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Abstract. Lung cancer is one of the most common causes of 
cancer‑related mortality worldwide, with cisplatin (CP) being 
a key chemotherapeutic agent. However, its use is limited by 
nephrotoxicity and drug resistance. Ginsenoside Rg3 (Rg3) has 
anticancer properties and potential protective effects on normal 
tissues. The present study investigated the therapeutic effect of 
Rg3 and CP in suppressing the proliferation of lung carcinoma 
cells (LLCs) and inhibiting tumor growth, using both in vitro 
and in vivo models. LLC cells were exposed to Rg3 and/or 
CP and the effects on cell proliferation were measured by 
MTT assay. Tumor‑bearing mouse models were constructed to 
evaluate the impact on tumor growth. Modulation of biological 
pathways was analyzed using flow cytometry, western blot‑
ting and immunohistochemistry. Co‑treatment with Rg3 
and CP enhanced apoptosis in LLC cells and tumor tissues 
by upregulating cleaved caspase‑3/9 and phosphorylated (p‑)
p53, while suppressing vascular cell adhesion molecule 1, 
intercellular adhesion molecule 1  (ICAM1), macrophage 
migration inhibitory factor (MIF) and p‑p65 activation. The 
downregulation of Organic Cation Transporter 2 (OCT2) and 
P‑glycoprotein (P‑gp) expression in renal tissues of xenograft 
mice by Rg3 may explain its dual effects in alleviating CP 
nephrotoxicity and reversing drug resistance. Mechanistic 
studies in HK‑2 cells demonstrated that Rg3 (80 µg/ml) attenu‑
ated CP‑induced NLRP3 inflammasome activation (NLRP3, 

apoptosis‑associated speck‑like protein with CARD (ASC), 
caspase‑1) and p‑p65 expression; these effects were reversed 
by the SIRT1 inhibitor Ex527, implicating SIRT1 pathway 
dependency. Molecular docking provided a hypothetical model 
for binding of Rg3 to SIRT1 (‑7.492 kcal/mol) and NLRP3 
(‑6.764 kcal/mol), providing a structural basis for the regula‑
tory interactions. Rg3 showed potential as a renal protector, 
anti‑inflammatory agent and adjunct to CP chemotherapy. The 
combination offers a promising therapeutic strategy for lung 
cancer by enhancing efficacy and decreasing nephrotoxicity. 
Further investigation into mechanisms and long‑term effects 
is warranted.

Introduction

Lung cancer (LC) is the most common cause of cancer‑associ‑
ated mortality and worldwide, and the predominant subtype is 
non‑small cell LC (NSCLC) (1,2). Chemotherapy, particularly 
with drugs such as cisplatin (CP), has long been a corner‑
stone in cancer treatment. However, its efficacy is frequently 
restricted by dose‑dependent toxicity, including nephrotox‑
icity, and the development of drug resistance (3‑5). Identifying 
novel therapeutic approaches that can boost the effectiveness 
of chemotherapeutic agents and mitigate their adverse effects 
is a priority in cancer treatment research (5,6).

Previous studies have highlighted the potential of natural 
compounds in modulating cancer treatment outcomes (7‑9). 
Ginsenoside Rg3 (Rg3), which is isolated from ginseng, exhibits 
pharmacological activity, including anti‑tumor, antidiabetic, 
immunomodulation, anti‑inflammation and cardiovascular 
protection effects  (10‑12). Rg3 inhibits the angiogenesis of 
pulmonary and lung carcinoma (13,14). The use of Rg3 in combi‑
nation with chemotherapeutic drugs has been shown to improve 
treatment outcomes and diminish chemotherapy toxicity (12). 
Jiang et al (15) demonstrated that Rg3 can reduce the expression 
of NF‑κB, programmed death ligand‑1 and Akt (13). Rg3 may 
enhance sensitivity to CP by blocking NF‑κB pathway activa‑
tion (14). However, the role of Rg3 in amplifying the therapeutic 
effects of CP in lung tumor‑bearing mice remains unclear.

Our previous investigation  (20) demonstrated that 
Rg3 protects against CP‑induced nephrotoxicity via 
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autophagy‑mediated NOD‑like receptor pyrin domain‑
containing protein 3 (NLRP3) inflammasome suppression, 
however the renoprotective effects were investigated only in 
healthy mice, without validation in tumor‑bearing animals. 
Consequently, it is uncertain whether Rg3 exerts similar 
renal protection in a cancer setting without compromising CP 
antitumor efficacy. Moreover, the renal accumulation of Rg3 and 
CP, which governs both therapeutic efficacy and nephrotoxic 
burden, is modulated by kidney‑specific transporters such as 
organic cation transporter 2 (OCT2) and P‑glycoprotein (P‑gp). 
To elucidate this mechanism and provide a more comprehen‑
sive understanding of Rg3‑mediated renal protection, the 
present study investigated how OCT2 and P‑gp regulate the 
renal uptake and efflux of Rg3 and CP, thereby affecting their 
intrarenal accumulation and nephrotoxic potential. To the best 
of our knowledge, the present study is the first to evaluate Rg3 + 
CP efficacy and nephroprotection simultaneously in an in vivo 
Lewis lung carcinoma cells (LLC) allograft model.

The sirtuin (Sirt)1/NLRP3 pathway is involved in the 
inflammatory response  (17) and serves a protective role 
against drug‑induced organ injury. Quercetin and calycosin 
ameliorate isonicotinic acid hydrazide (INH)‑induced liver 
toxicity and doxorubicin‑induced cardiotoxicity, respectively, 
by modulating this signaling axis  (18,19). These findings 
collectively underscore the therapeutic potential of targeting 
SIRT1/NLRP3 signaling as a common mechanism to mitigate 
chemically induced tissue damage across different organ 
systems. Therefore, it was hypothesized that the SIRT1/NLRP3 
pathway may mediate the renoprotective effects of Rg3 against 
CP‑induced nephrotoxicity. 

Materials and methods

Materials. .0% purity, batch no. 20170206; Fig. 1A; Dalian 
Fusheng Natural Medicine Development Co., Ltd.) was 
dissolved in DMSO to a concentration of 10 g/ml as a stock 
solution, which was stored at ‑20˚C for subsequent use. CP 
(batch no. 170905) was obtained from Jiangsu Haosen Co. 
at a concentration of 100 mM. SIRT1 (13161‑1‑AP, 1:1,000), 
NLRP3 (27458‑1‑AP, 1:1,000), p65 (80979‑10RR, 1:1,000) 
and phosphorylated (p‑)p65 (82335‑1‑RR, 1:1,000) were from 
Proteintech. Macrophage migration inhibitory factor (MIF) 
(ab7207, 1:2,000), p53 (ab32049, 1:2,000), p‑p53 (ab33889, 
1:1000), P‑gp (ab170904, 1:1,000), OCT2 (ab179808, 1:5,000), 
vascular cell adhesion molecule 1(VCAM1, ab134047, 1:2,000) 
and intercellular adhesion molecule 1(ICAM1, ab282575, 
1:1,000) were from Abcam. Caspase‑3 (YM8058, 1:1,000) was 
from Immunoway, and Caspase‑9 (cat. no. AF1264, 1:1,000) 
was from Beyotime (Table SI). EX527 was from Selleck. 
Anti‑rabbit IgG (A0208, 1:1,000), Anti‑mouse IgG (A0216, 
1:1,000) and GAPDH (AF0006, 1:1,000) were obtained from 
Beyotime Biotechnology. The Alexa Fluor 488‑goat anti‑rabbit 
secondary antibody (abs20025, 1:100) was acquired from 
Absin Biotechnology Company.

Cell culture. LLC and human renal tubular (HK-2) cells 
were obtained from the School of Pharmacy, Jilin University 
(Changchun, China). RPMI‑1640 medium, DMEM/F12, peni‑
cillin, streptomycin and fetal bovine serum were purchased 
from Absin (Shanghai) Biotechnology Co., Ltd. LLC cells were 

cultivated in RPMI‑1640 medium containing 10% fetal bovine 
serum, 100 µg/ml streptomycin and 100 U/l penicillin. Cells 
were kept at 37˚C in a 5% CO2 humidified atmosphere. HK‑2 
cells were cultured in DMEM/F12 under the same conditions. 
Cell cultures were passaged every 2‑3 days and passages 3‑8 
were utilized for subsequent experiments.

LLC cells were treated with CP (100, 200, 400, 
800 and 1,600 nM), Rg3 (10, 20, 40 and 80 µg/ml) or CP 
(100 nM) + Rg3 (20, 40 and 80 µg/ml) for 4, 12, 24 and 48 h 
at  37˚C. HK‑2 cells were treated with CP (10  µM), Rg3 
(80 µg/ml), Ex527 (30 µM), CP (10 µM) + Rg3 (80 µg/ml) or 
CP (10 µM) Ex527 (30 µM) at 37˚C. 

Cell viability assay. Cell viability was assessed using the 
MTT assay (Sigma‑Aldrich; Merck KGaA). Briefly, cells were 
seeded in 96‑well plates at 1x104 cells/well. A total of 10 µl 
5 mg/ml MTT solution was added to each well for 4 h. The 
supernatant was discarded, and 150 µl DMSO was added 
to each well to dissolve the formazan crystals. Absorbance 
was measured at 490 nm using a Microplate Reader (Agilent 
Technologies). Each experiment condition was replicated six 
times, and cell viability was calculated relative to the untreated 
control group.

Wound healing assay. The LLC cells were seeded (without 
serum) in 6‑well plates at 5x104 cells/well and cultured to 
100% confluence. Sterile pipette tips were used to create 
100 µm wounds. Cells were treated with CP (100 nM) in the 
presence or absence of Rg3 (20, 40 and 80 µg/ml) for 24 h 
at  37˚C. Olympus CKX41 light microscope was used to 
capture images.

Immunofluorescence analysis. HK‑2 cells were seeded in 
6‑well plates (1x105/well). Following overnight incubation 
at 37˚C, they were treated at 37˚C for 24 h with CP (10 µM), 
CP (10 µM) + Rg3 (80 µg/ml), CP (10 µM) + Rg3 (80 µg/ml) + 
Ex527 (30 µM) or Ex527 (30 µM). Cells were washed four 
times with cold PBS, fixed at room temperature with 4% para‑
formaldehyde for 10 min and permeabilized with 0.5% Triton 
X‑100 for 15 min at room temperature. Following three 5 min 
PBS washes, cells were blocked with 5% BSA (Sigma‑Aldrich; 
Merck KGaA) at  37˚C for 1  h, then incubated overnight 
at 4˚C with rabbit anti‑NLRP3 antibody (cat. no. 27458‑1‑AP, 
1:100). Following three PBS washes, cells were incubated 
with the Alexa Fluor 488‑goat anti‑rabbit secondary antibody 
(cat. no. abs20025, 1:100, Absin) at room temperature for 1 h 
in the dark. Following three PBS washes, cells were stained 
with DAPI at room temperature for 5‑10 min. Fluorescence 
images were captured using a BX83 fluorescence microscope 
(Olympus Corporation). Images were analyzed using ImageJ 
software (version 1.52a, National Institutes of Health).

Detection of superoxide dismutase (SOD), malondialdehyde 
(MDA), catalase (CAT) and lactate dehydrogenase (LDH). 
SOD (A001‑302), MDA (A003‑401), CAT (A007‑1‑1) and LDH 
(A020‑2‑2) Assay kits (Nanjing Jiancheng Bioengineering 
Institute) were used to assess intracellular SOD, MDA, CAT 
and LDH levels according to the manufacturer's instructions. 

Molecular docking. The structure of Rg3 was retrieved from 
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), 
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and imported into Chem3D software (Chem3D Pro  21.0, 
revvitysignals.flexnetoperations.com/), where it underwent 
optimization and energy minimization using the MM2 module. 
The structures of NLRP3 (ID: 7ALV) and SIRT1 (ID: 4ZZI) 
were acquired from Research Collaboratory for Structural 
Bioinformatics Protein Data Bank (rcsb.org/). These struc‑
tures were processed within the Maestro11.9 (Schrödinger, 
Inc.) platform employing Schrodinger's Protein Preparation 
Wizard. This processing involved removal of crystalline water 
molecules, addition of missing hydrogen atoms, repair of 
missing bond information and patching of incomplete peptide 
segments. Finally, the proteins were energy‑minimized 
and geometrically optimized. The binding affinity between 
NLRP3, SIRT1 and Rg3 was evaluated based on binding 
energy and the virtual docking model was visualized using 
Pymol2.1 software (Schrödinger, LLC).

Xenograft tumor mouse model. All animal care and 
experimental procedures were approved by the Center for 
Experimental Animal Research of the Institute of Basic 
Medical Sciences, Jilin University (Changchun, China; 

approval no. 2023226). The experiments with animal followed 
an Animal Research: Reporting of In  Vivo Experiments 
protocol (15). All animal procedures were performed in strict 
accordance with the guidelines (16) for tumor‑bearing mice 
established by the Center for Experimental Animal Research, 
Institute of Basic Medical Sciences, Jilin University. Male 
Kunming mice (n=32; age, 4‑6 weeks; weight, 22±2 g) were 
purchased from the Center of Experimental Animals of 
Baiqiuen Medical College of Jilin University (Jilin, China). 
Mice were allowed free access to food and water and were 
maintained on a 12/12‑h light/dark cycle at a temperature of 
20‑25˚C and humidity of 50±5%. Tumors were induced by 
subcutaneous injection of 4x106 LLC cells in 200 µl PBS into 
the right axilla. Tumor‑bearing mice were randomized using 
a computer‑generated random number sequence (Excel 2019, 
Microsoft Corporation) with block randomization and allo‑
cation concealment using sequentially numbered, sealed 
envelopes prepared by an independent technician; investiga‑
tors conducting tumor measurements and tissue analysis were 
blinded to group allocation throughout the experiment. Mice 
were grouped (n=8/group) as follows: i) Control, receiving 

Figure 1. Effect of Rg3 and CP on LLC cell viability and migration. (A) Chemical structure of Rg3. (B) Effect of CP and (C) Rg3 on cell viability. Effect of 
CP + Rg3 on cell (D) viability and (E) migration. Magnification, x20. *P<0.05, **P<0.01, ***P<0.001 vs. control; #P<0.05, ##P<0.01, ###P<0.001 vs. CP. Rg3, 
ginsenoside Rg3; LLC, Lewis lung carcinoma; CP, cisplatin. 
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intraperitoneal (IP) injection of 0.9% NaCl and daily oral water 
gavage; ii) CP, receiving IP injection of CP at 4 mg/kg every 
2 days, and daily oral water gavage; iii) CP + Rg3, receiving 
IP injection of CP at 4 mg/kg every 2 days, and daily oral Rg3 
(5 mg/kg); and iv) Rg3, receiving daily oral Rg3 (5 mg/kg), as 
previously described (20) (Fig. S1). Administration was initi‑
ated when tumor volumes reached 50 mm3. The tumor volume 
and body weight were measured every 2 days post‑inoculation, 
with tumor volume calculated as 1/2x tumor length x tumor 
width2. Humane endpoints were tumor diameter ≥15 mm and 
>20% body weight loss. Following the 10 day drug administra‑
tion period, no animals were excluded from the final analysis. 
The blood was collected via abdominal aortic puncture. Mice 
were euthanized using CO2 inhalation (chamber volume 
displaced by the CO2 flow rate, 30%). Death was confirmed 
by absence of response to external stimuli, such as a gentle 
prod with a blunt object and the cessation of heartbeat and 
breathing. Tumors and kidneys were immediately excised in 
an aseptic manner for analysis.

Assessment of tumor/body weight index. Prior to euthanasia, 
mouse body weight was measured. Tumors were surgically 
removed following euthanasia, dried with filter paper and 
weighed. Tumor‑to‑body weight ratio was calculated as 
(tumor weight/body weight) x100%.

Histopathological and immunohistochemical analyses. 
Tumor tissue was fixed in 10% formalin at room tempera‑
ture for 24 h, embedded in paraffin and sectioned at 4 µM. 
These sections underwent deparaffinization, rehydration and 
hematoxylin‑eosin staining at room temperature (hematoxylin 
for 5 min and eosin for 2 min), with histopathological changes 
examined at 400X magnification via a light microscope (Nikon 
Corporation; Eclipse TS200). Kidney tissue was fixed in 10% 
neutral buffered formalin at room temperature for 24 h, then 
embedded in paraffin and sectioned at 4 µM. Sections were 
mounted on glass slides and dried overnight at 37˚C. Paraffin 
sections were deparaffinized in xylene twice for 10 min each, 
then rehydrated through a graded ethanol series, followed by 
rinsing in PBS. Antigen retrieval was performed by heating 
in 10 mM sodium citrate buffer (pH 6.0) in a microwave oven 
at 95‑100˚C for 15‑20 min. After cooling to room tempera‑
ture, sections were washed three times with PBS for 5 min 
each. Deparaffinized sections were treated with 3% hydrogen 
peroxide (v/v) in methanol for 15 min at room temperature, 
followed by washing twice with PBS. Non‑specific binding 
was blocked with 10% BSA at room temperature for 30 min. 
Sections were incubated with primary antibody against OCT2 
(1:100, ab179808, Abcam) overnight at 4˚C in a humidified 
chamber. After washing three times with PBS for 5  min 
each, sections were incubated with the Alexa Fluor 488‑goat 
anti‑rabbit secondary antibody (cat. no. abs20025, 1:100 dilu‑
tion, Absin) at room temperature for 30 min. Immunoreaction 
products were observed under a light microscope (Olympus 
BX53). Images were captured and analyzed using ImageJ 
software (version 1.52a, National Institutes of Health).

TUNEL assay. Apoptosis was identified using the TUNEL kit. 
Kidney tissue was fixed in 10% neutral buffered formalin at 
room temperature for 24 h, embedded in paraffin and sectioned 

at 4 µM. Sections were mounted on glass slides and dried over‑
night at 37˚C. Paraffin sections were deparaffinized in xylene 
twice for 10 min each, then rehydrated through a graded ethanol 
series (100, 95, 85, 75, and 50% ethanol, 2 min each), followed by 
rinsing in phosphate‑buffered saline (PBS). Sections were perme‑
abilized with Proteinase K (20 µg/ml) in PBS at 37˚C for 30 min, 
followed by washing twice with PBS. TUNEL staining was 
performed using the TUNEL BrightGreen Apoptosis Detection 
kit (Beyotime Biotechnology, cat. no. C1088) according to the 
manufacturer's instructions. Briefly, sections were incubated with 
TUNEL reaction mixture at 37˚C for 60 min in a humidified 
chamber protected from light. Sections were stained with DAPI 
(1 µg/ml) at room temperature for 5‑10 min, then rinsed three 
times with PBS. Sections were mounted with antifade mounting 
medium (Vector Laboratories, H‑1700 or Fluoromount‑G) 
and covered with glass coverslips. TUNEL‑positive cells were 
visualized using a fluorescence microscope (Nikon Eclipse 
TS200). For each tissue section, three randomly selected fields 
of view were captured. TUNEL‑positive (green fluorescent) 
cells and total cells (DAPI‑stained blue nuclei) were counted, 
and the apoptotic index (%) was calculated as follows: (number 
of TUNEL‑positive cells/total number of DAPI‑stained nuclei) 
x100%. 

Western blot analysis. Cells were rinsed with cold PBS and 
lysed in RIPA buffer (Beyotime Biotechnology) supplemented 
with 1% (w/v) PMSF. Tumor and kidney tissue were minced 
and homogenized in RIPA buffer containing 1% PMSF on ice. 
Cell suspensions and tissue homogenates were centrifuged 
at 15,000 g for 15 min at 4˚C. Protein concentrations were 
determined using the bicinchoninic acid method. Aliquots 
containing 30 µg protein per lane were mixed with 5X loading 
buffer and heated at 100˚C for 5 min to denature. Protein 
samples were separated by 10‑12% SDS‑PAGE and transferred 
to PVDF membranes. Membranes were blocked with 5% 
non‑fat milk in TBST (0.1% Tween‑20) at room temperature 
for 1 h, followed by overnight incubated with primary anti‑
bodies at 4˚C. The primary antibodies were as follows: SIRT1 
(1:1,000 dilution, 13161‑1‑AP, Proteintech) , NLRP3 (1:1,000, 
27458‑1‑AP, Proteintech) , p65 (1:1,000 dilution, 80979‑10RR, 
Proteintech) , p‑p65 (1:1,000 dilution, 82335‑1‑RR, Proteintech), 
MIF (1:1,000 dilution, ab7207, Abcam), p53 (1:2,000 dilu‑
tion, ab32049, Abcam), p‑p53 (1:2,000 dilution, ab338899, 
Abcam), P‑gp (1:1,000 dilution, ab170904, Abcam), OCT2 
(1:5,000 dilution, ab179808, Abcam), VCAM1 (1:2,000 dilu‑
tion, ab134047, Abcam), ICAM1 (1:1,000 dilution, ab282575, 
Abcam), Caspase‑3 (1:1,000 dilution, YM8058, Immunoway), 
Caspase‑9 (1:1,000 dilution, AF1264, Beyotime), and GAPDH 
(1:1,000 dilution, AF0006, Beyotime) at 4˚C. After washing 
with TBST, membranes were incubated with HRP‑conjugated 
secondary antibodies (cat. nos. A0208, 1:1,000, Anti‑mouse 
IgG, A0216, 1:1,000, Beyotime) at room temperature for 1 h. 
Protein bands were detected using an ECL kit (New Cell & 
Molecular Biotech Co., Ltd.), and visualized on X‑ray film 
(Kodak). Band images were quantified using ImageJ 1.37c 
software (National Institutes of Health).

Statistical analysis. GraphPad Prism 9.0 software (Dotmatics) 
was employed for statistical analysis. Data are presented as 
the mean ± standard error of the mean from ≥3 independent 
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experiments. One‑way ANOVA followed by Tukey's post hoc 
test was applied. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

CP and Rg3 decrease LLC cell viability in a dose‑ and 
time‑dependent manner. MTT assay was employed to measure 
cell viability (17). The findings revealed that both CP and Rg3 
reduced LLC cells viability in dose‑ and time‑dependent 
manner (Fig. 1B‑D). The combination of Rg3 and CP resulted 
in a time‑dependent decrease in cell viability, with significant 
reductions at 12, 24 and 48 h compared with CP treatment 
alone. CP + Rg3 (40 and 80 µg/ml) groups exhibited slower 
migration than the CP group (Figs. 1E and S2). These results 
indicated that Rg3 enhanced therapeutic efficacy of CP. 

Rg3 and CP co‑treatment enhances anti‑tumor effects in an LLC 
Xenograft Mouse Model. To evaluate whether Rg3 enhances 

CP anti‑tumor activity in vivo, tumor volume and weight were 
measured in a xenograft model. There was no significant differ‑
ence in tumor volume between any groups. Only the CP + Rg3 
group exhibited significantly decreased tumor weight compared 
with CP group (Fig. 2A‑C). This suggests that Rg3 increased CP 
antitumor effect and slowed tumor growth. 

HE and TUNEL staining were used for histopathological 
analysis. Tumor cells were closely packed with clear nucleoli 
and a diffuse pattern. The CP + Rg3 group demonstrated a 
larger area of unclear borders with cell nucleus disappearance 
compared with CP alone, supporting a role of Rg3 in enhance‑
ment of chemosensitivity (Fig.  2D). The TUNEL assay 
demonstrated increased apoptosis in the co‑treatment group, 
as indicated by higher brown staining intensity (Fig. 2E). 
This suggested that the combination of CP and Rg3 enhanced 
tumor cell apoptosis.

Rg3 combined with CP promotes p53, caspase‑3 and caspase‑9 
expression. Western blotting was performed to quantify the 

Figure 2. Effect of CP and Rg3 on xenograft tumor mice. Effects of CP and Rg3 on (A) tumor (B) volume and (C) weight. (D) Effect of CP and Rg3 on 
histopathology of mouse tumor. Magnification, x200. (E) Effect of CP and Rg3 on apoptosis of cells. *P<0.05, ***P<0.001 vs. control. ##P<0.01 vs. CP. CP, 
cisplatin; Rg3, ginsenoside Rg3.
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Figure 3. Effect of CP and Rg3 on the expression of p53, caspase‑3, caspase‑9, VCAM‑1, ICAM‑1, p‑p65 and MIF in LLC cells and tumor tissue. 
(A) Western blots and (B) quantification of p‑p53/p53, Cl‑caspase‑3/caspase‑3, Cl‑caspase‑9/caspase‑9. (C) Western blots and (D) quantification of p‑p53/p53, 
Cl‑caspase‑3/caspase‑3, Cl‑caspase‑9/caspase‑9 in tumor tissue. (E) Western blots and (F) quantification of protein bands showing expression levels of 
VCAM‑1, ICAM‑1, p‑p65/p65, MIF and GAPDH in cells. (G) Western blots and (H) quantification of protein bands showing expression levels of VCAM‑1, 
ICAM‑1, p‑p65/p65, MIF and GAPDH in tumor tissue. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. control. #P<0.05, ##P<0.01, ###P<0.001 vs. CP group. 
^^P<0.01, ^^^P<0.001 vs. CP + Rg3 (40 µg/ml) group. CP, cisplatin; Rg3, ginsenoside Rg3; VCAM, vascular cell adhesion molecule; ICAM, intercellular 
adhesion molecule; p‑, phosphorylated; MIF, macrophage migration inhibitory factor; cl, cleaved.
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alterations in apoptotic protein expression following treatment 
with CP and Rg3. Rg3 significantly elevated the levels of 
cleaved caspase‑3 and ‑9 and p‑p53, which are pivotal for apop‑
tosis (18,19), both in LLC cells and tumor tissue (Fig. 3A‑D). 
The enhancement in these apoptotic markers following CP + 
Rg3 treatment suggested a potential therapeutic strategy to 
induce programmed cell death.

Combined Rg3 + CP treatment inhibits VCAM‑1, ICAM‑1, 
MIF and NF‑κB‑mediated inflammation. Western blot 
analysis was performed to assess the effects of Rg3 and CP on 
the expression of VCAM‑1, ICAM‑1, p‑p65 and MIF in LLC 
cells and mouse tumor tissue samples (Fig. 3E‑H). Notably, 
the co‑treatment with Rg3 + CP resulted in a significant 
downregulation of VCAM‑1 and ICAM‑1 compared with CP 
alone. This reduction in adhesion molecules suggested that 
Rg3 may influence cell interactions and migration, which are 
key in tumor progression (20). Furthermore, the expression of 
p‑p65, a marker of NF‑κB pathway activation, was decreased 
in the presence of Rg3, indicating its potential to inflamma‑
tory responses. Similarly, MIF, a key molecule in immune 
cell function (21), showed decreased expression, indicating 
that Rg3 altered the tumor immune microenvironment. These 
results collectively suggested that Rg3, when administered 
with CP, modulated proteins involved in cell adhesion, inflam‑
mation and immune regulation, underscoring its potential as a 
therapeutic agent in cancer and immune modulation. 

Effects of Rg3 on expression of OCT2 and P‑gp in mouse 
kidneys. The expression of OCT2, a key organic cation trans‑
porter (21), was elevated by CP. However, this increase was 
counteracted when Rg3 was added with CP (Figs. 4A‑C and S3). 
Similarly, the expression of P‑gp, a membrane‑bound drug 
efflux pump (22), was significantly enhanced by Rg3. P‑gp 

expression in the Rg3 group was 1.5‑2.0‑fold higher than that 
in the control group, indicating a significant upregulation of 
P‑gp in response to Rg3 (Fig. 4A and B). These results demon‑
strated that Rg3 had a significant impact on the expression of 
both OCT2 and P‑gp in renal tissue. Consequently, Rg3 may 
decrease the accumulation of CP in the kidney, potentially 
mitigating its nephrotoxic effects. 

High‑affinity binding of Rg3 with SIRT1 and NLRP3. Rg3 
exhibited strong binding affinity with both the SIRT1 and 
NLRP3 target proteins, as evidenced by their high docking 
scores (Fig. 5A and B), with binding energies of ‑7.492 and 
‑6.764 kcal/mol, respectively. Visualization of the docked 
compound‑protein complexes demonstrated the binding 
modes of the compounds within the protein pockets, including 
interactions with specific amino acid residues. Rg3 demon‑
strated binding with the active sites of both SIRT1 and NLRP3 
target proteins, as well as favorable docking scores, indicating 
the formation of stable complexes with both proteins. This 
suggested a potential binding interaction between Rg3 and the 
SIRT1 and NLRP3 proteins.

Effect of SIRT1 inhibitor on HK‑2 cell viability and anti‑
oxidant capacity. Cell viability was not diminished by the 
SIRT1 inhibitor Ex527 at concentrations of 10, 20 and 30 µM 
(Fig. 5C). The co‑treatment with CP, Rg3 and Ex527 did not 
significantly alter cell viability compared with the CP + Rg3 
group (Fig. 5D). These results indicated that SIRT1 deficiency 
did not alter the protective capacity of Rg3 on HK‑2 cells.

Compared with the control group, the CP group showed 
a marked increase in SOD activity, along with a significant 
decrease in MDA levels and CAT activity (Fig. 5E‑G). The 
combination of CP and Rg3 weakened these effects, with SOD 
activity being significantly decreased and MDA and CAT 

Figure 4. Effect of CP and Rg3 on the expression of OCT2 and P‑gp in kidney tissue. (A) Representative western blot images and (B) Quantitative analysis of 
western blot data. (C) Immunohistochemical analyses of OCT2 in kidney tissue. ***P<0.001 vs. control. ###P<0.001 vs. CP. ^P<0.05 vs. CP + Rg3. CP, cisplatin; 
Rg3, ginsenoside Rg3; OCT2, Organic Cation Transporter 2; P‑gp, P‑glycoprotein.
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Figure 5. Impact of SIRT1 inhibitor Ex527 on cell viability and antioxidant response of Rg3‑treated HK‑2 cells. 3D structure of Rg3 and (A) NLRP3 and 
(B) SIRT1 complexes. (C) Effect of Ex527 (10, 20 and 30 µM) and (D) CP, Rg3 and Ex527 on HK‑2 cell viability. Effect of CP, Rg3 and Ex527 on (E) SOD, 
(F) MDA, (G) CAT and (H) LDH activity. *P<0.05, **P<0.01, ***P<0.001. Sirt, sirtuin; Rg3, ginsenoside Rg3; CP, cisplatin; SOD, superoxide dismutase; MDA, 
malondialdehyde; CAT, catalase; LDH, lactate dehydrogenase.
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activity significantly elevated. However, Ex527 reversed these 
effects of Rg3. 

CP significantly increased LDH release compared to the 
control group, indicating enhanced cell membrane damage 
(Fig. 5H). Rg3 co‑treatment significantly attenuated CP‑induced 
LDH release, demonstrating its protective effect against 
CP‑induced HK‑2 cell injury. However, Ex527 did not reverse 
the protective effect of Rg3. This results were consistent with 
the results from MTT assay (Fig. 5D). These findings suggested 
that SIRT1 deficiency may influence the antioxidant capacity of 
Rg3 but did not affect its ability to protect against cell damage.

Rg3 and Ex527 modulate CP‑induced HK‑2 cell injury via 
the NLRP3 inflammasome. Western blot analysis revealed 
significant upregulation of NLRP3, p‑p65, caspase‑1 and ASC 
protein expression in the CP group compared with the control 
(Fig.  6A  and  B). Rg3 mitigated the CP‑induced increase 
in these proteins, suggesting an anti‑inflammatory effect. 

However, Ex527 counteracted the suppressive effects of Rg3, 
indicating a complex interaction between these compounds. 
Immunofluorescence (Fig. 6C) demonstrated the impact on 
NLRP3 expression in HK‑2 cells. Nuclei were stained blue, 
while NLRP3 protein expression was indicated by green fluo‑
rescence. CP led to an increase in NLRP3 expression, which 
was attenuated by Rg3. Ex527 reversed the Rg3‑mediated 
decrease in NLRP3 expression. Collectively, these findings 
indicated that Rg3 served an anti‑inflammatory role by modu‑
lating the inflammatory response induced by CP, potentially 
via the SIRT1 pathway. 

Discussion

The combination of CP and Rg3 showed enhanced thera‑
peutic potential against LLC cell proliferation and tumor 
growth, both in vitro and in vivo. This combination not only 
boosts anti‑tumor effects but also affects multiple biological 

Figure 6. Impact of Ex527 on expression of NLRP3, SIRT1, p‑p65, caspase‑1, IL‑1β and ASC proteins in HK‑2 cells. (A) Representative western blot images 
and (B) Quantitative analysis of western blot data. (C) Immunofluorescence of NLRP3. Magnification, x20. *P<0.05, **P<0.01, ***P<0.001. Sirt, sirtuin; p‑, 
phosphorylated; ASC, apoptosis‑associated speck‑like protein with CARD; CP, cisplatin; Rg3, ginsenoside Rg3.
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pathways, including the PI3K/Akt/mTOR signaling pathway, 
NF‑κB‑mediated epithelial‑mesenchymal transition and 
stemness, immune checkpoint PD‑L1 expression, and 
SOX2‑mediated transcriptional regulation, which is important 
for overcoming drug resistance and enhancing cancer therapy 
efficacy  (13,23‑25). The decreased LLC cell viability and 
migration and tumor size and volume in the CP + Rg3 group 
suggested inhibition of cell survival. The increased apoptosis, 
demonstrated by TUNEL assay and histopathological analysis, 
proves Rg3 ability to augment CP‑induced tumor suppression.

Rg3 modulation of apoptotic proteins in the presence of CP 
points to a potential therapeutic strategy to boost programmed 
cell death in cancer. VCAM‑1 and ICAM‑1 are cell surface 
adhesion molecules expressed on vascular endothelium that 
mediate leukocyte attachment and migration into tissue 
during inflammation (26), while MIF is a pro‑inflammatory 
cytokine that activates macrophages and sustains immune 
responses (27). Collectively, these biomarkers reflect vascular 
inflammation and endothelial activation. Downregulation of 
adhesion molecules and inflammatory pathways suggests Rg3 
could alter the tumor immune microenvironment, which is key 
for tumor progression and immune evasion.

In line with our previous study demonstrating that the 
combination of Rg3 with CP induces protective effects via 
the modulation of apoptotic and autophagic pathways in 
HK‑2 cells (17), the present study identified two additional, 
potentially associated contributors: Regulation of OCT2 and 
P‑gp transporters in controlling intracellular CP accumula‑
tion and the modulation of the SIRT1‑NLRP3 axis in tumor 
cells. While our previous study (17) established apoptosis and 
autophagy as key cytoprotective mechanisms under combina‑
tion therapy, the present findings suggest that regulation of 
intracellular drug concentration by membrane transporters 
and SIRT1‑dependent inflammatory regulation may serve as 
complementary or parallel pathways (28,29). The association 
between SIRT1 and NLRP3 activation represents a potential 
contributing mechanism rather than a definitively established 
causal association; further experimental validation, including 
genetic or pharmacological studies, is required to substantiate 
its functional role in mediating the therapeutic effects of this 
combination regimen.

Although Rg3 exhibited favorable docking scores with both 
SIRT1 and NLRP3, molecular docking only predicts puta‑
tive binding conformations in silico and does not constitute 
evidence of direct physical interactions in cellular contexts. 
Future studies should perform co‑immunoprecipitation and 
proximity ligation assays to validate direct SIRT1‑Rg3 binding. 
Although wound healing assay demonstrated cell migration, 
the present study did not perform Transwell assays to evaluate 
cell migration capacity. Furthermore, the present study did not 
perform Annexin V/PI flow cytometry analysis, necessitating 
the use of cleaved caspase as an alternative apoptosis marker.

The use of the SIRT1 inhibitor Ex527 reveals a complex 
interplay between Rg3 and SIRT1 in modulating the antioxi‑
dant response to CP‑induced oxidative stress (22,23). Ex527 
partially reversed antioxidant effects without fully abrogating 
cytoprotection. While Ex527 did not negate Rg3‑induced 
protective effects on cell viability, it did reverse the anti‑
oxidant effects of Rg3. Furthermore, Rg3 ability to mitigate 
the CP‑induced upregulation of NLRP3 inflammasome 

components suggests an anti‑inflammatory effect, which was 
partially reversed by Ex527. SIRT1 may partially contribute 
to the antioxidant effects of Rg3, but SIRT1‑independent 
pathways may serve key roles. The reversal of Rg3‑mediated 
effects by Ex527 highlighted the regulatory mechanisms and 
the importance of understanding the interplay between these 
compounds in the context of inflammation.

While the present study identified SIRT1 modulation as a 
component of Rg3‑mediated NLRP3 suppression in the LLC 
tumor microenvironment, this may be a potential contributing 
mechanism rather than a novel pathway. SIRT1 may contribute 
to the attenuation of NLRP3 inflammasome activation following 
Rg3 + CP treatment, potentially via context‑dependent deacety‑
lation events or metabolic reprogramming within tumor cells. 
However, the SIRT1‑NLRP3 regulatory axis has been previ‑
ously implicated in diverse inflammatory and oncological 
settings  (30,31). Validation requires targeted interventions 
such as SIRT1‑specific knockdown or pharmacological inhibi‑
tion in vivo. Furthermore, whether this interaction represents 
a direct molecular target of Rg3 or an indirect consequence 
of altered cell stress responses warrants detailed mechanistic 
investigation. Future studies should determine if this pathway 
functions distinctly in tumor vs. normal kidney tissue, which 
is key for optimizing the dual benefits of anti‑cancer efficacy 
and nephroprotection, ensuring effective tumor suppression 
without compromising renal function (17).

Subsequent research should focus on the clinical applica‑
tion of these findings, investigating the potential of Rg3 as 
a complement to CP chemotherapy to enhance therapeutic 
efficacy. This includes studying how Rg3 interacts with the 
SIRT1‑NLRP3 pathway and its implications for renal protec‑
tion and drug resistance modulation.

In conclusion, the present study provided a scientific basis 
for potential use of Rg3 in mitigating CP‑induced nephrotox‑
icity and enhancing the effects of CP in cancer treatment. Rg3 
may serve as a renal protector, anti‑inflammatory agent and 
potentially an anti‑tumor therapeutic agent. The present study 
provided a basis for further exploration and underscores the 
necessity of elucidating the underlying molecular mechanisms 
and sustained impact of this combinatorial therapy.
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