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Gambogic acid induces cell death 
via covalent binding with PRDX1 to regulate ER 
stress and autophagy
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Abstract 

Background  Gambogic acid (GA) is a natural bioactive compound derived from Garcinia hanburyi Hook. F, 
has proven anticancer activity and is currently in Phase II clinical trials for the treatment of cancer. However, 
the molecular mechanisms and targets underlying GA’s anti-renal cell carcinoma effects remain unclear.

Methods  CCK-8 assay evaluated kidney cancer cell viability via formazan formation. Flow cytometry identified 
apoptotic cells using characteristic fluorescence signals. Western blotting assessed autophagy- and apoptosis-
related protein expression through extraction, SDS-PAGE, transfer, and antibody detection. JC-1 assay determined 
mitochondrial health by measuring red-to-green fluorescence ratio in kidney cancer cells. The production of reactive 
oxygen species (ROS) was quantified through CM-H2DCFDA staining. Additionally, a range of techniques, such 
as proteomics, activity-guided protein profiling (ABPP), and cellular thermal stability assays (CETSA), were employed 
to ascertain the molecular targets involved.

Results  GA induces cell death by inducing ER stress and modulating autophagy. GA-induced autophagy is involved 
in ER stress activation. Importantly, GA-induced ER stress and subsequently cell death is caused by increased ROS 
levels. Mechanistic studies show that peroxiredoxin-1 (PRDX1), a key antioxidant enzyme, is a directly covalent binding 
target of GA, and overexpression of PRDX1 mitigates GA-induced ROS production and subsequently cell death.

Conclusion  The study identified PRDX1 is a potential directly covalent binding protein of gambogic acid, 
and elucidated its mechanism for inducing cell death that involving in ROS-mediated ER stress and autophagy 
regulation. The results obtained offer fresh perspectives on the mechanisms underlying the cytotoxic effects induced 
by gambogic acid, further suggesting that PRDX1 may represent a promising candidate for targeted therapy 
in the development of novel anticancer agents, notably for the treatment of kidney cancer.
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Introduction
Natural products isolated from herbal medicine have 
been a valuable resource for anti-cancer drug discoveries. 
GA (C38H44O8, MW 628.76 g/mol), a polyisopentenyl 
xanthone from Garcinia cambogia, shows nM-range 
anti-tumor activity against various cancers, highlighting 
its potential in cancer treatment and research [1]. GA 
exerts its antitumor effects through multiple molecular 
mechanisms, including inducing apoptosis [2], inhibiting 
the cell cycle [3], blocking angiogenesis [4], triggering 
ferroptosis [5], and modulating immune responses [6]. 
Breakthrough in the anti-cancer studies mainly focused 
on breast, lung, and liver cancers, while knowledge about 
the effects of GA in renal cancer cells remains largely 
unclear [7–9]. Renal cell carcinoma (RCC) ranks among 
the most prevalent urological malignancies, accounting 
for 2–3% of global cancer incidence while demonstrating 
an aggressive clinical course, with mortality rates 
reaching 30–40% [10]. Currently, the treatment 
strategies for RCC involve a multidisciplinary and 
multimodal comprehensive approach, including surgery, 
targeted therapy, immunotherapy, chemotherapy, and 
personalized combination therapy [11]. Both in  vitro 
and in vivo research has shown that GA effectively halts 
tumor growth by targeting various molecules, such as 
proteins belonging to the B-cell lymphoma 2 (Bcl-2) 
family [12], thioredoxin-1/2 (TRX-1/2) and thioredoxin 
reductase 1 (TrxR1) [13, 14], inhibitory kappa B kinase 
(IKK) [15], heat shock protein 90 (Hsp90) [16], steroid 
receptor coactivator-3 (SRC-3) [17], and the transferrin 
receptor (TfR) located on the cell surface [18]. The 
collective effects of these targeted actions contribute 
significantly to the suppression of numerous tumor types. 
Despite notable advancements in pinpointing the GA’s 
anticancer properties, its potential direct binding targets 
and underlying mechanisms has yet to be thoroughly 
investigated.

Reactive oxygen species (ROS), which are naturally 
produced as a by-product of aerobic respiration within 
cells, exhibit a dual nature in cellular biological processes, 
functioning both as essential signaling molecules and 
as potential mediators of cellular damage. For instance, 
hydrogen peroxide (H2O2) can function as the signalling 
molecule selectively modifying and regulating the 
function of many proteins, which thus supports cell 
behaviour. Elevated concentrations of ROS can result in 
harm and toxicity to cellular components such as DNA, 
proteins, and lipids [19]. Moreover, ROS-induced ER 
stress also critical for inducing cell death. To control 
ROS, cells adopt an intricate antioxidant system such 
as superoxide dismutases (SODs), catalase (CAT), 
peroxiredoxins (PRDXs) and glutathione peroxidases 
(GPXs). PRDXs abundant thiol-dependent peroxidases 

that convert H2O2 to water using thioredoxin (TRX) and 
NADPH [20, 21]. Expressions of most PRDX proteins 
in various cancers are increased and may provide new 
targets for treatment.

ER stress and autophagy are two important processes 
that regulate cell homeostasis. Unfolded or misfolded 
proteins accumulated in the ER induces unfolded 
protein respons (UPRs) to ensure the authenticity and 
integrity of proteins. The heat shock protein family 
A (Hsp70) member 5 (BIP; GRP78), which is found 
in the lumen of the endoplasmic reticulum (ER), 
serves as a key regulator. It accomplishes this through 
its interaction with three transmembrane proteins 
situated in the endoplasmic reticulum (ER): ATF6 
(activating transcription factor 6), IRE1 (inositol-
requiring enzyme 1), and PERK (protein kinase R-like 
endoplasmic reticulum kinase) [22, 23]. Autophagy is a 
cellular mechanism that promotes the breakdown and 
recycling of cellular components. Autophagy exhibits 
a dualistic role in oncogenesis that is strictly dependent 
on tumor stage and microenvironmental context. During 
tumor initiation, this lysosomal degradation pathway 
serves as a critical tumor suppressor mechanism by 
eliminating potentially oncogenic protein aggregates and 
dysfunctional mitochondria through selective autophagy 
(e.g., mitophagy), thereby preserving genomic integrity. 
Paradoxically, established tumors co-opt autophagic flux 
to sustain their metabolic demands during therapeutic 
challenge and metastatic dissemination, particularly 
under hypoxic and nutrient-deprived conditions 
characteristic of the tumor niche [24]. The interplay 
between ER stress signaling and autophagy constitutes 
a critical regulatory axis determining cellular fate, with 
both pathways demonstrating significant involvement 
in cell death mechanisms. However, whether and how 
of these two processes are involved in GA-induced cell 
death are unclear.

Activity-based protein profiling (ABPP) is increasingly 
being recognized as a powerful approach that combines 
activity-based probes with proteomics technologies, 
enabling the investigation of the protein targets of small 
bioactive molecules [25, 26]. Small molecules that are 
modified by probes maintain their pharmacological 
function to covalently attach to targets, serving the probe 
as the reporter group. This approach has contributed 
to understanding the pharmacology and side effects of 
various bioactive compounds, including curcumin, and 
aspirin [27, 28].

In this study, by using clear cell renal cell carcinoma as 
a cell model, we explored the mechanisms through which 
GA induce cell death. By integrating proteomics, ABPP 
study, and cellular and molecular studies, we reveal that 
GA covalently binds to PRDX1 and suppresses its activity, 
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which leads to an increase in ROS levels and subsequent 
modulating ER-stress and autophagy for apoptotic 
cell death. This revelation illuminates the fundamental 
mechanism of GA’s antitumor activity and underscores 
its potential as a potent anticancer drug, paving the way 
for innovative advancements in cancer therapy.

Materials and methods
Cell culture
Human renal clear cell adenocarcinoma cell line 786-O 
(CL-0010) was purchased from Wuhan Prosperity 
Life Science and Technology Co Ltd (Wuhan, China). 
Cells were kept at 37 °C with 5% CO2 in an incubator 
and grown in RPMI-1640 medium (Gibco, 11875093) 
enriched with 10% fetal bovine serum (ExCell, 16140071) 
and 100 U/mL of penicillin–streptomycin. The cells 
were passaged at intervals when they reached 80–90% 
confluence.

Reagents
Cell viability kit-8 (CCK-8) (C0037) was obtained from 
Beyotime Biotech (Nanjing, China). 4-Phenylbutyric 
acid (4-PBA) (S3592), N-Acetylcysteine (NAC) (S1623) 
were purchased from SelleckChem (Houston, USA). 
Membrane Linker V and Propidium Iodide (PI) Apoptosis 
Detection Kit (KGA1013) was sourced from KeyGEN 
BioTECH (Nanjing, China). Gambogic acid (A0820) was 
purchased from Must Biotechnology (Chengdu, China). 
Torin1 (A8312), and Chloroquine (CQ) (S6999) were 
purchased from SelleckChem (Houston, USA). Reagents 
for click chemistry and LC–MS/MS analyses comprised 
the following: TAMRA azide (catalog number T10182), 
biotin azide, and Tris[(1-hydroxypropyl-1H-1,2,3-
triazol-4-alkyl)methylamine] (THPTA), all obtained 
from ClickChemistryTools in the USA (product number 
762342). Sodium ascorbate (NaVc) and copper sulfate 
(CuSO4) were acquired from Aldrich, a subsidiary of 
Sigma-USA. High-capacity neutral Streptavidin agarose 
beads (SA004100), triethylammonium bicarbonate 
(TEAB), and sequencing-grade modified trypsin were 
sourced from Thermo USA. Additionally, the PierceTM 
BCA Protein assay kit (catalog number 23225) was used 
for protein quantification, also from Thermo Fisher 
Scientific, USA. The ROS indicator, 2′,7′-dichlorodihy
drofluorescein diacetate (DCFH-DA), with the product 
code E004-1-1, was purchased from Beyotime Biotech in 
Nanjing, China. Iodoacetamide-yne (IAA-yne) (I10189) 
from Thermo fisher (Massachusetts, USA). Rabbit anti-
mouse antibody Bcl-2 (60178-1-lg), rabbit anti-mouse 
antibody BIP (11587-1-AP), rabbit anti-mouse antibody 
PRDX1 (15816-1-AP), rabbit anti-mouse antibody 
CHOP (15204-1-AP) Proteintech (Wuhan, China). 
Rabbit anti-mouse antibody Cle-caspase 3 (9664), mouse 

anti-mouse antibody GAPDH (2118S), rabbit anti-mouse 
antibody ATF4 (11815S), rabbit anti-mouse antibody 
eIF2α (5324S) and rabbit anti-mouse antibody p-eIF2α 
(9721S) were purchased from Cell Signaling Technology 
(Massachusetts, USA). Sheep anti-rabbit IgG (A0208) 
and sheep anti-mouse IgG (A0192), were purchased from 
Biotech (Nanjing, China).

Cell viability assay
Plate 5  × 103/well cells in a 96-well plate and then 
incubate with indicated concentrations of GA overnight 
for 24 h, then add 10 μL/well CCK-8, 37 °C for 1 h, and 
measure the absorbance at 450 nm wavelength.

Apoptosis assay
Cells plated at 2 × 103/well, incubated overnight for 
stable growth, ready for apoptosis eval. Following this, 
the cells were treated with GA for 24 h and subsequently 
stained with FITC-conjugated Annexin V along with PI, 
in accordance with the manufacturer’s guidelines. The 
data were gathered utilizing a CytoFLEX flow cytometer 
(Beckman) and analyzed thereafter using FlowJo v10 
software.

Western blot
Proteins from each cellular group were extracted utilizing 
a 1× SDS lysis buffer, followed by sample preparation 
after assessing the protein concentration with a BCA 
kit. Samples loaded at ≥20 μg/well, SDS-PAGE, proteins 
transferred to 0.2 μm PVDF (Merck), blocked with 5% 
milk (1 h), incubated with primary abs (4 ℃, overnight) 
including GAPDH, BIP, P62, LC3B, Cle-caspase 3, 
Bcl-2, ATF4, CHOP, eIF2α, and p-eIF2α on a shaking 
table. Immunoreactive bands were made visible by 
incubating with HRP-conjugated secondary antibody, 
then applying ECL reagent (Bio-Rad). The quantification 
and normalization of protein band intensities in Western 
blots were done using Image J (USA).

In situ fluorescent labeling experiments
Cells grown in 6-well plates to 80–85% confluency, 
ready for further experiments/harvesting. After being 
treated with IAA—Probe (10 μM) or GA (20 μM) for 
1 h, the cells were washed with pre-chilled PBS. Protein 
was extracted by using RIPA lysis buffer which was 
supplemented with a protease inhibitor cocktail. An 
equal volume of the lysate was then mixed with click 
chemistry reagents, consisting of 1  mM NaVc, 100 μM 
THPTA, 1  mM CuSO4, and 50 μM TAMRA-azide, and 
incubated for a duration of 2  h. Proteins precipitated 
with cold acetone, resuspended in buffer, separated by 
SDS-PAGE, stained with CBB, and analyzed by laser 
scanner (Azure Sapphire). To achieve fluorescent labeling 



Page 4 of 16Wang et al. Chinese Medicine          (2026) 21:157 

(FL) of the recombinant proteins, protein (0.5–1 μg/μL) 
incubated with probe in PBS for 1 h, then click reaction. 
SDS-PAGE separation and visualization as before. For 
competitive labeling experiments, pretreatment with 
agents for 30–120 min before FL procedure.

Pull down and LC‑MS/MS based targets identification
Cells treated with GA (100 μM, 1  h), then with 
competitive agents (1 h). Extracted proteins underwent 
click reaction, dissolved in 1.5% SDS, and diluted to 0.1% 
SDS with PBS. Supernatant incubated with streptavidin 
beads (4 h, RT), washed (1% SDS, 0.1% SDS1 note: typo 
likely, use consistent SDS conc.), pulled-down proteins 
enriched, separated by SDS-PAGE, detected by WB [29, 
30]. For LC-MS/MS: samples reduced/alkylated (DTT/
iodoacetamide), digested (trypsin), labeled (TMT), 
analyzed (LC-MS/MS, Thermo).

Colony formation assay
Cells seeded in 6-well plates (1 × 103 cells/well), cultured 
with GA (250, 500, 750 nM) for 24 h, then in normal 
medium (7 days). Colony growth assessed by staining 
with 0.5% crystal violet, enabling quantitative/qualitative 
evaluation of gambogic acid’s effect on cell proliferation. 
Colonies were defined as clusters of at least 50 cells.

Cellular thermal shift assay (CETSA)‑Western blot (WB)
786-O cells were lysed and incubated with GA (100 μM) 
at room temperature for 1  h. Subsequently, the lysate 
was divided into test tubes and heated to temperatures 
ranging from 50 to 75 °C. Following centrifugation, the 
soluble supernatants were mixed with a loading buffer 
and analyzed by western blot.

Expression and purification of PRDX1
The plasmid, which was constructed correctly, was 
introduced into an expression strain (BL21, Transcetta) 
for the purposes of expression and purification. Post-
induction, the cells were re-suspended in a binding 
buffer composed of 20 mM Tris–HCl (pH 8.0) and 200 
mM NaCl. They were then disrupted using sonication 
while being maintained on ice. Following sonication, the 
supernatant was isolated and collected. The supernatant 
obtained was subsequently applied to a Ni–NTA resin 
column from Qiagen, USA, pre-equilibrated with a 
buffer comprising 200 mM NaCl, 20 mM Tris–HCl, 
and imidazole at concentrations of either 20 or 50 mM, 
all adjusted to a pH of 8.0 for the washing process.The 
recombinant protein was eluted using a buffer comprising 

200 mM NaCl, 20 mM Tris–HCl (pH 8.0), and 200 mM 
imidazole. Protein concentration is measured using the 
BCA kit, SDS-PAGE, and CBB staining [32].

Cell transfection
Transient transfection was performed following the 
manufacturer’s guidelines using Lipofectamine™ 3000 
(L3000150, Invitrogen). To assess the formation of 
autophagosomes and autophagic flux, GFP-LC3 and 
RFP-GFP-LC3 plasmids were utilized as previously 
described [33, 34]. The shRNA targeting PRDX1 was 
inserted into the GL407 plasmid, and subsequently, the 
PRDX1 cDNA was introduced into the GL124 plasmid 
for the purpose of overexpression (OE). Cells were fixed 
with 4% paraformaldehyde (PFA) to maintain their 
structural integrity after being stained with crystal violet. 
DAPI was used to stain the nuclei for observation. Images 
were captured using a Nikon ECLIPSE Ti2 microscope, 
enabling analysis of nuclear morphology, colony size, and 
cell distribution to understand Gambogic acid’s effects on 
proliferation. The captured images were analyzed using 
ImageJ software to ascertain the number of GFP-LC3 
puncta per cell.

Determination of mitochondrial membrane potential
Cells seeded in 6-well plate at 1.5 × 105/well, cultured 
overnight. Incubated with GA (250, 500, 750 nM) for 
24 h. Trypsinized, resuspended in JC-1 solution, stained 
for 20 min at 37 °C, 5% CO2. Resuspended in PBS for 
flow cytometry to analyze GA effects on mitochondrial 
function and cellular viability.

Detection of ROS generation in cells
Cells seeded in 6-well plate (1.5 × 105/well), incubated 
overnight, then treated with GA (250, 500, 750 nM) for 
16 h. Collect the cells and stain them with ROS staining 
working solution at 37 °C for 1  h (turn and mix every 
10 min to ensure full contact between the probe and 
the cells). After staining, centrifuge and discard the 
supernatant, and wash twice with PBS. After being 
resuspended in 1 mL of PBS, the cells were prepared for 
flow cytometry analysis to quantify the production of 
reactive oxygen species (ROS), which was assessed based 
on the fluorescence intensity of DCFH-DA.

Proteomics and GO analysis
786-O cells were exposed to 750 nM GA for 24 h. 
Subsequently, the cells were harvested and proteins 
extracted using a 1% sodium deoxycholate (SDC) buffer 
with 8  M urea. Protein samples are reduced by DTT. 
IAA alkylation stabilizes thiol groups. Trypsin digestion 
yields peptides for MS. Desalting removes impurities. 
Desalted peptides are analyzed by LC-MS/MS in DIA 1   Note: Typically, SDS concentration would be consistent (e.g., 1% SDS) 

[31].



Page 5 of 16Wang et al. Chinese Medicine          (2026) 21:157 	

mode. This process enabled comprehensive analysis of 
all peptides in the sample for protein identification and 
quantification. Throughout the experiment, differential 
proteins were identified based on absolute fold changes 
≥1 and P-values (FDR) < 0.05 between the control and 
GA-treated groups. Subsequently, a volcano plot was 
generated using the Bioadder website (https://​www.​biola​
dder.​cn). Following analysis of the differential proteins 
with the DAVID + version, we chose to visualize the 
functional map focusing on biological processes and 
KEGG pathway enrichment. (https://​david.​ncifc​rf.​gov/).

Data analysis
Data presented as mean ± SEM (indicator of sample 
mean variability). One-way ANOVA evaluates variations 
among multiple groups, while t-tests compare statistical 
significance between two groups. Insights from statistical 
comparisons enabled informed interpretation of results. 
The analysis utilized GraphPad Prism 8.0 software (San 
Diego, CA, USA), denoting significant results with 
asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).

Results
GA induced apoptosis in renal carcinoma cells
GA is a naturally occurring xanthonoid with a broad 
range of anticancer activities (Fig.  1A). In order to 
determine the cytotoxicity of GA towards renal 
carcinoma cells, CCK-8 assay was applied. 786-O cell 
viability decreased dose-dependently with GA treatment 
for 24 h (Fig. 1B). The IC50 value for GA was 266.6 nM. 
The cytotoxic effects of GA in 786-O cells were further 
validated by colony formation experiments, showing a 
dose-dependent decrease in clone number (Fig.  1C). In 
addition, Annexin-V FITC/PI assay showed increased 
cell death with higher GA concentrations, indicating 
late apoptosis/necrosis and cytotoxicity in 786-O cells 
(Fig.  1D, E), indicating the pro-apoptotic effect of GA. 
To verify GA-induced apoptosis in 786-O cells, the 
apoptosis negative regulator Bcl-2 and pro-apoptosis 
protein Cle-caspase 3 were detected by western blot. 
As shown in Fig.  1F–H, after GA treatment for 24 h, 
up-regulated Cle-caspase 3 and down-regulated Bcl-2 
were observed in 786-O cells, demonstrating GA may 
trigger mitochondrial apoptosis pathway of kidney 
cancer cells. To further reveal the mechanism underlying 
GA-induced cell apoptosis, comparative proteomics 
analysis was performed, obtaining 1952 up-regulated 
proteins and 2172 down-regulated proteins (Fig.  1I). 
Go analysis of differentially expressed proteins (DEPs) 
showed endoplasmic reticulum stress, autophagy, and 
endogenous apoptosis were significantly enriched 
(Fig. 1J).

GA‑induced apoptosis was associated with accumulation 
of ROS
Given the significant enrichment of ‘response oxidative 
stress’ and ‘regulation of oxidative stress-induced cell 
death’ of our proteomics data upon GA treatment 
(Fig.  1J), we speculated GA-induced apoptosis may 
be attributed to excessive oxidative stress. So, we 
detected levels of intracellular ROS and mitochondrial 
transmembrane potential after GA treatment first. 
GA treatment dose-dependently increased ROS and 
decreased mitochondrial potential in 786-O cells 
(Fig.  2A–C). NAC, a ROS scavenger, rescued these 
effects (Fig. 2D–F), indicating ROS’s role in GA-induced 
mitochondrial apoptosis in 786-O cells. Then effects 
of NAC on GA-induced apoptosis was detected by 
flow cytometry, showing NAC completely diminished 
cell death (Fig.  2G, H). These results were further 
demonstrated by the restore of Bcl-2 and Cle-caspase 3 
levels upon GA treatment (Fig.  2I–K). Taken together, 
the accumulation of intracellular ROS accounted for 
GA-induced mitochondrial apoptosis.

GA‑induced cell death via ROS‑mediated ER stress
Accumulated ROS was reported to cause ER stress 
which was also enriched in GO analysis in GA treated 
(Fig. 1J). Activation of ER stress was reported to induce 
mitochondrial dysfunction and cell apoptosis [35]. Thus, 
we detected the protein levels of BIP-eIF2α-ATF4-CHOP 
axis, a canonical ER stress signaling pathway in GA 
treated cells. As shown in Fig.  3A, after GA treatment, 
the expression of BIP, p-eIF2α, ATF4 and CHOP were 
significantly up-regulated in a does-dependent manner. 
While the increase of these ER stress-related proteins 
was diminished effectively by ER Stress inhibitor 
4-PBA, indicating that GA activated endoplasmic 
reticulum stress pathway (Fig.  3B). To elucidate the 
effects of ROS on GA-induced ER stress, these proteins 
were detected after NAC co-treatment, western blot 
results showed the increased eIF2α, GRP78, ATF4, and 
CHOP were efficiently restored to normal levels in the 
presence of ROS scavenger NAC, suggesting that ROS 
was responsible for the endoplasmic reticulum stress 
activated by GA exposure (Fig. 3C). Then we determined 
the impact of GA-induced ER stress on cell apoptosis. 
4-PBA dramatically reversed the decreased level of 
Bcl-2 and the elevated expression of cle-caspase3 due 
to GA treatment (Fig.  3D–F), implying that ER stress 
contributed to GA-triggered apoptosis of 786-O. It was 
further supported by flow cytometry results, showing 
4-PBA remarkable attenuated GA-triggered apoptosis 
(Fig.  3G, H). In summary, GA triggered endoplasmic 
reticulum stress through the excessive ROS production 
and ultimately led to cell apoptosis.

https://www.bioladder.cn
https://www.bioladder.cn
https://david.ncifcrf.gov/
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Fig. 1  Cytotoxicity of GA towards 786-O cells. A Molecular structure of GA. B CCK-8 assay showed GA’s cytotoxic effects after 24 h treatment. C 
786-O cells with specified concentrations of GA for 24 h, followed by staining with crystal violet. After 24 h GA treatment, 786-O cells exhibited 
characteristic apoptotic morphology by flow cytometry (D), with apoptotic indices quantified in E showing concentration-dependent increases. 
The expression of apoptosis markers (Bcl-2, Cle-caspase 3) was detected by western blotting after 786-O cells were treated with indicated 
concentrations of GA for 24 h (F) and quantitatively analyzed (G, H). I Volcano plot of differential expressed proteins after GA treated for 24 h 
in 786-O cells (n = 3). J Analysis of the enrichment of upregulated proteins subsequent to GA treatment. Data (means ± SEM, ≥3 exp.) showed 
significant differences vs. control (*P < 0.05, **P < 0.01, ***P < 0.001)



Page 7 of 16Wang et al. Chinese Medicine          (2026) 21:157 	

Fig. 2  GA promotes apoptosis in renal cancer cells through elevating ROS levels. After 786-O cells were exposed to specific concentrations of GA 
for 24 h, ROS levels were detected by DCFH-DA staining and followed by flow cytometer (A). B–C Cells treated with GA for 24 h, stained with JC-1, 
analyzed by flow cytometry for mitochondrial potential. ROS inhibitor NAC reverse GA-induced ROS build-up (D) and the decline in mitochondrial 
membrane potential (E, F). G, H NAC can restore GA-induced apoptosis. I–K 786-O cells pretreated with/without 2 mM NAC for 1 h, then exposed 
to GA for 24 h, apoptosis markers were detected by western blotting. Data (mean ± SEM, ≥3 experiments) indicate significant differences 
in comparison to controls (*P < 0.05, **P < 0.01, ***P < 0.001)
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GA induces autophagy in renal cancer cells
In view of significant enrichment of ‘autophagy’ in DEPs 
upon GA treatment (Fig.  1J), we determined whether 
GA induces autophagy. Through the analysis of the 
transformation from LC3-I to LC3-II, our findings 
indicated that GA elevated LC3-II levels in 786-O 
cells in a dose-responsive manner. (Fig.  4A, B). The 
increase of LC3 in response to GA treatment was also 
evidenced by the number of LC3 puncta in 786-O cells 
expressing GFP-LC3 plasmids (Fig.  4C, D). To dissect 
the increase of LC3-II was owing to the inhibition 
or initiation of autophagic flux, 786-O cells were 
simultaneously exposed to GA and CQ, an autophagy 
inhibitor by inhibiting the fusion of autophagosome 
and lysosome. As shown in Fig.  4E, F, LC3-II levels 
were further upregulated in the co-presence of CQ and 
GA comparing with CQ or GA alone, indicating GA 
activated autophagic flux. Furthermore, we assessed the 

autophagic flux status by utilizing the mRFP-GFP-LC3 
plasmid. As a positive control, starvation activated 
autophagy, indicated by increased autolysosomes (red 
onlypuncta), while autophagy inhibitor CQ markedly 
reduced autolysosomes and increased autophagosomes 
(yellow puncta). GA treatment resulted in an increase in 
the number of red puncta (Fig. 4G, H), providing further 
evidence of its role in enhancing autophagy flux.

GA‑triggered autophagy through ROS‑mediated ER stress
Cellular autophagy can be triggered in stress conditions 
including ER stress [36]. To define whether GA-induced 
autophagy was attributed to ROS-mediated ER stress 
activation in 786-O cells, LC3-II levels were measured 
after co-treatment of cells with ER stress inhibitor 4-PBA 
and GA. Western blot analysis revealed that 4-PBA 
mitigated the increase in LC3-II levels induced by GA 
(Fig.  5A, B), indicating ER stress caused autophagic 

Fig. 3  GA initiates ER stress-mediated apoptosis by elevating ROS. A GA induces ER stress marker expression in 786-O cells treated with various 
concentrations of GA. B Prior to exposure to GA for 24 h, 786-O cells were pretreated with 1 mM of 4-PBA for 1 h, and subsequently, the samples 
underwent western blotting analysis. C 786-O cells were pretreated with 2 mM of NAC for 1 h before being exposed to GA for 24 h, followed 
by western blotting analysis of the samples. D–H After 4-PBA (1 mM, 1 h) pretreatment, 786-O cells were exposed to the indicated concentrations 
of GA for 24 h, western blotting was performed to analyze Cle-caspase 3 and Bcl-2 (D, E), and cell apoptosis was detected by flow cytometry G–H. 
Data (mean ± SEM, ≥3 independent experiments) show significant differences compared to controls (*P < 0.05, **P < 0.01, ***P < 0.001)
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response. Besides, the increased red only puncta by GA 
treatment was reversed to normal level by 4-PBA (Fig. 5C, 
D), indicating autophagic flux level was decreased by the 
inhibition of ER stress. Consistently, the suppression of 
ROS by NAC completely rescued GA-induced raises in 
LC3-II level and red puncta (Fig.  5E–H), indicating GA 
triggered autophagic response through ROS-induced ER 
stress.

Next, to ascertain the relationship between autophagy 
and cell death, we detected cell viability and death with 
or without co-treatment of the autophagy inhibitor CQ. 

CCK-8 assay results indicated that CQ potentiated the 
cytotoxicity of GA at each concentration tested (Fig. 5I), 
and FITC-Annexin V double staining also validated that 
inhibition of autophagy by CQ aggravated cell death 
induced by GA (Fig.  5J). Combined with the above 
findings, autophagy was an adaptive response to ROS-
induced ER stress in response to GA treatment, which 
helped to avoid cell death.

Fig. 4  GA promotes autophagic flux in renal cancer cells. A, B After treating with GA at specific concentrations for 24 h, the relative expression 
level of the autophagy marker LC3-II was assessed using western blotting (A). Quantitative analysis of LC3-II (B). C, D Following the treatment 
of 786-O cells transiently expressing GFP-LC3 with GA for 24 h, samples were gathered and analyzed using immunofluorescence microscopy (C) 
and a quantitative assessment of the number of GFP-LC3 dots per cell was conducted (D). E, F After treating cells with CQ alone or in combination 
with GA for 24 h, the relative expression level of the autophagy marker LC3-II was determined through western blotting and subjected 
to quantitative analysis. G, H RFP-GFP-LC3-transfected 786-O cells treated with GA for 24 h were analyzed using immunofluorescence microscopy. 
Starvation served as the positive control, while the lysosomal inhibitor CQ acted as the negative control. Data (shown as mean ± SEM from at least 
three experiments) exhibit significant differences in comparison with controls (*P < 0.05, **P < 0.01, ***P < 0.001)
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GA directly covalently targets PRDX1
Considering GA is a classic Michael receptor owing to 
the α, β-unsaturated ketone substructure of GA at C10 
(Fig.  1A) [37], we speculated the cytotoxicity of GA 
depended on covalent binding to cysteine-containing 
proteins. Therefore, we employed activity-based protein 
profiling (ABPP) technology to detect its binding protein 
targets within 786-O cells. First, IAA-yne probe was 

employed to alkylate cysteine-containing proteins in 
786-O cells, and 10 μM IAA-yne probe was capable 
of alkylation, verified by the prominent protein bands 
(Fig. 6A). At a concentration of 20 μM, GA was able to 
significantly compete with the IAA-yne probe in labeling 
cellular proteins, as shown in Fig.  6B, suggesting that 
GA can form covalent bonds with cysteine residues of 
potential target proteins.

Fig. 5  ROS-induced ER stress is contributed to GA-induced autophagy. A, B 786-O cells were pretreated with 1 mM 4-PBA for 1 h prior to 24-h 
GA exposure. Protein lysates were then subjected to western blot analysis, followed by densitometric quantification of band intensities. C, D 
786-O cells transiently expressing RFP-GFP-LC3 plasmid were pre-treated with 4-PBA for 1 h and then treated with GA for 24 h. Autophagic 
flux was assessed through quantitative fluorescence microscopy analysis of LC3 puncta formation. E, F Pretreatment of 786-O cells with 2 mM 
NAC for 1 h was followed by 24 h GA exposure. Subsequent western blot analysis with densitometric quantification revealed dose-dependent 
alterations in protein expression profiles. G, H Following 24-h co-treatment with NAC and GA, 786-O cells transiently expressing the RFP-GFP-LC3 
reporter construct were harvested and subjected to immunofluorescence microscopic analysis to assess autophagic flux. I CQ further promotes 
the decrease in cell viability induced by GA. J CQ leads to an increase in the apoptosis rate of GA-treated cells. Data (mean ± standard error 
of the mean (SEM), with no less than three experiments) display significant differences in comparison to controls (*P < 0.05, **P < 0.01, ***P < 0.001)
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To identify the target proteins involved in GA-induced 
ROS redundancy, IAA-labeled proteomes with or 
with GA competition were enriched and quantified 
by TMT-based quantitative proteomics according to 
our previous protocols [38, 39]. We found that GA 
effectively competed with IAA-yne probe to react with 
cysteine-containing proteins (Fig.  6C). Among these 
candidate target, PRDX1 was particularly noticeable 
(Fig.  6D), mainly for two reasons: one is that it shows 
a large competitive effect, and the other is due to the 

physiological role of PRDX1 in redox regulation. Then we 
employed a pull-down experiment to verify GA disturbed 
the binding of IAA to PRDX1 in cell lysate, and our 
results confirmed that 100 μM GA treatment significantly 
eliminate the band of PRDX1 in the competition group 
(Fig. 6E). To investigate the reason behind the decreased 
interaction between PRDX1 and IAA in the presence of 
GA, we evaluated PRDX1 expression levels at varying GA 
concentrations. However, our findings demonstrated that 
GA had no impact on PRDX1 expression (Fig. 6F). This 

Fig. 6  GA directly attaches to PRDX1. A In-situ protein labeling by IAA-yne happens in a dose-dependent fashion in 786-O cells. B GA contends 
with IAA-yne for binding to cysteine residues on proteins. C Chemical proteomics was employed to identify potential binding targets of GA 
in 786-O cells. D Catalogue of GA high-priority protein targets. E Verification of GA binding to PRDX1 via pull-down experiments. F GA treatment 
doesn’t change PRDX1 protein expression. G Competitive binding between GA and IAA-yne. H, I CETSA—WB experiments indicate that PRDX1 
has remarkable thermal stability in the presence of GA. Data (mean ± SEM, with no fewer than three experiments) indicate significant differences 
in comparison to controls (*P < 0.05, **P < 0.01, ***P < 0.001)
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suggests that the diminished binding could be attributed 
to GA’s competitive binding. Consequently, we purified 
recombinant human PRDX1 protein and incubated it 
with the IAA-yne probe, both in the presence and absence 
of GA. Our findings suggested that GA decreased the 
fluorescent labeling of PRDX1 by the IAA-yne probe, as 
illustrated in Fig. 6G, providing additional evidence that 
GA competes for binding with the cysteine-rich PRDX1. 
Additionally, a cellular thermal shift assay (CETSA) 
revealed that PRDX1 maintained significant thermal 
stability when exposed to GA (Fig.  6H, I), confirming 
that PRDX1 is a direct binding target of GA. In summary, 
the binding of GA to PRDX1 disrupts its functionality, 
potentially impacting the antioxidant and anti-apoptotic 
roles that PRDX1 plays in renal cancer cells.

PRDX1 is responsible for GA‑induced cell death
To verify GA-induced ROS disturbance relied on PRDX1, 
we knockdown (KD) the expression of PRDX1 by shRNA, 
and KD efficiency was verified by western blot (Fig. 7A). 
PRDX1 knockdown raised ROS levels, and GA treatment 
on PRDX1 KD 786-O cells further increased ROS levels 
comparing with GA alone, implying the role of PRDX1 
in GA-caused ROS production (Fig. 7B, C). Furthermore, 
knocking down PRDX1 reduced the viability of 786-O 
cells treated with various concentrations of GA (Fig. 7D), 
demonstrating an enhanced cytotoxicity effect of GA.

In contrast, overexpression of PRDX1 alleviated 
GA-induced oxidative stress, evidenced by decreased 
ROS levels compared to GA-treated alone cells (Fig. 7G, 
H). In addition, overexpression of PRDX1 mitigates cell 
viability and cell death in GA treated cells (Fig.  7F–J), 
demonstrating critical role of PRDX1 in GA-induced 
cell death. Taken together, these results indicated that 
PRDX1 is critical for ROS production and subsequently 
cell death upon GA treatment.

Discussion
In this study, we found that GA showed significant 
cell toxicity against renal cancer cell 786-O cells. GA 
increased the generation of ROS by directly covalent 
binding to the antioxidant protein PRDX1, thereby 
triggering endoplasmic reticulum stress. In addition, 
the increase in ROS-mediated ER stress caused by GA 
treatment also initiated protective autophagy  (Fig.  8). 
Our study discovered a new protein target of GA and 
provided new insights into our understanding molecular 
mechanisms for the cytotoxicity effects of GA.

Reactive oxygen species (ROS) like O2−, H2O2, ·OH 
are by-products of oxygen metabolism. It is generated 
through various pathways, including mitochondrial 
respiratory chain, NADPH oxidase, endoplasmic 
reticulum and peroxisomes. ROS are widely distributed 

throughout cells due to these various biosynthesis 
pathways, and they are essential for many physiological 
and pathological activities [37]. Previous research has 
demonstrated that GA can stimulate the production of 
ROS within various cancer cell lines. This elevation in 
reactive oxygen species subsequently triggers cellular 
apoptosis. Researchers have determined that in human 
esophageal cancer cells, GA inhibits cell proliferation, 
induces apoptosis, triggers cell cycle arrest, and disrupts 
mitochondrial membrane potential in a ROS-dependent 
manner [2].We discovered that GA concentration-
dependently enhanced ROS formation in 786-O cells, 
which is in line with earlier observations. These results 
imply that the primary mechanism through which GA 
produces its harmful effects may be the production of 
ROS. Additionally, we found that ROS controlled the 
activation of autophagy, alterations in mitochondrial 
membrane potential, and elevated ROS formation in 
GA-treated renal cancer cells—all molecular processes 
that resulted in GA-induced apoptosis—while NAC 
therapy inhibited all these things happened.

Interestingly, autophagy, triggered by ROS, serves to 
eliminate damaged mitochondria and uphold cellular 
homeostasis, thus shielding cancer cells from the 
detrimental impacts of anticancer agents [40]. We found 
that when GA was used alone to treat renal cancer cells, 
GA induced autophagy, and this autophagy activation 
protects cells from apoptosis, whereas inhibition of 
autophagy can lead to apoptosis. Furthermore, the 
activation of autophagy by GA involves ROS-mediated 
ER stress, indicating a intricate interplay between these 
two pathways in response to GA treatment. However, 
how ER stress activates autophagy in the condition of 
GA treatment is still unclear. It is postulated that ATF4 
may play a role because previous studies have shown that 
ATF4 controls the expression of multiple autophagy-
related genes [41, 42].

To sustain a relatively balanced level of intracellular 
oxidation, cancer cells have developed a defense 
mechanism aimed at keeping reactive oxygen species 
(ROS) within physiologically acceptable limits. Certain 
antioxidant enzymes play a crucial role in neutralizing or 
transforming free radicals, thereby preventing excessive 
ROS from causing cellular damage [43]. Recently, the 
PRDX family has gained significant attention in anti-
tumor investigations. These peroxiredoxins utilize 
thioredoxin as an essential intermediary electron 
donor to reduce ROS accumulation [44]. Among them, 
PRDX1 and PRDX2 are the two most studied members, 
exhibiting widespread and high expression in various 
tumors. We discovered that PRDX1 is a direct binding 
target of GA. GA inhibits the activity of PRDX1 by 
binding to PRDX1 and promotes the production of 
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ROS, thereby inducing ER stress-mediated apoptosis. 
Furthermore, by PRDX1 overexpression and knockdown, 
we discovered that the apoptosis induced by GA in renal 
cancer cells can be significantly influenced. These results 
unveil a previously unrecognized protein target of GA 

and offer new perspectives for understanding the anti-
cancer properties of GA.

Although our study has centered on PRDX1, it’s 
noteworthy that other peroxiredoxin family members 
(particularly PRDX2) may also mediate GA’s anticancer 
activity. Furthermore, emerging evidence suggests 

Fig. 7  Role of PRDX1 in GA-induced apoptosis. A The protein expression levels of PRDX1 were determined by western blot analysis in cells 
transfected with either PRDX1-specific shRNA or control vector. B, C Reduction of PRDX1 expression promotes GA-induced ROS accumulation 
in 786-O cells. D PRDX1 knockdown enhances GA-induced inhibition of 786-O cell viability. E Over-expression of PRDX1 in 786-O cells. F, G 
Over-expression of PRDX1 restrains GA-induced ROS accumulation in 786-O cells. H Over-expression of PRDX1 weakens the inhibitory effect 
of GA on cell viability. I, J Over-expression of PRDX1 decreases the apoptosis rate of GA-treated 786-O cells. Data (means ± SEM, ≥3 exp.) showed 
significant differences vs. control (*P < 0.05, **P < 0.01, ***P < 0.001)
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GA likely exerts its broad-spectrum antitumor effects 
through multi-target modulation, including but not 
limited to CNPY3 and BMI1, indicating a complex 
polypharmacological profile [45, 46]. Comprehensive 
mechanistic studies are needed to map the interaction 
networks between PRDX isoforms and GA’s 
polypharmacological targets. The clinical relevance is 
highlighted by GA’s ongoing Phase II evaluation [47] 
and PRDX1’s emergence as a key mediator. Promising 
translational avenues include: (i) structure-based design 
of PRDX1 inhibitors, (ii) CRISPR-Cas9-mediated genetic 
validation, and (iii) development of PRDX1-based 
companion diagnostics. Such multidimensional research 
could transform RCC treatment paradigms through 
target-specific therapeutic stratification, positioning 
PRDX1 as a compelling focus for future investigation.

The anti-cancer effects of GA have been well-
established [48, 49]. However, the molecular mechanism 
are unclear. In this manuscript, we mainly foucused on 

its molecular mechanism, especially tis direct binding 
targets. Here, for the first time as we known, we show 
PRDX1 is a direct binding target of GS. We found that GA 
induces cell death by inducing ER stress and modulating 
autophagy. GA-induced autophagy is involved in ER 
stress activation. Importantly, GA-induced ER stress and 
subsequently cell death is caused by increased ROS levels. 
Mechanistic studies show that PRDX1, a key antioxidant 
enzyme, is a directly covalent binding target of GA, 
and overexpression of PRDX1 mitigates GA-induced 
ROS production and subsequently cell death. The study 
identified PRDX1 is a potential directly covalent binding 
protein of gambogic acid, and elucidated its mechanism 
for inducing cell death that involving in ROS-mediated 
ER stress and autophagy regulation. The results obtained 
offer fresh perspectives on the mechanisms underlying 
the cytotoxic effects induced by gambogic acid, further 
suggesting that PRDX1 may represent a promising 
candidate for targeted therapy in the development of 

Fig. 8  Diagrammatic illustration of the proposed mechanism underlying GA-induced toxicity. GA directly covalently binds to PRDX1, resulting 
in the accumulation of ROS. The accumulation of ROS, driven by the direct covalent binding of GA to PRDX1, further stimulates apoptosis 
through the activation of ER stress. Intriguingly, GA-induced ROS and the subsequent ER stress triggered by ROS also stimulate protective 
autophagy in cells
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novel anticancer agents, notably for the treatment of 
kidney cancer.

The anti-cancer effects of GA are well established [50–
52]. However, the molecular mechanisms are unclear. 
In this manuscript, we mainly focused on its molecular 
mechanism, especially tis direct binding targets. Notably, 
we found that GA-induced cell death with activation 
of prosurvival autophagy and lysosome inhibitor CQ 
further increase GA-induced toxicity, future studies to 
dissect the combination of GA and lysosome inhibitors 
for cancer treatment in vivo animal models is promising.

Conclusion
In this investigation, by covalent binding to PRDX1, 
GA increases ROS levels, which leads to apoptosis 
mediated by endoplasmic reticulum stress, while also 
fostering cytoprotective autophagy in renal cancer 
cells. The findings of our study offer significant insights 
into the mechanisms responsible for GA’s anticancer 
effects. In addition to offering fresh perspectives on the 
fundamental processes behind gambogic acid-induced 
cytotoxicity, these results imply that PRDX1 may be a 
viable therapeutic target for the creation of anti-cancer 
medications. Such as structure-based design of novel 
effective PRDX1 inhibitors and the combination of 
PRDX1 inhibitor with autophagy inhibitors for cancer 
treatment.
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