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Objective: Here, we aimed to explore the effect of LBP in combination with Oxaliplatin (OXA) on reversing drug resistance in colon cancer cells through in vitro and in vivo experiments. We also aimed to explore the possible mechanism underlying this effect. Finally, we aimed to determine potential targets of Lycium barbarum polysaccharide (LBP) in colon cancer (CC) through network pharmacology and molecular docking.
Methods: The invasion ability of colon cancer cells was assessed using the invasion assay. The migration ability of these cells was assessed using the migration assay and wound healing assay. Cell cycle analysis was carried out using flow cytometry. The expression levels of phosphomannose isomerase (PMI) and ATP-binding cassette transport protein of G2 (ABCG2) proteins were determined using immunofluorescence and western blotting. The expression levels of phosphatidylinositol3-kinase (PI3K), protein kinase B (AKT), B-cell lymphoma 2 (Bcl-2), and BCL2-Associated X (Bax) were determined using western blotting. Forty BALB/c nude mice purchased from Weitong Lihua, Beijing, for the in vivo analyses. The mice were randomly divided into eight groups. They were administered HCT116 and HCT116-OXR cells to prepare colon cancer xenograft models and then treated with PBS, LBP (50 mg/kg), OXA (10 mg/kg), or LBP + OXA (50 mg/kg + 10 mg/kg). The tumor weight and volume of treated model mice were measured, and organ toxicity was evaluated using hematoxylin and eosin staining. The expression levels of PMI, ABCG2, PI3K, and AKT proteins were then assessed using immunohistochemistry. Moreover, PMI and ABCG2 expression levels were analyzed using immunofluorescence and western blotting. The active components and possible targets of LBP in colon cancer were explored using in silico analysis. GeneCards was used to identify CC targets, and an online Venn analysis tool was used to determine intersection targets between these and LBP active components. The PPI network for intersection target protein interactions and the PPI network for interactions between the intersection target proteins and PMI was built using STRING and Cytoscape. To obtain putative targets of LBP in CC, we performed GO function enrichment and KEGG pathway enrichment analyses.
Results: Compared with the HCT116-OXR blank treatment group, both invasion and migration abilities of HCT116-OXR cells were inhibited in the LBP + OXA (2.5 mg/mL LBP, 10 μΜ OXA) group (p < 0.05). Cells in the LBP + OXA (2.5 mg/mL LBP, 10 μΜ OXA) group were found to arrest in the G1 phase of the cell cycle. Knockdown of PMI was found to downregulate PI3K, AKT, and Bcl-2 (p < 0.05), while it was found to upregulate Bax (p < 0.05). After treatment with L. barbarum polysaccharide, 40 colon cancer subcutaneous tumor models showed a decrease in tumor size. There was no difference in the liver index after LBP treatment (p > 0.05). However, the spleen index decreased in the OXA and LBP + OXA groups (p < 0.05), possibly as a side effect of oxaliplatin. Immunohistochemistry, immunofluorescence, and western blotting showed that LBP + OXA treatment decreased PMI and ABCG2 expression levels (p < 0.05). Moreover, immunohistochemistry showed that LBP + OXA treatment decreased the expression levels of PI3K and AKT (p < 0.05). Network pharmacology analysis revealed 45 active LBP components, including carotenoids, phenylpropanoids, quercetin, xanthophylls, and other polyphenols. It also revealed 146 therapeutic targets of LBP, including AKT, SRC, EGFR, HRAS, STAT3, and MAPK3. KEGG pathway enrichment analysis showed that the LBP target proteins were enriched in pathways, including cancer-related signaling pathways, PI3K/AKT signaling pathway, and IL-17 signaling pathways. Finally, molecular docking experiments revealed that the active LBP components bind well with ABCG2 and PMI.
conclusion: Our in vitro experiments showed that PMI knockdown downregulated PI3K, AKT, and Bcl-2 and upregulated Bax. This finding confirms that PMI plays a role in drug resistance by regulating the PI3K/AKT pathway and lays a foundation to study the mechanism underlying the reversal of colon cancer cell drug resistance by the combination of LBP and OXA. Our in vivo experiments showed that LBP combined with oxaliplatin could inhibit tumor growth. LBP showed no hepatic or splenic toxicity. LBP combined with oxaliplatin could downregulate the expression levels of PMI, ABCG2, PI3K, and AKT; it may thus have positive significance for the treatment of advanced metastatic colon cancer. Our network pharmacology analysis revealed the core targets of LBP in the treatment of CC as well as the pathways they are enriched in. It further verified the results of our in vitro and in vivo experiments, showing the involvement of multi-component, multi-target, and multi-pathway synergism in the drug-reversing effect of LBP in CC. Overall, the findings of the present study provide new avenues for the future clinical treatment of CC.
[image: Graphical Abstract]Keywords: PMI, ABCG2, Lycium barbarum polysaccharide, colon cancer, drug resistance
INTRODUCTION
According to GLOBOCAN 2023 findings, with the global cancer burden continuously increasing, cancer has become the second leading cause of death, ranking second only to heart disease, and colorectal cancer ranks third in terms of both cancer incidence and mortality in both men and women (Siegel et al., 2023). Among the available clinical chemotherapy regimens for colon cancer, oxaliplatin-based and irinotecan-based chemotherapy regimens remain the first-line chemotherapies (Yamazaki et al., 2016; Guan et al., 2020). However, drug resistance, metastasis, and recurrence are prominent challenges in the clinical treatment of colorectal cancer. Therefore, it is important to find a solution for oxaliplatin resistance in colon cancer.
In the present study, we focused on elucidating the mechanism of action of LBP in the treatment of colon cancer through network pharmacology. We investigated the effect of treatment with LBP on the migration and invasion abilities of colon cancer cells. Cell cycle analysis was performed using flow cytometry. To explore the mechanism underlying the therapeutic effect of LBP in colon cancer, we detected PI3K, AKT, Bax, and Bcl-2 expression levels after knocking down PMI. In in vivo experiments, the tumor size was recorded after tumor-bearing mice were treated with LBP combined with oxaliplatin. We also examined the toxic effects of LBP treatment on the visceral heart, liver, spleen, lungs, and kidneys as well as the expression levels of PMI, ABCG2, PI3K, and AKT in mouse tumor tissues. By combining the results of network pharmacology with those of in vivo and in vitro studies, we aimed to provide here, new avenues for the treatment of drug-resistant colorectal cancer.
Lycium barbarum polysaccharide is an important functional component of the red fruit of L. barbarum, which has a variety of benefits, including lowering blood glucose and lipid levels, immunomodulation, anti-cancer effects, anti-aging effects, anti-fatigue effects, and anti-glaucoma effects (Jiao et al., 2016; Zhang Y. et al., 2020). A large number of studies have also demonstrated the anti-tumor activity of L. barbarum polysaccharide (Miao et al., 2010; Zhang et al., 2013; Georgiev et al., 2019; Ran et al., 2020; Yang et al., 2022). However, the specific mechanism underlying this activity is still unclear. Therefore, the present study was conducted to investigate the anti-tumor effects of L. barbarum polysaccharide in vitro and in vivo.
Phosphomannose isomerase (PMI) is a zinc finger-dependent enzyme that catalyzes the reversible isomerization of mannose 6-phosphate (M6P) and fructose 6-phosphate (F6P). M6P is required for the mannose glycosylation of various microbial cell wall proteins. The deletion or mutation of the PMI gene can thus lead to defective microbial cell wall synthesis and eventually death; therefore, PMI can be used as an antibacterial drug target. PMI is also involved in energy metabolism, as its catalysis product F6P can be oxidized by glycolysis. In eukaryotes, PMI deletion leads to the accumulation of F6P or M6P, defective glycosylation, and induction of P53 expression (Bangera et al., 2019). Rapid cell proliferation in early development and cancer relies on glucose metabolism to promote macromolecular biosynthesis. Metabolic enzymes are thought to be regulators of this glycolysis-driven macromolecular biosynthesis, and this process is known as the Warburg effect. Shtraizent, N provided mechanistic evidence that PMI deletion induces p53 expression, identifying PMI as a novel regulator of p53 and Warburg metabolism (Shtraizent et al., 2017).
Multiple drug resistance-related proteins and cancer stem cells (CSCs) play an important role in the metastasis and recurrence of colon cancer. ABCG2 is a 72-kDa “half transporter.” Physiologically, ABC transporter proteins are expressed in the small intestine, liver, kidney, blood-brain barrier, choroid plexus, testes, placenta, and other important biological barriers (Hu et al., 2016). ABCG2 is the second member of the ABC (ATP transporter cassette) transporter G family and is also known as breast cancer resistance protein (BCRP) (Huang et al., 2013). In addition to ABCG2, two other members of the ABC transporter family, P-gp and MDR-associated proteins, account for the majority of human multidrug resistance (An and Ongkeko, 2009).
ABCG2 also plays an important role in the stem cell field (Mao and Unadkat, 2015). Haraguchi et al., 2006 revealed that ABCG2-expressing gastrointestinal cancer cells exhibit stem cell properties, defining this group of cells as side population cells. Conventional chemotherapy induces apoptosis by breaking DNA or inhibiting mitosis, and, since this treatment is only effective against highly proliferating cancer cells, slowly proliferating CSCs evade the chemotherapeutic drug, leading to recurrence (Mohan et al., 2021). High expression levels of the efflux protein ABCG2 and the apoptosis-associated Bcl-2 protein family represent drug resistance mechanisms in colon cancer cells based on transport and a lack of transport, respectively (Hu et al., 2016). ABCG2, an important marker for colon cancer stem cells, is highly expressed in drug-resistant cells. Therefore, the present study investigated whether LBP could affect the expression levels of ABCG2 as well as the Bcl-2 protein family and explore possible mechanisms underlying these effects in order to provide a theoretical basis for clinical treatment of colon cancer.
MATERIALS AND METHODS
Materials
HCT116 and HCT116-OXR cell lines were purchased from ATCC. 40 BALB/c nude mice (average weights of 14.27 ± 1.25 g) were purchased from Beijing Wei tong Lihua. Matrigel was purchased from Shanghai Yuchun Biotechnology (B-P-00002, Shanghai, China). The hematoxylin and eosin staining kit, 4% poly formaldehyde, and DAB kit were purchased from Zhongshan Jinqiao (BSBA-4025 and PV-9000, Beijing, China). McCoy’s 5A and DMEM cell culture media were purchased from Procell Biotechnology (PM150710 and PM150210, Wuhan, China). Fetal bovine serum was purchased from GIBCO (10099141C, Carlsbad, CA, United States). Oxaliplatin was purchased from MCE (HY-17371, Shanghai, China). Lycium polysaccharide was purchased from Ningxia Tianren Lycium Biotechnology (20170501, Ningxia, China). The mouse monoclonal antibodies, MPI and ABCG2, were purchased from Santa Cruz Biotechnology (sc-393484 and sc-377176, Dallas, TX, United States). Rabbit polyclonal antibodies PI3K and AKT were purchased from Cell Signaling Technology (4249, 4691, Danvers, MA, United States). The rabbit polyclonal antibodies, Bcl-2 and β-tubulin and the horseradish peroxidase-labeled goat anti-mouse and goat anti-rabbit IgG antibodies were purchased from Affinity Biosciences. The transwell chambers and matrigel were purchased from Corning (3422 and 354248, Corning, NY, United States). The 0.1% crystal violet, 4% poly formaldehyde, and anti-fluorescence quench sealed tablets containing DAPI were purchased from Solarbio (G1063, P1110 and S2110-5, Beijing, China). Goat anti-mouse IgG labeled with rhodamine were purchased from Zhongshan Jinqiao, Beijing (ZF-0313, Beijing, China). The BCA kit, ECL detection kit, whole protein extraction kit, and cell cycle analysis kit were purchased from Jiangsu Key GEN Biology (KGP902, KGP1121, KGP250, and KGA512, Jiangsu, China). Lipo3000 liposome transfection reagent was purchased from Thermo Fisher Scientific (L3000015, Waltham, MA, United States). The reverse transcription kit and SYBR fluorescent quantitative kit were purchased from TIANGEN (KR118-02 and FP205-02, Beijing, China).
Methods
Cell culture
HCT116 and HCT116-OXR human colon cancer cells were cultured in a sterile incubator at 37°C with 5% CO2, and the culture medium was changed every 3 days. HCT116 cells were cultured in McCoy’s 5A medium containing 10% fetal bovine serum, and HCT116-OXR cells were cultured in DMEM containing 10% fetal bovine serum. The treatment groups for the in vitro studies were as follows: HCT116 control group, HCT116-OXR blank treatment group, LBP treatment group (2.5 mg/mL), oxaliplatin treatment group (20 μM), LBP (2.5 mg/mL) combined with oxaliplatin (20 μM) treatment group.
DESIGN FOR ANIMAL EXPERIMENTS
All mice were raised in the animal experiment center of Ningxia Medical University with permit No. IACUC-NYLAC-181. The mice were randomly divided into eight groups. Then, xenografted colon cancer mouse models were created by injecting mice with HCT116 cells or HCT116-OXR cells (four groups each) through subcutaneous injection. The mice were then treated with PBS, LBP (50 mg/kg), OXA (10 mg/kg), or LBP + OXA (50 mg/kg + 10 mg/kg). LBP was administered by gavage once every 2 days for 14 days. OXA was administered through intraperitoneal injection once every 2 days for 14 days.
Xenografted colon cancer mouse models
Matrigel C (10×) was diluted to matrigel C (0.5×) with cell culture medium containing 20% serum. Matrigel A (2×) was diluted to matrigel A (1×) with cell culture medium containing 20% serum. Then, Matrigel C was heated in a 37°C water bath for 10 min to prevent coagulation. Next, the cells were digested by pancreatic enzymes and centrifuged at 1,000 rpm for 5 min. The cell precipitate was then collected and mixed with C buffer solution (0.5×) to obtain a cell concentration of 6 × 107/mL. Solution A was then added to solution C mixture of cells before injection at a ratio of 2:1. The final concentration of the cell suspension was 2 × 107/mL. Each mouse was injected with 100 μL of cell suspension.
The pentobarbital (50 mg/kg) dose was calculated according to the body weight of the mice. After the animals were anesthetized, the cancer cells were injected into their right axilla. The mice were randomly divided into eight groups. Four groups were injected with HCT116 cells and four were injected with HCT116-OXR cells. Hundred microliters of the cell suspension were injected using a 1-mL syringe at room temperature. After successful injection, we waited for the mice to wake up successfully. Then, tumor formation was observed for 1–3 weeks. Tumor models with tumor volumes of about 100 mm3 were used for further study. Tumor size was measured with vernier calipers every 2 days. Tumor volume was calculated as 1/2 ab2. Mouse weight was also recorded. Tumor weight was measured at the time of sampling. Organ coefficients were calculated as follows: weight of organ (g)/body weight (g) × 100%.
Migration assay
Transwell chambers were placed in a 24-well plate; 200 μL of the serum-free medium was added to the upper chamber, 800 μL of serum-free medium was added to the lower chamber, and the plate was incubated in a cell incubator for 2 h. The drug-treated cells were then digested and transferred to EP tubes and centrifuged at 1000 g for 5 min. The supernatant was aspirated and discarded, and cell counting was performed after the cells were resuspended in serum-free medium. Medium containing 10% FBS was added to another row of the 24-well plate. A total of 2.5 × 104–5 × 104 cells were seeded in the upper transwell chamber, and the chamber was placed in a well containing medium with 10% FBS. The 24-well plates were then placed in an incubator after all treatments were completed; at the end of the incubation period, the culture medium was discarded, and the chamber was washed thrice with precooled PBS. The cells attached to the floor of the upper chamber were fixed at room temperature for 20 min after precooled paraformaldehyde was added to both its inner and outer surfaces. After fixation, the PFA was aspirated and discarded, and the chamber was washed thrice with precooled PBS. the chamber was then stained in the dark for 20 min with 0.1% crystal violet solution. After staining, the chamber was washed five times with precooled PBS, until the PET film of the chamber was washed clean. A clean cotton swab was then used to gently wipe the chamber to remove excess cells. The chamber was then inverted onto a clean bench and blow dried. Photographs of the fixed cells were then obtained using an inverted microscope in 3–5 fields randomly selected fields.
Invasion assay
Fresh matrigel was diluted with precooled serum-free matrigel at a ratio of 1:9. Hundred microliters of this matrigel solution was added to each transwell chamber, and the chambers were then placed in 24-well plates and incubated overnight in a CO2 incubator at 37°C. The excess coating solution was aspirated with a pipetting gun after the incubation was complete. Fifty microliters of serum-free medium were then added to each well, and the plate was placed in an incubator at 37°C for 30 min. Next, the starved cells that had been cultured in serum-free medium for 12–24 h were digested, and about 7.5 × 104 cells were counted; 200 μL of the cell suspension was seeded in a transwell chamber after repeated pipetting to ensure homogeneity. Eight hundred microliters of antibiotic-free medium containing 10% FBS were added to the lower transwell chamber. After routine culture, the cells were fixed with 4% paraformaldehyde, stained with crystal violet for 15–30 min, counted under a microscope, and photographed under a fluorescence microscope.
Scratch test
Cells were seeded in new 6-well plates (30 × 105 cells/well) for 24 h and cultured to 80%–90% confluence. Subsequently, a straight scratch was created using a 200-μL sterile pipette tip. Cells were then cultured in serum-free medium in a humidified incubator containing 5% CO2 at 37°C. Finally, the migration distance was observed, and images were captured after 0 h and 48 h. Scratch areas were recorded using Auto2 (Thermo Fisher) and analyzed using ImageJ. The width of the cell scratch was measured, and the wound healing rate was calculated as follows: wound healing rate (%) = [(scratch distance of the treatment group—0-h scratch width)/0-h scratch width] × 100%
Hematoxylin and eosin staining
Heart, liver, spleen, lung, and kidney tissues were fixed in 4% formaldehyde solution for 48 h, embedded in paraffin, and cut into 4-μm sections. This was followed by standard H&E procedures. The slides were observed under a microscope to determine the cell morphology and histopathological changes.
Immunohistochemistry
After the tumor tissues were fixed for 48 h, they were paraffin-embedded. Then, they were cut into 4-μm sections. Antigen retrieval was then performed using citrate buffer (pH 6.0) after paraffin was removed from the slides. Next, the slides were incubated with endogenous peroxidase to quench endogenous peroxidase activity. Then, the slides were incubated with the primary antibody (PMI 1:200 or ABCG2 1:200) overnight at 4°C. The following day, the slides were incubated with HRP-conjugated anti-goat secondary antibody (1:200), followed by DAB staining. Hematoxylin was used for repeat staining, and dehydration and sealing were routinely performed. The target protein-positive area was analyzed using ImageJ.
Immunofluorescence staining
In case of cell-containing slides, the procedure employed was as follows. On the first day, the appropriate number of cells in each group was inoculated on appropriately-sized sterile glass slides in a sterile 24-well plate, The next day, the cells were found adhered to the walls of the wells and grew on the slides in good condition and at a moderate density. After different treatments, the medium in each well was aspirated and discarded, and the slides were washed gently with PBS thrice. An appropriate amount of 4% paraformaldehyde was then added into each well to fix the cells for 20 min. Then, the slides were washed gently thrice with PBS. An appropriate amount of PBS containing 3% goat serum was added to block for 1 h at room temperature. Primary antibodies were then added to the slides, and the slides were incubated at 4°C overnight. The dilution ratios of the antibodies were as follows: mouse anti-human PMI (1:100) and mouse anti-human ABCG2 (1:100). Next, the slides were washed gently with PBS thrice. Fluorescent secondary antibodies were added to the slides, which were then incubated at room temperature for 1 h in the dark. The dilution ratio of the rhodamine-labeled goat anti-mouse secondary antibody was 1:200. Next, the slides were washed gently with PBS thrice. After DAPI staining for 3 min, the slides were sealed with neutral resin and observed under a fluorescence microscope.
In case of tumor tissue section-containing slides, the procedure employed was as follows. The tumor tissue slides were placed in an oven at 60°C for 2 h. Then, the paraffin was removed from the sections. The slides were then placed in 100% I, 100% II, 95%, 80%, and 75% alcohol for 10 min each for hydration. Next, the slides were washed twice in double distilled water for 3 min each. Antigen retrieval was then performed with citrate buffer (pH 6.0) for 30 min, and the slides were naturally cooled to room temperature. The slides were then washed twice in double distilled water for 3 min each. Next, the slides were incubated with 5% BSA blocking solution for 1 h at room temperature and then washed thrice with PBS for 5 min each. The slides were then incubated with the primary antibody (PMI, 1:200 or ABCG2, 1:200) overnight at 4°C in a wet box. The following day, the slides were washed thrice with PBS for 5 min each. Then, fluorescent secondary antibody was added to the slides, and the slides were incubated for 1 h in a wet box, protected from light. This was followed by the addition of an anti-fluorescence quenching blocker containing DAPI to seal the slides. Finally, images of the stained sections were acquired using a laser confocal fluorescence microscope.
Flow cytometric analysis of the cell cycle
After being attached to the wall, the cells were incubated with different treatments and then collected through centrifugation at 800 rpm for 5 min. The supernatant was then discarded, and the cell suspension was added to 70% ice-cold ethanol drop by drop for fixing overnight at 4°C; it was then resuspended with PBS, washed twice, and mixed with RNase and then heated in a water bath for 15 min at 37°C. The PI staining solution was then added. The suspension was kept away from light for 10 min and then analyzed by flow cytometry.
Western blotting
Proteins were extracted using a whole protein extraction kit. The protein concentration was determined using the BCA method to calculate the loading volume. Then, 10% SDS-PAGE was prepared for protein separation at 120 V, and the gel was transferred to a polyvinylidene fluoride (PVDF) membrane at 300 mA for 2 h. The membrane was then blocked with rapid solution, washed thrice for 10 min each with TBST, and then incubated with a primary antibody overnight at 4°C. The antibody was recycled after washing the membrane thrice for 10 min each with TBST. The membrane was then incubated with horseradish peroxidase (HRP)-labeled secondary antibody at room temperature for 1 h. Then, the membrane was washed thrice with PBST for 10 min each. Finally, protein was detected using a chemiluminescence solution (ECL) and exposure to compression in a dark room. All results were analyzed using ImageJ.
RT-PCR
Cells were seeded into six-well plates 1 day before experimentation, so that the next day’s apposition density was about 70%–80%. Two 1.5-mL sterile EP tubes were prepared, and 125 μL Opti-MEM was added to them. SiRNA was added to one tube, and lipo 3000 was added to the other. Thew medium in the six-well plates was then replaced with 1 mL of fresh complete medium. Then, the abovementioned mixture was evenly added dropwise into the wells of the six-well plate and mixed well through gentle shaking. The total cellular RNA was then extracted. Next, cDNA was obtained using the Tiangen reverse transcription kit. A negative control specimen and a positive quantitative reference specimen were created according to the manufacturer’s instructions of the Tiangen SYBR fluorescence quantification kit. A total of 20 μL of the total reaction was used to perform PCR experiments according to the Step one plus operating procedure. Each RT-PCR experiment was repeated thrice, and the relative levels of target gene expression were calculated and analyzed using the 2−ΔΔT method (GAPDH was used as the internal reference gene).
LBP active ingredient and target screening
Active component searches for LBP were performed using the Traditional Chinese Medicine Systematic Pharmacology Database and Analysis Platform (TCMSP, https://tcmspe.com/) according to the following screening criteria: drug-like properties (DL) ≥ 0.18 and oral bioavailability (OB) ≥ 30%. The active ingredient targets were screened using TCMSP, and the CAS numbers were entered in the organic small molecule bioactivity database (PubChem, https://pubchem.ncbi.nlm.nih.gov/) to obtain the SDF format of the 2D structures of the compound components. Then, the SDF format files of the compounds were imported into the Swiss Target Prediction database (http://www.swisstargetprediction.ch/) to obtain the predicted targets of each chemical component. These predicted targets were then filtered based on a probability >0 to obtain the active component targets. The chemical composition-related target information from the Swiss Target Prediction and TCMSP databases were integrated to obtain the potential targets of LBP.
Acquisition of potential targets for LBP in CC treatment
The Gene Cards database (https://www.genecards.org/) was used to search the keyword “colon cancer.” The relevant disease targets with relevance score ≥10 were screened. Using the online Venn analysis tool (http://www.bioinformatics.com.cn/login/), the intersection of active ingredient targets and CC-related targets was identified in the Venn diagram. The obtained intersection targets were considered as the potential targets of LBP for CC treatment.
PPI network analysis and key target acquisition
The potential targets of LBP in CC treatment were uploaded to the STRING database (https://string-db.org/) to obtain the interaction results. The results were then imported into the Cytoscape 3.9.1 software. After the PPI network was plotted, the top 30 core genes with the highest node degree were filtered out. The larger the node degree, the more important is the role of LBP in CC treatment.
GO functional enrichment and KEGG pathway enrichment analyses
To further elaborate the mechanism underlying the therapeutic effect of LBP in CC, GO functional enrichment and KEGG pathway enrichment analyses were performed on the intersection targets identified using the R language. The relevant results were output in the form of bar graphs. p < 0.05 was considered to indicate a statistically significant difference.
Molecular docking
To further clarify the intrinsic molecular mechanism of LBP-mediated CC treatment, the core targets were molecularly docked to the active LBP components and PMI. The protein structures of the core targets were downloaded from Uniprot (https://www.uniprot.org/). The protein receptors and small molecule ligands were routinely processed using the Pymol and AutoDock softwares for molecular docking and binding energy calculation, respectively. The Pymol software was used to visualize some of the results.
Statistical analysis
All data are expressed as mean ± SD. The t-test was used for comparisons between two groups, and one-way analysis of variance was used for multi-group analyses. All images were created using the GraphPad Prism, Adobe Photoshop, and Adobe Illustrator softwares. p < 0.05 was considered statistically significant.
RESULTS
Effect of L. barbarum polysaccharide combined with oxaliplatin on the invasion and migration abilities and cell cycle of HCT116-OXR cells
The invasion and migration abilities of HCT116-OXR cells were enhanced (Figure 1) and the numbers of invading and migrating cells were significantly decreased after treatment with LBP combined with oxaliplatin (Figure 1). LBP combined with oxaliplatin significantly inhibited the invasion and migration abilities of HCT116-OXR cells. The proportions of cells in the G1 phase were 68.10%, 63.25%, and 79.83%, and the proportions of cells in the G2 phase were 17.76%, 26.96%, and 14.27% in the LBP treatment group, oxaliplatin treatment group, and LBP combined with oxaliplatin treatment group, respectively (Figure 1). Compared with the control group, the proportion of HCT116-OXR cells in the G1 phase increased from 63.18% to 79.83% and the proportion of HCT116-OXR cells in the G2 phase decreased from 24.36% to 14.27% after the treatment with LBP combined with oxaliplatin. These findings suggested that LBP combined with oxaliplatin significantly promoted G1 phase arrest (Figure 1), thereby inhibiting HCT116-OXR cell proliferation.
[image: Figure 1]FIGURE 1 | Lycium barbarum polysaccharide combined with oxaliplatin inhibited the invasion and migration abilities of HCT116-OXR cells. (A) Scratch test results; (B) Scratch healing rate in each group (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Invasion and migration assay (100×) results. (D) The cell invasive and migration statistics for the HCT116 control group, HCT116-OXR blank treatment group, LBP treatment group, oxaliplatin treatment group, and LBP combined with oxaliplatin treatment group (*p < 0.05, **p < 0.01,***p < 0.001,****p < 0.0001). (E) Cell cycle analysis results for the HCT116 control group, HCT116-OXR blank treatment group, LBP treatment group, oxaliplatin treatment group, and LBP combined with oxaliplatin treatment group. (F) Proportions of cells in the G1, M, and G2 phases in all treatment groups.
PMI gene knockdown and inhibition of PI3K, AKT, Bcl-2, and Bax protein expression
Knockdown of PMI expression significantly downregulated PMI expression in drug-resistant colon cancer cells (Figure 2). Compared with the negative treatment group, knockdown of PMI expression significantly downregulated the expression levels of PI3K, AKT, and Bcl-2 and upregulated the expression level of Bax (Figure 2), indicating that PMI gene knockdown inhibited the PI3K/AKT pathway (Figure 2).
[image: Figure 2]FIGURE 2 | PMI gene knockdown and inhibition of PI3K, AKT, Bcl-2, and Bax protein expression levels. (A) Quantification of PMI expression (n = 3). (B) Statistical analysis of the PMI gene expression level (n = 3). (C) Quantification of PI3K, AKT, Bcl-2, and Bax protein expression levels. (D) Statistical analysis of PI3K, AKT, Bcl-2, and Bax protein expression levels (n = 3).
LBP inhibited tumor growth in BALB/c mice
The tumor volumes in the LBP groups, OXA groups, and LBP + OXA groups were all significantly lower than those in the blank treatment groups (Figure 3). However, there was no difference between the tumor volumes of the OXA groups and LBP + OXA groups (Figure 3B). There was also no difference between the tumor weights of various groups (Figure 3C).
[image: Figure 3]FIGURE 3 | Effects of LBP on xenografted colon cancer model mice. (A) Schematic diagram of the experimental schedule. (B) Changes in tumor size over the 14 days of experimentation in all groups. Tumor volume = 1/2ab2. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Body and tumor weight changes over the 14 days of experimentation (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
LBP showed no organ toxicity in BALB/c mice
Visual inspection results for the internal organs of xenografted colon cancer model mice in each group are shown in Figure 4A. There was no significant difference between the liver coefficients of the groups (Figures 4A,B). Compared with the PBS treatment group, there was no significant difference in the spleen coefficients of other groups. In the HCT116 model mice, the spleen coefficients of the OXA group and LBP + OXA group were significantly lower compared with that of the LBP treatment group, possibly due to an oxaliplatin side effect on the spleen (Figure 4C). In the HCT116-OXR model mice, the spleen coefficients of the OXA group and LBP + OXA group were significantly lower compared with that of the blank treatment group, possibly due to an oxaliplatin side effect on the spleen. The H&E staining results are shown in Figure 4. Hematoxylin and eosin (H&E) stained the cell nucleic acids and proteins a deep blue-purple/pink color, making it possible to visualize cell structure and analyze cell morphology. The staining revealed no obvious nuclear atypia and no distant organ metastases (Figure 4D).
[image: Figure 4]FIGURE 4 | LBP showed no organ toxicity in BALB/c mice. (A) Visual inspection of the internal organs of xenografted HCT116 and HCT116-OXR colon cancer model mice in each group (B and C) was performed to determine the liver and spleen coefficients. Liver coefficient = liver weight/body weight × 100%, spleen coefficient = spleen weight/body weight × 100% (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (D) HE×100 staining results. A and B show the HE×100 staining results for the heart, liver, spleen, lung, kidney, and large intestine in HCT116 and HCT116-OXR model mice, respectively. Scale bar = 100 μm.
Immunohistochemistry revealed the PMI, ABCG2, PI3K, and AKT protein expression levels in each xenografted colon cancer model mouse group.
The expression levels of PMI and ABCG2 in tumor tissues were determined using immunohistochemistry (Figure 5). The protein expression levels of PI3K and AKT decreased after treatment with LBP + OXA (Figure 5).
[image: Figure 5]FIGURE 5 | Immunohistochemistry revealed the PMI, ABCG2, PI3K, and AKT protein expression levels in each xenografted colon cancer model mouse group (IHC×100). (A) Immunohistochemical results for PMI, ABCG2, PI3K, and AKT in HCT116 and HCT116-OXR model mice. Scale bar = 100 μm. (B) Quantitative analysis of protein expression in each group. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
Immunofluorescence, western blot, and co-localization analyses for PMI and ABCG2 expression
The expression of PMI and ABCG2 in tumor tissues was assessed using immunofluorescence and western blot analyses. PMI and ABCG2 expression levels decreased after LBP + OXA treatment (Figures 6A,B,D). The colocalization analysis showed that high PMI expression was likely to be accompanied by high ABCG2 expression, with the Pearson’s R value being 0.79 (Figure 6C).
[image: Figure 6]FIGURE 6 | Immunofluorescence, western blot, and co-localization analysis results for PMI and ABCG2 expression in tumor tissues of model mice. (A) Immunofluorescence analysis revealed PMI (green) and ABCG2 (red) expression (400×). Arrows indicate high expression. Scale bar = 20 μm. (B) Quantitative analysis of fluorescence intensity (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Colocalization analysis results for PMI and ABCG2. (D) Western blotting results for PMI and ABCG2 expression and their quantitative analysis in the HCT116 blank treatment group, HCT116-OXR blank treatment group, HCT116-OXR LBP group, OXA group, and LBP + OXA group (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
Screening of LBP active components
The TCMSP database was used to screen using the OB ≥ 30% and DL ≥ 0.18 criteria, and 45 active components, including carotenoids, phenylpropanoids, quercetin, and xanthophylls, were identified (Table 1).
TABLE 1 | Active ingredients.
[image: Table 1]Construction of a PPI network and identification of core proteins
A total of 351 herbal ingredient targets were retrieved from the TCMSP database and Swiss Target Prediction database. A total of 1793 CC-related target genes were obtained from the GeneCards database. Using an online Venn analysis tool, the targets of LBP and CC were intersected to obtain 146 potential targets for the treatment of CC with LBP (Figure 7). The interactions of potential LBP targets in CC treatment were obtained from the STRING database and imported into Cytoscape 3.9.1 for visualization (Figure 7). The 146 potential targets were included in the network with node degree as the evaluation parameter; the higher is the node degree, the more important it is in the network, the more are the targets connected to the node. The top 30 targets in the PPI network in terms of node degree are shown in Figure 7; among these, the top five core targets in terms of degree were AKT1, SRC, EGFR, HRAS, and ESR1. The interactions between PMI and the 146 potential targets were retrieved using STRING (Figure 7).
[image: Figure 7]FIGURE 7 | Venn diagram of the LBP and CC intersection targets and PPI network of core proteins. (A) Venn diagram of the LBP and CC intersection targets. (B) PPI network of LBP targets in CC treatment. (C) PPI plot ranking the top 30 intersection targets. (D) PPI plot of PMI with the 146 potential targets.
GO functional enrichment and KEGG pathway enrichment analyses
The results of GO functional enrichment and KEGG pathway enrichment (p < 0.05) for the 146 potential targets were analyzed. GO functional enrichment results mainly involved protein kinase activity, hormone response, cellular response to nitrogen compounds, tyrosine kinase signaling proteins, motor positive regulatory proteins, inorganic substance response, cell population proliferation proteins, etc. (Figure 8). KEGG pathway enrichment results mainly involved cancer-related signaling pathways, PI3K-Akt signaling pathway, cancer microRNAs, progesterone-mediated follicle maturation pathway, insulin resistance pathway, cellular senescence signaling pathway, bladder cancer signaling pathway, IL-17 signaling pathways, axon guidance signaling pathway, and gonadotropin-releasing hormone signaling pathway (Figure 8). Among these, the PI3K/AKT signaling pathway plays an important role in the mechanism of drug resistance in colon cancer.
[image: Figure 8]FIGURE 8 | (A) GO function enrichment analysis. (B) KEGG pathway enrichment analysis.
Molecular docking analysis
In order to clarify the binding efficacy between the key targets of LBP active components in CC and predict the possible binding sites between LBP and PMI, two core components of the drug-component-target-disease modulation network, quercetin and glycitein, were selected and molecularly docked with the top-ranked core targets and PMI in the PPI network (Figure 9). Usually, binding energies less than 0 indicate possible binding between molecules, and binding energies less than—4.25 kcal/mol−1 indicate certain binding between molecules; that is, smaller binding energy values indicate stronger binding abilities. After docking the two active components, quercetin and glycitein, with CC target proteins, it was found that the flavonoids had strong binding ability to SRC, EGFR, ABCG2, and PMI (Table 2).
[image: Figure 9]FIGURE 9 | Molecular docking of LBP active components to potential CC targets.
TABLE 2 | Scoring of docking binding energy of key compounds to target molecules (kcal/mol).
[image: Table 2]DISCUSSION
With the increase in the global cancer burden, cancer has become the second leading cause of death worldwide, after heart disease and colorectal cancer, in terms of both cancer incidence and cancer-associated mortality in both men and women (Siegel et al., 2023). Eighty percent of colon cancer patients are ≥60 years old at diagnosis. The most common cause of colorectal cancer is Lynch syndrome, followed by familial adenomatous polyposis; chronic colitis caused by inflammatory bowel disease (IBD) is also associated with an increased risk of colorectal cancer (Kuipers et al., 2015).
Scholars advocate molecular staging, such as through immunohistochemistry, for all colon cancers as well as detection of mismatch repair defects (MMR-D) or microsatellite instability high (MSI-H) through polymerase chain reaction to screen for Lynch syndrome and mutations in KRAS, NRAS, and BRAF in metastatic colorectal cancer (Biller and Schrag, 2021). For 50% of patients with KRAS/NRAS/BRAF wild-type metastatic colorectal cancer, the median survival after treatment is approximately 30 months (Cremolini et al., 2015). The activity of protein kinases encompasses transmembrane receptor protein kinase activity, protein tyrosine kinase activity, protein serine/threonine kinase activity, and cyclin-dependent protein kinase activity. For instance, one example of a protein with kinase activity is the protein kinase C (PKC). Colon carcinogenesis involves a complex series of events that lead to progressive alterations in signaling pathways governing colonic epithelial cell proliferation, differentiation, and survival. It has been extensively documented that colon carcinogenesis in both rodents and humans is accompanied by specific changes in the expression patterns of PKC isozymes. The median overall survival of 80% of patients was about 1 year, that of 40% was 3 years, and that of 20% was 5 years after receiving first-line chemotherapy (Venook et al., 2017). The most significant issue with the use of multiple clinical chemotherapy regimens is tumor resistance and recurrence, which negatively impact medication efficacy. Therefore, the discovery of novel medications is necessary to address this issue. Plant polysaccharide has demonstrated impressive anti-cancer properties in earlier investigations (Zhang et al., 2013; Jiao et al., 2016). The synergistic effect of plant polysaccharide-based drugs and chemotherapeutic agents is significant. Studies have shown that fucose has the potential to increase the efficiency of drug delivery to tumors and achieve synergistic effects with other anti-cancer drugs (Reyes et al., 2020). The role of glycans in the development of multi-drug resistance in cancers can be attributed to abnormal functional aspects of glycolysis and glycolysis-related enzymes, the glycan structure, and glycan-forming process-related enzymes and glycoproteins (Wang et al., 2021).
Lycium barbarum polysaccharide is extracted from the L. barbarum L., a member of the nightshade family. Polysaccharides are found in well-known herbal formulations and have been used in China for over 2300 years (Jin et al., 2013). They have also been widely used as a dietary supplement to boost the body’s defense system and control blood pressure and blood sugar (Yang et al., 2022). An increasing number of studies have confirmed the anti-tumor effect of LBP (Luo et al., 2009; Shen and Du, 2012; Zhu and Zhang, 2013). By boosting the immune system, polysaccharide-protein complexes also exert inhibitory effects on S180 cells. For example, they increase macrophage phagocytosis, splenic lymphocyte proliferation, antibody secretion from splenocytes, cytotoxic T lymphocyte activity, and IL-2 mRNA expression while decreasing lipid peroxidation (Gan et al., 2004). LBP also has anti-tumor and chemo-protective properties that may lessen Adriamycin’s immunotoxicity and boost its anti-hepatocarcinogenic effects (Han et al., 2022). In the present study, network pharmacology results predicted that the active components of LBP had 146 common core targets with colon cancer. KEGG pathway enrichment analysis revealed the enrichment of multiple pathways affected by LBP in CC. Molecular docking predicted the binding energies for the binding of LBP active components with the potential CC targets in CC. LBP combined with OXA inhibited the invasion and migration abilities of HCT116-OXR cells, and halted the cell cycle in the G1 phase. Knockdown of PMI significantly downregulated the expression levels of PI3K, AKT, and Bcl-2 and upregulated the expression level of Bax, indicating that PMI knockdown inhibited the PI3K/AKT pathway. In vivo experiments confirmed that LBP combined with oxaliplatin effectively inhibited tumor growth and did not affect the liver and spleen coefficients. These findings indicate that LBP has no organ toxicity and safely and effectively inhibits tumor growth.
Besides L. barbarum, natural products have been widely reported to have a broad spectrum of human health. Quercetin alone or combined with sorafenib downregulated key inflammatory, proliferative and angiogenesis-related genes (TNF-α, VEGF, P53 and NF-κB). Combined quercetin/sorafenib treatment markedly improved the morphology of the induced liver damage and showed significant antioxidant and anti-tumor effects. The advantage of combined treatment efficacy reported here can be attributed to quercetin’s prominent effects in modulating cell cycle arrest, apoptosis, oxidative stress and inflammation (Abdu et al., 2022a). Crocin efficiently improved the induced inflammation, oxidation, and liver damage parameters. The combination of crocin with sorafenib improved physiological parameters such as oxidation, inflammation and liver damage as compared to sorafenib alone. Through the improvement of inflammation and oxidation parameters and an anti-proliferative action, crocin improves the action of sorafenib (Abdu et al., 2022b). Steroidal saponins are a group of naturally occurring compounds that primarily exist as secondary metabolites in plant species. Recent studies have suggested that steroidal saponins possess significant anti-cancer capabilities (Bouabdallah et al., 2023). Natural products reverse drug resistance has been shown to have anti-tumor effects (Bharathiraja et al., 2023; Wu et al., 2023). So natural products and their derived biomolecules are potential resources to mine for novel anti-cancer drugs.
In the present study, the active components, potential targets, and signaling pathways of L. barbarum polysaccharide in colon cancer were predicted by network pharmacology combined with bioinformatics. Binding energies were predicted by molecular docking. The results of the GO functional enrichment analysis mainly included protein kinase activity, hormone response, cellular response to nitrogen compounds, tyrosine kinase signaling proteins, motor positive regulatory proteins, inorganic substance response, cellular response to nitrogen compounds, and inorganic substance response. Cellular response to nitrogen compounds refers to any cellular process that induces a change in the state or activity of a cell, such as movement, secretion, enzyme production, or gene expression, in response to stimulation by nitrogen compounds. The results of the KEGG pathway enrichment analysis mainly involved cancer-related signaling pathways, PI3K-Akt signaling pathway, cancer microRNAs, progesterone-mediated follicle maturation pathway, insulin resistance pathway, cellular senescence signaling pathway, bladder cancer signaling pathway, IL-17 signaling pathways, axon guidance signaling pathway, and gonadotropin-releasing hormone signaling pathway. The AKT protein family plays an important role in the functionality of the ABC family of drug-resistance proteins (Lu et al., 2020; Narayanan et al., 2021). The reversal of the dual functions of ABC-transporter-mediated and AKT-activation-enhanced MDR promises to improve current strategies based on combined drug treatments to overcome MDR challenges (Zhang L. et al., 2020). The EGFR family also occupies an important position in drug resistance-related signaling pathways. EGFR, also known as ERBB1 and HER1, is a transmembrane tyrosine kinase receptor (RTK). It is a member of the human epidermal receptor (HER) family and an important component of the cellular signaling pathway, and the upregulation of both EGFR gene and protein expression levels activate downstream pathways that are associated with cancer progression (Huang and Fu, 2015). The molecular docking results of the present study showed that SRC, EGFR, PMI, and ABCG2 had higher binding ability to the potential CC targets. The active components of LBP can thus be used to treat colon cancer by modulating numerous targets, including the identified core targets.
The high expression levels of PMI and ABCG2 in drug-resistant tissues of colon cancer were confirmed using immunohistochemistry, immunofluorescence, and western blot analyses. These levels were downregulated after treatment with LBP combined with oxaliplatin. Considering the important role of PMI in glycolysis and glycosylation (Ichikawa et al., 2014), previous antitumor studies have mostly focused on the role of PMI in glycolysis and glycosylation. In two such studies, PMI downregulation inhibited glycolysis and oxidative phosphorylation, thus suppressing tumor growth (Gonzalez et al., 2018; Saito et al., 2021). Another study showed that knockdown of PMI modulated fibroblast growth factor receptor (FGFR) family signaling and increased glioma radiosensitivity. Loss of PMI activity reduced phosphorylation of FGFR family receptors in U-251 and SKMG-3 malignant glioma cell lines and also led to significant reductions in FRS2, Akt, and MAPK signaling (Aurélie et al., 2014). Another study reported that PMI deletion can induce P53 expression, revealing a new possible mechanism to regulate P53 expression (Shtraizent et al., 2017). In the present study, the PI3K/AKT pathway was also downregulated after PMI knockdown, confirming our speculation. Therefore, drugs that effectively inhibit PMI have the potential to play a great role in cancer therapy. LBP can effectively inhibit the expression of the PMI/PI3K/AKT pathway, providing a new avenue for treating drug-resistant colon cancer.
The causes of resistance to clinical chemotherapy are complex and varied, and the “seed” theory, in which ABCG2 plays an important role, has received much attention for colon cancer. It has reported that natural product extract might suppress ABCG2-mediated MDR in colorectal cancer through inhibiting NF-kB signaling pathway (Sui et al., 2016). The results of the present study suggest that LBP reverses drug resistance in colon cancer cells by reducing ABCG2 expression. Most colorectal cancer cells originate from stem cells or stem cell-like cells at the base of the colonic crypt (Zeki et al., 2011). Mutations in oncogenes and tumor suppressor genes in these cells lead to the formation of cancer stem cells, which are essential for tumor initiation and progression. Mutations in some of these oncogenes and tumor suppressor genes, play an important role in the progression of colon cancer (Li et al., 2014). In turn, they show differences at the molecular level, and tumor cells show functional heterogeneity, which is also the theoretical basis of tumor stem cells. Tumor stem cell (CSC) pluripotency markers include CD133, ABCG2, and ALDH1A1 (An and Ongkeko, 2009). Drug-resistant cells exhibit high stem cell-like properties and highly express such stem cell markers. Current approaches to eradicate the drug-resistant cancer cell population include differentiation of CSCs, targeting of drug efflux proteins and other CSC surface markers, and inhibiting signaling pathways that maintain CSCs (Yang et al., 2020). The high expression of drug efflux proteins in drug-resistant colon cancer cells is one of the causes of their drug resistance. Additionally, it has been reported that drug-resistant colon cancer cells highly express the anti-apoptotic proteins Bcl-2, Bcl-XL, and Mcl-2, and have low expression of pro-apoptotic proteins, such as P53, Bax, and Bim; Bcl-2 family proteins play an important role in the drug resistance of colon cancer cells (Fulda, 2009; Hu et al., 2016). LBP combined with oxaliplatin inhibits ABCG2 expression, downregulates Bcl-2 expression, and upregulates Bax expression to promote apoptosis and thereby reverse drug resistance.
Moreover, our immunofluorescence results showed a statistical correlation of 79% for the co-localization of PMI and ABCG2, suggesting that PMI may play a role in the treatment of colon cancer using LBP by modulating ABCG2. The N596 site is the only site for the N-linked glycosylation of the ABCG2 protein that has been detected so far (Diop and Hrycyna, 2005; Mohrmann et al., 2005). However, N-linked glycosylation does not affect the expression and translocation of ABCG2 to the plasma membrane; therefore, it is not important for its overall function. N-linked glycosylation is important for ABCG2 stability, because the disruption of N-linked glycosylation leads to enhanced protein instability and ubiquitin-mediated proteasomal degradation (Nakagawa et al., 2009; Nakagawa et al., 2011). The role played by N-linked glycosylation in the formation of disulfide bonds between ABCG2 molecules and its importance for proper folding and enhancing the stability of human ABCG2 protein dimers in the endoplasmic reticulum have also been confirmed (Nakagawa et al., 2011). In the present study, LBP combined with oxaliplatin simultaneously inhibited the expression of PMI and ABCG2 and also confirmed the important role of PMI in the process of drug resistance in colon cancer. Given the important role of ABCG2 in stem cell formation and drug resistance in colon cancer, effects of changes in its expression deserve to be explored.
In summary, this study confirmed that LBP combined with oxaliplatin plays a role in reversing drug resistance in colon cancer cells by down-regulating the PMI/PI3K/AKT pathway and simultaneously inhibiting the expression of ABCG2+ colon cancer stem cells to promote apoptosis. Moreover, our findings suggest that LBP has no significant organ toxicity and is an ideal antitumor drug, laying the foundation for more in-depth studies aimed at its use in the clinical treatment of drug-resistant colon cancer in the future.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by the Ningxia medical University Animal Laboratory center. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
LM: Writing–review and editing, Writing–original draft, Project administration, Investigation, Funding acquisition, Data curation, Conceptualization. FA: Writing–review and editing, Methodology, Formal Analysis. HX: Writing–original draft, Data curation. Fang Wang: Writing–review and editing, Investigation. LS: Writing–review and editing, Methodology, Investigation. XB: Writing–review and editing, Methodology. YZ: Writing–review and editing, Methodology, Formal Analysis. WM: Writing–review and editing, Supervision, Resources, Investigation.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants the Key research project of Ningxia Natural Science Foundation (NO. 2018BEG03018), National natural science foundation of China (NO. 82060634), project of Ningxia Natural Science Foundation (NO. 2023AAC03219), scientific research project of Ningxia Medical University (Special talent start project, NO. XT2023004).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL 
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1367747/full#supplementary-material
REFERENCES
 Abdu, S., Juaid, N., Amin, A., Moulay, M., and Miled, N. (2022a). Effects of sorafenib and quercetin alone or in combination in treating hepatocellular carcinoma: in vitro and in vivo approaches. Molecules 27 (22), 0. doi:10.3390/molecules27228082
 Abdu, S., Juaid, N., Amin, A., Moulay, M., and Miled, N. (2022b). Therapeutic effects of crocin alone or in combination with sorafenib against hepatocellular carcinoma: in vivo and in vitro insights. Antioxidants (Basel) 11 (9), 1645. doi:10.3390/antiox11091645
 An, Y., and Ongkeko, W. M. (2009). ABCG2: the key to chemoresistance in cancer stem cells?Expert Opin. Drug Metab. Toxicol. 5 (12), 1529–1542. doi:10.1517/17425250903228834
 Aurélie, C., Jonathan, C., Bennett, D. C., Sambrooks, C. L., and Contessa, J. N. (2014). Mannose phosphate isomerase regulates fibroblast growth factor receptor family signaling and glioma radiosensitivity. Plos One 9 (10), e110345. doi:10.1371/journal.pone.0110345
 Bangera, M., Gowda, K. G., Sagurthi, S. R., and Murthy, M. R. N. (2019). Structural and functional insights into phosphomannose isomerase: the role of zinc and catalytic residues. Acta Crystallogr. D. Struct. Biol. 75 (Pt 5), 475–487. doi:10.1107/S2059798319004169
 Bharathiraja, P., Yadav, P., Sajid, A., Ambudkar, S. V., and Prasad, N. R. (2023). Natural medicinal compounds target signal transduction pathways to overcome ABC drug efflux transporter-mediated multidrug resistance in cancer. Drug Resist Updat 71, 101004. doi:10.1016/j.drup.2023.101004
 Biller, L. H., and Schrag, D. (2021). Diagnosis and treatment of metastatic colorectal cancer: a review. JAMA 325 (7), 669–685. doi:10.1001/jama.2021.0106
 Bouabdallah, S., Al-Maktoum, A., and Amin, A. (2023). Steroidal saponins: naturally occurring compounds as inhibitors of the hallmarks of cancer. Cancers (Basel) 15 (15), 3900. doi:10.3390/cancers15153900
 Cremolini, C., Loupakis, F., Antoniotti, C., Lupi, C., Sensi, E., Lonardi, S., et al. (2015). FOLFOXIRI plus bevacizumab versus FOLFIRI plus bevacizumab as first-line treatment of patients with metastatic colorectal cancer: updated overall survival and molecular subgroup analyses of the open-label, phase 3 TRIBE study. Lancet Oncol. 16 (13), 1306–1315. doi:10.1016/S1470-2045(15)00122-9
 Diop, N. K., and Hrycyna, C. A. (2005). N-Linked glycosylation of the human ABC transporter ABCG2 on asparagine 596 is not essential for expression, transport activity, or trafficking to the plasma membrane. Biochemistry 44 (14), 5420–5429. doi:10.1021/bi0479858
 Fulda, S. (2009). Tumor resistance to apoptosis. Int. J. Cancer 124 (3), 511–515. doi:10.1002/ijc.24064
 Gan, L., Zhang, S. H., Yang, X. L., and Bi Xu, H. (2004). Immunomodulation and antitumor activity by a polysaccharide-protein complex from Lycium barbarum. Int. Immunopharmacol. 4 (4), 563–569. doi:10.1016/j.intimp.2004.01.023
 Georgiev, K. D., Slavov, I. J., and Iliev, I. A. (2019). Antioxidant activity and antiproliferative effects of Lycium barbarum's (goji berry) fractions on breast cancer cell lines. Folia Med. Plovdiv. 61 (1), 104–112. doi:10.2478/folmed-2018-0053
 Gonzalez, P. S., O'Prey, J., Cardaci, S., Barthet, V. J. A., Sakamaki, J. I., Beaumatin, F., et al. (2018). Mannose impairs tumour growth and enhances chemotherapy. Nature 563 (7733), 719–723. doi:10.1038/s41586-018-0729-3
 Guan, Y., Kraus, S. G., Quaney, M. J., Daniels, M. A., Mitchem, J. B., and Teixeiro, E. (2020). FOLFOX chemotherapy ameliorates CD8 T lymphocyte exhaustion and enhances checkpoint blockade efficacy in colorectal cancer. Front. Oncol. 10, 586. doi:10.3389/fonc.2020.00586
 Han, Y., Zhou, Y., Shan, T., Li, W., and Liu, H. (2022). Immunomodulatory effect of Lycium barbarum polysaccharides against liver fibrosis based on the intelligent medical internet of things. J. Healthc. Eng. 2022, 6280265. doi:10.1155/2022/6280265
 Haraguchi, N., Utsunomiya, T., Inoue, H., Tanaka, F., Mimori, K., Barnard, G. F., et al. (2006). Characterization of a side population of cancer cells from human gastrointestinal system. Stem Cells 24 (3), 506–513. doi:10.1634/stemcells.2005-0282
 Hu, T., Li, Z., Gao, C. Y., and Cho, C. H. (2016). Mechanisms of drug resistance in colon cancer and its therapeutic strategies. World J. Gastroenterol. 22 (30), 6876–6889. doi:10.3748/wjg.v22.i30.6876
 Huang, F. F., Wu, D. S., Zhang, L., Yu, Y. H., Yuan, X. Y., Li, W. J., et al. (2013). Inactivation of PTEN increases ABCG2 expression and the side population through the PI3K/Akt pathway in adult acute leukemia. Cancer Lett. 336 (1), 96–105. doi:10.1016/j.canlet.2013.04.006
 Huang, L., and Fu, L. (2015). Mechanisms of resistance to EGFR tyrosine kinase inhibitors. Acta Pharm. Sin. B 5 (5), 390–401. doi:10.1016/j.apsb.2015.07.001
 Jiao, R., Liu, Y., Gao, H., Xiao, J., and So, K. F. (2016). The anti-oxidant and antitumor properties of plant polysaccharides. Am. J. Chin. Med. 44 (3), 463–488. doi:10.1142/S0192415X16500269
 Jin, M., Huang, Q., Zhao, K., and Shang, P. (2013). Biological activities and potential health benefit effects of polysaccharides isolated from Lycium barbarum L. Int. J. Biol. Macromol. 54, 16–23. doi:10.1016/j.ijbiomac.2012.11.023
 Kuipers, E. J., Grady, W. M., Lieberman, D., Seufferlein, T., Sung, J. J., Boelens, P. G., et al. (2015). Colorectal cancer. Nat. Rev. Dis. Prim. 1, 15065. doi:10.1038/nrdp.2015.65
 Li, C. J., Zhang, X., and Fan, G. W. (2014). Updates in colorectal cancer stem cell research. J. Cancer Res. Ther. 10 Suppl (10 Suppl. l), 233–239. doi:10.4103/0973-1482.151449
 Lu, Y. H., Chang, Y. P., Li, T., Han, F., Li, C. J., Li, X. Y., et al. (2020). Empagliflozin attenuates hyperuricemia by upregulation of ABCG2 via AMPK/AKT/CREB signaling pathway in type 2 diabetic mice. Int. J. Biol. Sci. 16 (3), 529–542. doi:10.7150/ijbs.33007
 Luo, Q., Li, Z., Yan, J., Zhu, F., Xu, R. J., and Cai, Y. Z. (2009). Lycium barbarum polysaccharides induce apoptosis in human prostate cancer cells and inhibits prostate cancer growth in a xenograft mouse model of human prostate cancer. J. Med. Food 12 (4), 695–703. doi:10.1089/jmf.2008.1232
 Mao, Q., and Unadkat, J. D. (2015). Role of the breast cancer resistance protein (BCRP/ABCG2) in drug transport--an update. AAPS J. 17 (1), 65–82. Epub 2014 Sep 19. PMID: 25236865; PMCID: PMC4287283. doi:10.1208/s12248-014-9668-6
 Miao, Y., Xiao, B., Jiang, Z., Guo, Y., Mao, F., Zhao, J., et al. (2010). Growth inhibition and cell-cycle arrest of human gastric cancer cells by Lycium barbarum polysaccharide. Med. Oncol. 27 (3), 785–790. doi:10.1007/s12032-009-9286-9
 Ichikawa, M., Scott, D. A., Losfeld, M.-E., and Freeze, H. H (2014). The metabolic origins of mannose in glycoproteins. J. Biol. Chem. 289 (10), 6751–6761. doi:10.1074/jbc.M113.544064
 Mohan, A., Raj, R. R., Mohan, G., and Maliekal, T. T. (2021). Reporters of cancer stem cells as a tool for drug discovery. Front. Oncol. 11, 669250. doi:10.3389/fonc.2021.669250
 Mohrmann, K., van Eijndhoven, M. A., Schinkel, A. H., and Schellens, J. H. (2005). Absence of N-linked glycosylation does not affect plasma membrane localization of breast cancer resistance protein (BCRP/ABCG2). Cancer Chemother. Pharmacol. 56 (4), 344–350. doi:10.1007/s00280-005-1004-5
 Nakagawa, H., Toyoda, Y., Wakabayashi-Nakao, K., Tamaki, H., Osumi, M., and Ishikawa, T. (2011). Ubiquitin-mediated proteasomal degradation of ABC transporters: a new aspect of genetic polymorphisms and clinical impacts. J. Pharm. Sci. 100 (9), 3602–3619. doi:10.1002/jps.22615
 Nakagawa, H., Wakabayashi-Nakao, K., Tamura, A., Toyoda, Y., Koshiba, S., and Ishikawa, T. (2009). Disruption of N-linked glycosylation enhances ubiquitin-mediated proteasomal degradation of the human ATP-binding cassette transporter ABCG2. FEBS J. 276 (24), 7237–7252. doi:10.1111/j.1742-4658.2009.07423.x
 Narayanan, S., Fan, Y. F., Gujarati, N. A., Teng, Q. X., Wang, J. Q., Cai, C. Y., et al. (2021). VKNG-1 antagonizes ABCG2-mediated multidrug resistance via p-AKT and bcl-2 pathway in colon cancer: in vitro and in vivo study. Cancers (Basel) 13 (18), 4675. doi:10.3390/cancers13184675
 Ran, L., Chen, F., Zhang, J., Mi, J., Lu, L., Yan, Y., et al. (2020). Antitumor effects of pollen polysaccharides from Chinese wolfberry on DU145 cells via the PI3K/AKT pathway in vitro and in vivo. Int. J. Biol. Macromol. 152, 1164–1173. doi:10.1016/j.ijbiomac.2019.10.206
 Reyes, M. E., Riquelme, I., Salvo, T., Zanella, L., Letelier, P., and Brebi, P. (2020). Brown seaweed fucoidan in cancer: implications in metastasis and drug resistance. Mar. Drugs 18 (5), 232. doi:10.3390/md18050232
 Saito, Y., Mariko, K., Ai, Y., Sayaka, K., Liu, H. S., Kamimura, S., et al. (2021). Mannose and phosphomannose isomerase regulate energy metabolism under glucose starvation in leukemia. Cancer Sci. 112, 4944–4956. doi:10.1111/cas.15138
 Shen, L., and Du, G. (2012). Lycium barbarum polysaccharide stimulates proliferation of MCF-7 cells by the ERK pathway. Life Sci. 91 (9-10), 353–357. doi:10.1016/j.lfs.2012.08.012
 Shtraizent, N., DeRossi, C., Nayar, S., Sachidanandam, R., Katz, L. S., Prince, A., et al. (2017). MPI depletion enhances O-GlcNAcylation of p53 and suppresses the Warburg effect. Elife 6, e22477. doi:10.7554/eLife.22477
 Siegel, R. L., Miller, K. D., Wagle, N. S., and Jemal, A. (2023). Cancer statistics, 2023. CA Cancer J. Clin. 73 (1), 17–48. doi:10.3322/caac.21763
 Sui, H., Zhou, L. H., Zhang, Y. L., Huang, J. P., Liu, X., Ji, Q., et al. (2016). Evodiamine suppresses ABCG2 mediated drug resistance by inhibiting p50/p65 NF-κB pathway in colorectal cancer. J. Cell Biochem. 117 (6), 1471–1481. doi:10.1002/jcb.25451
 Venook, A. P., Niedzwiecki, D., Lenz, H. J., Innocenti, F., Fruth, B., Meyerhardt, J. A., et al. (2017). Effect of first-line chemotherapy combined with cetuximab or bevacizumab on overall survival in patients with KRAS wild-type advanced or metastatic colorectal cancer: a randomized clinical trial. JAMA 317 (23), 2392–2401. doi:10.1001/jama.2017.7105
 Wang, M., Chen, W., Chen, J., Yuan, S., Hu, J., Han, B., et al. (2021). Abnormal saccharides affecting cancer multi-drug resistance (MDR) and the reversal strategies. Eur. J. Med. Chem. 220, 113487. doi:10.1016/j.ejmech.2021.113487
 Wu, C. P., Hsiao, S. H., and Wu, Y. S. (2023). Perspectives on drug repurposing to overcome cancer multidrug resistance mediated by ABCB1 and ABCG2. Drug Resist Updat 71, 101011. doi:10.1016/j.drup.2023.101011
 Yamazaki, K., Nagase, M., Tamagawa, H., Ueda, S., Tamura, T., Murata, K., et al. (2016). Randomized phase III study of bevacizumab plus FOLFIRI and bevacizumab plus mFOLFOX6 as first-line treatment for patients with metastatic colorectal cancer (WJOG4407G). Ann. Oncol. 27 (8), 1539–1546. doi:10.1093/annonc/mdw206
 Yang, L., Shi, P., Zhao, G., Xu, J., Peng, W., Zhang, J., et al. (2020). Targeting cancer stem cell pathways for cancer therapy. Signal Transduct. Target Ther. 5 (1), 8. doi:10.1038/s41392-020-0110-5
 Yang, S., Chen, X., Sun, J., Qu, C., and Chen, X. (2022). Polysaccharides from traditional Asian food source and their antitumor activity. J. Food Biochem. 46 (3), e13927. doi:10.1111/jfbc.13927
 Zeki, S. S., Graham, T. A., and Wright, N. A. (2011). Stem cells and their implications for colorectal cancer. Nat. Rev. Gastroenterol. Hepatol. 8 (2), 90–100. doi:10.1038/nrgastro.2010.211
 Zhang, L., Li, Y., Wang, Q., Chen, Z., Li, X., Wu, Z., et al. (2020b). The PI3K subunits, P110α and P110β are potential targets for overcoming P-gp and BCRP-mediated MDR in cancer. Mol. Cancer 19 (1), 10. doi:10.1186/s12943-019-1112-1
 Zhang, M., Tang, X., Wang, F., Zhang, Q., and Zhang, Z. (2013). Characterization of Lycium barbarum polysaccharide and its effect on human hepatoma cells. Int. J. Biol. Macromol. 61, 270–275. doi:10.1016/j.ijbiomac.2013.06.031
 Zhang, Y., Wu, Z. X., Yang, Y., Wang, J. Q., Li, J., Sun, Z., et al. (2020a). Poziotinib inhibits the efflux activity of the ABCB1 and ABCG2 transporters and the expression of the ABCG2 transporter protein in multidrug resistant colon cancer cells. Cancers (Basel) 12 (11), 3249. doi:10.3390/cancers12113249
 Zhu, C. P., and Zhang, S. H. (2013). Lycium barbarum polysaccharide inhibits the proliferation of HeLa cells by inducing apoptosis. J. Sci. Food Agric. 93 (1), 149–156. doi:10.1002/jsfa.5743
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 © 2024 Ma, Ai, Xiao, Wang, Shi, Bai, Zhu and Ma. 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-15-1367747-g004.gif
R

B I E
| wgn-@-gf B

e P
S | e )






OPS/images/fphar-15-1367747-g005.gif





OPS/images/fphar-15-1367747-g002.gif
-2 g

gl 11| 11
G pees gers

il Ml
i

pietE 28
Vi Ve





OPS/images/fphar-15-1367747-g003.gif





OPS/images/fphar-15-1367747-g008.gif





OPS/images/fphar-15-1367747-g006.gif





OPS/images/fphar-15-1367747-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Lycium barbarum polysaccharide reverses drug resistance in oxaliplatin-resistant colon cancer cells by inhibiting PI3K/AKT-dependent phosphomannose isomerase		Introduction

		Materials and methods		Materials

		Methods





		Design for animal experiments		Xenografted colon cancer mouse models

		Migration assay

		Invasion assay

		Scratch test

		Hematoxylin and eosin staining

		Immunohistochemistry

		Immunofluorescence staining

		Flow cytometric analysis of the cell cycle

		Western blotting

		RT-PCR

		LBP active ingredient and target screening

		Acquisition of potential targets for LBP in CC treatment

		PPI network analysis and key target acquisition

		GO functional enrichment and KEGG pathway enrichment analyses

		Molecular docking

		Statistical analysis





		Results		Effect of L. barbarum polysaccharide combined with oxaliplatin on the invasion and migration abilities and cell cycle of HCT116-OXR cells

		PMI gene knockdown and inhibition of PI3K, AKT, Bcl-2, and Bax protein expression

		LBP inhibited tumor growth in BALB/c mice

		LBP showed no organ toxicity in BALB/c mice

		Immunofluorescence, western blot, and co-localization analyses for PMI and ABCG2 expression

		Screening of LBP active components

		Construction of a PPI network and identification of core proteins

		GO functional enrichment and KEGG pathway enrichment analyses

		Molecular docking analysis





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material 

		References









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

Lycium barbarum
polysaccharide reverses drug
resistance in oxaliplatin-
resistant colon cancer cells by
inhibiting PI3K/AKT-dependent
phosphomannose isomerase





OPS/images/fphar-15-1367747-t002.jpg
Compound HRAS ABCG2

glycitein o -536 -3.59 ‘ -434 -252 ‘ -4.75 -435

quercetin ‘ -223 -296 -45 ‘ -3.08 -3.37 J -4.12 -2.11






OPS/images/fphar-15-1367747-gx001.gif





OPS/images/fphar-15-1367747-g001.gif





OPS/images/fphar-15-1367747-t001.jpg
MOL ID MOL nam MW OB(%) DL
MOL010234 delta-Carotene 53696 318 055
MOL009681 Obtusifoliol 4268 s o
MOL009678 lanost-8-enol 428.82 un | om
MOL009677 lanost-8-en-3beta-ol 42882 3423 074
MOL009665 Physcion-8-O-beta-D-gentiobioside 608.6 439 0.62
MOL009664 Physalin A 52658 o o
MOL009662 Lantadene A 552.87 38.68 057
MOL009660 ‘methyl (1R 4a8,7R,7aS)-4a,7-dihydroxy-7-methyl-1-[(25,3R 4S,55,6R)-3, 406.43 v 0w
4,5-trihydroxy-6-(hydroxymethyloxan-2-yl] oxy-1,5,6,7a-tetrahydrocyclopenta [d]pyran-4-carboxylate
MOLO009656 (E,E)-1-ethyl octadeca-3,13-dienoate 308.56 2 019
MOL009653 Cycloeucalenol 4268 3973 079
MOL009651 Cryptoxanthin monoepoxide 568.96 46.95 056
MOL009650 Atropine 28941 4216 019
MOL009646 7-0-Methylluteolin-6-C-beta-glucoside_qt 3183 4077 03
MOL009644 6-Fluoroindole-7-Dehydrocholesterol 4027 4373 072
MOL009642 4alpha-methyl-24-ethylcholesta-7,24-dienol 4268 423 o
MOL009641 4alpha,24-dimethylcholesta-7,24-dienol 41277 4265 075
MOL009640 4alpha, 14alpha,24-trimethylcholesta-8,24-dienol 4268 3891 076
MOL009639 Lophenol 40076 3813 071
MOL009635 4,24-methyllophenol 41479 s o
MOL009634 31-norlanosterol 41277 422 L on
MOL009633 31-norlanost-9 (11)-enol 41479 w5 | om
MOL009631 31-Norcyclolaudenol 44083 38.68 081
MOL009622 Fucosterol 41277 B oz
MOL009621 24-methylenelanost-8-enol 44083 4237 077
MOL009620 24-methyl-31-norlanost-9 (11)-enol 42882 38 075
MOL009618 24-ethylcholesta-5,22-dienol 41277 4383 076
MOL009617 24-ethylcholest-22-enol 41479 w0 o7
MOL009615 24-Methylenecycloartan-3beta,21-diol 45683 w2 os
MOL009612 (24R)-4alpha-Methyl-24-ethylcholesta-7,25-dien-3beta-ylacetate 482.87 4636 084
MOL009604 14b-pregnane 288,57 o o
MOL008400 glycitein 28428 soas | o
MOL008173 daucosterol_qt 41479 3691 075
MOL007449 24-methylidenelophenol 41277 44.19 075
MOL006209 cyanin 411.66 4742 076
MOL005438 campesterol 40076 37.58 071
MOLO005406 atropine 28941 4597 019
MOL003578 Cycloartenol 4268 38.69 078
MOL001979 LAN 4268 4212 075
'MOL001495 Ethyl linolenate 306.54 46.1 [ 02
MOLO001494 Mandenol 30856 2 o
MOLO001323 Sitosterol alphal 4268 4328 078
MOL000953 CLR 38673 3787 0.68
MOL000449 Stigmasterol 41277 4383 076
MOL000358 beta-sitosterol 41479 3691 075
MOL000098 quercetin 30225 4643 028






OPS/images/fphar-15-1367747-g009.gif









OPS/images/crossmark.jpg
©

|





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





