results revealed that compared to the control group, the content of Rhodamine 123
decreased in the cisplatin group, whereas there were no significant changes in the CR group and the curculigoside group.
In comparison to the cisplatin group, the content of Rhodamine 123 increased in the cisplatin +CR group and the
cisplatin +curculigoside group (Figure 10A—F).

Discussion
The advent of molecular targeted drugs and immunotherapy has expanded the therapeutic landscape for non-small cell
lung cancer (NSCLC). While these novel treatment options show promising clinical outcomes, chemotherapy remains
a crucial component due to its broad-spectrum efficacy and longstanding clinical application.”** However, the emergence
of multidrug resistance presents a significant obstacle, with over 70% of NSCLC patients developing resistance to
platinum-based drugs within a short period, ultimately leading to treatment failure.>* Consequently, overcoming
chemotherapy resistance remains an urgent and pivotal issue in NSCLC management.

In this study, we initially observed in animal experiments that CR could reduce the mortality rate in lung cancer mice
after cisplatin administration (the animal model used is a commonly internationally employed in situ animal model.>),
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Figure 5 Molecular docking analysis of Curculigoside with JNKI, JNK2, MRPI, MRP2, MRP4, P-gp, and LRPI. Results of docking analyses of Curculigoside, in the binding
pocket of each protein. The insets are 2D presentation of the binding of the metabolites. (A) MRPI, (B) MRP2, (C) MRP4, (D) P-gp (MDRI), (E) LRPI, (F) JNKI, (G) JNK2.

although its mechanism of action remained unclear. Combined with preliminary cell pre-experiments, we found that CR
alone did not exhibit a significant inhibitory effect on tumor cells. Therefore, we hypothesized that the mechanism by
which CR enhances cisplatin sensitivity may involve the suppression of cisplatin resistance. To further investigate, we
employed bioinformatics analysis, molecular docking, and molecular dynamics to screen for potential targets of CR and
its main metabolite, curculigoside, in combating drug resistance. Subsequently, we validated these targets through cell
experiments.

Currently, the exploration of tumor multidrug resistance is shifting towards understanding the impact of genome
instability, tumor heterogeneity, epigenetics, etc.?*>* However, the primary downstream regulatory target that persists is
the abnormal expression of ABC binding cassette transporters and resistance-related proteins.”’ MRP, which falls under
the ABC subfamily C, operates by actively expelling negatively charged drug molecules from cells, resulting in
diminished intracellular drug levels.***' LRP, known for its complete positive expression in lung cancer, plays
a crucial role in mediating the transportation of platinum and other antitumor drugs from the nucleus to the
cytoplasm.®> While P-gp, a member of the ABC subfamily B, also exhibits a high expression rate in NSCLC and
functions by impeding the transport of nucleus-targeted drugs into the cytoplasm, followed by their subsequent
sequestration into transport vesicles, culminating in exocytosis and extrusion from the cell. This orchestrated process
ultimately engenders drug resistance in tumor cells.*>>® Therefore, the resistance proteins lead to the expulsion of
chemotherapy drugs from tumor cells, reduce the intracellular drug concentration, and the tumor cells up-regulate the
expression of resistance proteins due to the prolongation of treatment time, which are important reasons for the failure of
chemotherapy.

In our study, it was found that NSCLC drug-resistant cell lines in GEO database, MRP protein subtypes MRP1,
MRP4 and LRP1, P-gp were significantly different in NSCLC drug-resistant cell lines. NSCLC-related clinical samples
were obtained from TCGA database, and it was found that NSCLC patients with high JNK1, JNK2, MRP2, LRP1
expression and low MRP4, P-gp expression had poor overall survival.

Regrettably, no chemical drugs capable of clinically regulating these resistance-related proteins have been identified
yet. Addressing this therapeutic gap holds promise for improving treatment outcomes in drug-resistant NSCLC cases.
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Figure 6 Molecular dynamics analysis of Curculigoside with JNKI, JNK2, MRPI, MRP2, MRP4, P-gp, and LRPI. (A—C): comparison of RMSD, Rg and interaction energy
stability analysis for JNK1, JNK2, MRPI, MRP2, MRP4, P-gp and LRP1; (D) Comparison of distance analysis between small molecule and initial binding site; (E) Comparison of
binding state analysis of small molecules and proteins; F(a-g): Analysis of hydrogen bonds between small molecules and proteins. F(a): MRPI, F(b): MRP2, F(c): MRP4,
F(d): P-gp (MDRI), F(e): LRPI, F(f): JNKI, F(g): J]NK2.

Numerous clinical studies have reported that traditional Chinese medicine monomers or formulations combined with
chemotherapy drugs exhibit dual benefits by reducing drug-induced adverse reactions and displaying potential che-
motherapy sensitization and anti-drug resistance effects.’” > In light of this, our research team conducted a screening of
traditional Chinese medicines, identifying CR as a promising candidate for improving chemotherapy sensitivity.
Moreover, CR demonstrates favorable anti-inflammatory properties*® and immunomodulatory effects,*' contributing to
the mitigation of chemotherapy-induced adverse reactions. Previous investigations also revealed that CR extract and its
main metabolites enhance cisplatin sensitization in cisplatin-resistant lung cancer cells (A549/cis) and downregulate
P-glycoprotein (P-gp) expression in A549/cis (The cisplatin-resistant cells are a classical human lung cancer cell line
with significant cisplatin resistance, prepared by Cell Resource Center in China.)."> Meanwhile, we found that admin-
istration of CR and curculigoside alone did not show inhibitory effects on A549/cis. It is speculated that their synergistic
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Table | Energy Terms Associated with Binding Energies Between

Curculigoside and JNKI, JNK2, MRPI, MRP4, P-Gp and LRPI
Complex | AHvdw AHele AHpol | AHnonpol | -TAS | AGbind*
JNKI —118.86 —69.926 | 165.721 —16.159 33.487 —5.737
JNK2 —193.774 | —91.611 237.64 —20.943 29.233 | —39.455
LRP —111.14 | —135.509 | 257.632 —18.413 35.786 28.356
MDRI —206.621 | —I11.175 | 333512 —28.362 21.156 8.51
MRPI —141.923 | —68.779 | 161.907 —17.828 30.715 | —35.908
MRP2 —171.636 | —126.239 | 319.397 —25.587 40.467 36.402
MRP4 —193.477 | —118.809 | 260.314 | —26.803 15.183 | —63.592

Notes: *AGbind=AHvdw+AHele+AHpol+AHnonpol-TAS.

enhancement with cisplatin may not arise from their direct cytotoxicity to the cells but rather from their potential
involvement in reducing the efflux of cisplatin from the cells. Building upon these findings, we further conducted
research using molecular docking and molecular dynamics techniques. The results of molecular docking revealed that
curculigoside, the main effective metabolite in CR, exhibited excellent docking activities with MRP1, MRP2, MRP4,
P-gp, and LRP1. Additionally, molecular dynamics simulations supported curculigoside’s favorable docking with MRP1,
and MRP4. Building upon this foundation, we conducted experiments utilizing curculigoside and the water extract of CR
in combination with cisplatin to assess their inhibitory effects on the cisplatin-resistant lung cancer cell line A549/cis and
their impact on the expression of MRP, P-gp, and LRP proteins. In comparison to cisplatin treatment alone, cisplatin

Figure 7 Affinity analysis between Curculigoside with MRPI, MRP2, MRP4, P-gp, LRP, JNKI, and JNK2. (A-G): The conformation at stabilization was simulated between
Curculigoside with MRPI, MRP2, MRP4, P-gp, LRP, JNKI1, and JNK2.
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Figure 8 Cisplatin, CR,curculigoside alone and Cisplatin combined with CR/curculigoside inhibited A549/cis cell proliferation. (A) Effect of cisplatin alone on A549/cis cell
viability; (B): Effect of Curculiginis Rhizoma alone on A549/cis cell viability; (C): Effect of curculigoside alone on A549/cis cell viability; (D): The effects of cisplatin, CR alone,
and their combination on the proliferation rate of A549/cis cells; (E) The effects of cisplatin, curculigoside alone, and their combination on the proliferation rate of A549/cis
cells. (**: P<0.01).

combined with both curculigoside and CR exhibited a reduction in cell viability and downregulated the expression of
MRP, P-gp, and LRP in A549/cis cells. Notably, curculigoside demonstrated a remarkable downregulatory effect,
particularly affecting the expression levels of MRP1, MRP2, MRP4, and LRP1. Besides, it has been proved in studies
that Rhodamine 123 is the substrate of P-gp protein,* so we have detected the intracellular Rhodamine 123 content. The
results showed that the use of cisplatin combined with CR/curculigoside can increase the accumulation of Rhodamine
123 in A549/cis cells.

However, the upstream core targets responsible for inducing the upregulation of MRP, LRP, and P-gp leading to
resistance to platinum-based drugs remain unclear. The preliminary results of network pharmacology analysis revealed
that among the highly significant gene targets in cisplatin treatment for lung cancer, JNK may have correlations with the
regulation of MRP, LRP, and P-gp. INK family, namely c-Jun N-terminal kinase, is one of the important protein families
of MAPK. Activated JNK can bind to the transcription factor ATF2 and the N-terminal region of c-Jun, and phosphor-
ylate the active region of transcription factor. In addition, these complexes bind to AP-1 (Activator protein 1) and AP-
1-like sites on the promoters of many genes in the form of homodimer or heterodimer, increasing the transcriptional
activity of AP-1 and promoting gene expression and protein synthesis.*> Further literature studies revealed that INK
enhances the binding ability of its downstream target c-jun to the ABC binding cassette transporter and AP-1 site in the
drug resistance protein promoter, promoting protein synthesis and multidrug resistance in tumor chemotherapy.***’
Bioinformatics analysis further demonstrated significant differences in JNK protein subtypes JNK1 and JNK2 in drug-
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Figure 9 Inhibition of cisplatin-induced upregulation of J]NK, MRP, LRPI, and P-gp by CR/curculigoside. (A) MRPI(n=6), (B) MRP2(n=14), (C) MRP4(n=8), (D) P-gp(n=5),
(E) LRPI(n=11), (F) JNKI(n=8), (G) JNK2(n=7). (*: Comparison with the control group.P<0.05; **: Comparison with the control group.P<0.01; #: Compared with cisplatin
group.P<0.05; ##: Compared with cisplatin group. P<0.01). Lanes of Figure 7B, 7E, and 7F came from the same blot, therefore the protein bands of GA are the same; Special
Note: Due to glycosylation, the molecular weight of the MRP protein is greater than 250 kDa.

resistant and non-drug-resistant NSCLC cell lines. Additionally, high expression of JNK1 and JNK2 in NSCLC clinical
samples correlated with worse overall survival rates, suggesting that these proteins may play pivotal roles in NSCLC
drug resistance. On this basis, we performed cell experiments for verification. The results showed that the expressions of
JNKI1 and JNK2 were significantly decreased by Curculiginis Rhizoma water extract and curculigoside combined with
cisplatin.

These findings indicate that curculigoside may function as the effective metabolite responsible for the suppression of
cisplatin resistance in NSCLC by regulating the JNK-c-jun-MRP/LRP/P-gp signaling pathway, thereby impeding the
development of multidrug resistance in cancer cells. However, it is important to note that the investigation did not
explore the causal relationship between upstream and downstream proteins.

In conclusion, the utilization of an integrated research approach encompassing bioinformatics, molecular docking,
molecular dynamics, in vivo and in vitro experiments has successfully elucidated the potential mechanism by which
curculigoside counteracts cisplatin resistance in NSCLC. These findings establish a solid basis for conducting more
comprehensive investigations into the anti-tumor resistance mechanism of curculigoside in future studies.

This experiment has only used methods such as bioinformatics, molecular docking, and molecular dynamics to
preliminarily explore the mechanism of CR in improving cisplatin resistance in NSCLC at a theoretical level. Due to the
complexity of drug—drug interactions and intracellular metabolic processes, subsequent studies still need to be conducted
using techniques like mass spectrometry, in vitro and in vivo experiments, etc., to deeper investigate the mechanism of
CR’s sensitizing effect on cisplatin-resistant NSCLC, in order to enhance the rationality and scientificity of clinical

medication.
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Figure 10 Rhodamine 123 is highly expressed in the cells by CR/curculigoside. (A) Control group(n=3), (B) CR group(n=3), (C) Curculigoside group(n=3), (D) Cisplatin
group(n=3), (E) Cisplatin +CR group(n=3), (F) Cisplatin + curculigoside group(n=3).
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