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Abnormal elevations in the mortality of intestinal epithelial cells (IECs) are indicative of intestinal inflammation. Necroptosis of IECs represents a pro-inflammatory form of cell death, and modulation of IECs necroptosis may mitigate subsequent intestinal inflammation and preserve the integrity of the intestinal barrier. Currently, safe and effective preventive measures are lacking. In the Traditional Chinese Medicine theory, necroptosis of IECs leads to the destruction of the intestinal barrier in a manner associated with “heat and toxicity”, exacerbating intestinal inflammation. Heat shock protein 90 (HSP90) has been identified as a regulator of key proteins involved in necroptosis signal pathway including RIPK1/3 and MLKL. Gambogic acid (GA), the primary active compound found in Garcinia hanburii Hook. f., a traditional Chinese medicine used for detoxification and hemostasis, has not been studied for its potential therapeutic effects in ulcerative colitis previously. This study investigated the protective effects of GA on dextran sodium sulfate (DSS)-induced colitis in mice, as well as the underlying molecular mechanisms. GA was observed to significantly ameliorate DSS-induced enteritis and enhance intestinal barrier function. Concurrently, it reduced the phosphorylated expression levels of RIPK1/3 and MLKL. The underlying mechanism may be related to the suppression of HSP90 expression.
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1 INTRODUCTION
Ulcerative colitis (UC) is a chronic, idiopathic inflammatory disease of the colon and rectum characterized by intestinal inflammation and barrier damage, clinically presenting symptoms such as diarrhea, mucous bloody stools, abdominal pain, and urgency (Le Berre et al., 2023). The incidence of UC is rising globally due to alterations in lifestyle and dietary habits, thereby presenting a significant threat to public health (Lopes et al., 2022). Statistics show that up to 25%–30% of UC patients require colon resection surgery, and over 20% of inflammatory bowel disease patients will develop colorectal cancer within 30 years. UC is classified by the World Health Organization as a “modern refractory disease” (Eisenstein, 2018; Ng et al., 2017). Presently, the primary pharmacological treatments for UC encompass amino salicylates, corticosteroids, and immune-suppressants, which are used to treat symptoms by suppressing inflammation. However, these treatments are associated with significant challenges, including high levels of drug resistance, numerous adverse reactions, and an elevated risk of tumor development (Kucharzik et al., 2020). UC has become a pressing social public health issue, therefore the discovery of new effective drugs for prevention and treatment is urgent required.
Epithelial damage and increased intestinal permeability in IECs are the known characteristics of inflammatory bowel disease, and an increasing volume of research is being undertaken to investigate this as a potential therapeutic target (Li et al., 2024; Wang Y. et al., 2024; Yang et al., 2024). The abnormal death of IECs is the most direct cause of IEC damage and subsequently leads to further impairment of the tight junction (TJ) barrier (Patankar and Becker, 2020). Factors such as inflammation, radiation, and pharmacological agents can induce abnormal IEC death, thereby compromising tight junctions between cells and increasing intestinal permeability. Harmful substances subsequently infiltrate the bloodstream via the intestinal wall, thereby compromising barrier integrity. In contrast, aberrant death of IECs results in the release of inflammatory mediators, which amplify the level of intestinal mucosal inflammation and further deteriorate barrier function. Inflammation is widely recognized as the principal etiological factor in UC, with abnormal IECs death playing a pivotal role in the disruption of intestinal barrier function characteristic of this condition.
Necroptosis is inflammatory cell death that links inflammatory response which differs from apoptosis and traditional necrosis. The process of necroptosis is marked by organelle swelling, loss of membrane integrity, and the release of cytoplasmic contents. Necroptosis represents a critical programmed cell death pathway in IECs induced by UC (Patankar and Becker, 2020). Tumor necrosis factor-α (TNF-α), a multifunctional pro-inflammatory cytokine, is considered the primary driving force behind the death of IECs. TNF-α is a principal inducer of necroptosis, a cell death pathway that has been extensively investigated to date (Kalliolias and Ivashkiv, 2016).
Upon TNF-α stimulation, TNF receptor 1 (TNFR1) recruits various proteins to assemble a complex at the plasma membrane, facilitating nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling. In conditions when Caspase-8 activity is inhibited, receptor-interacting protein kinase 1 (RIPK1) and receptor-interacting protein kinase 3 (RIPK3) interact to form a necrosome, subsequently activating mixed lineage kinase domain-like kinase (MLKL) (Oberst et al., 2011). MLKL then oligomerized and translocated to the cell membrane, culminating in membrane rupture and the execution of necroptosis. Upon rupture of the cell membrane, a substantial release of intracellular contents occurs, which subsequently activates pattern recognition receptors and induces severe intestinal inflammation. This dysregulated immune response, coupled with necroptosis, establishes a vicious cycle that perpetuates intestinal inflammation (Pasparakis and Vandenabeele, 2015). Furthermore, the excessive loss of IECs compromises the integrity of tight junctions, thereby increasing intestinal permeability and impairing the overall function of the intestinal barrier.
Clinical data indicate that, within the inflammatory tissues of patients with inflammatory bowel disease, there is a significant reduction in both the number of IECs and the number of dead cells in the crypt basal area. Concurrently, there is an observed increase in the levels of RIPK3 and MLKL, alongside a decrease in Caspase-8 levels (Gunther et al., 2011; Pierdomenico et al., 2014). Moreover, RIPK3-mediated necroptosis significantly decreases the levels of tight junction proteins like ZO-1, Cadherin E, and Occludin thus weakening intestinal mucosa permeability (Negroni et al., 2017). These findings substantiate the notion that necroptosis of IECs is a critical pathogenic mechanism contributing to the disruption of the epithelial barrier and the subsequent onset of intestinal inflammation. The inhibition of the RIPK3 or the application of necroptosis inhibitors (Lee et al., 2020; Wang Y. et al., 2024; Zhang et al., 2020) has been shown to mitigate necroptosis in IECs and ameliorate damage to the intestinal barrier, thereby alleviating UC. Consequently, the development of therapeutic agents targeting the inhibition of necroptosis in IECs holds significant promise for UC treatment. Such interventions could directly diminish epithelial cell loss, thereby enhancing intestinal barrier function, while concurrently reducing intestinal inflammation and further improving intestinal permeability.
In TCM theories, “inflammation” is regarded as a significant pathological outcome of the conflict between Evil Qi (pathogenic factors) and Zheng Qi (the body’s vital energy), akin to the concept of “heat and toxicity”. The “heat and toxicity” is one of the pathogenesis of intestinal erosion ulcers, as delineated by Xichun Zhang in “Yixue zhongzhong canxilu”. The description, “Heat and toxicity invades the skin in the intestine, persisting until it decays, and it also causes the skin to ulcerate,” aligns with the contemporary understanding of the pathogenesis of UC during its acute stage (Zhang, 2016). Therefore, the inhibition of excessive necroptosis in IECs to control inflammation consistent with the TCM principle of “clearing heat poison to dispel evil” (Zhou, 2013). In this study, we established a self-established compound library of traditional Chinese medicines possessing the function of clearing heat, detoxifying, and reducing swelling, and identified Gambogic acid (GA) from Garcinia hanburyi Hook. f. having anti-necroptosis activity (Supplementary Figure S1). However, the role and mechanism of GA in UC remain undocumented.
Therefore, this study examined the impact of GA on the treatment of UC and investigated the underlying mechanisms by which GA inhibits necroptosis. This exploration was conducted through bioinformatics analyses and substantiated by molecular docking, molecular dynamics simulations, and both in vitro and in vivo experimental validation methodologies.
2 MATERIALS AND METHODS
2.1 Reagents
We obtained dextran sulfate sodium (DSS) (MW: 36,000–50,000, cat#CD4421) from Coolaber (Beijing, China). GA was acquired from TargetMol (T6185), and the purity is 98.38% (Lot:150301). Necrostain-1 (Nec-1) (S8037) was acquired from Selleck. We purchased Human-TNF-alpha (C008) from Novoprotein, SM-164 Hydrochloride (HY-15989A) from Med Chem Express, and z-VAD-fmk (T6013) from TargetMol. Cell Signaling Technology supplied anti-RIPK1 (3493S), anti-HSP70 (4872), anti-EGFR (4267), and human-specific anti-phospho-RIPK1 (65746S). We obtained mouse-specific anti-phospho-RIPK1 (BX60008) from Biolynx. Abcam provided anti-RIPK3/p-RIPK3 (ab209384) and mouse-specific anti-phospho-RIPK3 (ab195117). We obtained the RIPK3 polyclonal antibody (17563-1-A) and Anti-MLKL (66675-1-Ig) from Proteintech. Anti-MLKL (ab184718) and human-specific anti-phospho-MLKL (ab187091) were sourced from Abcam, while mouse-specific anti-phospho-MLKL (bsm-54104R) came from Bioss. Servicebio supplied the HSP90 (GB12284), HSP70 (GB12244), Occludin (GB111401), and ZO-1 (GB111402) antibodies. The Anti-GAPDH (ab181602) was purchased from Abcam, and the BCA protein assay kit (CW0014S) was acquired from CWBIO. We obtained the HRP Goat anti-rabbit IgG (abs20040) from Absin and the high-intensity ECL Western blotting substrate from Tanon.
2.2 Cell culture
The HT-29 cell line was procured from Procell Life Science and Technology Co., Ltd. (catalog number CL-0118; Wuhan, China). The cells were cultured in growth medium (Procell, CM-0118) supplemented with 10% fetal bovine serum (BI, C04001-500) and 100 U/mL penicillin/streptomycin (Gibco, 15140–122) under conditions of 37°C and 5% CO2.
2.3 Anti-necroptosis activity of GA
HT-29 cells were seeded in 96-well plates at 10,000 cells per well, with triplicates for each group and cultured for 12 h. GA was diluted in a culture medium supplemented with 10 nM SM-164 and 20 μM Z-VAD-FMK to achieve final concentrations ranging from 5 μM to 0.08 μM. Following 12 h of cell culture, the culture medium was replaced with the prepared GA solutions. After a 30-min pre-treatment with GA, the cells were stimulated with 20 ng/mL recombinant human TNF-α. This marked the initiation of the TNF-α-SMAC-z-VAD-FMK (TSZ) treatment, which involved the administration of human TNF-α in the presence of SM-164 and Z-VAD-FMK as necroptosis inducers. Cell viability was assessed after 12 h using the CellTiter-Lumi II Luminescent Cell Viability Assay Kit (catalog number C0056S; Beyotime Institute of Biotechnology).
2.4 Double staining of live/dead cells
HT-29 cells were harvested as previously outlined, and 100 μL of a Calcein-AM/PI working solution (dilution 1:1,000) was subsequently added to each well following a 12-h incubation period. The plates were then incubated for an additional 30 min at 37°C, shielded from light exposure. Cellular viability in each group was assessed using a microscope (Nikon, Tokyo, Japan), where red fluorescence indicated non-viable cells and green fluorescence indicated viable cells.
2.5 Animals
The animal experiments were approved by the Animal Care and Use Committee of Henan University of Chinese Medicine (IACUC-S202403126). Male C57BL/6J mice aged 6–7 weeks were obtained from Liaoning Changsheng Biological Co., Ltd in Liaoning, China. The mice were housed in controlled conditions with regulated temperature and humidity, a 12-h dark-light cycle, and provided with standard dry diet and tap water ad libitum.
2.6 UC model induced by DSS
A murine model of DSS-induced UC was utilized in this study. After a 1-week acclimation period on a standard diet, the mice were randomly allocated into two groups: a control group (Con) and a DSS. The control group was provided with standard chow and water ad libitum, whereas the DSS group received 3.0% DSS in their drinking water for 7 days to induce UC. Following this induction period, the DSS group was further subdivided into four treatment cohorts: DSS-only, high-dose GA (GA 5 mg/kg), low-dose GA (GA 0.5 mg/kg) and Nec-1 (5 mg/kg), with each cohort comprising six mice. The dosages of GA were determined based on prior research and preliminary experiments (Thongrung et al., 2025; Yu et al., 2019). The DSS-only group continued on a standard chow diet with water. The treatment groups received their respective interventions once daily for seven consecutive days, with GA 5 mg/kg and GA 0.5 mg/kg administered orally via gavage, and Nec-1 delivered intraperitoneally once a day. On the 14th day of the study, all animals were euthanized by certified personnel through the administration of an overdose of sodium pentobarbital (150 mg/kg, intraperitoneally). Following the induction of unconsciousness, cervical dislocation was performed as a secondary measure to ensure the complete cessation of cerebral activity. The death of each animal was confirmed by the absence of detectable cardiac activity and the loss of corneal reflexes. All animal procedures were conducted at the Animal Experimental Center of Henan University of Chinese Medicine. Blood and colonic tissue samples were collected post-mortem. The length of the colon was measured, and distal of colon tissues were prepared for histological analysis by embedding in paraffin. Tissues were initially fixed in 4% paraformaldehyde for 24 h at room temperature, followed by dehydration in a graded alcohol series. Subsequently, the tissues were immersed in wax and embedded using an embedding machine. Following dehydration, the tissues were immersed in paraffin wax and subsequently embedded utilizing an embedding apparatus. The wax blocks were then cooled at −20°C, trimmed, and sectioned to a thickness of 4 μm.
2.7 Disease activity index (DAI)
The DAI score combines three parameters: body weight loss, blood in stool, and diarrhea severity. Body weight loss is scored from 0 (none) to 4 (>20%). Blood in stool is scored from 0 (none) to 4 (gross bleeding). Diarrhea severity was scored as follows: 0 (normal), 1 (soft), 2 (soft and pasty), 3 (soft and pasty adhering to the anus), and 4 (liquid). The final DAI score was the sum of these scores (Wang Y et al., 2024; Yan et al., 2018; Zhang et al., 2023; Zhong et al., 2023).
2.8 FITC-dextran assay
After a 4-h fasting period, mice were orally gavaged with 600 mg/kg of FITC-dextran (Sigma, FD4, molecular weight: 3,000–5,000) 4 h before euthanasia. Blood samples were obtained and centrifuged, followed by dilution of the resulting supernatant with PBS at a 1:5 ratios. The levels of FITC-dextran in the serum were then measured using the SpectraMax M5 fluorescence assay with excitation at 488 nm and emission at 525 nm.
2.9 HE and PAS staining
The colon, heart, liver, and kidney tissues of mice were fixed using 4% paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Additionally, the colon tissue was stained with periodic acid-Schiff (PAS) following the manufacturer’s instructions.
2.10 ELISA
Blood samples of mice were centrifuged 1,000 g for 15 min and supernatant was taken. Serum release of TNF-α was measured using an enzyme-linked immunosorbent assay kit (ELISA) according to manufacturer’s instructions (Elabscience, E-EL-M3063).
2.11 Immunofluorescence
Paraffin-embedded intestinal tissue sections were cut into slices. After removing the paraffin, the epithelial monolayer was immunostained. Slides were incubated overnight with antibodies at 4°C, rinsed with PBS four times, and then incubated with a secondary antibody for 1 h in the dark. They were stained with DAPI (G1012, Servicebio, China) for 10 min at room temperature, rinsed with PBS, and treated with an anti-fluorescence quencher. Following the primary antibodies, AffiniPure goat anti-rat IgG (1:200) (GB21303, Servicebio, China) and goat anti-mouse IgG (1:200) (GB22301, Servicebio, China) were used as secondary antibodies. The fluorescent images of samples were captured using confocal microscopy.
2.12 Western blot
HT-29 cells were cultured in 6-well plates at a density of 100,000 cells per well and treated with varying concentrations of GA or stimulated with TSZ for different durations to assess their anti-necroptosis activity. Following treatment, the cells were lysed in RIPA Lysis Buffer (CWBIO, Jiangsu, China) and the protein concentration was determined using a BCA protein assay kit (CWBIO, Jiangsu, China). Subsequently, the protein samples were separated by 10% SDS-PAGE and transferred onto PVDF membranes (Millipore, Bedford, MA, United States). Subsequently, the membranes were treated with 5% BSA for a duration of 2 h, followed by an overnight incubation at 4 °C with different primary antibodies at a 1:1,000 dilution. After a 1-h incubation with HRP-conjugated secondary antibodies, the membranes were scanned using an imaging system (Bio-Rad, Hercules, United States) and the optical density of the bands was analyzed using ImageJ software.
2.13 KINOMEscan™ analysis
GA’s binding affinities for RIPK1, RIPK3, and MLKL kinases were measured using KINOMEscan™ assay by DiscoveRx Corporation following the protocol provided by the service provider. In brief, the RIPK1, RIPK3, and MLKL kinases were labeled with DNA for qPCR detection. The liganded beads were saturated with biotin and washed with blocking buffer to remove unbound ligand and reduce nonspecific binding. Binding reactions were then set up in binding buffer with kinases, liganded affinities, and test compounds. GA was prepared at a concentration of 5 mM in DMSO. The dissociation constants (Kds) were determined utilizing an 11-point, 3-fold serial dilution of the compound, accompanied by three control points containing DMSO. GA was subsequently diluted into the assays, resulting in a final DMSO concentration of 0.9%, and the assays were conducted in polypropylene 384-well plates. The reactions were conducted in a volume of 0.02 mL and incubated at room temperature with agitation for a duration of 1 hour. Subsequently, the beads were washed using a wash buffer and re-suspended in an elution buffer containing a non-biotinylated ligand, followed by an incubation period of 30 min. The concentration of kinase in the eluates was quantified using quantitative PCR (qPCR).
2.14 Network construction and analysis
Targets related to UC and necroptosis, as well as potential targets of GA, were identified using the GeneCards database (https://www.genecards.org/). The intersection of genes associated with UC, necroptosis, and GA was subsequently utilized to perform a network analysis of PPI via the STRING database (https://cn.string-db.org/). This analysis aimed to identify potential therapeutic targets of GA in the treatment of UC through the inhibition of necroptosis.
2.15 Molecular docking
The structure of HSP90α was retrieved from the Protein Data Bank (PDB ID: 8AGL), and the three-dimensional structure of Gambogic acid was obtained from the National Center for Biotechnology Information (NCBI) database (PubChem CID: 9852185). The interaction between HSP90α and Gambogic acid was analyzed using AutoDock Vina software, followed by visualization of the resulting complex using Maestro 2021 software.
2.16 Molecular dynamics (MD) simulation
Based on molecular docking studies, the Desmond program was employed to simulate the molecular dynamics of the aforementioned small molecule complexes. The OPLS2005 force field was utilized to parameterize both proteins and small molecules, while the TIP3P model was applied to represent solvated water. The protein-small molecule complex was positioned within a cubic water box and solvated, followed by neutralization of the system’s charge through the addition of 0.150 M chloride and sodium ions. Initially, the system’s energy is minimized through 50,000 steps employing the steepest descent minimization method. Subsequently, the positions of the heavy atoms are constrained to facilitate the execution of NVT (constant number of particles, volume, and temperature) and NPT (constant number of particles, pressure, and temperature) equilibration, each conducted over 50,000 steps. During these equilibration phases, the system’s temperature is maintained at 300 K, and the pressure is held at 1 bar. Following the completion of these equilibration stages, an unrestricted simulation is performed for 100 nanoseconds. Throughout this simulation, energy and coordinate data are recorded every 10 picoseconds. Post-simulation, Maestro 2021 software is utilized to generate interactive plots and dynamic trajectory animations.
2.17 Statistical analysis
The one-way analysis of variance followed by Tukey’s multiple comparision test was employed to assess variations among groups as indicated by the mean values ±standard deviation. A significance level of P < 0.05 was deemed statistically significant.
3 RESULTS
3.1 GA identified as a potential necroptosis inhibitor
Traditional Chinese medicine represents a valuable repository for the discovery of novel pharmacological agents. In this study, a comprehensive library of Chinese medicinal compounds was developed utilizing a commercial Chinese medicine monomer library (HY-L065, MCE). This extensive collection includes compounds known for their antipyretic, detoxifying, and anti-inflammatory properties, featuring 24 derivatives sourced from Taraxasterol, Arenobufagin, Gastrodin, etc. Within the established HT-29 cell necroptosis model induced by TNF-α, SM-164, and Z-VAD-FMK (TSZ) (Liu et al., 2024), GA was identified as a potent inhibitor of necroptosis (Supplementary Figure S1). Figure 1A illustrates the structural formula of GA. We further investigated the anti-necroptosis activity of GA in vitro using a TSZ-induced necroptosis model of HT-29 cells. Various concentrations of GA were incubated with the cells for 12 h. After GA treatment, more viable cells were observed, as shown by the Calcein/PI Cell Viability/Cytotoxicity Assay Kit (Figure 1B). Calcein AM stained live cells green, while Propidium Iodide marked dead cells red. Moreover, GA significantly enhanced cell viability, with an EC50 value of 1.48 μM (Figures 1C,D).
[image: Figure 1]FIGURE 1 | GA as a potential necroptosis inhibitor. (A) Chemical structure of GA; (B) Representative images of calcein-AM/PI staining of GA subjected to various treatments for a duration of 12 h; (C) HT-29 cells were treated with a specified concentration of GA, followed by stimulation with TSZ for 12 h, and cell viability was assessed using the CellTiter-Glo chemiluminescence assay; (D) Half-maximal effective concentration (EC50) of GA for the inhibition of necroptosis. **P < 0.01 compared to the TSZ group.
3.2 GA inhibits HT-29 cell necroptosis signaling
RIPK1, RIPK3, and MLKL are critical proteins involved in the necroptosis pathway (Wang M. et al., 2024). The phosphorylation of RIPK1 and RIPK3 leads to the formation of the necrosome, which subsequently induces the phosphorylation and oligomerization of MLKL, ultimately resulting in cell membrane rupture. Consequently, we assessed the phosphorylation status of RIPK1, RIPK3, and MLKL in the presence of GA. Experimental results demonstrated that GA inhibited the phosphorylation of RIPK1, RIPK3, and MLKL (Figures 2A,C). GA could inhibit the phosphorylation status of RIPK1, RIPK3, and MLKL even when TSZ continuously stimulated and enhanced the activation of necroptosis pathway (Figures 2B,D).
[image: Figure 2]FIGURE 2 | GA inhibits the activation of the necroptosis signaling pathway. (A) HT-29 cells were exposed to varying concentrations of GA for 6 h (B) HT-29 cells were pretreated with GA (5 µM) for 30 min, followed by treatment with TSZ for specified durations. (C) The quantitative analysis of the grayscale intensities of protein bands with different concentrations of GA for 6 h. (D) The quantitative analysis of the grayscale intensities of protein bands with different time. Data are expressed as the mean ± standard deviation (n = 3).
3.3 GA alleviates DSS-induced UC injury in mice
To ascertain the protective effects of GA against UC, a DSS-induced mouse model was employed. The schematic diagram is depicted in Figure 3A. Nec-1, a well-documented inhibitor of necroptosis, was utilized as a positive control (5 mg/kg). GA was administered at dosages of 0.5 mg/kg (low dose) and 5 mg/kg (high dose). The experimental results indicated that GA markedly alleviated the symptoms associated with DSS-induced UC. Compared to the model group, the GA (5 mg/kg) group exhibited significant weight recovery (Figures 3B,C), a reduced Disease Activity Index (DAI) score (Figure 3D), improved stool blood and quality, and increased colon length (Figure 3E). Additionally, the FITC fluorescence intensity indicated a decrease in intestinal permeability (Figure 3F). The therapeutic effects observed in the GA (5 mg/kg) group were comparable to those in the Nec-1 group. As the body weight and DAI scores was most significantly improved in the high-dose group, the GA (5 mg/kg) was selected in subsequent experiments. In order to evaluate the degree of intestinal injury, the pathological status was determined by HE staining. The results indicated that GA reduced submucosal edema in the colon, and ameliorated inflammatory infiltration (Figure 3G).
[image: Figure 3]FIGURE 3 | Protective effects of GA on DSS-induced UC in mice. (A) Schematic representation of the DSS-induced mouse model of UC and the administration protocol; (B) Variations in body weight of mice throughout the experimental period; (C) Representative images of mouse colons; (D) DAI scores during the experiment; (E) Colon length on day 14; (F) Serum FITC-glucan fluorescence intensity; (G) Hematoxylin and Eosin (HE) staining of representative colon tissue sections. *P < 0.05 and **P < 0.01 compared with the DSS group. The one-way analysis of variance followed by Tukey’s multiple comparision test was employed to assess variations among groups as indicated by the mean values ±standard deviation. A significance level of P < 0.05 was deemed statistically significant.
3.4 GA alleviates intestinal inflammation and intestinal barrier function in UC mice
The extended duration of UC and sustained chronic inflammation can result in the development of mucosal polyps, the shallowing or disappearance of colonic pockets, and tubular alterations in the intestinal wall (Pai et al., 2018; Peyrin-Biroulet et al., 2015). These changes may also lead to dysfunction or loss of the mucosal barrier and peristalsis. Despite the complete alleviation of clinical symptoms in some UC patients, mucosal inflammation may persist. Currently, the most widely accepted therapeutic objective among both domestic and international scholars is the healing of mucosal tissue. This approach aims to prolong remission periods, reduce recurrence rates, and diminish the risk of cancer (An et al., 2022; Chelakkot et al., 2018).
Among the intercellular connections within the intestinal mucosa, the tight junction (TJ) at the apical region of the mucosal epithelium is a critical structure that regulates cellular permeability and impedes the infiltration of deleterious substances, including macromolecular microorganisms and metabolites. This junction is primarily constituted of transmembrane proteins such as Claudin, Occludin, and Junctional Adhesion Molecules (JAMs), as well as junctional complex proteins (e.g., ZO-1, ZO-2) and elements of the cytoskeleton. These components collectively play a pivotal role in modulating the epithelial barrier function and maintaining cellular permeability (Capaldo et al., 2017).
To assess the impact of GA on intestinal barrier function and inflammation, we measured serum TNF-α levels and examined the distribution and expression of Zo-1 and Occludin-1 in the intestinal tissue. The experimental results demonstrated that GA significantly ameliorated intestinal inflammation and barrier dysfunction induced by DSS, reduced serum levels of the inflammatory factor TNF-α (Figure 4A) and enhanced the expression of ZO-1 (Figures 4B,C) and Occludin-1 (Figures 4D,E) in colonic tissue. Western blot results further suggested that ZO-1 and Occludin-1 expression was increased significantly in GA groups (Figures 4F,G).
[image: Figure 4]FIGURE 4 | Impact of GA on intestinal inflammation and barrier function in UC mice. Immunofluorescence was used to assess GA’s effect on ZO-1 (A) and Occludin (B) distribution and expression in DSS-induced UC mice. (C) Representative PAS staining images of colon tissue; (D) Quantitative analysis of fluorescence intensity of ZO-1. (E) Quantitative analysis of fluorescence intensity of Occludin. (F) Quantitative analysis of PAS staining area. (G) Quantitative analysis of fluorescence intensity of Muc-2. (H) The distribution and expression levels of Muc-2 in colon tissues were assessed using immunofluorescence techniques. (J) Quantitative analysis of fluorescence intensity of ZO-1 and Occludin in mice colon tissue. (I) Representative images of immunoblotting for ZO-1 and Occludin (n = 3). (J) The quantitative analysis of the grayscale intensities of protein bandsin in colon tissues. (K) ELISA measured GA’s impact on serum TNF-α levels in these mice. **P < 0.01 vs. DSS group.
The intestinal mucosal barrier’s mechanical component includes IECs, their secreted mucus, and intercellular junctions (Macdonald and Monteleone, 2005). The mucus, antimicrobial peptides, and Muc-2 mucin produced by IECs are crucial for defending against bacterial and macromolecular invasion, maintaining the barrier’s normal function (Allaire et al., 2018; Delgado et al., 2016).
We employed PAS staining to quantify the intestinal goblet cells, assessed the expression and localization of mucin protein MUC-2 to determine the population of IECs. The quantity of goblet cells was assessed using PAS staining, while the distribution and expression levels of Muc-2 in colon tissues were evaluated through immunofluorescence techniques. The findings indicated that, in comparison to the DSS model group, GA treatment resulted in an increased number of goblet cells (Figures 4H,I), and an elevated expression of Muc-2 (Figures 4J,K).
3.5 GA alleviates the necroptosis of villi IECs in UC mice
Abnormal necroptosis of IECs induces and exacerbates intestinal inflammation. The increased phosphorylation of RIPK1, RIPK3, and MLKL constitutes a crucial pathological process in necroptosis (Wang M et al., 2024). To evaluate the impact of GA on the necroptosis of villi IECs, we assessed the phosphorylation levels of RIPK1, RIPK3, and MLKL (Figures 5A,B), as well as the distribution of phosphorylated RIPK3 and MLKL within IECs (Figures 5C–F). Our findings indicate that GA can inhibit the necroptosis of villi IECs in UC mice, thereby enhancing intestinal barrier function and mitigating intestinal inflammation.
[image: Figure 5]FIGURE 5 | Effect of GA on necroptosis of villi IECs in UC mice. (A) Representative images of immunoblotting for RIPK1/3 and MLKL (n = 3). (B) The quantitative analysis of the grayscale intensities of protein bandsin in colon tissues. (C) The distribution and expression levels of p-RIPK3 in colon tissues. (D) The distribution and expression levels of p-MLKL in colon tissues. (E) Quantitative analysis of fluorescence intensity of p-MLKL. (F) Quantitative analysis of fluorescence intensity of p-RIPK3.
3.6 GA had no direct kinase inhibition function on RIPK1, RIPK3 or MLKL
Given that GA has been demonstrated to inhibit the phosphorylation levels of RIPK1, RIPK3, and MLKL both in vivo and in vitro, it is imperative to ascertain whether GA directly inhibits the kinase activity of RIPK1, RIPK3, or MLKL. To this end, the KINOMEscan™ assay was employed. The results indicated that GA does not inhibit the ligand binding of RIPK1 (Figure 6A), RIPK3 (Figure 6B), or MLKL (Figure 6C), nor does it directly inhibit the kinase activity of these proteins.
[image: Figure 6]FIGURE 6 | Effect of GA on the kinases activity of RIPK1, RIPK3 and MLKL. Effect of GA on the kinases activity of RIPK1 (A), RIPK3 (B) and MLKL (C).
3.7 HSP90AA1 is the core target of the PPI network
To investigate the potential targets of GA in the treatment of UC via necroptosis, we conducted a comprehensive analysis using target gene databases for GA, necroptosis, and UC. Initially, we identified 45 target genes by intersecting the gene sets associated with GA, UC, and necroptosis (Figure 7A). These 45 key genes were subsequently analyzed using the STRING database, with the species parameter set to “Homo sapiens”, to predict core proteins. A confidence score of 0.9 (highest confidence) was used on all interactions in order to minimize false positives/negatives. The resulting data were imported into Cytoscape software (version 3.10.2) in “tsv” format to construct a PPI network diagram (Figure 7B). Among the identified targets, HSP90AA1 was the node with the highest degree. Thus, HSP90AA1 (degree = 13) might as a core target of GA in the treatment of UC through necroptosis.
[image: Figure 7]FIGURE 7 | HSP90AA1 is the central of the GA PPI network. (A) Venn diagrams illustrate the 45 intersecting targets among GA, UC, and necroptosis. (B) The PPI network map highlights the intersecting targets shared by GA, UC, and necroptosis. The circle size indicates the significance of each gene target, with larger circles representing more important targets.
3.8 Molecular docking and molecular dynamics simulation results of GA and HSP90
Figure 8A presents the molecular docking results, demonstrating that GA can bind to HSP90. This binding is characterized by the formation of hydrogen bonds with the LYS58, ASP102, and ASN106 residues of HSP90. A 100 ns molecular dynamics simulation of the GA-HSP90 complex was conducted, followed by trajectory analysis. Initially, the RMSD values for both the protein and the small molecule were derived from the trajectory data. As shown in Figure 8B, the protein and GA achieved a stable conformation after 10 ns Therefore, subsequent analyses concentrated on the trajectories from 10 to 100 ns The RMSF values for the protein and the small molecule were also obtained, as illustrated in Figures 8C,D. Notably, the RMSF diagram for GA (Figure 8E) indicates that all amino acids of GA maintain a predominantly stable state. The interaction dynamics within the stability interval (10–100 ns) of the kinetic trajectory were examined, as shown in Figures 8F,G. Key amino acids involved in GA binding include ALA55, LYS58, MET98, ASP102, ASN106, GLY135, and PHE138, which primarily contribute through hydrogen bonding, water bridging, and hydrophobic interactions. The occupancy of interactions occurring within the 10–100 ns interval was quantified by calculating the ratio of frames displaying interactions to the total number of frames.
[image: Figure 8]FIGURE 8 | The results of molecular docking and molecular dynamics simulation. (A) Docking results of GA with HSP90 protein molecules. (B) RMSD; (C,D) Protein RMSF; (E) Ligand RMSF; (F) The connection between ligand and protein; (G) Ligand and protein Contacts (2 days-Summary).
3.9 GA inhibits necroptosis pathway by targeting HSP90
Research has demonstrated RIPK1, RIPK3, and MLKL are regulated by HSP90 (Yang and He, 2016). The inhibition of HSP90 disrupts its interaction with RIPK1, leading to the degradation of RIPK1. Furthermore, HSP90 directly influences the stability and phosphorylation of RIPK3. Additionally, HSP90 is crucial for the oligomerization and membrane translocation of MLKL (Jacobsen et al., 2016). HSP90 inhibitors have been shown to ameliorate inflammation in ulcerative colitis by enhancing the secretion of the anti-inflammatory cytokine IL-10, increasing the number of regulatory T cells (Tregs), and attenuating inflammatory activation (Collins et al., 2013). Nevertheless, the precise role of HSP90 inhibition in the treatment of UC, particularly through the modulation of necroptosis, remains to be systematically explored. To investigate whether GA can inhibit the necroptosis signaling pathway via HSP90, we initially administered GA in combination with necroptosis inhibitors to assess cell viability. The results demonstrated that GA exhibited a synergistic effect when co-administered with Nec-1 (RIPK1 inhibitor), TAK632 (RIPK1/3 inhibitor), and NSA (MLKL inhibitor) (Figure 9A). This suggests that the target of GA is not RIPK1, RIPK3, and MLKL, and that its possible target is HSP90. Subsequently, we evaluated the impact of GA on HSP90 by measuring the levels of HSP70 and EGFR (the biomarkers of HSP90), which are indicative of HSP90 activity. Inhibition of HSP90 was associated with a significant upregulation of HSP70 and a significant downregulation of EGFR (Taipale et al., 2010). The findings indicated that GA could inhibit EGFR, a client protein of HSP90, and increase the expression level of HSP70 in a time-(Figures 9C,E) and dose-dependent (Figures 9B,D) manner. Finally, we assessed the expression levels of HSP70 and HSP90 in the colonic tissue of UC mice. In alignment with us in vitro findings, administration of GA led to an upregulation of HSP70 (Figures 9G,I) and a downregulation of HSP90 (Figures 9F,H). These results suggest that GA may modulate the necroptosis signaling pathway through the regulation of HSP90, thereby presenting a potential therapeutic strategy for the treatment of UC.
[image: Figure 9]FIGURE 9 | GA inhibits the necroptosis pathway by targeting HSP90. (A) HT-29 cells were treated with GA and other compounds, then stimulated with TSZ for 12 h to assess synergy effects. (B) HT-29 cells were exposed to different GA concentrations, followed by 6-h TSZ stimulation (n = 3). (C) HT-29 cells were pretreated with 5 μM GA for 30 min, then treated with TSZ for various duration (n = 3). (D) The quantitative analysis of the grayscale intensities of protein bands with different concentrations of GA for 6 h. (E) The quantitative analysis of the grayscale intensities of protein bands with different time. (F) The distribution and expression levels of HSP90 in colon tissues. (G) The distribution and expression levels of HSP70 in colon tissues. (H) Quantitative analysis of fluorescence intensity of HSP90. (I) Quantitative analysis of fluorescence intensity of HSP70.
3.10 GA has no cardiac, hepatic or renal toxicity at effective doses
Previous reports indicated that GA exhibited mild toxicity in the kidney and liver (Qi et al., 2008). Consequently, we assessed liver and kidney function and evaluated the extent of pathological damage in the liver and kidney in UC mice at the effective dose of GA used in this study. GA (5 mg/kg) does not influence the serum levels of ALT/AST (Figures 10A,B), nor does it impact the concentrations of BUN and CRE (Figures 10C,D). Furthermore, GA exhibited no pathological damage to the liver or kidneys in UC mice (Figure 10E). To further investigate the effects of GA on the pathology of heart, we also examined the cardiac injury of GA in UC mice (Figure 10E). GA exhibited no pathological damage to the heart in UC mice. Our experimental findings demonstrated that GA did not induce cardiac, hepatic, or renal toxicity at therapeutically effective doses for the treatment of UC.
[image: Figure 10]FIGURE 10 | The toxicity of GA on cardiac, hepatic or renal in UC mice. (A) ALT; (B) AST (C) Cre; (D) BUN; (E) HE staining of heart, liver, and kidney sections.
4 DISCUSSION
The aberrant death of IECs constitutes a primary factor contributing to the compromise of the intestinal barrier, further perpetuating a deleterious cycle with inflammatory responses. Necroptosis, a form of programmed cell death characterized by inflammatory properties, exacerbates the damage to the intestinal barrier when it occurs in IECs. Significant advancements have been made in the development of necroptosis inhibitors targeting critical components of the necroptosis signaling pathway. Numerous inhibitors have been identified and evaluated in preclinical trials; however, only a limited number have progressed to clinical testing and application. Since the discovery of the first necroptosis inhibitor, Nec-1 (Degterev et al., 2005), in 2005, it has demonstrated efficacy in preventing necrotic apoptosis-related diseases. However, the in vivo metabolic stability of Nec-1 is poor. GSK2982772 represents the inaugural RIPK1 inhibitor to undergo clinical trial evaluation (Harris et al., 2017). Clinical trial data indicate that GSK2982772 exhibits a favorable safety and tolerability profiles (Weisel et al., 2017). However, the therapeutic efficacy of GSK2982772 in the treatment of active UC (Weisel et al., 2021) has been found to be limited. SAR443060 is a selective, orally bioavailable, and permeable reversible inhibitor of RIPK1 (Vissers et al., 2022). Nevertheless, the clinical trial for SAR443060 has been discontinued due to long-term preclinical toxicity concerns.
Traditional Chinese medicine is distinguished by its efficacious therapeutic outcomes and minimal adverse effects. Natural products derived from traditional Chinese medicine offer several advantages, including abundant availability, high bioactivity, and low toxicity. Consequently, research into their pharmacological activities is gaining momentum. The process of necroptosis bears resemblance to the concept of “heat and toxicity” as articulated in traditional Chinese medicine theory. In this study, we developed a compound library aimed at heat clearance, detoxification, and detumescence, in accordance with traditional Chinese medicine principles. Concurrently, it investigated natural compounds for their anti-necroptosis activity and explored their potential molecular targets. Through systematic screening, it was determined that GA exhibits significant anti-necroptosis activities.
Garcinia hanburyi Hook. f., a traditional Chinese herbal medicine, is a dried resin secreted by Garcinia hanburyi trees after their trunks are cut. It has a sour and astringent taste and is known for its anti-inflammatory, detoxifying, and wound-healing properties. Historical texts such as the “Gangmu Shiyi” document its use in treating ulcers, bleeding, and various skin conditions (Zhao, 1963). GA is a major chemical component of Garcinia hanburyi Hook. f. Modern research has revealed its diverse pharmacological effects, encompassing anti-inflammatory, anti-tumor, and antibacterial activities. GA has shown promise in treating conditions such as lung injury, mastitis, arthritis, and myocardial infarction (Han et al., 2020). Its anti-inflammatory mechanisms may involve the inhibition of NF-κB, MAPK, and TrkA/Akt signaling pathways (Gao et al., 2021). However, its role and mechanism of action in UC have not been previously reported in the literature. In this study, GA was found to inhibit the phosphorylation of RIPK1, RIPK3, and MLKL in TSZ-induced HT29 cells in a dose-dependent manner. Furthermore, in a murine model of UC, GA ameliorated symptoms in a murine model of UC and attenuated necroptosis in IECs, thereby enhancing the integrity of the intestinal barrier and mitigating intestinal inflammation.
HSP90 is an ATP-dependent molecular chaperone that is essential for protein folding and maturation, operating through a chaperone cycle that incorporates various cochaperone proteins (Wang et al., 2022). The inhibition of HSP90 holds the potential to attenuate the necroptosis signaling pathway (Yang and He, 2016). These kinase proteins, RIPK1, RIPK3, and MLKL, have been identified as client proteins of HSP90. Dysfunctions in HSP90 can result in the degradation of these client proteins via the ubiquitin-proteasome pathway. Moreover, the inhibition of HSP90 can obstruct the formation of the necrosome, the phosphorylation of RIPK3, and the occurrence of necroptosis. In cases of non-RIPK1-dependent, polymerized RIPK3-induced necrosis, the function of HSP90 can be effectively disrupted. In 293T cells lacking RIPK3 expression, overexpression of HSP90 enhanced MLKL-induced cell death. The inhibition of HSP90 function could prevent the oligomerization and aberrant membrane localization of the mutant MLKL S345D (Jacobsen et al., 2016; Jacobsen and Silke, 2016). Thus, HSP90 is implicated in the activation of RIPK1, RIPK3, and MLKL in multiple ways. Simultaneously, the inhibition of HSP90 has been shown to ameliorate symptoms of UC. Research indicates that HSP90 inhibitors can attenuate the inflammatory response in UC by augmenting the secretion of the anti-inflammatory cytokine IL-10, increasing the population of regulatory T cells, and reducing the activation of the inflammasome (Collins et al., 2013; Shaaban et al., 2022). Therefore, the strategic targeting of HSP90 and the regulation of necroptosis may offer a novel therapeutic approach for the treatment of UC. In this study, the potential target genes associated with GA, UC, and necroptosis were intersected. The intersecting genes were subsequently ranked based on their degree values using Cytoscape software. Among these, HSP90AA1 emerged as the core target. In vivo and in vitro experiments have demonstrated that GA potentially inhibits necroptosis in IECs through the modulation of HSP90. Currently, many studies have shown that there are many pathways that can be associated with necrptosis. GA may exert its effects through other pathways, such as NF - κB or MAPK pathways. Further investigation is warranted to explore any additional, yet unidentified targets of GA.
In conclusion, GA demonstrates the capacity to inhibit necroptosis in IECs and its anti-colitis effects may through the suppression of HSP90 expression. Our findings underscore the potential therapeutic application of HSP90 inhibition by GA in mitigating necroptosis and treating UC. The modulation of necroptosis in IECs via HSP90 inhibition presents a promising therapeutic strategy for UC and other conditions associated with necroptosis. The proposed mechanism is depicted in Figure 11.
[image: Figure 11]FIGURE 11 | Schematic representation of proposed mechanism of GA on the protective effect of UC.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by Animal Care and Use Committee of Henan university of chinese medicine. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YW: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Writing – original draft, Writing – review and editing. SL: Methodology, Writing – original draft. KL: Methodology, Writing – original draft. EX: Funding acquisition, Project administration, Resources, Supervision, Writing – review and editing. ZW: Conceptualization, Project administration, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by Henan Provincial Science and Technology Research and Development Joint Fund (222301420021) and Shanghai Sailing Program (21YF1444700).
GENERATIVE AI STATEMENT
The authors declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1586705/full#supplementary-material
ABBREVIATIONS
IECs, intestinal epithelial cells; HSP90, heat shock protein 90; GA, gambogic acid; DSS, dextran sodium sulfate; UC, ulcerative colitis; TJ, tight junction; TNF-α, tumor necrosis factor-α; TNFR1, TNF receptor 1; RIPK1, receptor-interacting protein kinase1; RIPK3, receptor-interacting protein kinase 3; MLKL, mixed lineage kinase domain-like kinase; Nec-1, necrostain-1; Con, control; i. p., intraperitoneally; DAI, disease activity index; PAS, periodic acid-schiff; ELISA, enzyme-linked immune sorbent assay; PPI, protein-protein interaction; NCBI, national center for biotechnology information; JAMs, junctional adhesion molecules.
REFERENCES
 Allaire, J. M., Morampudi, V., Crowley, S. M., Stahl, M., Yu, H., Bhullar, K., et al. (2018). Frontline defenders: goblet cell mediators dictate host-microbe interactions in the intestinal tract during health and disease. Am. J. Physiol. Gastrointest. Liver Physiol. 314 (3), G360–G377. doi:10.1152/ajpgi.00181.2017
 An, J., Liu, Y., Wang, Y., Fan, R., Hu, X., Zhang, F., et al. (2022). The role of intestinal mucosal barrier in autoimmune disease: a potential target. Front. Immunol. 13, 871713. doi:10.3389/fimmu.2022.871713
 Capaldo, C. T., Powell, D. N., and Kalman, D. (2017). Layered defense: how mucus and tight junctions seal the intestinal barrier. J. Mol. Med. Berl. 95 (9), 927–934. doi:10.1007/s00109-017-1557-x
 Chelakkot, C., Ghim, J., and Ryu, S. H. (2018). Mechanisms regulating intestinal barrier integrity and its pathological implications. Exp. Mol. Med. 50 (8), 103–109. doi:10.1038/s12276-018-0126-x
 Collins, C. B., Aherne, C. M., Yeckes, A., Pound, K., Eltzschig, H. K., Jedlicka, P., et al. (2013). Inhibition of N-terminal ATPase on HSP90 attenuates colitis through enhanced Treg function. Mucosal Immunol. 6 (5), 960–971. doi:10.1038/mi.2012.134
 Degterev, A., Huang, Z., Boyce, M., Li, Y., Jagtap, P., Mizushima, N., et al. (2005). Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat. Chem. Biol. 1 (2), 112–119. doi:10.1038/nchembio711
 Delgado, M. E., Grabinger, T., and Brunner, T. (2016). Cell death at the intestinal epithelial front line. FEBS J. 283 (14), 2701–2719. doi:10.1111/febs.13575
 Eisenstein, M. (2018). Ulcerative colitis: towards remission. Nature 563 (7730), S33. doi:10.1038/d41586-018-07276-2
 Gao, X., Dai, J., Li, G., and Dai, X. (2021). Gambogic acid protects LPS-induced apoptosis and inflammation in a cell model of neonatal pneumonia through the regulation of TrkA/Akt signaling pathway. BMC Pharmacol. Toxicol. 22 (1), 28. doi:10.1186/s40360-021-00496-9
 Gunther, C., Martini, E., Wittkopf, N., Amann, K., Weigmann, B., Neumann, H., et al. (2011). Caspase-8 regulates TNF-alpha-induced epithelial necroptosis and terminal ileitis. Nature 477 (7364), 335–339. doi:10.1038/nature10400
 Han, X., Jiao, M., and Zhan, H. (2020). Research progress on the targets and related signaling pathways of Gambogic Acid. J. XinX Med Univer 37 (7), 6. doi:10.7683/xxyxyxb.2020.07.023
 Harris, P. A., Berger, S. B., Jeong, J. U., Nagilla, R., Bandyopadhyay, D., Campobasso, N., et al. (2017). Discovery of a first-in-class receptor interacting protein 1 (RIP1) kinase specific clinical candidate (GSK2982772) for the treatment of inflammatory diseases. J. Med. Chem. 60 (4), 1247–1261. doi:10.1021/acs.jmedchem.6b01751
 Jacobsen, A. V., Lowes, K. N., Tanzer, M. C., Lucet, I. S., Hildebrand, J. M., Petrie, E. J., et al. (2016). HSP90 activity is required for MLKL oligomerisation and membrane translocation and the induction of necroptotic cell death. Cell Death Dis. 7 (1), e2051. doi:10.1038/cddis.2015.386
 Jacobsen, A. V., and Silke, J. (2016). The importance of being chaperoned: HSP90 and necroptosis. Cell Chem. Biol. 23 (2), 205–207. doi:10.1016/j.chembiol.2016.02.003
 Kalliolias, G. D., and Ivashkiv, L. B. (2016). TNF biology, pathogenic mechanisms and emerging therapeutic strategies. Nat. Rev. Rheumatol. 12 (1), 49–62. doi:10.1038/nrrheum.2015.169
 Kucharzik, T., Koletzko, S., Kannengiesser, K., and Dignass, A. (2020). Ulcerative colitis-diagnostic and therapeutic algorithms. Dtsch. Arztebl Int. 117 (33-34), 564–574. doi:10.3238/arztebl.2020.0564
 Le Berre, C., Honap, S., and Peyrin-Biroulet, L. (2023). Ulcerative colitis. Lancet 402 (10401), 571–584. doi:10.1016/s0140-6736(23)00966-2
 Lee, S. H., Kwon, J. Y., Moon, J., Choi, J., Jhun, J., Jung, K., et al. (2020). Inhibition of RIPK3 pathway attenuates intestinal inflammation and cell death of inflammatory bowel disease and suppresses necroptosis in peripheral mononuclear cells of ulcerativecolitis patients. Immune Netw. 20 (2), e16. doi:10.4110/in.2020.20.e16
 Li, W., Chen, D., Zhu, Y., Ye, Q., Hua, Y., Jiang, P., et al. (2024). Alleviating pyroptosis of intestinal epithelial cells to restore mucosal integrity in ulcerative colitis by targeting delivery of 4-octyl-itaconate. ACS Nano 18 (26), 16658–16673. doi:10.1021/acsnano.4c01520
 Liu, C., Wang, H., Han, L., Zhu, Y., Ni, S., Zhi, J., et al. (2024). Targeting P2Y(14)R protects against necroptosis of intestinal epithelial cells through PKA/CREB/RIPK1 axis in ulcerative colitis. Nat. Commun. 15 (1), 2083. doi:10.1038/s41467-024-46365-x
 Lopes, E. W., Chan, S. S. M., Song, M., Ludvigsson, J. F., Hakansson, N., Lochhead, P., et al. (2022). Lifestyle factors for the prevention of inflammatory bowel disease. Gut 72, 1093–1100. doi:10.1136/gutjnl-2022-328174
 Macdonald, T. T., and Monteleone, G. (2005). Immunity, inflammation, and allergy in the gut. Science 307 (5717), 1920–1925. doi:10.1126/science.1106442
 Negroni, A., Colantoni, E., Pierdomenico, M., Palone, F., Costanzo, M., Oliva, S., et al. (2017). RIP3 AND pMLKL promote necroptosis-induced inflammation and alter membrane permeability in intestinal epithelial cells. Dig. Liver Dis. 49 (11), 1201–1210. doi:10.1016/j.dld.2017.08.017
 Ng, S. C., Shi, H. Y., Hamidi, N., Underwood, F. E., Tang, W., Benchimol, E. I., et al. (2017). Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: a systematic review of population-based studies. Lancet 390 (10114), 2769–2778. doi:10.1016/s0140-6736(17)32448-0
 Oberst, A., Dillon, C. P., Weinlich, R., McCormick, L. L., Fitzgerald, P., Pop, C., et al. (2011). Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3-dependent necrosis. Nature 471 (7338), 363–367. doi:10.1038/nature09852
 Pai, R. K., Jairath, V., Vande Casteele, N., Rieder, F., Parker, C. E., and Lauwers, G. Y. (2018). The emerging role of histologic disease activity assessment in ulcerative colitis. Gastrointest. Endosc. 88 (6), 887–898. doi:10.1016/j.gie.2018.08.018
 Pasparakis, M., and Vandenabeele, P. (2015). Necroptosis and its role in inflammation. Nature 517 (7534), 311–320. doi:10.1038/nature14191
 Patankar, J. V., and Becker, C. (2020). Cell death in the gut epithelium and implications for chronic inflammation. Nat. Rev. Gastroenterol. Hepatol. 17 (9), 543–556. doi:10.1038/s41575-020-0326-4
 Peyrin-Biroulet, L., Sandborn, W., Sands, B. E., Reinisch, W., Bemelman, W., Bryant, R. V., et al. (2015). Selecting therapeutic targets in inflammatory bowel disease (STRIDE): determining therapeutic goals for treat-to-target. Am. J. Gastroenterol. 110 (9), 1324–1338. doi:10.1038/ajg.2015.233
 Pierdomenico, M., Negroni, A., Stronati, L., Vitali, R., Prete, E., Bertin, J., et al. (2014). Necroptosis is active in children with inflammatory bowel disease and contributes to heighten intestinal inflammation. Am. J. Gastroenterol. 109 (2), 279–287. doi:10.1038/ajg.2013.403
 Qi, Q., You, Q., Gu, H., Zhao, L., Liu, W., Lu, N., et al. (2008). Studies on the toxicity of gambogic acid in rats. J. Ethnopharmacol. 117 (3), 433–438. doi:10.1016/j.jep.2008.02.027
 Shaaban, A. A., Abdelhamid, A. M., Shaker, M. E., Cavalu, S., Maghiar, A. M., Alsayegh, A. A., et al. (2022). Combining the HSP90 inhibitor TAS-116 with metformin effectively degrades the NLRP3 and attenuates inflammasome activation in rats: a new management paradigm for ulcerative colitis. Biomed. Pharmacother. 153, 113247. doi:10.1016/j.biopha.2022.113247
 Taipale, M., Jarosz, D. F., and Lindquist, S. (2010). HSP90 at the hub of protein homeostasis: emerging mechanistic insights. Nat. Rev. Mol. Cell Biol. 11 (7), 515–528. doi:10.1038/nrm2918
 Thongrung, R., Lapmanee, S., Bray, P. T., Suthamwong, P., Deandee, S., Pangjit, K., et al. (2025). Gambogic acid mitigates nephropathy by inhibiting oxidative stress and inflammation in diabetic rats. Int. J. Mol. Cell Med. 14 (1), 448–461. doi:10.22088/ijmcm.bums.14.1.448
 Vissers, M., Heuberger, J., Groeneveld, G. J., Oude Nijhuis, J., De Deyn, P. P., Hadi, S., et al. (2022). Safety, pharmacokinetics and target engagement of novel RIPK1 inhibitor SAR443060 (DNL747) for neurodegenerative disorders: randomized, placebo-controlled, double-blind phase I/Ib studies in healthy subjects and patients. Clin. Transl. Sci. 15 (8), 2010–2023. doi:10.1111/cts.13317
 Wang, L., Zhang, Q., and You, Q. (2022). Targeting the HSP90-CDC37-kinase chaperone cycle: a promising therapeutic strategy for cancer. Med. Res. Rev. 42 (1), 156–182. doi:10.1002/med.21807
 Wang, M., Wang, Z., Li, Z., Qu, Y., Zhao, J., Wang, L., et al. (2024). Targeting programmed cell death in inflammatory bowel disease through natural products: new insights from molecular mechanisms to targeted therapies. Phytother. Res. 39, 1776–1807. doi:10.1002/ptr.8216
 Wang, Y., Zhang, B., Liu, S., Xu, E., and Wang, Z. (2024). The traditional herb Sargentodoxa cuneata alleviates DSS-induced colitis by attenuating epithelial barrier damage via blocking necroptotic signaling. J. Ethnopharmacol. 319 (Pt 3), 117373. doi:10.1016/j.jep.2023.117373
 Weisel, K., Scott, N., Berger, S., Wang, S., Brown, K., Powell, M., et al. (2021). A randomised, placebo-controlled study of RIPK1 inhibitor GSK2982772 in patients with active ulcerative colitis. BMJ Open Gastroenterol. 8 (1), e000680. doi:10.1136/bmjgast-2021-000680
 Weisel, K., Scott, N. E., Tompson, D. J., Votta, B. J., Madhavan, S., Povey, K., et al. (2017). Randomized clinical study of safety, pharmacokinetics, and pharmacodynamics of RIPK1 inhibitor GSK2982772 in healthy volunteers. Pharmacol. Res. Perspect. 5 (6), e00365. doi:10.1002/prp2.365
 Yan, Y. X., Shao, M. J., Qi, Q., Xu, Y. S., Yang, X. Q., Zhu, F. H., et al. (2018). Artemisinin analogue SM934 ameliorates DSS-induced mouse ulcerative colitis via suppressing neutrophils and macrophages. Acta Pharmacol. Sin. 39 (10), 1633–1644. doi:10.1038/aps.2017.185
 Yang, C. K., and He, S. D. (2016). Heat shock protein 90 regulates necroptosis by modulating multiple signaling effectors. Cell Death Dis. 7 (3), e2126. doi:10.1038/cddis.2016.25
 Yang, Y. J., Kim, M. J., Lee, H. J., Lee, W. Y., Yang, J. H., Kim, H. H., et al. (2024). Ziziphus jujuba miller ethanol extract restores disrupted intestinal barrier function via tight junction recovery and reduces inflammation. Antioxid. (Basel) 13 (5), 575. doi:10.3390/antiox13050575
 Yu, Z., Jv, Y., Cai, L., Tian, X., Huo, X., Wang, C., et al. (2019). Gambogic acid attenuates liver fibrosis by inhibiting the PI3K/AKT and MAPK signaling pathways via inhibiting HSP90. Toxicol. Appl. Pharmacol. 371, 63–73. doi:10.1016/j.taap.2019.03.028
 Zhang, D., Ge, F., Ji, J., Li, Y. J., Zhang, F. R., Wang, S. Y., et al. (2023). β-sitosterol alleviates dextran sulfate sodium-induced experimental colitis via inhibition of NLRP3/Caspase-1/GSDMD-mediated pyroptosis. Front. Pharmacol. 14, 1218477. doi:10.3389/fphar.2023.1218477
 Zhang, J., Lei, H., Hu, X., and Dong, W. (2020). Hesperetin ameliorates DSS-induced colitis by maintaining the epithelial barrier via blocking RIPK3/MLKL necroptosis signaling. Eur. J. Pharmacol. 873, 172992. doi:10.1016/j.ejphar.2020.172992
 Zhang, X. (2016). Yixue zhongzhong canxilu, Beijing: TCM Ancient Books. 
 Zhao, X. (1963). Bencao gangmu Shiyi. Beijing: People’s Health Press. 
 Zhong, Y., Tu, Y., Ma, Q., Chen, L., Zhang, W., Lu, X., et al. (2023). Curcumin alleviates experimental colitis in mice by suppressing necroptosis of intestinal epithelial cells. Front. Pharmacol. 14, 1170637. doi:10.3389/fphar.2023.1170637
 Zhou, Z. (2013). Traditional Chinese internal medicine. The Shanghai Scientific and Technical Publishers. 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Wang, Liu, Lu, Xu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1586705-g005.gif





OPS/images/fphar-16-1586705-g006.gif





OPS/images/fphar-16-1586705-g003.gif





OPS/images/fphar-16-1586705-g004.gif





OPS/images/fphar-16-1586705-g009.gif





OPS/images/fphar-16-1586705-g007.gif
Necroptosis

Ulcerative Colitis





OPS/images/fphar-16-1586705-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Gambogic acid targets HSP90 to alleviate DSS-induced colitis via inhibiting the necroptosis of intestinal epithelial cells		1 Introduction

		2 Materials and methods		2.1 Reagents

		2.2 Cell culture

		2.3 Anti-necroptosis activity of GA

		2.4 Double staining of live/dead cells

		2.5 Animals

		2.6 UC model induced by DSS

		2.7 Disease activity index (DAI)

		2.8 FITC-dextran assay

		2.9 HE and PAS staining

		2.10 ELISA

		2.11 Immunofluorescence

		2.12 Western blot

		2.13 KINOMEscan™ analysis

		2.14 Network construction and analysis

		2.15 Molecular docking

		2.16 Molecular dynamics (MD) simulation

		2.17 Statistical analysis





		3 Results		3.1 GA identified as a potential necroptosis inhibitor

		3.2 GA inhibits HT-29 cell necroptosis signaling

		3.3 GA alleviates DSS-induced UC injury in mice

		3.4 GA alleviates intestinal inflammation and intestinal barrier function in UC mice

		3.5 GA alleviates the necroptosis of villi IECs in UC mice

		3.6 GA had no direct kinase inhibition function on RIPK1, RIPK3 or MLKL

		3.7 HSP90AA1 is the core target of the PPI network

		3.8 Molecular docking and molecular dynamics simulation results of GA and HSP90

		3.9 GA inhibits necroptosis pathway by targeting HSP90

		3.10 GA has no cardiac, hepatic or renal toxicity at effective doses





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Generative AI statement

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Gambogic acid targets HSP90 to
alleviate DSS-induced colitis via
inhibiting the necroptosis of
intestinal epithelial cells





OPS/images/fphar-16-1586705-g001.gif





OPS/images/fphar-16-1586705-g002.gif
: EEWE

oo éj:

N il
ey e
AP o T





OPS/images/fphar-16-1586705-g011.gif





OPS/images/fphar-16-1586705-g010.gif
b Bl = con
=3 - moss.
i R 5 25,
i ] B g .
CrEr E v
C w D
= G = Con
H =0 g Sow
i =i e
B - e
Eee o p e e
e
§
8
=
— Lver









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





