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ARTICLE INFO ABSTRACT

Cisplatin and its metabolites can cause severe gastrointestinal mucosal damage, leading to
varying degrees of intestinal injury in nearly all patients following administration. Although
the anti-tumor effectiveness of R-ginsenoside Rg3 (R-Rg3, a key chemical component of Shen
Yi Capsule) as the first-line drug is widely recognized in the clinic, there is less concern about
the improved effects of R-Rg3 against intestinal toxicity caused by concurrent cisplatin
chemotherapy. This study aimed to investigate the protective effects of R-Rg3 against cisplatin-
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Keywords:
R-Ginsenoside Rg3 induced intestinal toxicity and to explore its potential molecular targets and mechanisms.
Cisplatin Rats in the R-Rg3 treatment group were treated with R-Rg3 (7, 14 mg-kg ™", p.0.) for 7 days,

and a single dose of cisplatin (14 mg-kg™, i.p.) was administered via intraperitoneal injection
to rats in the cisplatin group and R-Rg3 treatment group on the 7" day. Intestinal epithelial
cell line 6 (IEC-6) were pretreated with R-Rg3 (1.25, 2.5, 5 umol-L™") for 24 h followed by cis-
platin treatment (3 pmol-L™, 24 h). The in vivo results showed that, R-Rg3 treatment for 7
days markedly alleviated cisplatin-induced oxidative stress and mitochondrial dysfunction in
vivo, while suppressing excessive autophagy and reducing intestinal damage. In IEC-6 cells, R-
Rg3 pretreatment inhibited mitophagy and promoted the restoration of lysosomal function.
Autophagy inhibitors 3-methyladenine (autophagosome formation inhibitor, 1 umol-L™") and
Bafilomycin A1 (proton pump inhibitor, 8 pmol-L™) were used to verify the mechanism of R-
Rg3 action. Importantly, application of 3-methyladenine and Bafilomycin A1 verified that R-
Rg3 could alleviate gastrointestinal dysfunction by restoring the cisplatin-induced autophagic
flux blockade. In conclusion, this study identifies a previously underappreciated protective
role of R-Rg3 against cisplatin-induced intestinal injury. Furthermore, it suggests that phar-
macological modulation of the mitochondria-lysosome axis by R-Rg3 may effectively mitigate
oxidative stress-mediated autophagic flux impairment caused by cisplatin.

Lysosomal dysfunction
Autophagic flux blockade.

1. Introduction and vomiting, all of which negatively affect treatment adhere-

nce °. Furthermore, cisplatin demonstrates antimicrobial activity

As a highly potent chemotherapeutic agent that damages
DNA, cisplatin is extensively used in the treatment of various sol-
id tumors '~. Despite its remarkable efficacy, its associated tox-
icities and side effects substantially limit its therapeutic applica-
tion >. Among these, gastrointestinal toxicity is particularly pre-
valent, with nearly all patients experiencing varying degrees of
intestinal injury following cisplatin administration. This toxicity
arises primarily from damage to the gastrointestinal mucosa
caused by cisplatin and its metabolites, which not only comprom-
ises patient quality of life but may also necessitate dose reduc-
tion or discontinuation of chemotherapy *. The intestinal epitheli-
um is especially susceptible to cisplatin-induced damage due to
its rapid turnover and high metabolic activity. Clinically, this tox-
icity manifests as mucosal injury, gastrointestinal dysmotility,

* Corresponding author.
E-mail addresses: wangzi8020@126.com (Z. Wang); 124092069@qq.com (S.
Jiang); liwei7727@126.com (W. Li)

https://doi.org/10.1016/S1875-5364(26)61100-4

against both Gram-positive and Gram-negative bacteria. This ef-
fect disrupts the distribution and function of the intestinal micro-
biota (dysbiosis), ultimately leading to severe damage to the in-
testinal mucosa °. Therefore, in addition to nephrotoxicity and
ototoxicity, the severe gastrointestinal toxicity should be given
more attention as the primary prognostic reaction.

Accumulating evidence indicates that cisplatin induces ex-
cessive production of reactive oxygen species (ROS) after enter-
ing the body. This leads to lipid peroxidation, disruption of the
antioxidant defense system, metabolic imbalance, and oxidative
damage . Consequently, excessive accumulation of lipid perox-
ides activates cellular stress responses, ultimately triggering cell
death pathways, including apoptosis, necrosis, and autoph-
agy "'’. Mitochondria, as the primary sites of cellular energy pro-
duction, are particularly vulnerable to ROS accumulation. Oxidat-
ive damage to mitochondria not only impairs their structure and
function but also promotes the formation of autophagosomes and
disrupts autophagic flux ''.When the autophagy process in-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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creases, it causes damage to Caco-2 cells, which is mediated by
the continuous activation of ROS-dependent ERK1/2 ". The main
function of lysosomes is to help cells metabolize by taking in and
dissolving unwanted cell parts, cell debris, or foreign bodies that
enter the cell. Elevated ROS levels also can compromise lyso-
somal function, prompting cells to respond to oxidative stress by
triggering autophagy " . It’s worth noting that there is a strong
association between the excessive occurrence of autophagy and
lysosomal damage or dysfunction “. Consequently, blockade of
autophagic flux due to impaired lysosomal function or excessive
autophagy was found to be a target to address cisplatin-induced
intestinal injury.

Natural products and their bioactive constituents have
shown considerable potential in mitigating cisplatin-induced in-
testinal toxicity . Ginsenosides, the primary active compounds
in the roots of Panax ginseng C. A. Meyer, exhibit diverse pharma-
cological activities, including anti-diabetic, anti-cancer, and anti-
inflammatory effects ""’. The steaming process may result in the
conversion of considerable molecular weight and high polar
saponin into small molecular weight and low polar saponin (Rg3,
Rg5, Rk1, Rz1, F4, Rgé, etc.) '*. Ginsenoside Rg3 (Rg3), a second-
ary ginsenoside derived from red ginseng (RG), exists in two epi-
meric forms: S-type ginsenoside Rg3 (S-Rg3) and R-type ginsen-
oside Rg3 (R-Rg3). Compared to S-Rg3, R-Rg3 exhibits lower po-
larity. This property makes R-Rg3 more conducive to intestinal
absorption in humans . Notably, R-Rg3 is a key chemical com-
ponent of “Shen Yi Capsule”, a novel anti-cancer drug in China.
Building upon our prior studies ' affirming the protective effect
of RG against cisplatin-induced intestinal injury, we further in-
vestigated the molecular mechanisms by which R-Rg3 protects
against cisplatin-induced intestinal toxicity. Given the clinical im-
portance of reducing chemotherapy-associated toxicity, under-
standing the mechanisms of cisplatin-induced intestinal injury
and identifying effective protective agents are of considerable sig-
nificance. In this study, we established in vivo and in vitro models
to explore the potential ameliorative effect of R-Rg3 on cisplatin-
induced intestinal injury. Our aim was to clarify the role of R-Rg3
in preventing cisplatin-induced intestinal mucosal damage and to
explore its underlying mechanisms, thereby providing a theoret-
ical basis for improving chemotherapy safety and patient out-
comes.

2. Materials and methods

2.1. Chemicals and reagents

R-Rg3 (purity = 97.5%, HPLC-UV verified) was isolated from
ginseng as previously described *’. Cisplatin (purity 299%) came
from Sigma-Aldrich (St. Louis, MO, USA). MedChemExpress Bi-
otech provided 3-methyladenine (3-MA), Bafilomycin A1, and N-
acetylcysteine (NAC), which we stored at -80 °C in the dark.
Nanjing Jiancheng Bioengineering Research Institute (Nanjing,
China) supplied kits for measuring oxidative stress markers
(MDA, LDH, CAT, SOD) and H&E staining. Beyotime Biotechno-
logy (Shanghai, China) was the source for BCA protein assay Kits,
Hoechst 33258, mitochondrial membrane potential and MPTP as-
say Kkits, and Lyso-Tracker Green. R&D Systems (Minneapolis,
MN, USA) provided DAO ELISA kits. Roche Applied Science (Ger-
many) supplied the TUNEL apoptosis detection kit. BOSTER Bio-
logical Technology (Wuhan, China) offered SABC-DyLight488/
Cy3 immunofluorescence staining kits. Cell Signaling Technology
(Danvers, MA, USA) supplied primary rabbit monoclonal antibod-
ies against Occludin, Z0O-1, Bax, Bcl-2, cytochrome C, caspases
3/9 (cleaved and total), GAPDH, Nrf2, HO-1, PINK1, ATG3/5/7,
Cathepsin B, and p62. Abclonal Technology (Wuhan, China)
provided LC3 and LAMP2 antibodies. DQ™ Red BSA was from
Thermo Fisher (Sasse, USA).
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2.2. Animal experiments

Male SPF Wistar rats (8 weeks old, weighing 250-260 g)
were procured from YISI Experimental Animal Co., Ltd. (Chang-
chun, China; Quality Certificate No. SCXK(]JI)-2023-0002). The
rats were acclimatized for one week under controlled conditions
(temperature: 23.0 = 2.0 °C, humidity: 60.0% = 10.0%, 12-h
light/dark cycle) *'. All animal experiments were strictly conduc-
ted in accordance with Chinese legislation and the Guide for the
Care and Use of Laboratory Animals (Approval number:
20230619003).

Rats (n = 10 per group) were randomly divided into four
groups: Normal (0.05% CMC-Na vehicle), cisplatin (14 mg-kg™),
Low-dose R-Rg3 (R-Rg3-L, 7 mgkg™), and High-dose R-Rg3 (R-
Rg3-H, 14 mgkg™). The R-Rg3 dose was derived from prelimin-
ary studies *, using the rat equivalent dose. R-Rg3 powder was
dissolved in 0.05% CMC-Na. Both R-Rg3 groups received daily or-
al R-Rg3 for 10 d, while the Normal and cisplatin groups received
the vehicle daily. On day 7, one hour after dosing, rats in the cis-
platin and R-Rg3 groups received a single intraperitoneal cisplat-
in injection (14 mg-kg™ in saline) to induce intestinal injury. Sev-
enty-two hours post-cisplatin injection, rats were euthanized via
abdominal aortic blood collection. Serum was obtained by centri-
fugation (3000 x g, 10 min, twice) and stored at -80 °C. Duo-
denal tissues (a representative site for injury) were immediately
collected. Tissues were rinsed in cold saline, blotted dry, and a
segment (about 2-3 cm) was fixed in 10% formalin. The remain-
ing tissue was flash-frozen in foil and stored at =80 °C.

2.3. Cell culture and treatment

IEC-6 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum (FBS)
at 37 °C and 5% CO,. Cells in the logarithmic growth phase were
used for all experiments. Cells were seeded into two 6-well plates
using complete medium (containing 10% FBS) and assigned to
either 7 or 5 treatment groups as follows: Group 1 (Normal),
Group 2 (R-Rg3 single treatment), Group 3 (NAC single treat-
ment), Group 4 (cisplatin single treatment), Group 5 (cisplatin +
R-Rg3), Group 6 (cisplatin + NAC/3-MA/Bafilomycin A1), and
Group 7 (cisplatin + R-Rg3 + NAC/3-MA/Bafilomycin A1). Cells
were pretreated with inhibitors for 30 min, and then R-Rg3
powder was dissolved in DMEM. After that, cells in groups 2, 5,
and 7 were administered with R-Rg3 for 24 h. Subsequently, cells
in groups 4, 5, 6, and 7 were treated with 3 pmol-L™" cisplatin
(dissolved in serum-free medium) and placed in an incubator
(Thermo, Waltham, USA) at 37 °C with 5% CO, for 24 h to extract
cell proteins for subsequent analysis.

2.4. Analysis of DAO and oxidative stress indicators

Serum diamine oxidase (DAO) activity serves as an indicator
of intestinal epithelial cell maturity and integrity, indirectly re-
flecting the extent of intestinal mucosal damage **. Following the
manufacturer’s protocol (R&D Systems DAO ELISA Kkits), we se-
quentially added test samples, standards, and substrate solution
to the ELISA plate. The reaction was stopped, and within 15 min,
the optical density (OD) at 450 nm for each well was measured
using a microplate reader (Bio-Tek Epoch2, CA, USA). Results
were then calculated to determine serum DAO content.

Additionally, serum levels of superoxide dismutase (SOD),
catalase (CAT), lactate dehydrogenase (LDH), and malondialde-
hyde (MDA) were quantified using commercial kits per the manu-
facturer’s instructions to evaluate oxidative stress levels.

2.5. Histopathological examinations

Formalin-fixed intestinal tissues were dehydrated through
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graded ethanol, cleared in xylene, and embedded in paraffin. Sec-
tions (5 pum) were prepared using a rotary microtome (Leica,
RM2235, Solms, Germany) and stained with H&E. Histopatholo-
gical changes were examined under a light microscope (Leica,
DM750, Solms, Germany). Finally, intestinal villi injury and crypt
loss were classified and scored based on their percentage using
semi-quantitative methods.

2.6. Immunofluorescence staining

As described previously **, 5-um-thick intestinal tissue sec-
tions were deparaffinized and dehydrated. Sections underwent
antigen retrieval in citrate buffer (0.01 mol-L™", pH 6.0) for 8 min,
followed by three PBS washes. Non-specific staining was blocked
by incubating sections with 1% bovine serum albumin (BSA) for
30 min. After removing excess liquid, primary antibodies against
Bcl-2 and Bax (diluted 1:200) were applied to sections and in-
cubated overnight at 4 °C. The next day, sections were washed
three times with PBS and then incubated with Dylight 488-
labeled secondary antibody (1:400) for 30 min in the dark. Sub-
sequently, DAPI solution was added under identical conditions
and incubated at room temperature for 20 min. Sections were
then washed three times with PBS (10 min each). Finally, images
were captured using a Leica TCS SP8 microscope (Germany) and
analyzed using Image-Pro Plus 6.0 software (Media Cybernetics,
USA).

2.7. Hoechst 33258 and TUNEL staining analysis

Apoptosis in intestinal tissues was evaluated using TUNEL
staining and Hoechst 33258 analysis. Sections (5 um thick) were
treated with 10 pg'mL™ Hoechst 33258 solutionand sub-
sequently washed three times with PBS (10 min per wash). Cell
nuclear morphology and apoptotic status were then observed un-
der dark conditions using a Leica microscope (Leica TCS SP8,
Solms, Germany). Increased nuclear brightness indicated posit-
ive staining, and the ratio of positively stained cells to normal
cells was calculated. For TUNEL staining, tissue sections under-
went deparaffinization with xylene and rehydration through
graded ethanol solutions prior to staining according to the manu-
facturer’s protocol (TUNEL Apoptosis Detection Kit, Roche Ap-
plied Science, Shanghai, China).

2.8. Eukaryotic reference transcriptome

Total RNA was isolated from duodenum using TRIzol® Re-
agent (Magen) following the manufacturer’s protocol. RNA qual-
ity was assessed using a Nanodrop ND-2000 (A260/A280 ratio)
and an Agilent Bioanalyzer 4150 (RIN values). Only high-quality
RNA was used for library construction. Differentially expressed
genes (DEGs) were identified using DESeq2 (|log,FC| > 1 and
P,qj < 0.05). KEGG pathway enrichment analysis of DEGs was con-
ducted using clusterProfiler to identify functionally enriched
pathways (significance threshold: P < 0.05).

2.9. ROS staining

The relative intracellular ROS levels can be determined by
fluorescence assays (DCFH -DA assays, Wanlei Biotechnology,
China). IEC-6 cells were inoculated in a 6-well plate containing
10% FBS complete medium and grew in an incubator until the
logarithmic growth phase. After successive treatments with R-
Rg3 and cisplatin, the IEC-6 cells were incubated with 1.0
umol-L™* DCFH-DA for 30 min at 37 °C in the dark. After 30 min,
we removed the medium and washed the cells with PBS 3 times
to sufficiently remove DCFH-DA that did not enter the cells. After
that, the 6-well plate was placed on the Leica microscope (Leica,
DMIL LED, Germany) for imaging.
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2.10. Mitochondrial membrane potential detection (JC-1)

Cells were plated in a 6-well plate and treated sequentially
with R-Rg3 and cisplatin. The culture medium was discarded, and
cells were washed once with 1 mL PBS. Subsequently, 1 mL of cell
culture medium and 1 mL of JC-1 working solution were added to
each well. After gentle mixing, the plate was incubated at 37 °C
for 20 min. Following incubation, the supernatant was aspirated,
and cells were washed twice with JC-1 staining buffer (10 min per
wash). Mitochondrial membrane potential changes were ana-
lyzed using a fluorescence microscope (Leica DMIL LED, Ger-
many).

2.11. Detection of cell apoptosis and MPTP

Cells were seeded in 6-well plates and treated with R-Rg3
and cisplatin. After treatment, cells were trypsinized and trans-
ferred to 2 mL centrifuge tubes. The cells were washed with 1-2
mL PBS and centrifuged at 300 x g for 10 min (15 mL tube), after
which the supernatant was discarded. The cell pellet was resus-
pended in 100 pL of 1x binding buffer. Subsequently, 5 pL of FITC
was added, gently mixed, and incubated in the dark for 10 min.
Then, 5 pL of propidium iodide (PI) was added, mixed, and incub-
ated in the dark for an additional 5 min. Finally, 300-500 pL PBS
was added, and the samples were gently mixed prior to flow cyto-
metry analysis.

For mitochondrial permeability transition pore (MPTP) ana-
lysis, samples underwent the same initial processing as de-
scribed for apoptosis detection. After trypsinization and centrifu-
gation (1000 x g, 5 min), the supernatant was discarded. Cells
were resuspended in detection buffer containing Calcein AM
staining solution, fluorescence quenching working solution, or
Ionomycin control (for single-cell suspensions at 1 x 10°
cells/mL; 1 mL per sample). A negative control group (detection
buffer only) was included. Samples were incubated at 37 °C
for 30 min in the dark. After incubation, cells were centrifuged
(1000 x g, 5 min), washed with 1 mL detection buffer, and centri-
fuged again. The final cell pellet was resuspended in 400 pL de-
tection buffer. Samples were kept on ice and analyzed by flow
cytometry within 1 h.

2.12. Western blotting analysis

To investigate R-Rg3’s protective mechanism against cisplat-
in-induced intestinal injury, we analyzed pathway proteins by
western blotting *. We homogenized intestinal tissues or IEC-6
cells in RIPA buffer containing protease to extract proteins. Equal
protein amounts underwent separation via 6%-15% SDS-PAGE
and were electrophoretically transferred to PVDF membranes.
Membranes were blocked with 5% BSA for 2 h at room temperat-
ure and then washed three times with TBST (5 min each). The
membranes were incubated overnight at 4 °C with primary anti-
bodies against Occludin Occludin (1:1000), ZO-1 (1:1000), Bax
(1:2000), Bcl-2 (1:2000), cyt-C (1:1000), caspase 9 (1:1000),
cleaved-caspase 9 (1:1000), caspase 3 (1:1000), cleaved-cas-
pase 3 (1:1000), GAPDH (1:2000), Nrf2 (1:1000), HO-1
(1:1000), PINK1 (1:2000), Parkin (1:1000), LC3 (1:1000),
ATG3 (1:1000), ATG5 (1:1000), ATG7 (1:1000), LAMP2
(1:2000), Cathepsin B (1:1000), and p62 (1:1000). After wash-
ing with TBST, membranes were incubated with HRP-conjugated
secondary antibodies for 1 h at room temperature. Protein bands
were visualized using an enhanced chemiluminescence (ECL)
substrate and quantified using Image-Pro Plus 6.0 software.

2.13. Lysosomal function assessment

(1) A 1 mg-mL™" stock solution of DQ™ Red BSA was pre-
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pared by dissolving the contents of the vial in 1 mL PBS buffer at
an appropriate pH (pH 7.0-8.0). Cells were incubated with the
staining solution for 2 h. After incubation, the medium was dis-
carded, and cells were washed with prewarmed PBS buffer 1-2
times (5 min each wash).

(2) Lyso-Tracker Green working solution was prepared by
adding 1 pL Lyso-Tracker Green to 13.33 mL of cell culture medi-
um. After removal of the original culture medium, cells were in-
cubated with the prewarmed Lyso-Tracker Green working solu-
tion at 37 °C for 30 min. The staining solution was then removed,
and fresh culture medium was added.

Fluorescence images were subsequently captured using an
inverted fluorescence microscope (Leica DMIL LED, Germany).

2.14. Statistical analysis

All data are presented as mean * standard deviation (Mean *
SD) derived from independent experiments. Statistical analyses
were performed using one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni post hoc test. Histopathological data were
analyzed using a nonparametric test (Ridit analysis). Statistical
graphs were generated using GraphPad Prism 8.0.2 software
(GraphPad Software, Inc., San Diego, USA). A value of P < 0.05
was considered statistically significant.

3. Results

3.1. R-Rg3 ameliorated cisplatin-induced intestinal mucosal dam-
age in rats

As depicted in Fig. 1A, rats in the cisplatin group (14
mg-kg™?) exhibited a progressive decline in body weight com-
pared with the normal group. This weight loss was significantly
alleviated by R-Rg3 treatment, particularly at the high dose (P <
0.05 or P <0.01). Serum DAO level is an important indicator re-
flecting the integrity of the intestinal wall structure (Fig. 1B). The
results showed that DAO level was significantly elevated in the
cisplatin group, indicating severe damage to the intestinal wall
tissue structures (P < 0.01). In contrast, DAO level in the high-
dose R-Rg3 group was significantly reduced compared with that
in the cisplatin group (P < 0.01). In addition, the expression levels
of Occludin and Z0-1, which reflect intestinal tight junction integ-
rity and barrier damage, were significantly upregulated by R-Rg3
treatment in rats with cisplatin-induced intestinal injury (P <
0.05 or P < 0.01; Figs. 1C-1D).

H&E staining was subsequently used to further evaluate the
protective effect of R-Rg3 on cisplatin-induced mechanical barri-
er damage. As shown in Fig. 1E, intestinal absorptive cells in the
normal group were neatly arranged, with the brush border ap-
pearing as obvious thin strips. Intestinal crypt cells remained in-
tact, and vacuolated goblet cells were evenly distributed on the
surfaces of both crypts and villi. After cisplatin exposure, intestin-
al epithelial cells became irregularly arranged and showed evid-
ent mucosal injury. The intestinal glands were markedly distor-
ted, villus length was reduced, and crypt cells were notably ab-
lated, indicating severe intestinal injury (P < 0.01). In contrast,
the small intestinal absorption cells in the R-Rg3-H group exhib-
ited a neatly arrangement. The damage of crypt cells and goblet
cells were reduced, and the extent of distortion in intestinal
glands was notably less than that observed in the cisplatin group
(P < 0.01). These results indicated that supplementation of R-Rg3
could protect the intestine from cisplatin-induced intestinal
mechanical barrier breakage.

Apoptosis, a highly regulated process of cell loss, holds a
pivotal role in maintaining the homeostasis of body tissues. As
depicted in Figs. 2A-2B, cisplatin substantially elevated the ex-
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pression of key apoptosis executors (cyt-C), apoptotic proteases
(caspase 3, and Bax). Following 10 days of oral administration of
R-Rg3, the overexpression of these pro-apoptotic proteins was
significantly reversed, accompanied by upregulation of the anti-
apoptotic protein Bcl-2. Analysis of Hoechst 33258 and TUNEL
results (Figs. 2A-2B) revealed a significantly higher apoptotic
rate of intestinal epithelial cell nuclei in the cisplatin group than
in the normal group (P < 0.01). Notably, R-Rg3 treatment
markedly alleviated the cisplatin-induced positivity of Hoechst
33258 and TUNEL cell expression levels (P < 0.01). Immunofluor-
escence also revealed similar results (Figs. 2C-2D). Consistently,
similar changes in apoptosis-related protein expression were ob-
served at the cellular level (Figs. 2E-2F). Flow cytometry further
demonstrated that the apoptosis rate induced by cisplatin was
significantly attenuated after treatment with R-Rg3 (Figs. 2G-2H)
(P<0.010rP<0.001).

3.2. R-Rg3 alleviated ROS-mediated mitochondrial dysfunction and
inhibited autophagy

Transcriptome analysis was performed comparing the cis-
platin group with the normal group (Figs. 3A-3B). Enrichment
analysis of differentially expressed genes showed significant as-
sociation with oxidative stress-related pathways, suggesting that
alleviation of oxidative stress and mitochondrial dysfunction may
underlie the therapeutic effect of R-Rg3 against cisplatin-induced
intestinal toxicity. As shown in Figs. 3C-3E, the cisplatin group
exhibited significantly reduced antioxidant enzyme activities, in-
cluding SOD and CAT, together with a marked increase in MDA
content (P < 0.01 or P < 0.001), which showed severe oxidative
damage. In contrast, the R-Rg3 group reversed this phenomenon
(P < 0.05 or P < 0.01). At the same time, the in vitro results
showed that R-Rg3 dose-dependently reduced the increase in
MDA content and LDH activity in IEC-6 cells induced by cisplatin
while recovering SOD activity (Figs. 3F-3H) (P < 0.05 or P < 0.01).
Similarly, in Figs. 31-3], R-Rg3 dose-dependently reduced intra-
cellular ROS levels.

Oxidative stress readily induces mitochondrial damage and
disrupts mitochondrial homeostasis, thereby affecting cellular
processes. The PINK1/Parkin signaling pathway plays a critical
role in mitochondrial dysfunction. When mitochondria are dam-
aged, PINK1 activates Parkin to initiate autophagy. In addition,
Parkin-mediated ubiquitination promotes targeted recruitment
of LC3, thereby facilitating autophagy. As illustrated in Figs.
4A-4B, cisplatin significantly upregulated the expression of
PINK1 and Parkin proteins in the duodenum (P < 0.01 or P <
0.001), and this response was effectively reversed by R-Rg3 treat-
ment (P < 0.001). To investigate whether R-Rg3 can mitigate cis-
platin-induced autophagy, we conducted immunofluorescence
analysis for the autophagy marker (LC3). As depicted in Figs.
4C-4D, R-Rg3 significantly reduced the fluorescence intensity of
the LC3 protein (P < 0.01), suggesting that R-Rg3 may intervene
in the autophagy process. Consistent with the in vivo findings R-
Rg3 also alleviated the cisplatin-induced overexpression of
PINK1, Parkin, and LC3 in vitro (Figs. 4E-4F) (P < 0.05, P < 0.01,
or P <0.001). Assessment of mitochondrial permeability trans-
ition pore (MPTP) opening and JC-1 staining further showed that
R-Rg3 effectively restored mitochondrial function and concomit-
antly reduced apoptosis (Figs. 4G-4H). The above results sugges-
ted that R-Rg3 ameliorates cisplatin-induced oxidative stress-me-
diated mitochondrial dysfunction and suppresses autophagy.
Moreover, since autophagy can trigger programmed cell death
and apoptosis is itself a programmed cell death process, these
findings are consistent with the previous apoptosis results.

To examine the pivotal role of oxidative stress in cisplatin-in-
duced injury, we introduced NAC, a ROS inhibitor, and assessed
the protein expression related to oxidation, autophagy, and apop-
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tosis. As depicted in Fig. 5, NAC significantly reduced ROS produc-
tion and concurrently increased the expression of Nrf2 and its
cytoprotective downstream enzyme HO-1, both key regulators of
oxidative stress response genes (P < 0.05 or P < 0.01). Simultan-
eously, NAC markedly restrained the protein expression levels of
autophagy factors (ATG5, ATG7, LC3) and apoptotic factors (cas-
pase 3 and Bax), while augmenting the expression levels of the
anti-apoptotic factor Bcl-2 protein (P < 0.05, P < 0.01, or P <
0.001). These results demonstrated at the cellular level that oxid-
ative stress is a pivotal target influencing autophagy and apoptos-
is. R-Rg3 and NAC collaboratively inhibited oxidative stress oc-
currence, thereby mitigating cisplatin-induced damage.

3.3. R-Rg3 promoted the restoration of lysosomal function and re-
lieved autophagy flux blockade to ameliorate intestinal injury

The regulatory effect of R-Rg3 on autophagy in intestinal tis-
sue was detected. The results showed that R-Rg3 treatment
markedly suppressed the protein expression levels of ATG3,
ATGS5 and ATG7 (Figs. 6A-6B, P < 0.01, or P <0.001). Further-
more, R-Rg3 exhibited a notable dose-dependent attenuation of
cisplatin-induced overexpression of autophagic proteins in the in
vitro model of cisplatin-induced injury (Figs. 6C-6D, P < 0.05, P <
0.01, or P <0.001). The p62 protein plays a pivotal role in intra-
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cellular waste clearance and maintenance of cellular homeostasis.
In the cisplatin-treated group, p62 protein expression was elev-
ated, indicating accumulation of autophagosomes induced by cis-
platin. Subsequent treatment with R-Rg3 resulted in a significant
reduction in the expression of p62 protein (Figs. 6E-6F), suggest-
ing that R-Rg3 effectively mitigates cisplatin-induced autophago-
some accumulation in IEC-6 cells in a dose-dependent manner
(P<0.05,P<0.01, or P <0.001). The accumulation of autophago-
somes in cells is often caused by impaired fusion with lysoso-
mes *°. We therefore speculated that lysosomal function was im-
paired in the cisplatin group, preventing effective fusion with ac-
cumulated autophagosomes and leading to autophagosome
buildup. Analysis of lysosomal functional proteins, including
LAMP?2 and Cathepsin B, supported this hypothesis (Figs. 6E-6F),
and R-Rg3 demonstrated a dose-dependent restoration of lyso-
somal function, aligning with our speculation (P < 0.05, P < 0.01,
or P < 0.001). Moreover, we evaluated lysosomal function
through DQ™ Red BSA and Lyso-Tracker Green staining (Figs.
6G-6H). The groups treated with different doses of R-Rg3 exhib-
ited stronger fluorescence of DQ™ Red BSA/Lyso-Tracker Green
compared to the cisplatin-treated group (P < 0.01, or P < 0.001).
This fluorescence enhancement indicated that R-Rg3 effectively
promotes lysosomal digestion function and enhances lysosomal
acidity in IEC-6 cells in a dose-dependent manner.
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3-MA inhibits the initiation of autophagy, while Bafilomycin
acts downstream of autophagy by inhibiting acidification, pro-
tein degradation within cellular lysosomes, and blocking the
binding of autophagosomes and lysosomes. The results revealed
that in the cisplatin combined with 3-MA group, the levels of
autophagy marker proteins (ATG3, ATG5, ATG7 and LC3) were
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markedly lower than those in the cisplatin alone group, provid-
ing evidence that 3-MA could effectively block the initiation of
autophagy. In Figs. 7A-7B, following treatment with R-Rg3 or 3-
MA, the autophagy marker protein exhibited a significant reduc-
tion, and in the R-Rg3 combined with 3-MA treatment group, the
autophagy protein level was further diminished (P < 0.05, P <
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0.01, or P < 0.001). However, 3-MA treatment failed to increase
the expression of lysosomal functional proteins LAMP2 and CTSB
or decrease p62 expression, indicating that autophagic flux block-
ade still persisted (Figs. 7C-7D). This further confirmed that the
cisplatin treatment disrupted the lysosomal function, while the R-
Rg3 treatment reversed this phenomenon. To further support
this conclusion, bafilomycin A1, a proton pump inhibitor, was
also used. As shown in Figs. 7E-7F, in the presence of bafilomy-
cin Al, the R-Rg3 + bafilomycin group showed significantly in-
creased expression of lysosomal functional proteins compared
with the cisplatin + bafilomycin group, accompanied by reduced
p62 expression (P < 0.01, or P < 0.001). These findings suggest an
antagonistic interaction between R-Rg3 and Bafilomycin. The res-
ults were further validated through DQ™ Red BSA and Lyso-
Tracker Green staining (Figs. 7G-7H, P < 0.05, P < 0.01, or P <
0.001). These results collectively confirm that R-Rg3 exerts in-
testinal protective function by upregulating lysosomal function
and restoring the autophagy flux blockade induced by cisplatin.

4. Discussion

Cancer has become the number one Killer that seriously
threatens human health. In efforts to curb the rapid proliferation
of tumor cells, a plethora of anti-cancer drugs has emerged.
Among them, cisplatin, an inorganic platinum chemotherapeutic
drug, stands out as a widely utilized treatment for various solid
organ tumors °_*°. However, as a cytotoxic drug, while effect-
ively eliminating tumor cells, cisplatin also inflicts damage on
normal human cells, particularly mucosal cells with a higher rate
of proliferation, such as oral mucosa and gastrointestinal muc-
osa *’. Mucosal damage triggers the generation of numerous ROS,
disrupts the regular functioning of mitochondria, and sets off a
cascade of molecular signaling pathways, including apoptosis and
autophagy **”. Our previous studies had substantiated that R-
Rg3 possesses commendable antioxidant and anti-apoptotic
activities %, which provided an important entry point for us to
study R-Rg3’s antagonism of cisplatin intestinal toxicity. In this
study, oxidative stress and its induced excessive autophagy play a
key role in the intestinal toxic response induced by cisplatin. R-
Rg3 can improve mitochondrial dysfunction, promote the recov-
ery of lysosomal function by eliminating the high accumulation of
oxygen free radicals, thus improving the intestinal injury caused
by cisplatin.

To investigate the potential of R-Rg3 in modulating cisplatin-
induced intestinal injury, our initial assessments involved monit-
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oring the body weights and DAO levels of rats. Research has
demonstrated that the elevated expression levels of serum
DAO are indicative of damage and necrosis in intestinal mucosal
cells **. Tight junction proteins, Z0-1 and Occludin, play a crucial
role in sealing the gaps between adjacent epithelial cells, prevent-
ing the passage of bacteria and toxins produced in the intestinal
lumen to reach the lamina propria ***°. Our results indicate that R-
Rg3 treatment significantly increased the protein expression of
Z0-1 and Occludin while reducing DAO levels. This suggests that
R-Rg3 can decrease intestinal mucosal permeability and alleviate
damage to the intestinal mucosal barrier. Combining these bio-
chemical markers, it was not difficult to demonstrate that R-Rg3
treatment significantly reduced the mechanical barrier damage
caused by cisplatin treatment. Moreover, we observed that R-Rg3
substantially attenuated cisplatin-induced alterations in the ul-
trastructure of intestinal villi and crypts.

Oxidative stress is a prevalent cytotoxic mechanism of cis-
platin *. Cisplatin induces oxidative stress by generating ROS
such as hydroxyl free radicals, superoxide, etc. Oxidative stress
induces lipid peroxidation of polyunsaturated fatty acids (PUFA)
in intestinal epithelial cells, thereby destroying the structural in-
tegrity of the biofilm and diminishing the physiological function
of cells, or even causing their loss *’. This experiment confirmed
that R-Rg3 treatment inhibited the production of ROS and re-
stored the activity of antioxidant enzymes (SOD and CAT),
demonstrating its ability to counteract cisplatin-induced oxidat-
ive stress. The content of MDA reflects the body’s lipid peroxida-
tion and indirectly indicates the degree of cell damage **. LDH is a
stable cytoplasmic enzyme that is rapidly released outside the
cells when the cell membrane is damaged, making it a reliable in-
dicator of cell damage. The reduction of MDA and LDH indicated
that the treatment of R-Rg3 reduced the destruction of biological
macromolecules (such as proteins and lipids), thus supporting
the report that R-Rg3 has been shown to have an excellent antiox-
idant effect. Nrf2/HO-1, a vital endogenous anti-oxidative stress
pathway, plays a crucial role in responding to oxidative stress *.
Elevated levels of ROS inhibit the expression of Nrf2, and as a
downstream protein regulated by Nrf2, HO-1 can assist Nrf2 in
attenuating cisplatin-induced oxidative stress. R-Rg3 and NAC ac-
ted synergistically and jointly activated the Nrf2-mediated anti-
oxidant mechanism. Simultaneously, antagonizing oxidative
stress can alleviate mitochondrial dysfunction and eliminate the
aggravation of apoptosis caused by excessive autophagy, which
verifies the pivotal role of oxidative stress in cisplatin injury.

Elevated levels of ROS can disrupt mitochondrial homeostas-
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is, leading to cellular dysfunction *~*'

. Maintaining the balance of

mitochondrial homeostasis requires processes such as mitochon-
drial fission (autophagy) *, which plays a central role in mito-
chondrial quality control. PINK1, a protein kinase closely associ-
ated with mitochondrial function, plays a crucial role in regulat-
ing mitochondrial occurrence and functioning **. In this study, ex-
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posure to cisplatin made damaged mitochondria could not de-
grade PINK1, causing it to be abnormally activated. PINK1 was
activated to promote the mitochondrial gene Parkin’s recruit-
ment and activation from the cytoplasm to the damaged mito-
chondrial outer membrane. Parkin ubiquitinates various pro-
teins on the outer membrane of mitochondria, and selective auto-
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phagy adaptor protein binds to ubiquitinated proteins and auto-
phagy-related protein LC3-II, thus initiating autophagy degrada-
tion of damaged mitochondria. In the presence of R-Rg3, the
change of the PINK1/Parkin signal was partially offset, indicating
that R-Rg3 could improve mitochondrial dysfunction, thereby al-
leviating cisplatin damage and the results of JC-1 and MPTP also
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support this point.

Under normal circumstances, autophagy serves as a crucial
mechanism for maintaining cellular homeostasis and adapting to
environmental changes. Nevertheless, under certain circum-
stances, such as exposure to external stimuli, there can be aber-

rant activation of autophagy signaling pathways, leading to the
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continuous increase of autophagy **. This aberrant activation of
autophagy can potentially cause damage and dysfunction to or-
ganelles, as critical organelles may be erroneously engulfed with-
in autophagosomes for degradation. Secondly, excessive auto-
phagy may also lead to energy depletion of cells, may eventually
trigger cell death, one form of which is through the apoptotic
pathway. The effective fusion of lysosomes with autophagosomes
is a prerequisite for the clearance of waste from mitochondria .
Simultaneously, lysosomal dysfunction can hinder the fusion of
autophagosomes with lysosomes, leading to the blockade of auto-
phagic flux. This impediment prevents the effective degradation
of autophagosomes, exacerbating the buildup of intracellular
*, In this paper, by introducing autophagy initiation inhib-
itor 3-MA and proton pump inhibitor Bafilomycin A1, we demon-
strated that R-Rg3 safeguarded against cisplatin-induced intestin-
al injury by fostering the restoration of lysosomal function and
further alleviating the autophagic flux blockade.

waste

5. Conclusions

In summary, this study not only identified an unrecognized
protective role of ginsenoside R-Rg3 in cisplatin-induced intestin-
al injury, but also suggested that pharmacological modulation of
R-Rg3 on mitochondria-lysosomes may effectively alleviate cis-
platin-induced oxidative stress-mediated autophagic flux block-
ade (Fig. 8).

s
1 Autophagy flux

blocked

iy

s

fLysosome biogenesis «— R-Rg3

Fig. 8 The molecular mechanism of R-Rg3 antagonizing cisplatin-induced intest-
inal toxicity. Image created with BioRender.com, with permission.
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