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Dehydrozaluzanin C (DC) is a sesquiterpene lactone isolated from Asteraceae plant Ainsliaea macrocephala. To investigate the antitumor effects of DC and possible molecular mechanisms for treating cancer. The antitumor effect of DC was studied using HT-29 and HCT-116 human colon tumor cell lines and Balb/c nude mice models. The anti-proliferative, proapoptotic effects, and cycle arrest of DC were observed by cell viability, colony formation, apoptosis, and cycle assays. The changes of protein expression level were examined by Western blot analysis. The transcription activity of PPARγ was determined by Luciferase reporter assay. The role of PPARγ activation in the antitumor activity of DC was verified using PPARγ antagonist GW9662 and si-PPARγ HT-29 cells. DC treatment significantly decreased colon tumor cell viability, cell clone number, and increased apoptosis rate and arrested cell cycle at S phase. Furthermore, DC treatment significantly decreased Bcl-2, CDK2, and cyclin A2 protein levels while increasing the expression of cleaved caspase 3 and Bax in HT-29 and HCT-116 cells. Further investigations indicated that cell survival, induction of apoptosis, and cycle arrest by DC could be significantly reversed following treatment with the PPARγ antagonist GW9662 or in si-PPARγ cells. In vivo, DC treatment significantly decreased the weight and volume of xenograft tumor tissues in mice and apoptosis-related protein levels. The results suggest that DC effectively inhibits colon tumor cell proliferation, clone formation, apoptosis, and cell cycle arrest through PPARγ activation. These results support the potential of DC as an anti-tumor lead compound for further investigation.
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1 INTRODUCTION
Colon cancer is one of the most commonly gastrointestinal cancers and the third leading cause of cancer deaths (Siegel et al., 2023). Despite significant improvements in treatment options, the overall survival rates of patients with colon cancer are still significantly lower than other cancer patients, with a 5-year median survival rate of less than 10% (Bray et al., 2018). As such, there is an urgent need for novel antitumor drugs to treat colon cancer, though significant barriers to many of these new therapies remain.
Inducing cell apoptosis and arresting cell cycle are the two major strategies for anti-cancer treatment. Many plant-derived natural chemotherapeutic drugs, for example, paclitaxel (Yang et al., 2020), a tetracyclic diterpenoid, could dose- and time-dependently induce a cytotoxic effect, selectively target microtubules, and cause cell cycle arrest at the G2/M phase. Vincristine (Dhyani et al., 2022), a vinca alkaloid isolated from Catharanthus roseus, could arrest the cell cycle through disruption of microtubule dynamics in cancer treatment. Etoposide (Hashimoto et al., 2012), a podophyllotoxin derivative, could lead to cell death by breaking single- and double-strands of cellular DNA and delaying a proportion of the cell cycle in the late S or early G2 phase.
PPARγ is one of the ligand-activated nuclear receptors in PPARs subfamily (Grommes et al., 2004). PPARγ play a vital role in glucose homeostasis (Anghel and Wahli, 2007), lipid metabolism (Semple, 2006), and inflammation (Moraes et al., 2006). Evidences have shown that PPARγ agonists could inhibit cell proliferation of several human tumor cell lines, including nasopharyngeal carcinoma (Yang et al., 2019), glioblastoma (Wang et al., 2021a), diffuse large B cell lymphoma (Zhang et al., 2020), bladder cancer (Lv et al., 2019), etc. PPARγ agonist include natural PPARγ ligands and synthetic thiazolidinediones (TZDs). However, the majority of TZDs exhibited PPARγ related adverse effects, including hepatotoxicity, congestive heart failure and fluid retention (Goltsman et al., 2016; Loke et al., 2011; Paul et al., 1998). The adverse effects of natural PPARγ ligands were rarely reported. Therefore, the discovery of new natural PPARγ ligands with selective therapeutic activity and fewer side effects will be beneficial for cancer treatment (Atanasov et al., 2021).
Natural sesquiterpenoids have been considered as a class of potential compounds for the development of novel anticancer agents. Dehydrozaluzanin C (DC, the chemical structure as shown in Figure 1A) is a guaiane sesquiterpene lactone isolated from Asteraceae plant Ainsliaea macrocephala (Wu et al., 2011). Previous studies have shown that DC has a variety of pharmacological effects, including antifungal (Wedge et al., 2000), anti-inflammatory (Lajter et al., 2015), and anti-proliferative activities (Macıas et al., 2000). The studies in our group have reported a series of dimeric and trimeric derivatives of DC from Ainsliaea species, including ainsliadimer A (Wang et al., 2008) and ainsliatrimer B (Wu et al., 2008), and Chao Li et al. found that ainsliatrimer A could remarkably suppress the proliferation of Hela cells by PPARγ activation (Li et al., 2014). However, the cytotoxic activity of DC on tumor cells and the underlying antitumor mechanism remain rarely studied.
[image: Diagram showcasing four panels. Panel A: Chemical structure of a compound. Panel B: Graph depicting cell viability against varying concentrations of a compound for HT-29, HCT-116, and NCM460 cells, with IC50 values. Panel C: Microscopic images displaying control and treated HT-29 and HCT-116 cells, showing changes in morphology at 3.0 µM. Panel D: Colony formation assays for HT-29 and HCT-116 cells under different concentrations, alongside bar graphs illustrating colony formation percentages compared to control.]FIGURE 1 | DC suppressed cell proliferation and colony formation in colon cancer cells. (A) The chemical structure of DC. (B) HT-29, HCT-116 and NCM460 cells were treated at the indicated concentration of DC for 24 h, and cell viability was measured by CCK-8 assay (n = 6). (C) Typical morphological change by DC treatment in HT-29 and HCT-116 cells observed under an inverted light Microscope (Bar = 200 μm). The white arrows indicated that the cells are solidified or fragmented into several granules. (D) The cells were treated by the indicated concentration of DC and stained with 0.5% crystal violet, and photographed with a digital camera. Quantitative analysis of colony formation of HT-29 and HCT-116 cells, respectively (n = 3). Significance was determined by the one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05 vs. control).In this study, we evaluated the cytotoxic activity of DC in two tumor cell lines and examined its effects on cell proliferation, colony formation, apoptosis, and cycle arrest. Additionally, we explored the possible molecular mechanisms underlying its action in colon cancer cells.
2 MATERIALS AND METHODS
2.1 Reagents, chemicals, and cell culture
The DC was synthesized and identified in our lab (purity > 98%). DC was dissolved in DMSO (Sigma-Aldrich, United States) to prepare a solution of 10 mM and stored at −20 °C. Rog (rosiglitazone) was purchased from Dalian Meiluo Biotechnology Co., Ltd. GW9662 were purchased from Selleck Chemicals (S2915). NCM460, HT-29 and HCT-116 cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences, and were cultured in McCoy’s 5A medium (12330031, Gbico) supplemented with 10% fetal bovine serum (16140071, Gbico) at 37 °C and 5% CO2.
2.2 Cell viability assay
Cell viability was measured using the CCK-8 assay. Cells were seeded in 96-well plates at a density of 1 × 104 cells/well for 24 h. After treatment with the indicated concentration of DC for 24 h, then 10 μL of CCK-8 solution was added, and the plate was incubated for 1 h at 37 °C. Absorbance was measured at 450 nm using a BioTek Spectrum spectrophotometer (Thermo Scientific, United States). The IC50 value was calculated using GraphPad Prism7 software.
2.3 Colony formation assay
HT-29 and HCT-116 cells were planted on 6-well plates at a density of 1,000 cells/well for 24 h. The DC at different concentrations (0, 0.75, 1.5, and 3.0 μM) were added and cultured for 24 h. The culture medium was refreshed every 2 days to maintain growth for 10 days. The colonies were then washed with PBS, fixed with 4% paraformaldehyde, and stained with 0.1% crystal violet for 20 min at room temperature, followed by washing cells 3 times with PBS. Finally, the number of cell clones was counted using ImageJ software.
2.4 Cell apoptosis assay
Apoptosis was quantified by using an apoptosis detection kit (BD Biosciences, Tokyo, Japan) according to the manufacturer’s instructions. Cells (2 × 105/mL) were seeded into 6-well plates and were treated with DC (0, 0.75, 1.5, and 3.0 μM) for 24 h. After incubation, cells were washed twice with PBS before harvesting and re-suspended in binding buffer. Annexin V-FITC/PI staining was added to the cell suspension and incubated for 15 min in the dark at 37 °C. Cells were analyzed using an ACEN flow cytometer. Early and late apoptosis were summed to calculate the apoptotic rate.
2.5 Cell cycle assay
Cell cycle was detected using a cell cycle analysis kit (BD Biosciences, United States) according to the manufacturer’s instructions. Cells (2 × 105/mL) were seeded into 6-well plates and cultured for 24 h, and then were treated with the indicated DC concentration for 24 h. Then cells were washed twice with PBS, and then fixed in 70% ethanol for overnight at 4 °C. After that, cells were then stained with PI and analyzed cell cycle phase using an ACEN flow cytometer (ACEN, NovoCyte).
2.6 Luciferase activity assay
HT-29 cells (1 × 104 cells/well) were co-transfected with 0.2 μg PPRE-TK-Luc reporter plasmid, and phRL-CMV Renilla luciferase in 24-well plates using Lipofectamine 2000 (Invitrogen, 11668019) for 24 h. Co-transfected cells were then treated with Rog or DC with or without GW9662 for 24 h. Cells were harvested, and luciferase activity was measured using the dual-Luciferase reporter assay system (Promega, E1980) according to the manufacturer’s instructions. Firefly luciferase values were divided by Renilla luciferase values to control for transfection efficiency.
2.7 Molecular docking
Molecular docking was performed using AutoDock Vina 1.1.2 software (The Scripps Research Institute, La Jolla, CA, United States). Default settings and the Vina scoring function were employed. The crystal structure of PPARγ was obtained from the Protein Data Bank (PDB ID: 2PRG). Ligands and water molecules were removed from the crystal structures of the protein, and hydrogen atoms were added. Analysis and visual exploration of the ligand-protein interactions of the docking poses was performed using Discovery Studio 2020 software (Dassault Systems BIOVIA, San Diego, CA, United States, 2020).
2.8 Cell transfection using RNA interference
Lipofectamine™ RNAiMAX (Invitrogen, 13778150) was purchased from Thermo-Fisher Scientific. The anti-PPARγ siRNA (si-PPARγ: 5-CCAAGUUUGAGUUUGCUGUdTd-3) (Li et al., 2014) and negative control siRNA (si-NC: 5-CCUAGUAUGACUAAGCUGUdTd-3) were designed and synthesized by GenePharma (Shanghai, China). HT-29 cells were transiently transfected for 48 h according to the manufacturer′s instructions (Lifetechnologies). After 48 h of transfection, the cells were examined and used for the subsequent assay.
2.9 HT-29 cell xenograft tumor in mice
Four-week-old male Balb/c nude mice were obtained from BiKai Biotechnology Co., Ltd. (Shanghai, China) and were housed and maintained under specific-pathogen-free (SPF) conditions in facilities approved by the Animal Ethics Committee of the Naval Medical University. All animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and approved by the Animal Ethics Committee of the Naval Medical University, China (Approval No. SMMU-2022-13). Each animal was injected subcutaneously with HT-29 cells (2 ×106 cells/100 μL) into the right flanks of the nude mice. When the tumors reached a size of 100 mm3, the mice were randomly divided into 3 groups (6 mice/group) and treated with saline containing 0.9% sodium chloride (vehicle) or DC at doses of 1.5 mg/kg and 3.0 mg/kg by intraperitoneal injection once a day for 14 consecutive days. Tumor size was measured every other day using calipers, and tumor volume was calculated according the formula: tumor volume (mm3) = (tumor length) × (tumor width)2/2. Mice were sacrificed after 14 days of treatment. All procedures were conducted in accordance with the accepted guidelines for the use and care of laboratory animals. The tumors were harvested, photographed, weighed, and then stored at −80 °C for subsequent experiments.
2.10 HE staining
Heart, liver, spleen, lung, kidney and tumor tissues from nude mice were fixed in 4% paraformaldehyde and embedded in paraffin. The paraffin-embedded tumor tissue sections (5 μm) were deparaffinized and rehydrated before staining with eosin and hematoxylin. The images were captured by using a light microscope (Leica, DMi8).
2.11 Tunnel and ki67 staining
Deparaffinized and rehydrated tissue sections were permeabilized with 0.5% Triton X-100 and incubated with normal goat serum for 1 h at 37 °C. All washes between each step were performed with TBS. Detection of apoptotic cells was performed using the tunnel assay kit (Servicebio, G1501) and the proliferation marker was examined with the Ki67 antibody (Servicebio, GB121141) in tumor tissues according to the manufacturer’s instructions, and nuclei were counterstained with 5 μg/mL DAPI (Servicebio, G1012) for 5 min at 37 °C. Images were captured using a light microscope (Leica, DMi8).
2.12 Western blot
Drug-treated cells and tumor tissues from xenograft mice were harvested and washed twice with ice-cold PBS. Cells and tumor tissues were lysed with RIPA buffer (Beyotime, P0013C) containing 1x protease inhibitors (Roche) and centrifuged (12,000 g for 15 min) at 4 °C. The supernatant was collected and the protein concentration was determined by the BCA assay (Beyotime, P0011). Equivalent amounts of protein (15–30 μg) were loaded and separated on 10% SDS-PAGE gels. After electrophoresis, protein bands were transferred to PVDF membranes (Bio-Rad) and blocked with 5% non-fat milk for 1 h at 37-°C. Bands were incubated overnight with an appropriate primary antibody at 4-°C. The primary antibodies were as follows: cleaved caspase 3 (CST, 9,661), Bax (Abcam, ab53154), Bcl-2 (Abcam, ab196495), CDK2 (CST, 18,048), Cyclin A2 (CST, 67,955), and β-actin (CST, 3,700). The next day, the membrane was washed three times with TBST for 5 min each and incubated again with the secondary antibody for 1 h at room temperature. β-Actin was also loaded as a control. Images were acquired from LI-COR (Lincoln, NE, United States). Band intensity was quantified using ImageJ software.
2.13 Statistical analysis
Data were calculated as the mean ± SD of at least three independent experiments. Statistical analysis was performed using the GraphPad Prism 7.0 software (San Diego, CA, United States). Student’s t-test was used to compare differences between two groups. Differences between multiple groups were analyzed by one-way ANOVA with Tukey’s post hoc test. Differences were considered to be significant when p < 0.05.
3 RESULTS
3.1 Effects of DC on cytotoxicity and colony formation of HT-29 and HCT-116 cells
To investigate the antitumor effect of DC on human tumor cell lines. A cytotoxicity assay was conducted using CCK-8. In previous experiments, our results have shown that DC has the strongest cytotoxicity in HT-29 cells, followed by MCF-7 and DU145 tumor cells (Supplementary Figure S1). So, human colon cell lines were chosen as experimental cells. As shown in Figure 1B, DC inhibited the proliferation of HT-29 and HCT-116 colorectal tumor cells, as well as NCM460 normal colon mucosal cells, in a concentration-dependent manner, with the IC50 values of 2.52 ± 1.34 μM, 1.48 ± 2.72 μM and 8.09 ± 1.67 μM, respectively, after incubation for 24 h. This result demonstrated that, compared to the colorectal tumor cells, DC exhibited lower cytotoxicity in the normal NCM-460 cells, with 3.21- to 5.47-fold higher viability in normal cells than in tumor cells, as shown in the dose-response curves. After DC treatment at 3.0 μM, the significant morphological changes were also observed, including the gradually shrinking cell bodies, larger gap, and small vesicles filled in the cytoplasm (Figure 1C). Additionally, to examine the ability of the cell lines to form a colony, HT-29 and HCT-116 cells were seeded and incubated with different concentrations of DC for 10 days. The results showed that colony formation of HT-29 and HCT-116 cells was suppressed by DC treatment in a dose-dependent manner. The rates of colony formation after DC (0, 0.75, 1.5 and 3.0 μM) treatment were 100.00% ± 3.55%, 44.16% ± 4.97%, 13.75% ± 1.54% and 8.95% ± 1.09% in HT-29 cells and were 100.00% ± 12.45%, 60.80% ± 8.11%, 9.51% ± 2.45% and 3.13% ± 0.85% in HCT-116 cells, respectively (Figure 1D). Collectively, DC exerted a potent inhibitory effect on the proliferation of human colon cell lines.
3.2 Effects of DC on apoptotic rate and the apoptosis-related protein expression in HT-29 and HCT-116 cells
Induction of apoptosis in cancer cells is one of the major strategies for the development of antitumor drugs. To determine whether growth inhibition of DC was associated with cell apoptosis, HT-29 and HCT-116 cells were treated with DC (0, 0.75, 1.5, and 3.0 μM) for 24 h and then apoptosis rates were analyzed by flow cytometry. The results showed that DC obviously induced apoptosis rates to 52.67% ± 0.80% in HT-29 and 33.09% ± 1.09% in HCT-116 after 3.0 μM DC treatment, respectively (Figures 2A,B). The apoptotic induce effects were also verified by Western blotting, in which the protein expression levels of cleaved caspase 3 and Bax were elevated, while the protein level of Bcl-2 was significantly decreased following the indicated DC treatment (Figures 2C,D). These results revealed that DC could markedly induce colon tumor cell apoptosis.
[image: Image contains four panels labeled A, B, C, and D. Panel A features flow cytometry plots for HT-29 and HCT-116 cells with varying concentrations of a substance, showing apoptosis levels. Panel B presents bar graphs of cell apoptosis percentages for HT-29 and HCT-116 across different doses. Panel C displays Western blots for cleaved caspase 3, Bcl-2, Bax, and β-actin in HT-29 and HCT-116 at different concentrations. Panel D contains bar graphs comparing relative protein levels of cleaved caspase 3, Bcl-2, and Bax across treatments in HT-29 and HCT-116.]FIGURE 2 | DC induced cell apoptosis and related-protein expression in colon cancer cells. (A,B) HT-29 and HCT-116 cells were treated with the indicated concentrations of DC for 24 h. The captured cells were fixed and stained by Annexin-V/FITC and PI to analyze the cell apoptotic rates using a flow cytometer. (C,D) The expression of cleaved caspase 3, Bcl-2, and Bax in DC-treated cells for 24 h by Western blotting. Data are expressed as the mean ± S.D. of three independent experiments. Significance was determined by the one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05 vs. control).3.3 Effects of DC on the cell cycle and cycle-associated protein expression in HT-29 and HCT-116 cells
Cell cycle dysregulation is crucial for the aberrant proliferation of tumor cells. To confirm the relationship between the growth inhibition of DC and cell cycle arrest, HT-29 and HCT-116 cells were treated with DC (0, 0.75, 1.5, and 3.0 μM) for 24 h and the cell percentage of each cycle phase was analyzed by flow cytometry. Our results showed that DC significantly induced cell cycle arrest at S phase, and the percentage in S phase was obviously higher in the 3.0 μM DC-treated group compared with the control group in HT-29 (46.53% ± 0.78 versus 37.39% ± 0.83) and HCT-116 (41.21% ± 1.25 versus 29.55% ± 0.29) cells, respectively. And compared with those of the control group, the percentage in G0/G1 phase was reduced in the HT-29 and HCT-116 cells, and the G2/M phase was elevated in the HT-29 and HCT-116 cells. The results suggested that DC induced cell cycle arrest at the S phase in a dose-dependent manner (Figures 3A,B). Furthermore, the protein expressions of the crucial mitotic signaling pathway in S phase arrest (CDK2 and cyclin A2), which are involved in the progression from S to G2/M phase were measured. The results demonstrated that the expressions of CDK2 and cyclinA2 were significantly reduced by DC at 3.0 μM in HT-29 and HCT-116 cells, further confirming that DC could arrest the cell cycle at S phase in colon cells (Figures 3C,D).
[image: Flow cytometry histograms and bar graphs analyze cell cycle distribution in HT-29 and HCT-116 cells treated with varying concentrations of DC. Western blot images show protein levels of CDK2, Cyclin A2, and β-actin in both cell lines. Quantitative bar charts display relative protein levels, indicating significant changes from control to 3.0 µM DC treatment.]FIGURE 3 | DC treatment arrested cell cycle at the S phase and regulated the expression of related proteins in colon cancer cells. (A) HT-29 and HCT-116 cells were treated with DC for 24 h. The cells were fixed and stained by PI to analyze the cell cycle distribution using a flow cytometer. (B) Quantification of the cell cycle distribution of HT-29 and HCT-116 cells. (C,D) The expression of CDK2 and Cyclin A2 followed treatment with DC for 24 h by Western blotting. Data are expressed as the mean ± S.D. of three independent experiments. Significance was determined by the one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05 vs. control).3.4 DC activated PPARγ transcription and molecular docking study
To test whether the antitumor effect of DC could be mediated by PPARγ transcription, a cell highly expressing endogenous PPARγ was chosen from the HT-29 and HCT-116 cells. As shown in Figure 4A, HT-29 expressed a higher PPARγ protein than HCT-116 cells, thus being chosen for subsequent experiments. Moreover, the luciferase reporter was constructed to examine PPARγ transcriptional activity following DC or rosiglitazone (Rog, a known PPARγ agonist, positive control) treatment. The results indicated that treatment with DC after 24 h, the transcriptional level of PPARγ in HT-29 cells was significantly enhanced by 1.81-fold (P < 0.01) than the control cells. To confirm the above observation, a selective PPARγ antagonist GW9962 was co-cultured with DC in HT-29, the result exhibited that the DC activated transcriptional activity of PPARγ was markedly attenuated, suggesting that the antitumor mechanism of DC might be associated with PPARγ activation (Figure 4B).
[image: Western blot analysis, bar graph, and molecular diagrams. A: Western blot showing PPARγ and β-actin in HT-29 and HCT-116 cells, indicating protein expression levels. B: Bar graph illustrating relative luciferase activity across different treatments, with significant differences marked by asterisks. C: Ribbon model of a protein structure with highlighted ligand binding. D: Zoomed view of ligand interaction within the protein structure. E and F: Molecular interactions depicted with bonds and labeled amino acids, highlighting key interactions and residues.]FIGURE 4 | (A) The protein expression of PPARγ in HT-29 and HCT-116 cells. (B) DC increases the transcriptional activity of PPARγ (***P < 0.001, **P < 0.01). (C–F) The 3D putative binding modes of DC with the ligand-binding domain (LBD) of PPARγ. (C,D) DC interacts with the key amino acid residues in PPARγ binding pocket (−7.9 kcal/mol). (E,F) DC interact with the Cys285, Leu330, Arg288, Leu333, Ser342, and Met364 in PPARγ binding pocket.Docking studies were employed to explore the possibility of DC binding to PPARγ and the potential binding mode between PPARγ (PDB ID: 2PRG) and DC using AutoDock Vina 1.1.2 software. The results indicated that DC can tightly occupy the ATP binding site of PPARγ as shown in Figures 4C–F, with the score of −7.9 kcal/mol. The ester carbonyl group and ketone carbonyls of the five-membered ring of DC can strongly interact with the residues Arg288 and Ser342 in the hinge domain of PPARγ via two hydrogen bonds, respectively. Additionally, the seven-membered ring, double bond and methyl of DC can form hydrophobic interaction with Cys285, Leu330, Leu333, and Met364 residues.
3.5 PPARγ antagonist GW9662 abolished DC-mediated anti-proliferation, cell apoptosis induction and cell cycle arrest in HT-29 cells
To verify the role of PPARγ in DC-mediated proliferation inhibition, HT-29 cells were co-treated with DC and GW9662 (10.0 μM, a PPARγ antagonist). As shown in Figures 5A,B, compared to DC-treated group, the inhibitory effect of co-treatment was markedly reduced, suggesting that GW9662 blocked the growth inhibition of DC in HT-29 cells. Similarly, the co-treatment of DC and GW9662 could increase the number of HT-29 cell clones, indicating that PPARγ antagonist could abrogate the inhibition of DC on HT-29 cell colony formation (Figures 5C,D).
[image: A multi-part scientific figure displaying various analyses on HT-29 cells treated with compounds. (A) Line graph of cell viability percentages versus DC concentration. (B) Table of IC50 values for different treatments. (C) Images of colony formations under different treatments. (D) Bar graph of colony numbers. (E) Scatter plots of PI stained cells showing apoptosis percentages. (F) Bar graph of cell apoptosis percentages. (G) Annexin V-FITC histograms showing cell populations. (H) Bar graph of cell cycle distribution. (I) Western blot images showing protein expression levels. (J) Bar graphs comparing relative protein levels normalized to β-actin. Statistical significance is marked with asterisks.]FIGURE 5 | The effect of PPARγ antagonist (GW9662) for DC-mediated antiproliferation, cell colony formation, apoptosis induction and cell cycle arrest in HT-29 cells. HT-29 cells were co-treated with GW9662 and DC for 24 h (A,B) The anti-growth effect of DC was examined by CCK-8 and IC50 value was calculated in HT-29 cells. (C,D) Representative images of colony formation and quantitative analysis of colony-forming ability in HT-29 cells co-treated with GW9662 and DC. (E,F) The apoptosis of HT-29 cells co-treated with GW9662 and DC was determined by using annexin V/PI staining. Quantitative analysis of apoptotic effects in HT-29 cells (n = 3). (G,H) HT-29 cells were stained with PI for the detection of cell cycle distribution. The percentage of cells in each cycling phase is represented by the quantitative analysis (n = 3). (I,J) The protein levels of cleaved caspase-3, Bax, Bcl-2, CDK2 and Cyclin A2 were determined by Western blotting in HT-29 cells. Data are expressed as the mean ± S.D. of three independent experiments. Significance was determined by the one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05 vs. control).Previous experiments have revealed that PPARγ activation could induce cell apoptosis. To explore whether PPARγ activation was involved in the DC-induced apoptosis of HT-29 cells, the apoptosis rate was tested following co-treatment. Compared to the DC-treated group, the apoptotic rates of HT-29 cells co-treated with DC and GW9662 were sharply decreased from 35.59% ± 2.83% to 23.06% ± 1.60%, indicating that GW9662 treatment attenuated DC-induced apoptosis of HT-29 cells (Figures 5E,F). In the cell cycle assays, the cell proportion at S phase was obviously reduced from 42.89% ± 1.11% (3.0 μM DC) to 38.67% ± 1.43% (3.0 μM DC + GW9662) and that at G2/M phase from 25.75% ± 0.37% (3.0 μM DC) to 22.85% ± 0.55% (3.0 μM DC + GW9662), while the proportion at G0/G1 was markedly increased from 31.36% ± 0.90% to 38.48% ± 1.38%, suggesting that GW9662 treatment abrogated DC-induced S phase arrest of HT-29 cells (Figures 5G,H). Consistent with the results from the flow cytometry assay, Western blot showed that the protein levels of cleaved caspase-3 and Bax were decreased and those of Bcl-2, CDK2 and cyclin A2 were increased in HT-29 cells after co-treatment of DC and GW9662 (Figures 5I,J), suggesting that GW9662 treatment decreased DC-induced apoptosis and cell cycle-related protein expression in HT-29 cells.
3.6 The affection of PPARγ knockdown on DC-mediated anti-proliferation, cell apoptosis induction and cell cycle arrest in HT-29 cells
To further confirm the role of PPARγ activation in the antitumor activity of DC, a si-PPARγ HT-29 cell line was constructed using RNA interference technology. The knockdown efficiency of PPARγ in HT-29 cells was examined using WB in si-NC HT-29 and PPARγ siRNA HT-29 cells. The results indicated that the endogenous PPARγ protein expression in si-PPARγ HT-29 cells were efficiently weakened compared to the control cells (Figures 6A,B). The si-NC HT-29 and si-PPARγ HT-29 cells were examined for cell viability, cell apoptosis, and cell cycle arrest by DC treatment.
[image: Western blot and flow cytometry analyses showcasing the effects of gene knockdown and treatment on cell behavior. Panel A shows Western blot results for PPARγ and β-actin. Panel B presents a bar graph of relative protein levels. Panel C displays a line graph of cell viability against drug concentration. Panel D includes flow cytometry plots for apoptosis detection. Panel E features a bar graph comparing early and late apoptosis rates. Panel F shows cell cycle distribution histograms. Panel G presents a bar graph of cell cycle phase distribution. Panel H shows Western blot results for various proteins. Panel I includes bar graphs for relative protein levels.]FIGURE 6 | The effect of PPARγ knockdown for DC-mediated anti-proliferation, cell colony formation, apoptosis induction and cell cycle arrest in HT-29 cells. The si-NC or si-PPARγ HT-29 cells were treated with DC for 24 h (A,B) The relative expression of PPARγ in si-NC or si-PPARγ HT-29 cells were examined using WB. (C) The antiproliferation effect of DC was examined in PPARγ knockdown HT-29 cells. (D,E) The apoptosis induction of DC was examined by flow cytometry and cell apoptosis rate was calculated. (F,G) The cell cycle distribution was detected by flow cytometry, and the percentage of cells in each cycling phase was represented in the knockdown cells. (H,I) The protein level of cleaved caspase-3, Bax, Bcl-2, CDK2 and Cyclin A2 were determined by Western blotting in PPARγ knockdown HT-29 cells. Data are expressed as the mean ± S.D. of three independent experiments. Significance was determined by the one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05 vs. control).Cell viability assay showed that the anti-proliferation effect of DC was markedly reduced in si-PPARγ HT-29 cells (Figure 6C), suggesting that the knockdown of PPARγ protein could reverse DC-mediated growth inhibition in HT-29 cells.
The apoptosis induction of DC against PPARγ siRNA HT-29 cells was examined by flow cytometry. As shown in Figures 6D,E, after DC treatment at the same concentrations, the apoptosis rate of si-PPARγ HT-29 cells (21.68% ± 1.69%) were markedly lower than that of si-NC HT-29 cells (33.24% ± 0.83%). In the cell cycle assay, compared to si-NC HT-29 cells, the proportion of PPARγ siRNA HT-29 cells at S phase were significantly reduced from 34.38% ± 1.78% to 28.8% ± 0.45%, while the proportion at G2/M was markedly increased from 22.73% ± 0.86% to 30.96% ± 1.37% after 3.0 μM DC treatment. The proportion of G0/G1 phase showed no obvious change (Figures 6F,G). This result suggested that the knockdown of PPARγ was able to reverse DC-mediated cell cycle arrest in HT-29 cells. Western blot showed that the protein levels of cleaved caspase-3 and Bax were decreased and the Bcl-2, CDK2, and cyclin A2 were increased in si-PPARγ HT-29 when compared with those of si-NC HT-29 group (Figures 6H,I), revealing that the knockdown of PPARγ could reverse DC-mediated apoptosis and cyclin-related protein expressions in HT-29 cells.
3.7 DC suppressed tumor growth in a xenografted nude mouse model
The anti-tumor efficacy of DC was further examined using a HT-29 cell xenograft mouse model. When the tumor volume reached 100 mm3, the 0.9% sodium chloride or DC at doses of 1.5 mg/kg and 3.0 mg/kg was administered by intraperitoneal injection daily for 14 days. Mice were weighed, and tumor volumes were measured at the beginning of each treatment. The results revealed that administration of different doses of DC did not change the body weight of mice compared to the control group (Figure 7A). The tumor volume and weight were approximately 709.6 mm3 and 1.04 g in the control group, while the tumor volume and weight significantly decreased to 402.4 mm3, 315.6 mm3 and 0.78 g, 0.61 g following 1.5 mg/kg, 3.0 mg/kg DC treatment after 14 days (Figures 7B–D), suggesting that DC could suppress colon cancer growth in vivo.
[image: A series of scientific charts and images depict an experiment with different dosages labeled as Control, Low (1.5 mg/kg), and High (3.0 mg/kg). (A) Line graph showing body weight changes over time. (B) Line graph of tumor volume changes, with significant volume increase in the High group. (C) Scatter plot of tumor weight with statistical significance indicated. (D) Photograph of excised tumors with size comparison. (E) Histological images showing tissue sections stained with HE, TUNEL, and Ki67. (F) Bar graph of TUNEL positive cells indicating apoptosis. (G) Bar graph showing Ki67 cell proliferation data. (H) Western blot results for proteins: cleaved caspase 3, Bcl-2, Bax, and β-actin. (I) Bar graph of relative protein expressions. (J) Histological images of heart, liver, spleen, lung, and kidney tissue sections at different dosages. Statistical significance is marked in graphs.]FIGURE 7 | DC suppressed tumor growth in HT-29 cell xenograft mice. HT-29 cells were subcutaneously injected into the right flanks of nude mice, and saline or DC was administrated intraperitoneally daily for 14 days. (A) Time course of body weight (n = 6). (B) Time course of tumor growth progression (n = 6). (C) Tumor weight measured at the end of the experiment (n = 6). (D) Images of the excised tumors at the end of the experiment. (E) Tumor sections were subjected to HE, tunel and immunohistochemistry staining for Ki67. (F,G) The cell number of tunel and ki67 were quantitatively analyzed. (H) The relative protein expression levels of cleaved-caspase 3, Bcl-2, Bax compared to β-actin in the tumor tissues. (I) Detection of apoptosis related proteins by Western blot analysis. (J) Hearts, livers, spleens, lungs, and kidneys were stained with H&E. Data are expressed as the mean ± S.D. of three independent experiments. Significance was determined by the one-way ANOVA (***P < 0.001, **P < 0.01, *P < 0.05 vs. control).HE, Tunel, and ki67 analyses were performed to observe the morphological changes of tumors. HE staining revealed large areas of necrosis in the tumor tissues of the DC-treated group, while no necrosis or only mild necrosis was observed in the control group. Tunel and ki67 experiments indicated that Tunel-positive cells (green fluorescence) were increased, and ki67-positive cells indicate proliferation was reduced after the mice were treated with 1.5 and 3.0 mg/kg DC in the tumor tissues (Figures 7E–G), respectively. The expression levels of apoptotic proteins were detected by Western blot. Consistent with the in vitro results, the protein expression levels of cleaved caspase 3 and Bax were significantly elevated and the Bcl-2 was reduced in the tumors after the indicated DC treatment (Figures 7H,I). These results showed that the number of apoptotic cells dramatically increased in the DC-treated group but not in the control group. In addition, no significant changes were observed in the histological morphology of the heart, liver, spleen, lung, and kidney of DC-treated mice (Figure 7J), indicating that DC was not obviously toxic to normal tissues in vivo.
4 DISCUSSION
Over the past few years, natural products have been widely concerned as cancer treatment agents. It is believed that natural products are from a wide variety of sources and have high bioactivity and low toxicity. Accumulated research has proven that natural compounds could reduce the incidence of tumors, metastases, and invasions by inducing apoptosis and inhibiting angiogenesis. DC is a sesquiterpenoid active ingredient from the Asteraceae plants that has been proven to have a wide spectrum of biological effects. For example, Qin et al. (2022) have found that DC had a potent inhibition on Staphylococcus species by targeting the bacteria′s transmembrane channel proteins, as well as a potential therapeutic effect in the MRSA-infected mice groups in vivo. Additionally, DC exerts an anti-proliferative effect against HL-60 leukemia cells by activating the mitochondrial pathway and disrupting the cell cycle progression (Molnár et al., 2016). In this study, our results first demonstrated that DC suppressed cell proliferation by reducing cell viability and inhibiting colony formation in HT-29 and HCT-116 cells, indicating that DC could have potential antitumor effects.
Cellular apoptosis is a key part of the innate tumor suppression mechanism. Anticancer drugs induce tumor cell apoptosis by inactivating cells during oncogenesis. Studies have shown that the reduction of the Bcl2/Bax ratio, the loss of mitochondrial membrane potential (MMP), the overproduction of reactive oxygen species (ROS), and the activation of related caspase proteins contribute to apoptosis. For example, corylin (Yang et al., 2021), an isoflavone isolated from Cullen corylifolium (L.) Medik, was found to be able to inhibit colorectal cancer cell proliferation and induce apoptosis by decreasing p-STAT3/STAT3 protein levels. Inoscavin A (Qiu et al., 2022), a pyrone compound isolated from the Sanghuangporus vaninii, exerted antitumor effects by inhibiting the activation of the Hedgehog pathway to induce apoptosis of HT-29 cells. Moreover, punicalagin and granatin B were found to be potent antioxidants in pomegranate peels, and the mechanistic studies revealed that they could induce ROS-mediated apoptosis in HT-29 cells (Chen et al., 2022). Similar to these natural products, DC induced a significant apoptosis rate in HT-29 and HCT-116 cells in a dose-dependent manner. The Bcl-2 family members are closely associated with the mitochondria-dependent apoptotic pathways, such as the apoptotic protein Bax and the anti-apoptosis Bcl-2 protein, which are involved in suppressing caspase activation. Our results suggested that DC could induce HT-29 and HCT-116 cell apoptosis through upregulation of Bax and downregulation of Bcl-2 expression and activation of the caspase-3 pathway in HT-29 and HCT-116 cells, suggesting that apoptosis induction could play an important role for DC-mediated anti-proliferation of colon tumor cells.
Imbalance of the cell cycle can lead to tumor cell proliferation. CDKs and cyclins are the core factors of endogenous regulation and control of the cell cycle (Naeem et al., 2022). Different CDK/cyclin complexes control the different phases of the cell cycle. The CDK4/cyclin D, CDK6/cyclin D, and CDK2/cyclin E complexes regulate the G1-S phase transition, and CDK2/cyclin A and CDK1/cyclin A control the S-G2 phase progression. CDK1/cyclin B is a critical mitotic initiator. The inhibition of CDK2/cyclin A and CDK1/cyclin A complexes indicates a potential cell cycle arrest in the S phase. Some natural products have been shown to inhibit cancer cell growth by affecting mitosis and cell cycle transition, making them an alternative to chemotherapy. Sulforaphane (Wang et al., 2021b), extracted from broccoli sprouts, could significantly inhibit cell proliferation by arresting the cell cycle at the S phase and increasing the expression levels of p53 and p21, and decreasing the level of CDK2, which directly regulates the S phase transition in gastric cancer cells. 6,7,4′-THIF (Lee et al., 2011), a metabolite of daidzein, was shown to induce cell cycle arrest at the S and G2/M phases in HCT-116 cells by suppressing the expression of CDK2. In addition, S and G2/M phase arrest was found in MDA-MB-231 cells after treatment with 7,8-dihydroxy-3-arylcoumarin, which has been shown to have the highest cytotoxic activity and caused significant cell cycle arrest in the S phase and moderate arrest in the G2/M phase by incerasing the expression of cyclins A/B1, p21 and CDKs 4/6, and reducing the expression of cyclin E2 and CDK2 regulatory proteins (Musa et al., 2018). Our results indicated that DC treatment mainly increased the proportion of colon cells in S phase and decreased in G0/G1 phase, as well as induced a dose-dependent decrease of CDK2 and cyclin A2 expression, suggesting that the DC suppressed HCT-116 and HT-29 cell proliferation by arresting the cell cycle at the S phase in colon cells.
PPARγ is a member of the PPAR subfamily, which belongs to the nuclear receptor superfamily of ligand-inducible transcription factors and plays a key role in cellular activities. Because of its modulation of adipocyte differentiation and sensitization of adipocyte to insulin, PPARγ agonists, such as rosiglitazone and other thiazolidinediones, have been employed for the treatment of diabetes. Previous investigations have indicated that PPARγ is also a potential tumor suppressor in a variety of tissues. For example, Yang et al. (2019) have demonstrated that rosiglitazone could reduce E2F2 expression to suppress the proliferation of nasopharyngitis cell lines. Rosiglitazone and pioglitazone (Lv et al., 2019) also markedly induced cell cycle G2 arrest and apoptosis to inhibit cell proliferation in bladder cancer in vitro and in vivo. Natural products, as a major source of PPARγ agonists, play an important role in inhibiting tumor cell proliferation and cancer development. 6-Shogaol (Tan et al., 2013), a major bioactive ingredient in the rhizomes of ginger, could induce PPARγ transcriptional activity to suppress NFκB activation and increase apoptosis in breast and colon cancer cells. Moreover, 5β,19-epoxy-19-methoxycucurbita-6,23-dien-3β,25-diol (Weng et al., 2017), a triterpenoid isolated from M. charantia, could inhibit cell proliferation and induce G1 cell cycle arrest in MCF-7 cells through PPARγ activation. The previous report showed that HT-29 cells expressed relatively high levels of PPARγ protein among cancer cells. Our results indicated higher PPARγ protein expression in HT-29 cells compared to HCT-116 cells, prompting the selection of HT-29 cells for subsequent experiments. Further analysis demonstrated that DC enhanced PPARγ transcriptional activity in HT-29 cells, an effect reversible by the PPARγ antagonist GW9662.
To validate whether the mechanism of action of DC is associated with PPARγ activation, PPARγ antagonist GW9662 was employed to co-treat HT-29 cells with DC. Our results have shown that after co-treatment with DC and GW9662, the proliferation inhibition, colony formation suppression and apoptosis induction of DC were completely blocked, and the cell cycle arrest at S phase was also significantly reversed in HT-29 cells, suggesting that PPARγ could be the potential target of DC to inhibit colon cancer cell proliferation. PPARγ knockdown of HT-29 cells based on the small interfering RNAs (siRNAs) technology was employed to further confirm the above speculation. Similar to the co-treatment with GW9662, the results indicated that the anti-proliferation and apoptosis induction of DC were remarkably weakened, and the cell cycle arrest at S phase and the protein expression of CDK2 and cyclin A2 were also markedly reversed in si-PPARγ HT-29 cells. Taken together, these results implied that transcriptional inactivation of PPARγ could impair DC-mediated proliferation inhibition, apoptosis induction, and cell cycle arrest in HT-29 cells.
Consistent with the in vitro data, the HT-29 cell xenograft mouse model confirmed that DC not only suppressed tumor growth and development but also stimulated tumor cell apoptosis in vivo. Moreover, the expressions of pro-apoptotic proteins Bax and cleaved caspase 3 were elevated, and the anti-apoptotic protein Bcl-2 was decreased by DC in tumor tissue. Additionally, no apparent organ damage was observed in mice when DC was administered at a dose of 3.0 mg/kg in the present study.
In this experiment, we studied the anti-tumor effect of DC through inducing the PPARγ transcription activation of colon cancer cells. However, considering that a lot of natural products, such as tanshinone, curcumin, resveratrol, and artemisinin, have been shown to have multiple anti-tumor mechanisms based on different targets and pathways, the antitumor efficacy of DC in other signaling pathway or target should warrant further investigation.
5 CONCLUSION
In conclusion, DC showed anti-tumor effects by inhibiting colon cancer cell proliferation and colony formation, inducing apoptosis, and arresting cell cycle at S phase in vitro, as well as suppressing tumor growth in HT-29 cell xenograft mice in vivo. Further mechanism study suggested that activation of PPARγ transcription was involved in DC-induced proliferation inhibition, apoptosis induction and cell cycle arrest of HT-29 cells. It was also demonstrated that DC treatment at the dose of 3.0 mg/kg could significantly suppress tumor growth and show no apparent toxicity in the xenograft nude mouse model in vivo. In addition, our study also supports DC as a unique PPARγ agonist for antitumor lead compounds.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was approved by Animal Ethics Committee of the Naval Medical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
S-SL: Methodology, Writing – original draft, Validation. Z-TL: Writing – original draft, Visualization. X-QZ: Writing – original draft, Validation. XuL: Software, Writing – original draft. X-KX: Writing – original draft, Project administration. X-PZ: Writing – review and editing, Supervision. XiL: Writing – review and editing, Resources. Y-HS: Writing – review and editing, Supervision, Funding acquisition, Project administration.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The work was supported by NSFC (82173704, 81573318), The Key Research and Development Program of China (2017YFC1702002), National Major Project of China (2018ZX09731016-005), Shanghai Engineering Research Center for the Preparation of Bioactive Natural Products (10DZ2251300), First Affiliated Hospital of Kunming Medical University (2023BS007), Yunnan Provincial Department of Education Science Research Fund Project (2025J0293).
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.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1623153/full#supplementary-material
ABBREVIATIONS
ATCC, American Type Culture Collection; Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; CCK, cell counting kit-8; CDKs, cyclin-dependent kinase; DAPI, 4,6-diamidino-2-phenylindole dihydrochloride; DC, dehydrozaluzanin C; DMEM, Dulbecco’s Modified Eagle Medium; DMSO, dimethyl sulfoxide; HE, hematoxylin-eosin staining; IC50, the half maximal inhibitory concentrations; PBS, phosphate-buffered saline; PI, propidium iodide; PPARγ, peroxisome proliferator-activated receptor γ; PVDF, polyvinylidene fluoride; Rog, rosiglitazone; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; si-RNA, small interfering RNA; TZDs, thiazolidinediones.
REFERENCES
	Anghel, S. I., and Wahli, W. (2007). Fat poetry: a kingdom for PPAR gamma. Cell Res. 17 (6), 486–511. doi:10.1038/cr.2007.48

	Atanasov, A. G., Zotchev, S. B., Dirsch, V. M., Orhan, I. E., Banach, M., Rollinger, J. M., et al. (2021). Natural products in drug discovery: advances and opportunities. Nat. Rev. Drug Discov. 20 (3), 200–216. doi:10.1038/s41573-020-00114-z

	Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 68 (6), 394–424. doi:10.3322/caac.21492

	Chen, X.-X., Khyeam, S., Zhang, Z.-J., and Zhang, K.Y.-B. (2022). Granatin B and punicalagin from Chinese herbal medicine pomegranate peels elicit reactive oxygen species-mediated apoptosis and cell cycle arrest in colorectal cancer cells. Phytomedicine 97, 153923. doi:10.1016/j.phymed.2022.153923

	Dhyani, P., Quispe, C., Sharma, E., Bahukhandi, A., Sati, P., Attri, D. C., et al. (2022). Anticancer potential of alkaloids: a key emphasis to colchicine, vinblastine, vincristine, vindesine, vinorelbine and vincamine. Cancer Cell Int. 22 (1), 206. doi:10.1186/s12935-022-02624-9

	Goltsman, I., Khoury, E. E., Winaver, J., and Abassi, Z. (2016). Does Thiazolidinedione therapy exacerbate fluid retention in congestive heart failure?Pharmacol. and Ther. 168, 75–97. doi:10.1016/j.pharmthera.2016.09.007

	Grommes, C., Landreth, G. E., and Heneka, M. T. (2004). Antineoplastic effects of peroxisome proliferatoractivated receptor γ agonists. Lancet Oncol. 5 (7), 419–429. doi:10.1016/S1470-2045(04)01509-8

	Hashimoto, T., Juso, K., Nakano, M., Nagano, T., Kambayashi, S., Nakashima, A., et al. (2012). Preferential Fas-mediated apoptotic execution at G1 phase: the resistance of mitotic cells to the cell death. Cell Death and Dis. 3 (5), e313. doi:10.1038/cddis.2012.52

	Lajter, I., Pan, S.-P., Nikles, S., Ortmann, S., Vasas, A., Csupor-Löffler, B., et al. (2015). Inhibition of COX-2 and NF-κB1 gene expression, NO production, 5-LOX, and COX-1 and COX-2 enzymes by extracts and constituents of Onopordum acanthium. Planta Medica 81 (14), 1270–1276. doi:10.1055/s-0035-1546242

	Lee, D. E., Lee, K. W., Jung, S. K., Lee, E. J., Hwang, J. A., Lim, T. G., et al. (2011). 6,7,4'-Trihydroxyisoflavone inhibits HCT-116 human colon cancer cell proliferation by targeting CDK1 and CDK2. Carcinogenesis 32 (4), 629–635. doi:10.1093/carcin/bgr008

	Li, C., Dong, T., Li, Q., and Lei, X. (2014). Probing the anticancer mechanism of (−)-Ainsliatrimer A through diverted total synthesis and bioorthogonal ligation. Angew. Chem. Int. Ed. 53 (45), 12111–12115. doi:10.1002/anie.201407225

	Loke, Y. K., Kwok, C. S., and Singh, S. (2011). Comparative cardiovascular effects of thiazolidinediones: systematic review and meta-analysis of observational studies. Bmj 342 (mar17 1), d1309. doi:10.1136/bmj.d1309

	Lv, S., Wang, W., Wang, H., Zhu, Y., and Lei, C. (2019). PPARγ activation serves as therapeutic strategy against bladder cancer via inhibiting PI3K-Akt signaling pathway. BMC Cancer 19 (1), 204. doi:10.1186/s12885-019-5426-6

	Macıas, F. A., Galindo, J. C. G., Molinillo, J. M. G., and Castellano, D. (2000). Dehydrozaluzanin C: a potent plant growth regulator with potential use as a natural herbicide template. Phytochemistry 54 (2), 165–171. doi:10.1016/s0031-9422(00)00070-4

	Molnár, J., Szebeni, G., Csupor-Löffler, B., Hajdú, Z., Szekeres, T., Saiko, P., et al. (2016). Investigation of the antiproliferative properties of natural sesquiterpenes from Artemisia asiatica and Onopordum acanthium on HL-60 cells in vitro. Int. J. Mol. Sci. 17 (2), 83. doi:10.3390/ijms17020083

	Moraes, L. A., Piqueras, L., and Bishop-Bailey, D. (2006). Peroxisome proliferator-activated receptors and inflammation. Pharmacol. and Ther. 110 (3), 371–385. doi:10.1016/j.pharmthera.2005.08.007

	Musa, M. A., Badisa, V. L. D., Latinwo, L. M., and Ntantie, E. (2018). 7,8-Dihydroxy-3-arylcoumarin induces cell death through S-phase arrest in MDA-MB-231 breast cancer cells. Anticancer Res. 38 (11), 6091–6098. doi:10.21873/anticanres.12959

	Naeem, A., Hu, P., Yang, M., Zhang, J., Liu, Y., Zhu, W., et al. (2022). Natural products as anticancer agents: current status and future perspectives. Molecules 27 (23), 8367. doi:10.3390/molecules27238367

	Paul, B., Watkins, M. D., Randall, W., and Whitcomb, M. D. (1998). Hepatic dysfunction associated with troglitazone. N. Engl. J. Med. 338 (13), 916–917. doi:10.1056/NEJM199803263381314

	Qin, X., Xu, J., Yin, D., Feng, F., Zeng, X., Niu, B., et al. (2022). Dehydrozaluzanin C, a novel type of anti-bacterial agent which targets transporting proteins, Opp and OpuC. Genes and Dis. 9 (4), 830–832. doi:10.1016/j.gendis.2021.11.009

	Qiu, P., Liu, J., Zhao, L., Zhang, P., Wang, W., Shou, D., et al. (2022). Inoscavin A, a pyrone compound isolated from a Sanghuangporus vaninii extract, inhibits colon cancer cell growth and induces cell apoptosis via the hedgehog signaling pathway. Phytomedicine 96, 153852. doi:10.1016/j.phymed.2021.153852

	Semple, R. K., Chatterjee, V. K. K., and O'Rahilly, S. (2006). PPARγ and human metabolic disease. J. Clin. Investigation 116 (3), 581–589. doi:10.1172/JCI28003

	Siegel, R. L., Wagle, N. S., Cercek, A., Smith, R. A., and Jemal, A. (2023). Colorectal cancer statistics, 2023. CA A Cancer J. Clin. 73 (3), 233–254. doi:10.3322/caac.21772

	Tan, B. S., Kang, O., Mai, C. W., Tiong, K. H., Khoo, A.S.-B., Pichika, M. R., et al. (2013). 6-Shogaol inhibits breast and colon cancer cell proliferation through activation of peroxisomal proliferator activated receptor γ (PPARγ). Cancer Lett. 336 (1), 127–139. doi:10.1016/j.canlet.2013.04.014

	Wang, Y., Shen, Y.-H., Jin, H.-Z., Fu, J.-J., Hu, X.-J., Qin, J.-J., et al. (2008). Ainsliatrimers A and B, the first two guaianolide trimers from Ainsliaea fulvioides. Org. Lett. 10 (24), 5517–5520. doi:10.1021/ol802249z

	Wang, Y., Wu, H., Dong, N., Su, X., Duan, M., Wei, Y., et al. (2021a). Sulforaphane induces S-phase arrest and apoptosis via p53-dependent manner in gastric cancer cells. Sci. Rep. 11 (1), 2504. doi:10.1038/s41598-021-81815-2

	Wang, Y., Zhang, T., Li, C., Guo, J., Xu, B., and Xue, L. (2021b). Telmisartan attenuates human glioblastoma cells proliferation and oncogenicity by inducing the lipid oxidation. Asia-Pacific J. Clin. Oncol. 18 (3), 217–223. doi:10.1111/ajco.13574

	Wedge, D. E., Galindo, J. C. G., and Macı´as, F. A. (2000). Fungicidal activity of natural and synthetic sesquiterpene lactone analogs. Phytochemistry 53 (7), 747–757. doi:10.1016/s0031-9422(00)00008-x

	Weng, J. R., Bai, L. Y., and Lin, W. Y. (2017). Identification of a triterpenoid as a novel PPARγ activator derived from formosan plants. Phytotherapy Res. 31 (11), 1722–1730. doi:10.1002/ptr.5900

	Wu, Z.-J., Xu, X.-K., Shen, Y.-H., Su, J., Tian, J.-M., Liang, S., et al. (2008). Ainsliadimer A, A new sesquiterpene lactone dimer with an unusual Carbon Skeleton from Ainsliaea macrocephala. Org. Lett. 10 (12), 2397–2400. doi:10.1021/ol800656q

	Wu, Z.-J., Xu, X.-K., Zeng, H.-W., Shen, Y.-H., Tian, J.-M., Su, J., et al. (2011). New sesquiterpenoids fromAinsliaea macrocephalaand their nitric Oxide inhibitory activity. Planta Medica 77 (13), 1545–1550. doi:10.1055/s-0030-1270930

	Yang, P.-L., Wang, J.-S., Cheng, X.-M., Chen, J.-C., Zhu, H., Li, X.-L., et al. (2019). PPAR-Γ ligand inhibits nasopharyngeal carcinoma cell proliferation and Metastasis by regulating E2F2. PPAR Res. 2019, 8679271–8679279. doi:10.1155/2019/8679271

	Yang, Y.-H., Mao, J.-W., and Tan, X.-L. (2020). Research progress on the source, production, and anti-cancer mechanisms of paclitaxel. Chin. J. Nat. Med. 18 (12), 890–897. doi:10.1016/S1875-5364(20)60032-2

	Yang, L., Yao, Y., Bai, Y., Zheng, D., Zhou, F., Chen, L., et al. (2021). Effect of the isoflavone corylin from cullen corylifolium on colorectal cancer growth, by targeting the STAT3 signaling pathway. Phytomedicine 80, 153366. doi:10.1016/j.phymed.2020.153366

	Zhang, W., Li, Q., Yang, C., Yang, H., Rao, J., and Zhang, X. (2020). Curcumin exerts anti-tumor effects on diffuse large B cell lymphoma via regulating PPARγ expression. Biochem. Biophysical Res. Commun. 524 (1), 70–76. doi:10.1016/j.bbrc.2019.12.129


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.
Copyright © 2025 Li, Li, Zhu, Li, Xu, Zu, Li and Shen. 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-16-1623153-g005.jpg
>

e DC -= DC+GW
-~ Rog -+ Rog+GW

§

2.89+2.45

8

Cell Viability (%)
2

DC+GW9662 4.73+1.34
30 Rog 149.30+3.22
DC(um)
0 Rog+GW9662 115.81+4.01

PI

®
100 1% 10! ?

3.0 uM + GW9662

' 10?
3.0 uM

10°

Annexin V-FITC
G
N & 3
- H ] N
i i ]
i # vk i
' . :
L $ 3 N
—— 3.0uM 3.0 uM + GW9662
I DC (nM) - 30 30 - -
Rog (uM) - - - 20.0 20.0
GW9662 (nM) - - 10.0 - 10.0
cleaved 19kDa
caspase 3 17kDa
J HT-29 control
== 3.0DC
0.8 2t mm 3.0 DC+GW
= 20.0 Rog

W= 20.0 Rog+GW

Relative protein levels
( of B-actin))

Bax

c-c-3 Bcl-2

|

B C
DC

20.0 Rog

=)

3.0 UM+GW9662

Colony formation
(% of control)
8

o 8 8 8 8

8 8 & 8

Cell apoptosis (%)

o

& (M)

20.0 Rog 20.0 Rog+GW9662

200 Rog M
W= 300CuM N 20.0 RogeGW9662

. 3.0 DC+GW9662

8 3

Coll cycle distribution(%)

20.0 Rog+GW9662

HT-29 GW9662
DC (nM) - 30 30 - -
Rog (nM) - - - 200 200
GW9662 (nM) - - 100 - 10.0

Cyc“n Az 47kDa

B-actin 45kDa
HT-29
control
== 30DC
W 3.0 DC+GW
0.5
° == 20.0 Rog
S o4 — = 20.0 Rog+GW
£E
2%
1
s
2%
s
[
o

CDK2

Cyclin A,





OPS/images/fphar-16-1623153-g006.jpg
PI

umpar
o

( of |B-actin )
o o
LY w

o
pre

o]

ol

5
|E||§:|

wn

&

»
Relative protein levels

)y O

Cell Viability (%

102
Control

Control 3.0DC Control
si-NC + + - -
si-PPARY - - + +
DC (3 M) - + - +
cleaved 19kDa
caspase 3 17 kDa
Bcl-2 26kDa

Practin m ke

HT-29

si-NC control W si-PPARYy control
Bl si-NC30pMDC W si-PPARy 3.0 uM DC

038 - —

0.6

=
—
044 1
T
0.2

Relative protein levels
( of B-actin))

c-c-3 Bcel-2 Bax

si-NC
si-PPARYy
DC 3 puM)

CDK2

Cyclin A2

p-actin

Relative protein levels

2]
o

30

Cell apoptosis (%)

Cell cycle distribution(%)

+ +
- +

si-NC control

- si-NC HT-29 IC50=2.53+1.45pM
-@ si-NC HT-29 1C50=4.8241.97uM

60
40
20
0
GO/G1 S
si-PPARy HT-29
+ 4+
- +

W si-PPARYy control

DC(uM)
0

e late
Hl early

\ \ (uM)
o050 Dccot\“o 29 o¢
si-NC si-PPARy
si-NC control [ si-PPARy control

B si-NC 3.0uM DC W si-PPARy 3.0uM DC

G2m

BN si-NC3.0uMDC WM si-PPARy 3.0 uM DC

0.6

o

*
——

CDK2

Cyclin A2





OPS/images/fphar-16-1623153-g003.jpg
A 1 B 1 control
| HT-29 075 uM
!} | -
B
vl 2
c :
P St ™ ‘ ¥ dumeandy N ! ' E G0/IG1 s c2m
Control 0.75 uM control
HCT-116 0.75 uM
o - 15uM
i i " § - 30uM
© s ' kS
: 4 R § E ©
vl i i ]
5 g F 8 22
I = § H] E
8
T 1 T 1o A MY 1 - T GOIG1 s G2im
Control 0.75 uM
C D
DC (pm 0 0-75 1,5 3.0 HT'29 Control
1.2 e 0.75 pM
£EL
i 2%
Cyclin A2 47kDa 9§ o6
o9
2%
£~ 03
B-actin 45kDa 2
0.0
HT-29 CDK2 Cyclin A,
Control
DC (uM) 0 075 15 3.0 HCT-116 W= 0.75uM
0.4 = 15uM
$ ) - 30uM
34kDa ¢ X
CDK2 E ~ 03
- £ £
e 2%
°o®
47 kDa £a 0.2
2%
£~ 01
B-actin 45kDa 8
0.0

HCT-116 CDK2 Cyclin A,





OPS/images/fphar-16-1623153-g004.jpg
>k

o o = o
© © < ~N

(%)A3An0oe aseiajion| aAle|al






OPS/images/fphar-16-1623153-g007.jpg
>

Body weight (g)

D

- (‘,ontrol5 B -a- Control C
- Low (1.
2 , h(somgfkg) 1000 -+ Low (1.5 mg/kg) 14
-+ High (3.0 mg/kg) = -¥- High (3.0 mg/kg)
2 E o o
s E 10
20 g o : g
W 3 P 2os
S 00 ]
N . 2 os
E 200 S
5 F 04
16 0 02
o Tinsne(d: s) o 0 2 4 6 8 10 12 14 | Control
Y Time (days)
Low

High
(3.0 mg/kg)
H Low High
Control s mg/kg) 3.0 mg/kg)
cleaved

caspase 3

Bcl-2

Bax

p-actin

Relative protein levels

= —e—mews

.
— . - _—

Control
Bl Low (1.5 mg/kg) k3
B High (3.0 mgkg) €ontrol

19 kDa % =

17 kDa o s
s 2

26 kDa ‘@ ©
3 A
o y
K] <
€

21kDa I

45 kDa

(1.5 mg/kg)

Low High
(1.5 mg/kg) (3.0 mg/kg)

High
(3.0 mg/kg)

£
o

40

20

0 DC(mg/kg)

m

(&‘o\ ?’\ \ g/kg
O

o &S

Ny Q}Q

Lung Kidney





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Dehydrozaluzanin C inhibits colon cancer cell proliferation, apoptosis and cycle arrest through peroxisome proliferator-activated receptor γ (PPARγ) activation		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Reagents, chemicals, and cell culture

		2.2 Cell viability assay

		2.3 Colony formation assay

		2.4 Cell apoptosis assay

		2.5 Cell cycle assay

		2.6 Luciferase activity assay

		2.7 Molecular docking

		2.8 Cell transfection using RNA interference

		2.9 HT-29 cell xenograft tumor in mice

		2.10 HE staining

		2.11 Tunnel and ki67 staining

		2.12 Western blot

		2.13 Statistical analysis





		3 RESULTS		3.1 Effects of DC on cytotoxicity and colony formation of HT-29 and HCT-116 cells

		3.2 Effects of DC on apoptotic rate and the apoptosis-related protein expression in HT-29 and HCT-116 cells

		3.3 Effects of DC on the cell cycle and cycle-associated protein expression in HT-29 and HCT-116 cells

		3.4 DC activated PPARγ transcription and molecular docking study

		3.5 PPARγ antagonist GW9662 abolished DC-mediated anti-proliferation, cell apoptosis induction and cell cycle arrest in HT-29 cells

		3.6 The affection of PPARγ knockdown on DC-mediated anti-proliferation, cell apoptosis induction and cell cycle arrest in HT-29 cells

		3.7 DC suppressed tumor growth in a xenografted nude mouse model





		4 DISCUSSION

		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		ABBREVIATIONS

		REFERENCES









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

Dehydrozaluzanin C inhibits
colon cancer cell proliferation,
apoptosis and cycle arrest
through peroxisome
proliferator-activated receptor
vy (PPARYy) activation





OPS/images/fphar-16-1623153-g001.jpg
HT-29

HCT-116

HCT-116

HT-29, HCT-116 and NCM460

=

120
—h HT-29 IC5=2.52¢1.34 pM
o N @~ HCT-116 IC55=1.48 £2.72)M
i A~ NCM460 IC5=8.09 +1.67uM

Cell Viability (%)
3

w
o

HT-29

-
® o
© o ©
4

Colony formation
(% of control)
&
=3

o°°6 = >
T HCT-116

g
—

3
o
*
H

Colony formation
(% of control)
8 3

n
o
*
H
H






OPS/images/fphar-16-1623153-g002.jpg
b
=

" late
Control s . < < . HT-29 . early

N @ oA oo
& & &

Cell apoptosis (%)

-
)

E ;,oo‘@\ 6-‘" RS
HCT-116 —J
40 e
[{] agsn
L] E -
‘-I‘ §20
3 =
8
’ O N N e
°°\ g
Annexin V-FITC
C pc @wM) 0 075 15 3.0 D Control

HT-29 ™= 0.75puM
cleaved 19 kDa - 1.5uM
caspase 3 17 kDa 08 = 3.0uM

0
[}
]
o [ o §:
£t
Bax RS
IEI 2D g
s
B-actin 45kDa &
HT-29 c-c-3 Bel-2 Bax
DC (nM) 0 0.75 1.5 3.0 HCT-116 Control
mw 0.75 uM
cleaved 19 kDa - - 15 u:ﬂ
caspase 3 17 kDa 0.5 orx ;

= 3.0uM

c-c-3 Bcl-2 Bax

HCT-116

Relative protein levels
( of B-actin )










OPS/images/crossmark.jpg
©

|





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





