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Gut homeostasis is critical for human health, ulcerative colitis (UC) can disrupt gut homeostasis and cause disease. Panax ginseng C.A. Meyer is a widely used traditional herbal medicine known for its anti-inflammatory, antioxidant, and immunomodulatory effects. However, the protective mechanisms of total ginsenosides (TG) in treating UC remain unclear. In this study, we employed Drosophila melanogaster as a model organism to investigate the protective effects of TG on dextran sulfate sodium (DSS)-induced intestinal injury. Our data showed that TG significantly improved survival rates in female flies, restored intestinal length, maintained intestinal barrier integrity, and alleviated oxidative stress. Additionally, TG may protect against intestinal damage by activating the PI3K/Akt signaling pathway and inhibiting the JAK/STAT signaling pathway. These findings suggest that TG alleviates UC symptoms through multi-target regulation, highlighting its potential for developing novel therapeutic strategies for UC.
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1 INTRODUCTION
Recently, the incidence of inflammatory bowel disease (IBD) has shown a marked increase, particularly among younger individuals (Hendler et al., 2020). Notably, the pathophysiology of IBD is intricate and multifaceted and involves the interplay of various factors, including genetic predispositions, environmental influences, epithelial barrier dysfunction, disruption of the gut microbiota, immune system imbalances, and oxidative stress damage (Guan, 2019). Ulcerative colitis (UC), a primary subtype of IBD, is clinically characterized by symptoms such as diarrhea, abdominal pain, and the presence of mucus or blood in the stools (Shen et al., 2019). Currently available UC therapies primarily include immunosuppressants, anti-inflammatory agents, and biologics (Gros and Kaplan, 2023). Although these medications are effective, they are frequently accompanied by adverse effects such as immune suppression and gut microbiota dysbiosis. Additionally, prolonged use may result in drug resistance or undesirable side effects, including gastrointestinal discomfort and osteoporosis (Akkol et al., 2020). Consequently, identifying natural plant-derived bioactive metabolites with high efficacy, low toxicity, and minimal side effects for the treatment of IBD has attracted research attention.
In China, botanical drug therapies have long played a prominent role in the treatment of UC, earning widespread recognition for their low toxicity, minimal side effects, and affordability (Xue et al., 2023). For over 2000 years, Panax ginseng C.A. Meyer, a plant belonging to the Panax genus of the Araliaceae family, has been highly regarded not only as a tonic but also for its diverse therapeutic properties, which have been scientifically substantiated in the treatment of various conditions, including inflammatory (Zhao et al., 2024), neurological (Zhao et al., 2022), and oncological (Xia et al., 2024) diseases. It is noteworthy that traditional Chinese medicine formulations, predominantly centered on ginseng—such as Shenling BaiZhu powder and Six Gentlemen Decoction—are frequently employed in the clinical management of ulcerative colitis and have been shown to yield significant therapeutic benefits (Chen et al., 2022; Yuan et al., 2020). Ginseng contains various bioactive compounds, including ginsenosides, polysaccharides, and peptides, with ginsenosides being the most abundant (Kim et al., 2017). Accumulating evidence suggests that ginsenosides exert physiological effects in the treatment of inflammatory diseases through multiple processes, such as suppressing the release of pro-inflammatory mediators (Zhao et al., 2024), modulating gut microbiota (Liu et al., 2024), and enhancing immune function (Zhu et al., 2021). Collectively, these actions underscore the clinical potential of ginsenosides for mitigating inflammation and modulating immune responses. Additionally, ginsenosides have been used to treat cardiovascular diseases, diabetes, and various cancers (Wei et al., 2024). Despite the promising pharmacological effects of ginsenosides, their anti-inflammatory and antioxidant effects and their mechanism of action in UC remain unclear. A comprehensive investigation of the potential therapeutic effects and mechanisms of action of ginsenosides in UC may provide novel insights and avenues for treatment.
Agents commonly used to induce colitis include dextran sulfate sodium (DSS), trinitrobenzene sulfonic acid, and sodium dodecyl sulfate. Among these, DSS is widely used because of its ability to rapidly induce intestinal inflammation with pathological features closely resembling those of human UC, making it a valuable tool for exploring the mechanisms of colitis and evaluating the efficacy of potential therapeutics (Yang and Merlin, 2024). Recently, the fruit fly (Drosophila melanogaster) has emerged as an alternative model for colitis research because of its simple genome, short reproductive cycle, low cost, and anatomical and signaling pathway similarities to humans and other mammals (Casali and Batlle, 2009; Medina et al., 2022). For example, San Huang Pill and its bioactive components alleviated DSS-induced colitis in Drosophila by regulating pathways such as JAK/STAT, apoptosis, Toll, and Nrf2/Keap1 (Li et al., 2024). Similarly, bilberry anthocyanin extracts exerted protective effects against DSS-induced intestinal damage in Drosophila by reducing reactive oxygen species (ROS) and malondialdehyde (MDA) levels and activating the NRF2 signaling pathway (Zhang et al., 2022). Overall, these findings highlight the unique advantages of Drosophila in revealing the pathophysiological mechanisms of intestinal inflammation. Additionally, the high manipulability and experimental reproducibility of this model make it an important tool for investigating the mechanisms of action of botanical drug in gut inflammation.
Network pharmacology allows for the analysis of the biological effects of drug components, the prediction of involved signaling pathways, the identification of regulatory genes, and the revelation of multi-target and multi-pathway action patterns (Kim et al., 2024). This approach not only facilitates a deeper understanding of the multidimensional regulatory interactions between drugs and diseases but also provides valuable insights for exploring their mechanisms of action.
Therefore, we investigated the protective effect and regulatory mechanisms of total ginsenosides (TG) using a Drosophila model of DSS-induced intestinal injury and network analysis. Overall, this study will improve our understanding of the potential anti-inflammatory and antioxidative roles of TG in UC, thereby providing a theoretical basis for its clinical application in UC management.
2 MATERIALS AND METHODS
2.1 Experimental drugs
TG extracted from root of Panax ginseng C. A. Mey. (purity: 80.22%, S25997, batch number: H12 M8T35871) and 4,6-diamidino-2-phenylindole (DAPI) were purchased from Yuanye Bio-Technology Co., Ltd., Shanghai, China. DSS salt was purchased from MP Biomedicals Co., Ltd., United States; dihydroethidium (DHE) was purchased from Bairuiji Biotechnology Co., Ltd., Beijing, China; 7-aminoactinomycin D (7-AAD) was purchased from Beyotime Biotechnology Co., Ltd., Shanghai, China; and MDA assay kit was supplied by Solarbio Bioscience and Technology Co., Ltd., Shanghai, China.
2.2 Drosophila strains and rearing
The w^1118 Drosophila strain used in this study was obtained from the Tsinghua Fly Center. The flies were reared on standard cornmeal-yeast medium in a controlled environment (temperature, 25°C; relative humidity, 60%) under a 12 h/12 h light/dark cycle.
2.3 Establishment of Drosophila model of UC
The Drosophila model of UC was established using DSS. Briefly, adult female flies aged 3–7 days were anesthetized with CO2 and randomly divided into five groups (20 flies per group): control, 5% DSS, 0.5% TG + 5% DSS, 1% TG + 5% DSS, and 2% TG + 5% DSS. Each of the prepared solutions (60 μL) was uniformly applied to the surface of the standard medium and replaced every 24 h.
2.4 Survival assay
Briefly, the collected flies were separated by sex into female and male groups (three vials per group) and transferred to the respective treatment media. The mortality in each vial was recorded every 24 h.
2.5 Intestinal morphology assays
During the experimental period, female flies in the control group were administered sterile water, whereas those in the other groups were treated for 72 h with either 5% DSS alone or 5% DSS combined with 0.5, 1, or 2% TG. After treatment, the flies were starved for 1 h and the entire intestine was dissected and extracted in ice-cold PBS. Thereafter, the intestines were observed and imaged using a stereofluorescence microscope (Nikon). Intestinal lengths were measured using the ImageJ software (version 1.8.0, ×64, NIH, Bethesda, Rockville, MD, United States).
2.6 “Smurfs” assay
Intestinal integrity was assessed using the Smurf assay. Briefly, bright blue dye (FD and C Blue #1) was added to the standard medium at a concentration of 2% (w/v). Each group of flies was first raised on media with or without 5% DSS for 5 days and transferred to blue dye medium for 12 h of incubation. A fly was identified as a “Smurf” if blue dye was observed outside of its digestive tract. Finally, the leakiness rate was calculated based on the percentage of blue-colored flies in the total population.
2.7 Determination of intestinal epithelial cell death in flies
After 72 h of induction, the intestines of female flies were dissected in cold phosphate-buffered saline (PBS) and stained with 7-AAD at room temperature (25°C) for 30 min. After washing with PBS for 5 min, the intestines were stained with DAPI for 20 min and washed again in PBS for 5 min. Finally, the tissues were mounted with an anti-fade reagent and observed using a motorized inverted fluorescence microscope (Olympus, Tokyo, Japan). Images were processed using ImageJ software (NIH).
2.8 Reactive oxygen species assay
After maintaining the flies in media with or without 5% DSS for 72 h, the intestines were dissected in cold PBS and incubated with 20 μM DHE for 10 min. Thereafter, the tissues were washed with PBS for 5 min, stained with DAPI for 20 min, washed with PBS for another 5 min. Slides were mounted using an anti-fade reagent and observed using a confocal microscope (Leica, Germany).
2.9 Antioxidant capacity assays
Briefly, 120 flies were collected from each treatment group after 72 h, fasted for 2 h, and frozen at ˗20°C for 1 h before weighing. Thereafter, the flies were homogenized in an ice bath with saline solution at a 1:9 ratio (fly weight: saline volume) and centrifuged at 8,000 g for 10 min at 4°C. MDA content was measured using a commercial assay kit (Solarbio, Shanghai, China; Cat# BC0025) following the manufacturer’s instructions.
2.10 Target identification of major TG metabolites
Based on a previous report (Su et al., 2023), the primary ginseng saponins in TG are Rg1, Re, Rb1, Rc, Rb2, Rd, and Rf. To obtain relevant information on these active components, data were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) (Table 1). Thereafter, the obtained chemical structures were submitted to the SwissTargetPrediction database (http://www.swisstargetprediction.ch/) to predict the potential targets.
TABLE 1 | Major ginseng saponins in ginseng saponins.
[image: Table 1]2.11 UC related targets and hub target
To identify UC-related targets, we searched the term “ulcerative colitis” in multiple databases: GeneCards (https://www.genecards.org/), OMIM (https://www.omim.org/), TTD (https://db.idrblab.net/ttd/), DrugBank (https://go.drugbank.com/), and PharmGKB (https://www.pharmgkb.org/). Thereafter, the obtained targets were merged, deduplicated, and summarized to create a comprehensive UC target database. The UniProt protein database (https://www.uniprot.org) was used to standardize both disease-related and potential TG component targets for Gene Symbols. Finally, these genes were mapped to identify potential TG targets for UC.
2.12 Protein-protein interaction (PPI) analysis
A PPI network was used to explore the associations between compound- and disease-related proteins. To elucidate the role of target proteins at the system level, the identified targets were uploaded to the STRING database (https://string-db.org), with “Homo sapiens” as the selected species and a confidence level threshold set at 0.70 to ensure robust target associations. Thereafter, the PPI network data were visualized and analyzed using the CytoScape software (version 3.7.2, × 64, Cytoscape Consortium, San Diego, CA, United States) to generate a comprehensive network map.
2.13 Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) analyses
To elucidate functions and pathways of the target genes of TG, we performed GO functional annotation and KEGG pathway enrichment analysis using the Metascape platform (http://metascape.org/gp/index.html). The results were visualized and graphically represented using the bioinformatics platform (http://www.bioinformatics.com.cn/).
2.14 Real-time quantitative polymerase chain reaction (RT-qPCR)
After the various treatments for 72 h, total RNA was extracted from the intestines of 30 female flies using TRIzol reagent and quantified using a microvolume spectrophotometer. Thereafter, the RNA was reverse-transcribed to generate cDNA using an Evo M-MLV RT premix kit. RT-qPCR was performed on the QuantStudio 6 Flex system using specific reagents and primers. Gene expression changes were analyzed using the [image: image] method (Livak and Schmittgen, 2001), with RP49 as the reference gene. The primer sequences are listed in Table 2.
TABLE 2 | RT–qPCR primers.
[image: Table 2]2.15 Statistical analysis
Data analysis and figure generation were performed using GraphPad Prism 9.5 (San Diego, CA, United States). Additionally, image analysis was conducted with ImageJ (NIH). Significant differences between groups were determined using Student’s t-test. Statistical significance was set at P < 0.05 (significant) or P < 0.01 (highly significant). All experiments were conducted at least three times to ensure data reliability.
3 RESULTS
3.1 TG enhances survival rates in female Drosophila exposed to DSS
Survival analysis is commonly used to observe the potential effects of candidate compounds on stress recovery, lifespan, and related traits (Russi et al., 2020). Therefore, we assessed the effect of TG on the survival rate of Drosophila with DSS-induced UC (Figure 1). Female flies treated with 1% and 2% TG demonstrated significantly higher survival rates and median survival times compared to the DSS only group (P < 0.05; Figures 1A, C). However, under the same conditions, no significant differences in survival rate or median survival time were observed in male flies (Figures 1B, D). Collectively, these results suggest that TG exerts an anti-inflammatory effect in female Drosophila with DSS-intestinal injury. Therefore, subsequent investigations focused mainly on the protective effect of TG against DSS-induced UC in female flies.
[image: Figure 1]FIGURE 1 | TG Increases Survival Rates in Female Fruit Flies with DSS-Induced Intestinal Injury. (A) Percentage survival rate of female fruit flies across groups. (B) Percentage survival rate of male fruit flies across groups. (C) The median lifespan in females. (D) The median lifespan in males. Significance levels indicate differences compared to the DSS-treated group: *P < 0.05, ***P < 0.001, ****P < 0.0001.
3.2 TG alleviates DSS-induced intestinal damage
To investigate whether TG protects against DSS-induced morphological damage in the intestines of female Drosophila, we examined changes in intestinal length and permeability. Intestinal length was 39.40% longer in the control (CON) group (Figures 2A, B) than in the UC model group. In contrast, TG treatment significantly increased intestinal length in a dose-dependent manner (P < 0.05), with the group treated with 2% TG showing a 47.24% increase in intestinal length (Figures 2A, B). Drosophila intestinal epithelial cells are susceptible to DSS-induced damage, resulting in compromised barrier function and dye permeation throughout the fly body, quantified via the “Smurf” assay (Dambroise et al., 2016; Liu et al., 2016; Patel et al., 2019). Therefore, we performed “Smurf” assay to evaluate the protective effect of TG on intestinal integrity. Compared to that in the CON group, there was a marked increase in the percentage of “Smurf” flies in the UC model group, indicating increased intestinal permeability. However, treatment with 1% and 2% TG notably reduced the proportion of “Smurf” flies (P < 0.01), indicating that TG alleviated DSS-induced disruption of intestinal barrier (Figures 2C, D). Overall, these results suggest that TG protects against DSS-induced intestinal damage in Drosophila.
[image: Figure 2]FIGURE 2 | TG Mitigates Morphological and Barrier Integrity Damage in DSS-Induced Intestinal Injury. (A) Representative images of the Drosophila intestine (B) Quantitative analysis of intestinal length in (A) (n = 10). (C) Assessment of intestinal barrier function. Left: “Normal” flies; Right: “Smurfs” phenotype. (D) Percentage of Smurf phenotype flies significantly reduced in the groups fed with 1% and 2% TG compared to the DSS group (n = 36). Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared to the DSS group.
3.3 TG protects against DSS-induced apoptosis in intestinal epithelial cells
In this study, 7-AAD staining was performed to assess DSS-induced apoptosis in intestinal epithelial cells. As indicated by fluorescence intensity, the number of apoptotic epithelial cells was significantly higher in the UC model group than in the CON group (P < 0.0001; Figure 3). However, TG treatment decrease epithelial cell apoptosis in a concentration-dependent manner, with no significant difference in cell apoptosis between the 2% TG and CON groups (Figures 3A, B). Overall, these findings suggest that high concentrations of TG alleviate DSS-induced apoptosis in intestinal epithelial cells.
[image: Figure 3]FIGURE 3 | TG inhibits DSS-induced epithelial cell death in the intestine. (A) Representative images of fly intestines stained with 7-AAD and DAPI, indicating cellular death and nuclear morphology, respectively. (B) Quantitative analysis of fluorescence intensity in deceased cells across groups (n = 10). Data are presented as mean ± SEM. Significance compared to the DSS group is denoted as ****P < 0.0001.
3.4 TG protects against DSS-induced oxidative stress in the intestine
We used DHE probe to examine whether TG alleviates DSS-induced intestinal damage in adult female Drosophila by reducing oxidative stress. DHE staining intensity was higher in the UC model group than in the CON group, indicating increased oxidative stress. However, TG treatment significantly decreased DHE fluorescence intensity in a dose-dependent manner, with higher TG concentrations resulting in lower ROS levels (P < 0.0001; Figures 4A, B). Additionally, the level of MDA, a marker of lipid peroxidation damage (Wei et al., 2022), increased by 107.01% in the UC group compared with that in the CON group. However, treatment with all concentrations of TG significantly reduced MDA accumulation (P < 0.0001; Figure 4C). Overall, these findings suggest that TG ameliorates DSS-induced oxidative damage.
[image: Figure 4]FIGURE 4 | TG reduces oxidative stress in DSS-induced intestinal injury. (A) DHE and DAPI staining of Drosophila intestine to assess ROS accumulation. (B) Quantitative analysis of ROS levels via fluorescence intensity in the intestine (n = 6). (C) Measurement of MDA levels, an oxidative stress marker (n = 3). (D–F) mRNA expression levels of antioxidant genes SOD1, SOD2, and CAT in intestinal tissue (n = 3). Data are presented as mean ± SEM. Statistical significance compared to the DSS group: **P < 0.01, ***P < 0.001, ****P < 0.0001.
The Nrf2/Keap1 pathway serves as a protective mechanism against oxidative stress by promoting the expression of antioxidant enzymes, such as superoxide dismutase (SOD) and catalase (CAT) (Li et al., 2024). Therefore, we examined the mRNA levels of SOD1, SOD2, and CAT in the intestinal tissue of the flies. Notably, treatment with 2% TG significantly upregulated SOD1, SOD2, and CAT mRNA levels compared with those in DSS group (P < 0.05; Figures 4D–F). Overall, TG protects the intestine from DSS-induced oxidative damage by preserving redox homeostasis.
3.5 Network analysis prediction of the mechanism of TG in UC treatment
Network analysis was performed to predict potential important targets and mechanisms. To date, over 200 distinct ginsenosides have been reported, including Rb1, Rb2, Rc, Rd, Re, Rf, and Rg1, which constitute over 90% of the TG in raw ginseng roots (Jakaria et al., 2018; Mohanan et al., 2018). Notably, we identified the targets of these seven primary ginsenosides using the Swiss target prediction databases and screened 33 drug targets (Figure 5A). Additionally, we screened for UC-related disease targets using the GeneCards, OMIM, TTD, DrugBank, and PharmGBK databases. After unification and deduplication using UniProt, we identified 1,145 disease-associated targets in UC. Importantly, we identified 17 potential overlapping drug-disease targets based on the intersection of the drug and disease targets in a Venn diagram (Figure 5A). To further analyze the core targets of TG in UC treatment, we imported the data into the STRING database and used Cytoscape software to construct and analyze the PPI network. Notably, We identified 39 UC-related targets, and based on network topology analysis, AKT1 and STAT3 were predicted to be core targets (Figure 5B). Additionally, we performed KEGG and GO enrichment analyses of the consensus targets using Metascape (Figures 5C, D). The results were arranged based on the p-value. GO analysis showed that the targets were primarily enriched in the following biological processes: responses to xenobiotic stimuli, negative regulation of the extrinsic apoptotic signaling pathway, and regulation of the ERK1/ERK2 cascade. Additionally, the targets were enriched in the cytoplasm, organelles, and mitochondria in the “cellular component” category, and in molecular functions associated with steroid binding, chemoattractant activity, and protein homodimerization activity. KEGG pathway analysis indicated that the targets were mainly enriched in pathways related to EGFR tyrosine kinase inhibitor resistance and the MAPK, JAK/STAT, and PI3K/Akt pathways. Among these, the JAK/STAT and PI3K/Akt pathways are particularly important in UC research, with AKT1 and STAT3 being identified as key targets within the PPI network. Based on these results and previous findings (Li et al., 2024; Surbek et al., 2021), it can be concluded that TG exerts its effects in UC possibly via regulation of the JAK/STAT and PI3K/Akt signaling pathways.
[image: Figure 5]FIGURE 5 | Network analysis-based prediction of potential mechanisms by which TG treats UC. (A) Venn diagram illustrating overlapping targets between TG and UC. (B) Protein-protein interaction (PPI) network of TG-UC targets. (C) GO enrichment analysis of biological processes associated with TG-UC targets. (D) KEGG signaling pathways enriched in TG-UC target interactions.
3.6 TG mitigates DSS-induced intestinal injury by regulating the expression of related genes in the PI3K/Akt and JAK/STAT pathways
Considering that network analysis identified the PI3K/Akt and JAK/STAT signaling pathways as the potential mechanisms underlying the therapeutic effects of TG in UC, we examined the expression of genes related to the PI3K/Akt pathway, including PI3K, AKT1, and FOXO. Compared with those in the DSS group, TG treatment upregulated PI3K and AKT1 mRNA expression and significantly downregulated the pro-apoptotic gene FOXO (P < 0.01; Figures 6A–C). Collectively, these results suggest that TG activates the PI3K/Akt pathway, thereby inhibiting FOXO expression and reducing intestinal epithelial cell apoptosis and inflammation. To confirm that TG alleviated DSS-induced intestinal damage via the JAK/STAT pathway, we examined the expression of UPD, UPD2, UPD3, and Socs92e. Although DSS stimulation markedly increased the mRNA levels of UPD, UPD2, UPD3, and Socs92e in the intestine, TG treatments significantly decreased the expression of these genes (P < 0.001; Figures 6D–G). Overall, these findings indicate that TG may help maintain intestinal homeostasis by activating the PI3K/Akt and inhibiting the JAK/STAT signaling pathway.
[image: Figure 6]FIGURE 6 | TG alleviates DSS-induced intestinal injury in Drosophila through modulation of the PI3K/Akt and JAK/STAT signaling pathways. (A–C) Expression levels of cytokines and genes related to the PI3K/Akt signaling pathway in the intestines of adult female Drosophila (n = 3). (D–G) Expression of genes associated with the JAK/STAT signaling pathway in the intestines of adult female Drosophila (n = 3). Data are presented as mean ± SEM. Significance compared to the DSS group: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
4 DISCUSSION
UC is a chronic, recurrent inflammatory bowel disease with poorly understood pathogenesis that often presents treatment challenges (Le Berre et al., 2023). Recently, there has been a growing interest in the use of natural, nontoxic plant metabolites to prevent or alleviate UC symptoms. TG, the primary bioactive metabolite in Panax ginseng, has shown promising anti-inflammatory, antioxidant, and immunomodulatory properties in various disease models (Ratan et al., 2021). However, studies on the specific mechanisms by which TG modulate intestinal injury, particularly UC, are limited. Therefore, we investigated the therapeutic effect and potential molecular mechanisms of TG in UC using a Drosophila model of DSS-induced intestinal inflammation and network analysis.
Survival analysis is widely used to assess toxicity and determine the optimal concentrations of potential therapeutic candidates in experimental models (Xiu et al., 2022). In this study, TG treatment significantly improved the survival rate of female flies with DSS-induced UC, but did not increase the survival rate of male flies. Although all DSS-treated female flies succumbed, the mortality rate among the male flies was only 51.7%, Sex-based differences in inflammatory and immune responses in Drosophila may contribute to these results (Wagnerova et al., 2017). Overall, these findings suggest that male flies possess stronger resistance to DSS-induced toxicity, resulting in milder intestinal injury and, thus, a diminished therapeutic benefit from TG. Consequently, future research will prioritize investigating the protective mechanisms of TG in mitigating intestinal damage in female Drosophila. Maintaining intestinal homeostasis depends on the integrity of the physical barrier of the intestinal tissue, and this integrity is compromised under stress (He et al., 2022). Our study showed that TG treatment significantly increased the intestinal length of flies with DSS-induced UC and markedly reduced the proportion of “Smurf” stain, suggesting that TG alleviates DSS-induced intestinal damage. Toxic chemicals, such as DSS, reportedly harm intestinal cells and disrupt epithelial homeostasis (He et al., 2022; Zhang et al., 2022). Our findings support this by showing that TG supplementation is effective in reducing intestinal epithelial cell death. In addition, the Nrf2/Keap1 pathway is a key antioxidant mechanism, and activation of this pathway increases the expression of antioxidant enzyme genes, reduces ROS accumulation, and attenuates DSS-induced intestinal damage (Yang et al., 2022). This is supported by our experimental results, which showed that TG supplementation significantly upregulated the expression levels of SOD1, SOD2 and CAT genes in the intestines of DSS-treated flies. ROS play an important role in maintaining intestinal homeostasis. Excessive ROS can trigger oxidative stress and lead to intestinal dysfunction (Chen et al., 2021). According to our study, TG successfully reduced the accumulation of ROS in the midgut of DSS-treated flies. An important indicator of oxidative stress is MDA, which is a side effect of lipid peroxidation induced by cell membrane damage (Yang et al., 2024). Our study showed that TG supplementation reduced DSS-induced MDA levels in the fly intestine. Thus, TG protects the intestine by attenuating oxidative stress.
To further elucidate the mechanisms by which TG improves UC, we first employed network analysis to identify the PI3K/AKT and JAK/STAT signaling pathways as potential key pathways for TG to treat UC. Subsequently, experimental validation was performed to confirm the involvement of these pathways. The PI3K/AKT signaling pathway is fundamental for the regulation of cell proliferation, metabolism, growth, differentiation, and apoptosis (Cao et al., 2022). Consistent with previous findings, TG protected against DSS-induced intestinal damage by upregulating PI3K and Akt1 mRNA expression and downregulating FOXO mRNA expression in the intestine. Moreover, the JAK/STAT signaling pathway is a critical regulatory pathway for suppressing ISC hyperproliferation under inflammatory conditions. For example, safranal extract alleviated SDS-induced ISC proliferation by inhibiting JAK/STAT signaling (Lei et al., 2022). Similarly, TG suppressed DSS-induced ISC hyperproliferation by downregulating UPD, UPD2, UPD3, and Socs92e mRNA expression in this study.
However, the Drosophila model is a preliminary experimental system that differs from mammals in terms of pathological conditions, drug absorption, and metabolism. Therefore, further research utilizing more advanced models is necessary to compare the pharmacokinetics of TG in both healthy and UC-affected animals. The findings presented here provide a foundational basis for future investigations. In addition, although network analysis offers valuable preliminary insights into the potential pharmacological targets of TG, it involves complex mixtures, which limits the ability to assess the therapeutic effects of individual ginseng saponins on UC from a pharmacological perspective. Moreover, regarding mechanistic exploration, the absence of protein-level validation precludes definitive establishment of causal relationships for the proposed PI3K/Akt, and JAK/STAT pathways. To address these challenges, future studies should incorporate more rigorous experimental validation to ensure a more reliable evaluation of TG’s therapeutic potential.
5 CONCLUSION
In this study, we explored the therapeutic effects and molecular mechanisms of TG in UC using network analysis and a Drosophila model of DSS-induced intestinal injury. TG treatment significantly improved survival, reduced intestinal damage, and alleviated oxidative stress. Mechanistically, TG protects against intestinal injury by modulating the PI3K/Akt signaling pathway and inhibiting the JAK/STAT signaling pathway. Network analysis highlights TG’s potential for multi-target regulation of UC. These findings provide a foundation for further clinical exploration of TG as a potential therapeutic for UC.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The manuscript presents research on animals that do not require ethical approval for their study.
AUTHOR CONTRIBUTIONS
GH: Investigation, Methodology, Visualization, Writing–original draft. JS: Conceptualization, Methodology, Writing–review and editing. YG: Validation, Writing–original draft. YZ: Data curation, Writing–original draft. LW: Investigation, Writing–original draft. YS: Funding acquisition, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by Jilin Province Agricultural Science and Technology Innovation Project (CXGC2024JJ004).
GENERATIVE AI STATEMENT
The author(s) 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.
ABBREVIATIONS
TG, Total Ginsenosides; UC, Ulcerative Colitis; IBD, Inflammatory Bowel Disease; DSS, Dextran Sulfate Sodium Salt; DAPI, 4,6-Diamidino-2-phenylindole; DHE, Dihydroethidium; 7-AAD, 7-Aminoactinomycin D; PBS, Phosphate buffered saline; ROS, Reactive Oxygen Species; MDA, Malondialdehyde; PPI, Protein-Protein Interaction; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; SOD, Dismutase; CAT, Catalase; ISC, Intestinal Stem Cell.
REFERENCES
 Akkol, E. K., Karpuz, B., Sobarzo-Sanchez, E., and Khan, H. (2020). A phytopharmacological overview of medicinal plants used for prophylactic and treatment of colitis. Food. Chem. Toxicol. 144, 111628. doi:10.1016/j.fct.2020.111628
 Cao, J., Hu, X., Xiong, L., Wu, M., Yang, X., Wang, C., et al. (2022). Interference of interleukin-1β mediated by lentivirus promotes functional recovery of spinal cord contusion injury in rats via the PI3K/AKT1 signaling pathway. Mediat. Inflamm. 2022, 6285099. doi:10.1155/2022/6285099
 Casali, A., and Batlle, E. (2009). Intestinal stem cells in mammals and Drosophila. Cell Stem Cell 4 (2), 124–127. doi:10.1016/j.stem.2009.01.009
 Chen, F., Su, R., Ni, S., Liu, Y., Huang, J., Li, G., et al. (2021). Context-dependent responses of Drosophila intestinal stem cells to intracellular reactive oxygen species. Redox Biol. 39, 101835. doi:10.1016/j.redox.2020.101835
 Chen, J., Shen, B., and Jiang, Z. (2022). Traditional chinese medicine prescription shenling BaiZhu powder to treat ulcerative colitis: Clinical evidence and potential mechanisms. Front. Pharmocol . 13, 978558. doi:10.3389/fphar.2022.978558
 Dambroise, E., Monnier, L., Ruisheng, L., Aguilaniu, H., Joly, J., Tricoire, H., et al. (2016). Two phases of aging separated by the Smurf transition as a public path to death. Sci. Rep. 6, 23523. doi:10.1038/srep23523
 Gros, B., and Kaplan, G. G. (2023). Ulcerative colitis in adults: a review. JAMA 330 (10), 951–965. doi:10.1001/jama.2023.15389
 Guan, Q. (2019). A comprehensive review and update on the pathogenesis of inflammatory bowel disease. J. Immunol. Res. 2019, 7247238. doi:10.1155/2019/7247238
 He, J., Li, X., Yang, S., Shi, Y., Dai, Y., Han, S., et al. (2022). Protective effect of astragalus membranaceus and its bioactive compounds against the intestinal inflammation in Drosophila. Front. Pharmacol. 13, 1019594. doi:10.3389/fphar.2022.1019594
 Hendler, S. A., Barber, G. E., Okafor, P. N., Chang, M. S., Limsui, D., and Limketkai, B. N. (2020). Cytomegalovirus infection is associated with worse outcomes in inflammatory bowel disease hospitalizations nationwide. Int. J. Colorectal Dis. 35 (5), 897–903. doi:10.1007/s00384-020-03536-8
 Jakaria, M., Haque, M. E., Kim, J., Cho, D., Kim, I., and Choi, D. (2018). Active ginseng components in cognitive impairment: therapeutic potential and prospects for delivery and clinical study. Oncotarget 9 (71), 33601–33620. doi:10.18632/oncotarget.26035
 Kim, H., Xue, H., Li, X., Yue, G., Zhu, J., Eh, T., et al. (2024). Orostachys malacophylla (pall.) fisch extracts alleviate intestinal inflammation in Drosophila. J. Ethnopharmacol. 330, 118215. doi:10.1016/j.jep.2024.118215
 Kim, J. H., Yi, Y., Kim, M., and Cho, J. Y. (2017). Role of ginsenosides, the main active components of Panax ginseng, in inflammatory responses and diseases. J. Ginseng Res. 41 (4), 435–443. doi:10.1016/j.jgr.2016.08.004
 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
 Lei, X., Zhou, Z., Wang, S., and Jin, L. H. (2022). The protective effect of safranal against intestinal tissue damage in Drosophila. Toxicol. Appl. Pharmacol. 439, 115939. doi:10.1016/j.taap.2022.115939
 Li, B., Xiu, M., He, L., Zhou, S., Yi, S., Wang, X., et al. (2024). Protective effect of San Huang Pill and its bioactive compounds against ulcerative colitis in Drosophila via modulation of JAK/STAT, apoptosis, Toll, and Nrf2/Keap1 pathways. J. Ethnopharmacol. 322, 117578. doi:10.1016/j.jep.2023.117578
 Li, F., Yang, Y., Ge, J., Wang, C., Chen, Z., Li, Q., et al. (2024). Multi-omics revealed the mechanisms of Codonopsis pilosula aqueous extract in improving UC through blocking abnormal activation of PI3K/Akt signaling pathway. J. Ethnopharmacol. 319 (Pt 2), 117220. doi:10.1016/j.jep.2023.117220
 Liu, Y., Bai, X., Wu, H., Duan, Z., Zhu, C., Fu, R., et al. (2024). Ginsenoside CK alleviates DSS-induced IBD in mice by regulating tryptophan metabolism and activating aryl hydrocarbon receptor via gut microbiota modulation. J. Agric. Food. Chem. 72 (17), 9867–9879. doi:10.1021/acs.jafc.4c00245
 Liu, Z., Chen, Y., Zhang, H., and Jin, L. H. (2016). Crocus sativus L. protects against SDS-induced intestinal damage and extends lifespan in Drosophila melanogaster. Mol. Med. Rep. 14 (6), 5601–5606. doi:10.3892/mmr.2016.5944
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 25 (4), 402–408. doi:10.1006/meth.2001.1262
 Medina, A., Bellec, K., Polcownuk, S., and Cordero, J. B. (2022). Investigating local and systemic intestinal signalling in health and disease with Drosophila. Dis. Model. Mech. 15 (3), dmm049332. doi:10.1242/dmm.049332
 Mohanan, P., Subramaniyam, S., Mathiyalagan, R., and Yang, D. (2018). Molecular signaling of ginsenosides Rb1, Rg1, and Rg3 and their mode of actions. J. Ginseng Res. 42 (2), 123–132. doi:10.1016/j.jgr.2017.01.008
 Patel, P. H., Penalva, C., Kardorff, M., Roca, M., Pavlovic, B., Thiel, A., et al. (2019). Damage sensing by a Nox-Ask1-MKK3-p38 signaling pathway mediates regeneration in the adult Drosophila midgut. Nat. Commun. 10 (1), 4365. doi:10.1038/s41467-019-12336-w
 Ratan, Z. A., Haidere, M. F., Hong, Y. H., Park, S. H., Lee, J., Lee, J., et al. (2021). Pharmacological potential of ginseng and its major component ginsenosides. J. Ginseng Res. 45 (2), 199–210. doi:10.1016/j.jgr.2020.02.004
 Russi, M., Martin, E., D'Autreaux, B., Tixier, L., Tricoire, H., and Monnier, V. (2020). A Drosophila model of Friedreich ataxia with CRISPR/Cas9 insertion of GAA repeats in the frataxin gene reveals in vivo protection by N-acetyl cysteine. Hum. Mol. Genet. 29 (17), 2831–2844. doi:10.1093/hmg/ddaa170
 Shen, P., Zhang, Z., Zhu, K., Cao, H., Liu, J., Lu, X., et al. (2019). Evodiamine prevents dextran sulfate sodium-induced murine experimental colitis via the regulation of NF-kappaB and NLRP3 inflammasome. Biomed. Pharmacother . 110, 786–795. doi:10.1016/j.biopha.2018.12.033
 Su, H., Tan, Y., Zhou, Z., Wang, C., Chen, W., Wang, J., et al. (2023). Effect and mechanism of total ginsenosides repairing SDS-induced Drosophila enteritis model based on MAPK pathway. Exp. Ther. Med. 26 (2), 369. doi:10.3892/etm.2023.12068
 Surbek, M., Tse, W., Moriggl, R., and Han, X. (2021). A centric view of JAK/STAT5 in intestinal homeostasis, infection, and inflammation. Cytokine 139, 155392. doi:10.1016/j.cyto.2020.155392
 Wagnerova, A., Babickova, J., Liptak, R., Vlkova, B., Celec, P., and Gardlik, R. (2017). Sex differences in the effect of resveratrol on DSS-induced colitis in mice. Gastroenterol. Res. Pract. 2017, 8051870. doi:10.1155/2017/8051870
 Wei, G., Zhang, G., Li, M., Zheng, Y., Zheng, W., Wang, B., et al. (2024). Panax notoginseng: panoramagram of phytochemical and pharmacological properties, biosynthesis, and regulation and production of ginsenosides. Hortic. Res. 11 (8), uhae170. doi:10.1093/hr/uhae170
 Wei, T., Wu, L., Ji, X., Gao, Y., and Xiao, G. (2022). Ursolic acid protects sodium dodecyl sulfate-induced Drosophila ulcerative colitis model by inhibiting the JNK signaling. Antioxidants 11 (2), 426. doi:10.3390/antiox11020426
 Xia, D., Wang, S., Wu, K., Li, N., and Fan, W. (2024). Ginsenosides and tumors: a comprehensive and visualized analysis of research hotspots and antitumor mechanisms. J. Cancer 15 (3), 671–684. doi:10.7150/jca.88783
 Xiu, M., Wang, Y., Yang, D., Zhang, X., Dai, Y., Liu, Y., et al. (2022). Using Drosophila melanogaster as a suitable platform for drug discovery from natural products in inflammatory bowel disease. Front. Pharmacol. 13, 1072715. doi:10.3389/fphar.2022.1072715
 Xue, J., Yuan, S., Meng, H., Hou, X., Li, J., Zhang, H., et al. (2023). The role and mechanism of flavonoid herbal natural products in ulcerative colitis. Biomed. Pharmacother. 158, 114086. doi:10.1016/j.biopha.2022.114086
 Yang, C., and Merlin, D. (2024). Unveiling colitis: a journey through the dextran sodium sulfate-induced model. Inflamm. Bowel Dis. 30 (5), 844–853. doi:10.1093/ibd/izad312
 Yang, H., Mo, A., Yi, L., Wang, J., He, X., and Yuan, Y. (2024). Selenium attenuated food borne cadmium-induced intestinal inflammation in red swamp crayfish (Procambarus clarkii) via regulating PI3K/Akt/NF-kappaB pathway. Chemosphere 349, 140814. doi:10.1016/j.chemosphere.2023.140814
 Yang, S., Li, X., Xiu, M., Dai, Y., Wan, S., Shi, Y., et al. (2022). Flos puerariae ameliorates the intestinal inflammation of Drosophila via modulating the Nrf2/Keap1, JAK-STAT and Wnt signaling. Front. Pharmacol. 13, 893758. doi:10.3389/fphar.2022.893758
 Yuan, H., Zhang, T., Huang, S., Zhou, J., and Park, S. (2020). Six Gentlemen Decoction adding Aucklandia and Amomum (Xiangsha Liujunzi Tang) for the treatment of ulcerative colitis: A systematic review and meta-analysis of randomized clinical trials. Eur. J. Integr. Med . 36, 10119. doi:10.1016/j.eujim.2020.101119
 Zeng, L., Li, X., Bai, G., Liu, Y., and Lu, Q. (2022). Rectal administration of Panax notoginseng and Colla Corii Asini suppositories in ulcerative colitis: clinical effect and influence on immune function. Am. J. Transl. Res. 14 (1), 603–611.
 Zhang, G., Gu, Y., and Dai, X. (2022). Protective effect of bilberry anthocyanin extracts on dextran sulfate sodium-induced intestinal damage in Drosophila melanogaster. Nutrients 14 (14), 2875. doi:10.3390/nu14142875
 Zhao, A., Liu, N., Yao, M., Zhang, Y., Yao, Z., Feng, Y., et al. (2022). A review of neuroprotective effects and mechanisms of ginsenosides from panax ginseng in treating ischemic stroke. Front. Pharmacol. 13, 946752. doi:10.3389/fphar.2022.946752
 Zhao, L., Zhang, T., and Zhang, K. (2024). Pharmacological effects of ginseng and ginsenosides on intestinal inflammation and the immune system. Front. Immunol. 15, 1353614. doi:10.3389/fimmu.2024.1353614
 Zhu, J., Xu, J., Zhou, S., Zhang, X., Zhou, J., Kong, M., et al. (2021). Differences in intestinal metabolism of ginseng between normal and immunosuppressed rats. Eur. J. Drug. Metab. Pharmacokinet. 46, 93, 104. doi:10.1007/s13318-020-00645-1
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 He, Sun, Gu, Zheng, Wang and Sun. 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-16-1556579-g004.gif





OPS/images/fphar-16-1556579-g005.gif





OPS/images/fphar-16-1556579-g002.gif
£: % § : -

PR R

»






OPS/images/fphar-16-1556579-g003.gif





OPS/images/fphar-16-1556579-t002.jpg
Gene na Forward primer 5 Reverse primer 5
RP49 CTTCATCCGCCACCAGTC GCACCAGGAACTTCTTGAATC
soDI GCGGCGTTATTGGCATTG ACTAACAGACCACAGGCTATG
sopz CACATCAACCACACCATCTTC GCTCTTCCACTGCGACTC
CAT TGAACTTCCTGGATGAGATGTC TCTTGGCGGCACAATACTG
PI3K CCTGCTTGGCGACTATCC CGTTGTGGTGGTTGATGTAG
Akt-1 GCTATGACGCCATCTGAAC CGCCGCTGCTATTACAAG
FOXO CCCTCATCCAATGCCAGTTC TGCGTCATCGTTGTGTTC
uPD CCACGTAAGTTTGCATGTTG CTAAACAGTAGCCAGGACTC
uPD2 CGGAACATCACGATGAGCGAAT TCGGCAGGAACTTGTACTCG
uPD3 GAGCACCAAGACTCTGGACA CCAGTGCAACTTGATGITGC
Stat92e CTGGGCATTCACAACAATCCAC GTATTGCGCGTAACGAACCG
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Rb1 Ginsenoside Rb1 41,753-43-9 CsiHoxOs5
Rb2 Ginsenoside Rb2 11,021-13-9
Re Ginsenoside Re 11,021-14-0 Cs3HoOn2
Rd Ginsenoside Rd 52,705-93-8 CisHgO15
Re Ginsenoside Re 52,286-59-6 CisHexOrg
Rf Ginsenoside Rf 52,286-58-5
Rl Ginsenoside Rgl 22,427-39-0
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