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Basic Study
Pomolic acid and its glucopyranose ester promote apoptosis through autophagy in HT-29 colon cancer cells
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Abstract
BACKGROUND
Colon cancer remains a leading cause of death globally. Pomolic acid (PA) can be separated from the ethyl acetate fraction of achyrocline satureioides.

AIM
To determine the effects of PA and its glucopyranose ester, pomolic acid-28-O-β-D-glucopyranosyl ester (PAO), on colon cancer HT-29 cells.

METHODS
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide assay was used to measure cell viability. Apoptosis was detected via hoechst 33342 staining. PI single staining was identified by flow cytometry to determine the cycle and scratch assay was used to observe the migration of HT-29 cells. The levels of mRNA and proteins were evaluated by q polymerase chain reaction and western blotting, respectively.

RESULTS
PA and PAO considerably inhibited the growth of the HT-29 cell line in a time and dose-dependent manner. After the administration of PA and PAO for 24 and 48 h, cell apoptosis was significantly promoted and HT-29 cells were arrested in the G0/G1 stage. The Bax/Bcl2 ratio was also increased, which activated cysteinyl aspartate specific proteinase 3, leading to apoptosis; it also increased the expression of light chain 3 II/I and Beclin1, which activated autophagy and caused cell death. This in turn increased the expression of p62 to promote cell apoptosis, inhibiting the levels of signal transducer and activator of transcription 3 (STAT3) and p-STAT3, suppressing the level of Bcl2, and promoting cell.

CONCLUSION
Both PA and PAO provide novel therapeutic strategies for treating colorectal cancer.
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Core Tip: Compounds pomolic acid (PA) and pomolic acid-28-O-β-D-glucopyranosyl ester (PAO) exhibited a considerable growth inhibitory effect against HT-29 cell lines in a time-dose-dependent manner. PA and PAO promote apoptosis through autophagy in HT-29 colon tumor cells. Both PA and PAO provide novel therapeutic strategy for colorectal cancers treatment.

INTRODUCTION
Colon cancer remains a leading cause of death globally[1], while colorectal cancer has become the third most common tumor with the highest incidence[2]. Surgical treatment is generally the best choice for early-stage colon cancer patients, but unfortunately many patients are diagnosed at an advanced stage. Surgery-based postoperative adjuvant chemotherapy is currently the most important method for treating colon cancer. However, resistance and toxicity of chemotherapy have severely hampered the implementation of chemotherapy regimens. There is thus a need for new therapeutic options for patients at an advanced stage of the disease, so the search for new drugs and targets has become a key component of efforts to treat colon cancer.
There are abundant active substances in nature, especially in plants of medicine food homology. Achyrocline satureioides is a plant from the achyrocline genus brassica, which is a medicinal herb widely used in Latin America for gastrointestinal diseases, bacterial infections, anti-inflammatory effects, pain relief, and for treating other diseases[3-7]. We previously isolated many compounds from the flowers of A. satureioides, including triterpenics, anthraquinones, and flavonoids. Research has shown that pomolic acid (PA) and its glucopyranose ester have effects against breast cancer[8-10], prostate cancer[11], leukemia[12-15], and other malignant tumors. Because of its high safety, these agents have been increasingly used in the treatment of cancer. However, there has been little research on the use of PA and its glucopyranose ester in treating colon cancer, or on the mechanisms behind their effects. We thus investigated the influence of PA and its glucopyranose ester on colon cancer cells. In this study, PA and its glucopyranose ester showed good inhibitory effects on colon cancer cells and have potential as new drugs for future use in a clinical context.

MATERIALS AND METHODS
Materials and chemicals
PA was separated and purified from A. satureioides (purity > 98%). Pomolic acid-28-O-β-D-glucopyranosyl ester (PAO) was obtained from Chengdu Alpha Biological Co., Ltd. (cas: 83725-25-0), with purity exceeding 94%. Oxaliplatin was obtained from Hengrui Medicine (China). Annexin-V-fluorescein isothiocyanate and propidium iodide (BD Biosciences, Franklin Lake, NJ, United States), McCoys’ 5A (Modified; Gibco, United States), and [fetal bovine serum (FBS); EXCEll, China] were also obtained. Bcl2, anti-sequestosome-1 (p62), anti-light chain 3 (LC3) A/B, Bax, Beclin-1, anti-janus kinase (JAK), anti-p-signal transducer and activator of transcription 3 (STAT3), and anti-STAT3 antibodies were obtained from cell signaling technology (United States). Anti-β-actin was purchased Protech (China). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO) were obtained from Solarbio (China). The HT-29 cell line was purchased from National Collection of Authenticated Cell Cultures. Finally, the laser confocal microscope leica DMI3000B was used (Leica, Germany).

Methods
Preparation of PA: A. Satureioides was identified by Professor Peng HS of Anhui University of Chinese Medicine. Nine kilograms of dried A. satureioides was pulverized mechanically and extracted five times with the amount of 95% ethanol. It was then heated and refluxed two times for 1 h each, and subsequently heated and refluxed three times with the amount of 50% ethanol two times for 1 h each. Then, the ethanol extracts were combined and concentrated under reduced pressure to give a brown solid material (1.6 kg), which was extracted using ethyl acetate. Next, this ethyl acetate fraction (950 g) was subjected to silica gel column chromatography (petroleum ether: Acetone 100: 0, 50: 1, 20: 1, 5: 1, and 0: 100) to obtain six fractions (Fr. 1-6). Among them, Fr. 2 (110 g) was eluted by silica gel column chromatography (petroleum ether: Acetone 50: 1–1: 50) to obtain 10 fractions. Among these, Fr. 2-10 were subjected to medium-pressure preparative chromatography (methanol: Water 30: 70-100: 0) gradient elution to obtain five fractions. Fr. 2-10-3-5 was then subjected to gel column chromatography (CH2Cl2/MeOH gradient elution system), silica gel column chromatography (petroleum ether/acetone gradient elution system), and preparative thin-layer chromatography (petroleum ether/acetone gradient elution system) to afford the compound PA (116.6 mg). The concentrations of PA and PAO in this study were determined based on previous publications[16,17] and our preliminary experiment.

Nuclear magnetic resonance (NMR) assay: DMSO-d6 was used to dissolve the compound PA. An NMR spectrometer (Bruker Corporation, Solna, Sweden) was used to record C-NMR (125 MHz) and H-NMR (500 MHz) spectra. All chemical shifts were reported in δ (ppm) relative to tetramethylsilane.

Cell culture and proliferation assay: Cells were cultured in McCoy’s 5A (modified) medium containing 50 U/mL penicillin, 50 mg/mL streptomycin, and 10% FBS under conditions of 5% CO2 at 37 ℃. The medium was replaced with serum-free medium 24 h before the different treatments.
The MTT method was used to detect cell proliferation. Cells (1 × 104) were seeded in a 96-well plate. After 12 h, the cells were treated with different concentrations of PA (5, 6.25, 7.5, 10, 12.5, 15, and 20 μg/mL equivalent to 10.59, 13.24, 15.89, 21.18, 26.48, 31.77, and 42.36 μM, respectively) or PAO (10, 20, 40, 60, 80, and 100 μM, respectively) medium with 0.1% DMSO. After different durations of incubation (24, 48, and 72 h), MTT reagents were used to incubate cells for 3 h. Then, the OD value was detected with an enzyme-linked immunosorbent assay reader (Thermo Fisher Scientific, United States) at a wavelength of 490 nm. The IC50 values and inhibition rate were calculated.

Hoechst 33342 staining: Cells (2 × 103/well) were seeded in a 24-well plate and cell slides were added in per well. After being synchronized, the cells were treated with the medium or PA for 24 and 48 h. The cells were then washed in phosphate buffer saline (PBS) three times, while Hoechst 33342 (10 μg/mL) was added to each well for 30 min. The cell slides were taken out, placed on a glass slide, and observed under a laser scanning confocal microscope.

Acridine orange/ethidium bromide (AO/EB) double staining: Cells (2 × 103/well) were seeded in a 24-well plate and cell slides were added in per well. After being synchronized, the cells were treated with the medium or PA for 24 and 48 h. The cells were washed in PBS three times, while 10 μL of AO/EB solution was added for incubation (5 min). Then, the cell slides were taken out and observed under a confocal microscope.

Cell apoptosis analysis: Cells (4 × 105/well) were seeded in a six-well plate. After the administration of drugs for 24 and 48 h, the cells were collected and washed with PBS three times. Annexin V-FITC and PI were used for staining, and the cells were analyzed with a FACS verse instrument (BD Biosciences, San Jose, CA, United States).

Cell cycle analysis: Cells (4 × 105/well) were seeded in a six-well plate. After the administration of drugs for 24 and 48 h, the cells were collected and washed with PBS three times. The cells were then fixed in ice-cold 70% ethanol overnight. They were then stained with 500 μL of a PI RNase solution for 15 min and analyzed by flow cytometry (FACS verse; BD Biosciences, United States). FlowJo version 10 software (BD Biosciences, United States) was used for cell phase analysis.

Scratch motility assay: Cells (4 × 105/well) were seeded in a six-well plate and cultured under conditions of 37 ℃ and 5% CO2. A 10 μL sterilized pipette tip was then used to scrape the cell monolayer. The particular drug was added in the form of serum-free medium containing different drug concentrations, while the vehicle group was treated with 0.1% DMSO serum-free medium. The distance of cell movement was measured every 24 h until 48 h. The migration area was measured by ImageJ[18].

Reverse-transcription and real-time polymerase chain reaction (RT-PCR): HT-29 cells were exposed to the drugs for 48 h. TRIzol reagent was used for RNA extraction. Reverse-transcription PCR was performed using an RT-PCR Kit (TransGen Biotech, China). Real-time PCR was performed with TransStart® Top Green qPCR SuperMix (TransGen Biotech, China). The 2-ΔΔt method was used for gene expression analysis. The primers used are listed in Supplementary Table 1.

Western blotting: After the administration of drugs for 24 and 48 h, cell lysates were collected. Protein samples (30 μg) were separated by 10% SDS-PAGE and transferred to PVDF membranes. These PVDF membranes were incubated with related primary antibodies overnight. These membranes were then incubated with secondary antibodies for 4 h. An enhanced chemiluminescence kit (Transgen, Beijing, China) was used to detect immunolabeling. Grayscale values were measured using ImageJ.

Statistical analysis: All data are presented here as mean ± standard deviation from at least three independent experiments. In the figures, data representative of the experiments are presented. The statistical significance of differences was assessed by one-way analysis of variance. P < 0.05 was considered to reflect statistical significance.

RESULTS
PA and PAO suppressed HT-29 cell proliferation in vitro
To investigate the effects of PA and PAO on colon cancer cells, the MTT assay was performed. PA treatment at 6.25, 7.5, 10, 12.5, 15, and 20 μg/mL exerted significant inhibitory effects. IC50 values for the treatments lasting 24, 48, and 72 h were 9.7, 7.6, and 8.8 μg/mL, respectively (Figure 1A). Meanwhile, PAO treatments at 10, 20, 40, 60, 80, and 100 μM also exerted significant inhibitory effects in a concentration- and time-dependent manner (P < 0.05). Here the IC50 values for the treatments lasting 24, 48, and 72 h were 50.4 (79.4 μg/mL), 24.3 μM (38.3 μg/mL), and 11.96 μM (18.8 μg/mL), respectively (Figure 1B). Compared with that in the vehicle control group, the cell cycle distribution was changed and the cells were arrested at the G0/G1 phase in the groups treated with PA (Figure 1C and D) and PAO (Figure 1E and F) for 24 (Figure 1C, E) and 48 h (Figure 1D, F).

PA and PAO can induce apoptosis of HT-29 cells
After drug administration for 24 or 48 h, the cells were stained with Hoechst 33342. In this approach, live cells with an intact cellular structure could be distinguished from dead cells with an incomplete structure in which the nucleus was stained. The drug-administered group, especially the high-dose group and the positive group, showed more dead cells, as indicated in Figure 2A and B. Morphologically, the live cells were normal, with the nucleus being uniformly fluorescent green, while the early apoptotic cells were condensed into a hanging bead, with a green or yellow-green color or fragmented coloration. The late apoptotic cells were orange in color and the chromatin was concentrated. Meanwhile, the necrotic cells were round or elliptical, in which the nucleus was dyed orange, and the sizes were relatively small. Among PA-treated cells, there were increases in apoptotic cells compared with the rate of 2.67% in control cells to 12.07%, 14.14%, and 15.11% in groups treated with 7.5, 10, and 12.5 μg/mL for 24 h (Figure 2C) and from 4.36% to 7.02%-21.45% in groups treated with 7.5, 10, and 12.5 μg/mL for 48 h (Figure 2D). After PAO treatment, the apoptosis rate in the 80 μM and positive group was markedly higher than in the control group (Figure 2E).

PA and PAO reduced scratch healing
After the administration of drugs, the speed and extent of scratch healing in the drug group were lower than those in the vehicle group. A concentration of 12.5 μg/mL could significantly reduce the scratch healing rate (P < 0.05 and P < 0.001 at 24 and 48 h, respectively) (Figure 3A). There was no significant difference at 24 h, but the PAO concentrations of 60 and 80 μM significantly reduced the healing rate of scratches at 48 h (P < 0.05 and P < 0.0001, Figure 3B).

PA and PAO induced apoptosis via the autophagy pathway
To expand these findings, the mechanisms behind the anti-colon cancer effects of PA and PAO were explored further. More protein levels were determined. We found that the levels of Bax/Bcl2, cysteinyl aspartate specific proteinase (Caspase) 3, LC3II/I, Beclin1, and p62 proteins were markedly enhanced in HT-29 cells under PA or PAO treatment and the expression of JAK STAT3 or p-STAT3 was downregulated (Figure 4). Meanwhile, no effect on the expression of Beclin1 was noted in the PA or PAO group (Figure 5A). Notably, the mRNA expression of Caspase3 and LC3II/I was upregulated while p62 was downregulated after treatment with PA or PAO (Figure 5B-D). These results are basically consistent with the results of phenotypic research mentioned above.

DISCUSSION
Colon cancer has the highest morbidity and mortality among gastrointestinal tumors, making it a major threat to health and a particular focus for researchers[19]. Owing to the serious side effects of chemotherapy and the high cost of targeted drugs, patient compliance and overall survival are poor. Combination therapy with fluorouracil, oxaliplatin, and calcium folinate is a common method for treating colon cancer. However, severe side effects including gastrointestinal reactions, bone marrow suppression, liver damage, and individual differences in drug sensitivity limit its application[20]. Natural products with strong biological activity are optional drugs for clinical application. A. satureioides, an edible dual-use plant, has been used to cure a variety of diseases in Brazilian folk medicine. In this study, we searched for the active component, in the form of PA, from the plant for its anti-colon cancer effects, high safety, and strong medicinal properties. We also clarified its mechanism of action against colon cancer. PA has the particular advantage of having minimal side effects.
Our study showed that PA can inhibit HT-29 cell proliferation in a time- and dose-dependent manner and promote HT-29 cell apoptosis, as well as changing the distribution of HT-29 cells among the phases of the cell cycle. Specifically, HT-29 cells were arrested at the G0/G1 phase and their rate of migration was significantly reduced. The results also showed that, after the administration of PA or PAO, the levels of Bax/Bcl2, Caspase3, LC3II/I, Beclin1, and p62 in HT-29 cells were markedly elevated.
In the process of tumor development, apoptosis is usually downregulated. Therefore, reduced apoptosis is considered to be a sign of cancer[21-24]. Members of the Bcl2 family play key roles in regulating cell apoptosis[25]. Bax and Bak (known as multi-domain pro-apoptotic proteins) can promote apoptosis by forming oligomers on the mitochondrial membrane. There, they directly induce apoptosis after receiving the death signal, resulting in the release of cytochrome c, and apoptotic protease activator-activating factor 1 and Caspase activation[26]. Our research has shown that PA and PAO can significantly reduce the Bcl2/Bax ratio, which is basically consistent with the findings in the above literature.
In cancer, autophagy plays two roles of restricting the occurrence of tumors in the early stage but also promoting tumor development in cancers that have already become established. When autophagy is activated, LC3 is catalyzed and cleaved by the corresponding protease, so that the C-terminal glycine residue of LC3 is exposed to form LC3I, which is then processed by ubiquitination. This in turn upregulates autophagy. Beclin1 is a homolog of mammalian ATG6, which is encoded by the only confirmed mammalian “autophagy gene”. It is an executor of autophagy and plays an important role in autophagy. It has been reported that Beclin1 monoallelic deletion can promote cancer development and progression[27]. Beclin1 can form a complex with type III phosphatidylinositol-3 kinase, which can recruit autophagy-related protein LC3 to regulate the maturation and formation of autophagosomes, leading to autophagy. Defects in autophagy can lead to the accumulation of p62, which is an autophagy substrate protein and also a ubiquitin-binding protein. The sustained expression of p62 can change the regulatory expression of NF-κB and promote tumorigenesis[28-30]. The involvement of Bcl2 in the process of autophagy is mainly related to Beclin 1, which binds to and is inhibited by Bcl-2 or the Bcl-2 homolog Bcl-XL under physiological conditions. Our study showed that PA significantly increased the LC3II/I ratio and upregulated Beclin1. Interestingly, our experimental results revealed that PA can increase the level of p62 protein after PA administration for 24 and 48 h, but the positive drugs showed a decrease. This might be linked to the fact that, in addition to acting as a marker of autophagy activation, p62 can also serve as an important bridge for Caspase8-dependent cell activation, promoting the accumulation of Caspase8 and leading to apoptosis[31,32]. Our study showed that, after PA or PAO treatment, the level of Bcl2 decreased while the level of Beclin1 increased, which may have resulted in autophagy activation.

CONCLUSION
PA can promote the apoptosis of colon cancer cells, possibly through upregulating the expression of LC3II/I and Beclin1 and then activating autophagy, while upregulating the expression of p62, Bax/Bcl2, and Caspase3. These results indicate the PA is a potential anticancer agent.

ARTICLE HIGHLIGHTS
Research background
Colon cancer remains as a high death leading cause in the world. Pomolic acid (PA) is separated from the ethyl acetate fraction of achyrocline satureioides.

Research motivation
We want to explore a novel, safe, effective agent for the treatment of colon cancer.

Research objectives
We aimed to examine the effects of PA and its glucopyranose ester, pomolic acid-28-O-β-D-glucopyranosyl ester (PAO) on colon cancer HT-29 cells.

Research methods
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide assay was used to measure cell viability. Apoptosis was detected via Hoechst 33342 Staining. PI single staining by flow cytometry was determine the cycle and scratch assay was used to observe the migration of HT-29 cells. The levels of mRNA and proteins were evaluated with the q-polymerase chain reaction and western blot assay, respectively.

Research results
Compounds PA and PAO exhibited a considerable growth inhibitory effect against HT-29 cell lines in a time-dose-dependent manner. After administration of drugs for 24h and 48h, it showed that PA and PAO could significantly promote the cell apoptosis, and arrested HT-29 cells at G0/G1 stage; the ratio of Bax/Bcl2 was increased and activated the cysteinyl aspartate specific proteinase 3 which leading to an apoptosis, and the expression of anti-light chain 3 II/I and Beclin1 activate autophagy and cause cell death, increasing the expression of p62 promotes a cell apoptosis, inhibiting the level of signal transducer and activator of transcription 3 (STAT3) and p-STAT3 can suppress the level of Bcl2 and promote cell.

Research conclusions
Both PA and PAO provide novel therapeutic strategy for colorectal cancers treatment.

Research perspectives
The inhibitions of colon cancer by PA and PAO were validated with HT-29 cells.
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Figure Legends
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Figure 1 The effects of pomolic acid and pomolic acid-28-O-β-D-glucopyranosyl ester on proliferation of colon cancer cells. A: The proliferation of HT-29 cells after treatment with different concentrations of pomolic acid (PA) for 24, 48, and 72 h; B: The proliferation of HT-29 cells after treatment with different concentrations of pomolic acid-28-O-β-D-glucopyranosyl ester (PAO) for 24, 48, and 72 h; C: The cell cycle distribution of HT-29 cells after treatment with different concentrations of PA for 24 h; D: The cell cycle distribution of HT-29 cells after treatment with different concentrations of PA for 48 h; E: The cell cycle distribution of HT-29 cells after treatment with different concentrations of PAO for 24 h; F: The cell cycle distribution of HT-29 cells after treatment with different concentrations of PAO for 48 h. aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001.
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[bookmark: OLE_LINK6]Figure 2 Apoptosis of HT-29 cells after drug administration. A: HT-29 cells were stained with Hoechst 33342 and observed under an inverted fluorescence microscope (40 ×); B: HT-29 cells were stained with Hoechst 33342 and observed under an inverted fluorescence microscope (400 ×); C: Apoptosis of cells after treated with pomolic acid (PA) for 24 h; D: Apoptosis of cells after treated with PA for 48 h; E: Apoptosis of cells after treated with pomolic acid-28-O-β-D-glucopyranosyl ester for 48 h. bP < 0.01, dP < 0.0001.
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Figure 3 Effects of pomolic acid and pomolic acid-28-O-β-D-glucopyranosyl ester on scratch assay in HT-29 cells. A: The speed and extent of scratch healing of cells after treated with different concentration of pomolic acid; B: The speed and extent of scratch healing of cells after treated with different concentration of pomolic acid-28-O-β-D-glucopyranosyl ester. aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001.
[image: ]
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Figure 4 Effects of pomolic acid and pomolic acid-28-O-β-D-glucopyranosyl ester on the relative expression of proteins. A and B: The expression of apoptosis related protein in HT-29 cells treated with pomolic acid (PA) for 24 h and 48 h; C and D: The expression of autophagy related protein in HT-29 cells treated with PA for 24 h and 48 h; E and F: The expression of signal transducer and activator of transcription 3 (STAT3) and janus kinase (JAK) protein in HT-29 cells treated with PA for 24 h and 48 h; G and H: The expression of apoptosis related protein in HT-29 cells treated with pomolic acid-28-O-β-D-glucopyranosyl ester (PAO) for 24 h and 48 h; I and J: The expression of p62 protein in HT-29 cells treated with PAO for 24 h and 48 h; K: The expression of STAT3 and JAK1 protein in HT-29 cells treated with PAO for 24h; L: The expression of STAT3 protein in HT-29 cells treated with PAO for 48 h. Caspase: Cysteinyl aspartate specific proteinase; LC3: Light chain 3; STAT3: Signal transducer and activator of transcription 3; JAK: Janus kinase.
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Figure 5 Effects of pomolic acid and pomolic acid-28-O-β-D-glucopyranosyl ester on the mRNA expression of Beclin1, cysteinyl aspartate specific proteinase 3, p62, and light chain 3A/B. A: MRNA expression of Beclin1; B: MRNA expression of cysteinyl aspartate specific proteinase 3; C: MRNA expression of light chain 3A/B; D: MRNA expression of p62. aP < 0.05, bP < 0.01, dP < 0.0001. PA: Pomolic acid; PAO: Pomolic acid-28-O-β-D-glucopyranosyl ester; Caspase 3: Cysteinyl aspartate specific proteinase 3; LC3: Light chain 3.
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