

  nutrients-15-04854




nutrients-15-04854







Nutrients 2023, 15(23), 4854; doi:10.3390/nu15234854




Article



Inhibitory Effects of Urolithins, Bioactive Gut Metabolites from Natural Polyphenols, against Glioblastoma Progression



Ching-Kai Shen 1,†, Bor-Ren Huang 2,3,†, Vichuda Charoensaensuk 4, Liang-Yo Yang 5,6, Cheng-Fang Tsai 7, Yu-Shu Liu 4, Sheng-Wei Lai 4, Dah-Yuu Lu 4,8,*, Wei-Lan Yeh 9,10 and Chingju Lin 5,*





1



Graduate Institute of Biomedical Science, China Medical University, Taichung 404328, Taiwan






2



School of Medicine, Tzu Chi University, Taichung 404, Taiwan






3



Department of Neurosurgery, Taichung Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, Taichung 404, Taiwan






4



Department of Pharmacology, School of Medicine, China Medical University, Taichung 404328, Taiwan






5



Department of Physiology, School of Medicine, China Medical University, Taichung 40402, Taiwan






6



Laboratory for Neural Repair, China Medical University Hospital, Taichung 404327, Taiwan






7



Department of Medical Laboratory Science and Biotechnology, Asia University, Taichung 41354, Taiwan






8



Department of Photonics and Communication Engineering, Asia University, Taichung 41354, Taiwan






9



Department of Biochemistry, School of Medicine, China Medical University, Taichung 40402, Taiwan






10



Institute of New Drug Development, China Medical University, Taichung 40402, Taiwan









*



Correspondence: dahyuu@mail.cmu.edu.tw (D.-Y.L.); clin33@mail.cmu.edu.tw (C.L.)






†



These authors contributed equally to this work.









Citation: Shen, C.-K.; Huang, B.-R.; Charoensaensuk, V.; Yang, L.-Y.; Tsai, C.-F.; Liu, Y.-S.; Lai, S.-W.; Lu, D.-Y.; Yeh, W.-L.; Lin, C. Inhibitory Effects of Urolithins, Bioactive Gut Metabolites from Natural Polyphenols, against Glioblastoma Progression. Nutrients 2023, 15, 4854. https://doi.org/10.3390/nu15234854



Academic Editor: Mariusz Chabowski



Received: 11 October 2023 / Revised: 9 November 2023 / Accepted: 15 November 2023 / Published: 21 November 2023



Abstract

:

We previously reported that proinflammatory cytokines, particularly tumor necrosis factor (TNF)-α, promoted tumor migration, invasion, and proliferation, thus worsening the prognosis of glioblastoma (GBM). Urolithins, the potent metabolites produced by the gut from pomegranate polyphenols, have anticancer properties. To develop an effective therapy for GBM, this study aimed to study the effects of urolithins against GBM. Urolithin A and B significantly reduced GBM migration, reduced epithelial–mesenchymal transition, and inhibited tumor growth. Moreover, urolithin A and B inhibited TNF-α-induced vascular cell adhesion molecule (VCAM)-1 and programmed death ligand 1 (PD-L1) expression, thereby reducing human monocyte (HM) binding to GBM cells. Aryl hydrocarbon receptor (AhR) level had higher expression in patients with glioma than in healthy individuals. Urolithins are considered pharmacological antagonists of AhR. We demonstrated that the inhibition of AhR reduced TNF-α-stimulated VCAM-1 and PD-L1 expression. Furthermore, human macrophage condition medium enhanced expression of PD-L1 in human GBM cells. Administration of the AhR antagonist attenuated the enhancement of PD-L1, indicating the AhR modulation in GBM progression. The modulatory effects of urolithins in GBM involve inhibiting the Akt and epidermal growth factor receptor pathways. The present study suggests that urolithins can inhibit GBM progression and provide valuable information for anti-GBM strategy.
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1. Introduction


GBM is a serious primary malignant central nervous system tumor in adults because of its rapid growth rate and extensive invasion of surrounding tissue [1]. A heterogenous tumor microenvironment (TME) and the adaptive nature of GBMs are the major contributors to treatment ineffectiveness [2]. The TME comprises both cancerous and noncancerous cells that contribute to the progression of GBM [3]. The majority of noncancerous TME constituents are microglia and peripheral monocytes/macrophages (so-called tumor-associated macrophages (TAMs)), which constitute as many as 30–50% of cells in GBM tissue [4]. A study demonstrated a positive correlation between the expression of CD11b-positive myeloid cell populations and tumor proliferation in human glioma, suggesting the regulatory role of TAMs in tumor progression [5]. In addition, tumor-infiltrating myeloid cells contribute to the expression of immune checkpoint programmed death ligand 1 (PD-L1), which negatively regulates T-cell functions in GBM [6]. Patients with GBM have higher levels of PD-L1 in their peripheral blood monocytes and tumor-infiltrating macrophages, which induce autologous T-cell apoptosis [7]. Clinically, the increased PD-L1 expression in patients with GBM correlates with poor prognosis. Patients with GBM express higher levels of PD-L1 than those with grade I, II, or III glioma [8]. Therefore, targeting the suppression of tumor growth and management of monocyte/macrophage infiltration would benefit the development of therapeutic strategies for GBM.



Pomegranate has strong antioxidative and anti-inflammatory effects and can be used to treat various chronic diseases [9,10,11]. Pomegranate contains several phytochemical compounds such as hydrolysable tannins (ellagitannins and gallotannins), condensed tannins, flavonoids, and phenolic acids that confer therapeutic effects [12].Urolithins are metabolites obtained from gut microbiota following the consumption of ellagic acid or ellagitannin obtained from pomegranate [13,14]. Urolithin A and urolithin B are a class of secondary polyphenolic metabolites produced by the gut microbiota–mediated degradation of ellagitannins and ellagic acid-abundant foods such as pomegranates [15]. Urolithin A can repair damaged neurons, suppress the apoptosis of hippocampal cells, and reduce amyloid β levels [16]. Urolithin A has neuroprotective effects against Parkinson’s disease and brain aging [17,18]. Urolithin B reduced inflammatory cytokines in the small intestine of aging mice [19] and in a mouse model of D-gal-induced Alzheimer’s disease [20]. Urolithin A also strongly suppresses the cell proliferation of a variety of cancers [21,22,23,24,25]. Although numerous reports have shown the inhibitory effects of urolithin A against different tumors, the inhibition of GBM proliferation by urolithins has rarely been explored.



Aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor, responds to endogenous signals, xenobiotic chemicals, and the toxicity of dioxin-like chemicals [26,27]. AhR regulates downstream genes through transcriptional expression that modulates critical cellular activities, such as the induction of metabolizing enzymes and embryonic development [28,29]. AhR may be constitutively active in tumors and promote their development because it is overexpressed in various tumor types [30,31]. Moreover, AhR controls cancer cell survival and tumor-associated immune system functions [26]. Urolithins are considered an AhR antagonist [32]. Treatment with urolithin A reduces colitis through the AhR receptor [33]. Urolithin A also ameliorated experimental autoimmune encephalomyelitis [34] and carrageenan-induced paw edema in mice models [35] by targeting the AhR receptor.



This study elucidated the modulatory mechanism explaining the effects of urolithins on GBM motility and proliferation, and the effects of urolithins on the TME of GBM. We also assessed the inhibitory regulation of AhR in GBM progression.




2. Materials and Methods


2.1. Materials


Urolithin A, urolithin B, phorbol 12-myristate 13-acetate (PMA), 6,2′,4′-trimethoxyflavone (TMF), and primary antibodies against vimentin, α-tubulin, and GAPDH were obtained from Sigma-Aldrich (St. Louis, MO, USA). Primary antibodies against β-catenin, VCAM-1, and PD-L1 were obtained from Abcam (Cambridge, UK). Primary antibodies against N-cadherin, p-AKT, and p-STAT3 were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The primary antibody against EGFR was obtained from Cell Signaling Technology (Danvers, MA, USA). BCEFC/AM was purchased from Invitrogen (Carlsbad, CA, USA).




2.2. Cell Culture


U251 human glioma cells were obtained from the JCRB NO. IFO50288, Japan. U87 human glioma, ALTS1C1 mouse glioma, and THP-1 human monocytes were obtained from the Bioresource Collection and Research Center (BCRC No. 60360, 60430 and 60582; Hsinchu, Taiwan). U251 and U87 cells were cultured in Minimum Essential Medium (MEM) supplemented with 10% FBS and 1% PS. THP-1 was cultured in RPMI-1640 medium with 10% FBS (fetal bovine serum), 1% PS, and 2-Mercaptoethanol. ALTS1C1 was cultured in Dulbecco’s MEM. All cell lines were cultured at 37 °C in a humidified incubator containing 5% CO2 and 95% air.




2.3. Migration Assay


U251 and ALTS1C1 GBM cells were pretreated with urolithin A or urolithin B for 24 h. Then, 1.5 × 104 cells were seeded in the Culture-Insert (Ibidi, München, DE, Germany). The insert was removed after 4 h of culture. Cell migration was detected and photographed using a light microscope and a digital camera at 0 and 24 h after the removal of the insert. Transmigration was performed according to our previous study [36]. Briefly, 5 × 104 cells were plated in the Costar transwell insert (Costar, NY, USA). The migrated cells were stained with crystal violet and photographed using a microscope with digital camera.




2.4. Western Blotting


To prepare total protein lysates, radioimmunoprecipitation assay (RIPA) cell lysis buffer, containing protease and phosphatase inhibitor cocktails, was added to the cells. Then, cells were collected using a cell scraper and kept on ice for 10 min. The samples were centrifuged for 20 min at 12,000 rpm and 4 °C. Supernatants were collected and stored at −20 °C. Protein samples (30 μg) were denatured in Laemmli buffer at 95 °C for 5 min, separated using SDS-page electrophoresis, and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% non-fat milk in tris-buffered saline buffer with tween 20. Membranes were washed three times and incubated with primary antibodies at 4 °C overnight followed by secondary antibodies at room temperature for another 1 h. The antibodies were removed and washed several times. The blots were visualized by ECL and Kodak X-OMAT LS film (Eastman Kodak, Rochester, NY, USA). The quantitative results were obtained using ImageJ software 1.53t (National Institutes of Health, Bethesda, MD, USA).




2.5. Colony Formation


A total of 1 × 103 GBM cells were seeded on the 3.5 cm dish and treated with urolithin A or urolithin B for 14 days. Medium containing urolithins was renewed every three days. Cells were stained with 0.1% crystal violet for 1 h. Then, cell colony formation was detected and photographed using a digital camera.




2.6. Cell Viability Assay


Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The procedure of MTT assay was performed according to our previous report [37].




2.7. Monocyte Binding Assay


The procedure of monocyte binding assay was performed according to our previous report [38]. Briefly, GBM cells were treated with urolithin A or urolithin B for 24 h. THP-1 cells were stained with 200 ng/mL BCEFC/AM for 1 h at 37 °C. The excess of BCEFC/AM was washed twice using a fresh culture medium. The monolayer of GBM cells were added to the BCEFC/AM-labeled THP-1 (3 × 105 cells) and incubated at 37 °C for 30 min. Then, the medium and non-binding monocyte cells were removed and washed gently with fresh culture medium twice. The adherent THP-1 cells were captured by a fluorescence microscope and analyzed by the Image J software.




2.8. Human Macrophage Conditioned Medium (HMCM) Collection


THP-1 monocytes (5 × 105) were seeded on 3.5 cm dishes and treated with 100 nM PMA for 3 days. The spent medium was replaced with fresh medium. Cells were allowed to rest for 1 day. After 3 days of culture, the conditioned medium was assembled and stored at −80 °C for future treating of GBM cells.




2.9. Cell Transfection


GBM cells were seeded on 6-well plate (3 × 105 cells/well). The smart pool siRNA against non-targeting control or AhR were premixed with serum-free medium and DharmaFECT transfection reagents (Dharmacon, Lafayette, CO, USA) and then applied to the cells.




2.10. ELISA Assay


A human soluble VCAM-1 DuoSet ELISA kit was purchased from R&D Systems (Minneapolis, MN, USA) and used for the quantification of soluble VCAM-1 protein secreted to the supernatant of GBM culture. The assay was performed according to the manufacturer’s instructions. The results were determined using the EPOACH2 microplate reader (Bio-Tek, Winooski, VT, USA) at OD 450 nm.




2.11. Tumor Xenograft


All animal studies were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) of China Medical University. Male C57BL/6 mice (10-week-old) were obtained from the National Laboratory Animal Center (Taipei, Taiwan), and kept with water and food consumption ad libitum under standard laboratory conditions. A total of 1 × 107 mouse ALTS1C1 GBM cells were dissociated in 100 μL PBS, and were subcutaneously inoculated into the rear flank. Urolithin A (40 mg/kg) and vehicle were orally administered once per day. Tumor volume was measured 7 days after tumor transplantation.




2.12. Statistics


Results are displayed as the mean ± S.E.M. All the data were performed with at least three biologically independent replicates. The significant difference between two samples was assessed using a Student’s t-test. * p-values < 0.05 were supposed significant and indicated in the figure legends. Statistical analysis was implemented by using SigmaPlot software (version 10.0, Systat Software Inc., San Jose, CA, USA).





3. Result


3.1. Urolithins Inhibit Migration Ability and Cell Proliferation in GBM


During the development of GBM, cancer cells can migrate to distant areas and exhibit metastatic activity caused by the epithelial–mesenchymal transition (EMT) proteins [39]. In this study, we demonstrated that human GBM cells exhibited increased motility at 24 h post-culture compared with at 0 h in a wound healing assay (Figure 1A,C). Moreover, treatment with urolithin A (Figure 1A,B) and urolithin B (Figure 1C,D) for 24 h markedly reduced the migration ability of GBM cells. Furthermore, the transmigration ability of GBM cells was suppressed by urolithin A treatment as well (Figure 1E,F and Supplementary Figure S1A,B). We examined the expression of EMT-associated proteins as a contributors to cell motility in GBM cells following urolithin treatment. As shown in Figure 1G,H, the protein expression of vimentin, N-cadherin, and β-catenin was substantially reduced by treatment with urolithin A (Figure 1G,H and Supplementary Figure S1C,D). Treatment with urolithin B also attenuated vimentin, N-cadherin, and β-catenin protein expression (Figure 1G,H and Supplementary Figure S1C,D). Effects of urolithin A on GBM proliferative activity was further determined. In Figure 2A,B, the colony formation in human GBM cells without any treatment was greater than in GBM cells treated with urolithin A. Furthermore, the colony formation was inhibited by urolithin A in mouse GBM cells (Figure 2C,D). In addition, urolithins also suppressed the GBM cells proliferation after 72 h treatment (Figure 2E). This indicates that urolithins effectively reduce cell motility and viability in GBM cells.




3.2. Urolithins Reduce Expression of VCAM-1 and PD-L1 in GBM Cells


We previously have reported that proinflammatory cytokines, which are abundantly produced in the TME, regulated the expression of VCAM-1, thus promoting the invasion of monocytes or macrophages to GBM cells and worsening GBM outcomes [38,40]. Here, we used tumor necrosis factor (TNF)-α to promote the expression of VCAM-1 in GBM cells to evaluate the anticancer effects of urolithins. TNF-α stimulates the expression of VCAM-1 protein in U251 human GBM cells (Figure 3A,C) and U87 GBM cells (Supplementary Figure S2A). Treatment with urolithin A (Figure 3A) and B (Figure 3C) sharply reduced TNF-α-enhanced VCAM-1 protein expression in U251 and U87 (Supplementary Figure S2A) GBM cells. Furthermore, TNF-α markedly enhanced the expression of PD-L1 proteins in U251 (Figure 3A,C) and U87 (Supplementary Figure S2A) GBM cells, which was reversed following treatment with urolithin A (Figure 3A) or urolithin B (Figure 3C). We also detected soluble VCAM-1 in U251 human GBM. Stimulation of TNF-α expression significantly enhanced soluble VCAM-1 expression (Figure 3B). Urolithin A administration also reduced the enhancement of soluble VCAM-1 expression (Figure 3B). Subsequently, the ability of monocytes to bind to GBM was determined using a monocyte-binding assay. Stimulation of TNF-α enhanced monocyte adhesion on GBM cells (Figure 3D,E). Treatment with urolithin A significantly reduced TNF-α-induced monocyte adhesion to GBM cells (Figure 3D,E). These results indicate that urolithins effectively attenuate VCAM-1 and PD-L1 expression, thereby reducing monocyte adhesion to GBM cells.




3.3. Involvement of Adhesion Molecules in AhR Regulation of GBM Progression


First, we assessed whether the modulatory effects of urolithins in GBM involve AhR expression. First, we analyzed AhR gene expression using the human glioma microarray data set GSE4290. AhR expression in patients with all grades of glioma (grades II and III and GBM) was higher than that of patients without tumors and the level of expression correlated with the clinical grades (Figure 4A), indicating the regulatory role of AhR in GBM. Subsequently, we used an AhR-selective pharmacological antagonist, 6,2′,4′-trimethoxyflavone (TMF), to study the effects of AhR on GBM progression. As shown in Figure 4B, treatment with TMF markedly reduced the enhancement of VCAM-1 protein expression induced by TNF-α. TMF treatment also reduced TNF-α-induced soluble VCAM-1 expression in both human U251 and U87 GBM (Figure 4C). The administration of TMF alone did not affect monocytes binding to GBM cells (Figure 4D,E). TNF-α-enhanced monocyte GBM adhesion was reduced following TMF treatment (Figure 4D,E). The cell viability of GBM was not changed with urolithin A, TMF, or cotreatment until 48 h (Figure 4F). But the cell viability was decreased when GBM cells were treated with urolithin A, TMF, or cotreatment at 72 h (Figure 4F). In addition, cotreatment of urolithin A and TMF did not exacerbate the GBM death (Figure 4F). Moreover, treatment of urolithin A or TMF also reduced the migration of GBM cells, but the treatment of urolithin A and TMF did not reduce migration more than the treatment alone group (Figure 4G,H). Additionally, we used small interfering RNA (siRNA) against AhR to confirm the anti-GBM effects of urolithins. The TNF-α-induced VCAM-1 and PD-L1 expression were reduced when transfected with AhR siRNA (Supplementary Figure S2B). In addition, the GBM migration were also inhibited by transfection with AhR siRNA or urolithin A treatment (Supplementary Figure S2C,D). However, the inhibitory effects of AhR siRNA with GBM migration did not affect urolithin A cotreatment (Supplementary Figure S2C,D). Furthermore, we previously reported that the secreted factors from macrophages may modulate the TME of GBM. We discovered that PD-L1 is expressed in GBM through a contact-free mechanism [41]. In the present study, we assemble the human macrophage condition medium (HMCM) and used it to treat human GBM and assess PD-L1 expression. Treatment with HMCM enhanced PD-L1 expression in both human U251 (Figure 5A,C) and U87 (Figure 5B,C) GBM cells. Treatment with TMF decreased HMCM-promoted PD-L1 expression in U251 GBM cells (Figure 5A,C). A similar result was observed in U87 GBM cells (Figure 5B,C). In addition, the administration of TMF alone did not affect expression of PD-L1 in GBM (Figure 5A–C). Our results suggest that AhR is a critical modulator in GBM progression, and urolithins may act on AhR to regulate the TME of GBM.




3.4. Akt and Epidermal Growth Factor Receptor Signaling Pathways Are Involved in Urolithin A Inhibition of GBM Progression


Our previous study demonstrated that Akt [36,38] and epidermal growth factor receptor (EGFR) [36,40] pathways are critical in TME and GBM progression. We further examined the signaling pathways involved in the inhibition of GBM by urolithins. In this study, we demonstrated that treatment of GBM cells with urolithin A caused a reduction in phosphorylated Akt and EGFR protein expression in a time-dependent manner (Figure 6A). Urolithin A also reduced TNF-α-induced Akt phosphorylation (Figure 6B). We further determined whether urolithin A regulated VCAM-1 and PD-L1 through the Akt signaling pathway. Treatment with Akt inhibitor MK2206 reduced the expression of TNF-α-induced VCAM-1 and PD-L1 (Figure 6C,D). Taken together, our results suggest that urolithins inhibit GBM progression by modulating Akt and EGFR signaling pathways.




3.5. Treatment with Urolithins Suppress the GBM Growth in Xenograft Mouse Model


To verify the influences of urolithins on GBM progression in vivo, we implanted mouse ALTS1C1 GBM cells into mice and treated with urolithins. We observed that treatment with urolithin A decreased the tumor growth compared to the vehicle group (Figure 7A). The tumor volume in the vehicle group was markedly increased but only mild increased with urolithin A treatment (Figure 7B). These findings suggest that urolithins treatment reduces tumor growth and exerts anti-GBM effects.





4. Discussion


In the TME, the proinflammatory cytokine TNF-α is mainly produced by macrophages and other immune cells, including dendritic cells, B cells, natural killer cells, and T-cells [42]. TNF-α is closely related to tumor metastasis. It stimulates the expression of several angiogenic factors such as interleukin-8, basic fibroblast growth factor, and vascular endothelial growth factor that contribute to the progression and expansion of tumors [43]. In addition, TNF-α was reported to induce EMT and promote the metastasis and invasion of colorectal cancer [44]. Accumulating evidence suggests that TNF-α is involved in the expression of VCAM-1 and GBM metastasis [45]. We previously found that TNF-α promoted the adhesion molecule expression and supported monocyte binding to GBM [40]. Urolithin A was shown to ameliorate TNF-α-stimulated endothelial cell migration and reduce monocyte adhesion to endothelial cells [46]. Moreover, GBM is considered to have immunosuppressive effects because of the inhibition of immune cell functions caused by endogenous immunosuppressive checkpoints produced such as PD-L1 [47,48]. Targeting the PD-1/PD-L1 signaling pathway enables blocking of this inhibitory signal and enables T-cells to attack tumor cells. The beneficial effects of urolithin A in cancer therapy are evident; it strongly enhances antitumor T-cell (CD8+) immunity in colorectal cancer, making it an effective immune checkpoint blockade treatment option for cancer [49]. Our results support previous studies demonstrating that urolithin treatment inhibits the TNF-α-enhanced VCAM-1 expression and prevents monocytes from adhering to GBM. The present study also supports these findings by demonstrating that urolithins reduce the induction of PD-L1 expression, thus inhibiting GBM progression.



Extensive tumor proliferation and infiltrative expansion to neighboring tissues are among the major clinical hallmarks of GBM [50]. EMT has emerged as a contributor to the invasiveness of cancer cells. EMT transformation results in the alteration of epithelial and mesenchymal markers, particularly E-cadherin, N-cadherin, vimentin, and fibronectin, which promote the ability of tumor cells to migrate and spread to nearby or distant areas [51]. Several effective anticancer drugs target the relative molecules of cancer cell growth and motility [52,53,54]. The use of phytochemicals as an anticancer agent has gained increased attention because of their accessibility, patient safety, and efficacy [55]. In particular, urolithin B was reported to inhibit the progression of hepatocellular carcinoma by inactivating the β-catenin signaling pathway [56]. In this study, we demonstrated that treatment with urolithin A or B markedly suppressed the cell motility factors such as colony formation and migration ability of GBM cells. Urolithin A and B treatment in GBM cells may prevent the expression of mesenchymal molecules.



AhR regulates the expression of cytochromes P450, which are the major enzymes responsible for tumor formation, metastasis, and prevention [26,27,57]. AhR has been a target of cancer therapy drug development [58]. AhR inhibition using pharmacological agents and gene silencing reduced clonogenic survival and invasiveness of glioma cells [27]. A study also showed that AhR modulated GBM migration ability [59]. Endogenous AhR activity is positively correlated with cell migration in human GBM cells [59]. Generally, humans and animals are exposed to both synthetic and natural AhR ligands mostly through their diet. Several natural dietary compounds were reported to activate or inhibit the AhR signaling pathways [60]. Urolithin A is an antagonist of AhR [32]. Kujawska et al. demonstrated that urolithin A attenuates the chemically induced stimulation of CYP1A1 mRNA, which is involved in antagonizing AhR [61]. In this study, we demonstrated that treatment with the AhR antagonist TMF ameliorated TNF-α-enhanced VCAM-1 protein levels, monocyte binding ability, and HMCM-stimulated PD-L1 protein expression on human GBM cells. Analysis of the human glioma microarray dataset GSE4290 demonstrated a positive correlation between AhR expression and pathological glioma grade. In addition, the GBM migration were also inhibited by knockdown of AhR in GBM. Our results suggest a role of AhR in the development of GBM and provide a regulation of urolithins that may inhibit GBM progression by modulating the AhR signaling pathway.



We have recently reported that Akt signaling is critical for GBM progression [38]. Wang et al. have reported that expression of PD-L1 in human colon and prostate cancers was stimulated by TNF-α through the activation of Akt signaling [62]. It has also been reported that urolithin A inhibits the progression of pancreatic cancer [24] and glioma [63] by blocking the phosphorylation of Akt. EGFR alteration occurs in more than half of patients with GBMs [64,65] and is also correlated with GBM progression [66,67]. High EGFR expression in patients with GBM is associated with poor outcomes [68,69,70]. In clinical studies, treatment with gefitinib and erlotinib, EGFR tyrosine kinase inhibitors, produced promising results in patients with GBM [71]. Zheng et al. [72] and our team [40] have also reported that the activation of EGFR modulates the expression of VCAM-1 in GBM. We previously demonstrated that TNF-α-induced EGFR activation is important for modulating the TME of GBM [40]. Recently, a network pharmacology analysis suggested that urolithins may act on the EGFR and Akt signaling for anti-abnormal uterine bleeding effect [73]. The present study corroborated that urolithins reduce the TME and inhibit tumor progression in GBM cells by regulating Akt and EGFR signaling pathways (Figure 8).




5. Conclusions


This study investigated the inhibitory role of urolithin, the bioactive gut metabolite from natural polyphenols, against GBM. We demonstrated that urolithins suppress GBM colony formation and cell migration. Urolithins further reduced TNF-α-stimulated VCAM-1 and PD-L1 expression, thereby lessening monocyte binding to GBM. We also demonstrated that urolithin A regulates the inhibition of GBM progression through Akt activation and EGFR expression. In addition, the TNF-α-induced expression of VCAM and PD-L1 was reduced when AhR signaling was inhibited. These results indicate that TNF-α may induce the expression of VCAM and PD-L1 through the regulation of AhR. Finally, administration of urolithin A inhibited the tumor growth in vivo. Consequently, our findings indicate that urolithins could be used as a promising strategy for the effective management of GBM.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu15234854/s1, Figure S1: Inhibitory effects of GBM migration and epithelial–mesenchymal transition by urolithins in ALTS1C1 GBM cells; Figure S2: Knockdown of aryl hydrocarbon receptor downregulates the expression of VCAM-1 and PD-L1.





Author Contributions


Conceptualization, D.-Y.L., B.-R.H., W.-L.Y. and C.L.; Methodology, C.-K.S., Y.-S.L., S.-W.L. and V.C.; Resources, D.-Y.L., B.-R.H., W.-L.Y., C.-F.T. and L.-Y.Y.; data curation, C.-K.S.; writing—original draft preparation, D.-Y.L. and C.-K.S.; writing—review and editing, W.-L.Y.; Supervision, D.-Y.L., C.-F.T., and W.-L.Y.; Funding acquisition, B.-R.H., C.L., D.-Y.L., C.-F.T. and W.-L.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported in part by grants from the National Science and Technology Council, Taiwan (110-2320-B-039-028-MY3, 109-2320-B-039-020 and 108-2320-B-039-015), China Medical University, Taiwan (CMU110-MF-56 and CMU110-S-40), China Medical University Hospital, Taiwan (DMR-110-048, DMR-110-048, or DMR-110-120), and Taichung Tzu Chi Hospital (TTCRD109-17 and TTCRD110-04).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of China Medical University (CMUIACUC-2020-062) on 19 December 2019.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings are not publicly available. Data are available from the authors upon reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shergalis, A.; Bankhead, A.; Luesakul, U.; Muangsin, N.; Neamati, N. Current Challenges and Opportunities in Treating Glioblastoma. Pharmacol. Rev. 2018, 70, 412–445. [Google Scholar] [CrossRef] [PubMed]

	



Dapash, M.; Hou, D.; Castro, B.; Lee-Chang, C.; Lesniak, M.S. The Interplay between Glioblastoma and Its Microenvironment. Cells 2021, 10, 2257. [Google Scholar] [CrossRef] [PubMed]

	



Simon, T.; Jackson, E.; Giamas, G. Breaking through the glioblastoma micro-environment via extracellular vesicles. Oncogene 2020, 39, 4477–4490. [Google Scholar] [CrossRef] [PubMed]

	



Hambardzumyan, D.; Gutmann, D.H.; Kettenmann, H. The role of microglia and macrophages in glioma maintenance and progression. Nat. Neurosci. 2016, 19, 20–27. [Google Scholar] [CrossRef]

	



Morimura, T.; Neuchrist, C.; Kitz, K.; Budka, H.; Scheiner, O.; Kraft, D.; Lassmann, H. Monocyte subpopulations in human gliomas: Expression of Fc and complement receptors and correlation with tumor proliferation. Acta Neuropathol. 1990, 80, 287–294. [Google Scholar] [CrossRef]

	



Antonios, J.P.; Soto, H.; Everson, R.G.; Moughon, D.; Orpilla, J.R.; Shin, N.P.; Sedighim, S.; Treger, J.; Odesa, S.; Tucker, A.; et al. Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive immune resistance via a PD-1/PD-L1 mechanism in glioblastoma. Neuro-Oncology 2017, 19, 796–807. [Google Scholar] [CrossRef]

	



Bloch, O.; Crane, C.A.; Kaur, R.; Safaee, M.; Rutkowski, M.J.; Parsa, A.T. Gliomas Promote Immunosuppression through Induction of B7-H1 Expression in Tumor-Associated Macrophages. Clin. Cancer Res. 2013, 19, 3165–3175. [Google Scholar] [CrossRef]

	



Garber, S.T.; Hashimoto, Y.; Weathers, S.-P.; Xiu, J.; Gatalica, Z.; Verhaak, R.G.W.; Zhou, S.; Fuller, G.N.; Khasraw, M.; de Groot, J.; et al. Immune checkpoint blockade as a potential therapeutic target: Surveying CNS malignancies. Neuro-Oncology 2016, 18, 1357–1366. [Google Scholar] [CrossRef]

	



Turrini, E.; Ferruzzi, L.; Fimognari, C. Potential Effects of Pomegranate Polyphenols in Cancer Prevention and Therapy. Oxidative Med. Cell. Longev. 2015, 2015, 938475. [Google Scholar] [CrossRef]

	



Faddladdeen, K.A.; Ojaimi, A.A. Protective Effect of Pomegranate (Punica granatum) Extract against Diabetic Changes in Adult Male Rat Liver: Histological Study. J. Microsc. Ultrastruct. 2019, 7, 165–170. [Google Scholar] [CrossRef]

	



Dos Santos, R.L.; Dellacqua, L.O.; Delgado, N.T.; Rouver, W.N.; Podratz, P.L.; Lima, L.C.; Piccin, M.P.; Meyrelles, S.S.; Mauad, H.; Graceli, J.B.; et al. Pomegranate peel extract attenuates oxidative stress by decreasing coronary angiotensin-converting enzyme (ACE) activity in hypertensive female rats. J. Toxicol. Environ. Health A 2016, 79, 998–1007. [Google Scholar] [CrossRef] [PubMed]

	



Kandylis, P.; Kokkinomagoulos, E. Food Applications and Potential Health Benefits of Pomegranate and its Derivatives. Foods 2020, 9, 122. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, W.; Wang, Y.; Hao, W.; Yang, H.; Song, X.; Zhao, M.; Peng, S. Preparative isolation and purification of urolithins from the intestinal metabolites of pomegranate ellagitannins by high-speed counter-current chromatography. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2015, 990, 111–117. [Google Scholar] [CrossRef] [PubMed]

	



Furlanetto, V.; Zagotto, G.; Pasquale, R.; Moro, S.; Gatto, B. Ellagic acid and polyhydroxylated urolithins are potent catalytic inhibitors of human topoisomerase II: An in vitro study. J. Agric. Food Chem. 2012, 60, 9162–9170. [Google Scholar] [CrossRef] [PubMed]

	



Al-Harbi, S.A.; Abdulrahman, A.O.; Zamzami, M.A.; Khan, M.I. Urolithins: The Gut Based Polyphenol Metabolites of Ellagitannins in Cancer Prevention, a Review. Front. Nutr. 2021, 8, 647582. [Google Scholar] [CrossRef]

	



Gong, Z.; Huang, J.; Xu, B.; Ou, Z.; Zhang, L.; Lin, X.; Ye, X.; Kong, X.; Long, D.; Sun, X.; et al. Urolithin A attenuates memory impairment and neuroinflammation in APP/PS1 mice. J. Neuroinflamm. 2019, 16, 62. [Google Scholar] [CrossRef]

	



Kujawska, M.; Jourdes, M.; Kurpik, M.; Szulc, M.; Szaefer, H.; Chmielarz, P.; Kreiner, G.; Krajka-Kuzniak, V.; Mikolajczak, P.L.; Teissedre, P.L.; et al. Neuroprotective Effects of Pomegranate Juice against Parkinson’s Disease and Presence of Ellagitannins-Derived Metabolite-Urolithin A-In the Brain. Int. J. Mol. Sci. 2019, 21, 202. [Google Scholar] [CrossRef]

	



Chen, P.; Chen, F.; Lei, J.; Li, Q.; Zhou, B. Activation of the miR-34a-Mediated SIRT1/mTOR Signaling Pathway by Urolithin A Attenuates D-Galactose-Induced Brain Aging in Mice. Neurotherapeutics 2019, 16, 1269–1282. [Google Scholar] [CrossRef]

	



Chen, P.; Chen, F.; Lei, J.; Zhou, B. Gut microbial metabolite urolithin B attenuates intestinal immunity function in vivo in aging mice and in vitro in HT29 cells by regulating oxidative stress and inflammatory signalling. Food Funct. 2021, 12, 11938–11955. [Google Scholar] [CrossRef]

	



Chen, P.; Chen, F.; Lei, J.; Wang, G.; Zhou, B. The Gut Microbiota Metabolite Urolithin B Improves Cognitive Deficits by Inhibiting Cyt C-Mediated Apoptosis and Promoting the Survival of Neurons Through the PI3K Pathway in Aging Mice. Front. Pharmacol. 2021, 12, 768097. [Google Scholar] [CrossRef]

	



Norden, E.; Heiss, E.H. Urolithin A gains in antiproliferative capacity by reducing the glycolytic potential via the p53/TIGAR axis in colon cancer cells. Carcinogenesis 2019, 40, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Chen, J.H.; Aguilera-Barrantes, I.; Shiau, C.W.; Sheng, X.; Wang, L.S.; Stoner, G.D.; Huang, Y.W. Urolithin A suppresses the proliferation of endometrial cancer cells by mediating estrogen receptor-alpha-dependent gene expression. Mol. Nutr. Food Res. 2016, 60, 2387–2395. [Google Scholar] [CrossRef] [PubMed]

	



Lall, R.K.; Syed, D.N.; Adhami, V.M.; Khan, M.I.; Mukhtar, H. Dietary polyphenols in prevention and treatment of prostate cancer. Int. J. Mol. Sci. 2015, 16, 3350–3376. [Google Scholar] [CrossRef]

	



Totiger, T.M.; Srinivasan, S.; Jala, V.R.; Lamichhane, P.; Dosch, A.R.; Gaidarski, A.A., 3rd; Joshi, C.; Rangappa, S.; Castellanos, J.; Vemula, P.K.; et al. Urolithin A, a Novel Natural Compound to Target PI3K/AKT/mTOR Pathway in Pancreatic Cancer. Mol. Cancer Ther. 2019, 18, 301–311. [Google Scholar] [CrossRef] [PubMed]

	



Qiu, Z.; Zhou, J.; Zhang, C.; Cheng, Y.; Hu, J.; Zheng, G. Antiproliferative effect of urolithin A, the ellagic acid-derived colonic metabolite, on hepatocellular carcinoma HepG2.2.15 cells by targeting Lin28a/let-7a axis. Braz. J. Med. Biol. Res. 2018, 51, e7220. [Google Scholar] [CrossRef] [PubMed]

	



Murray, I.A.; Patterson, A.D.; Perdew, G.H. Aryl hydrocarbon receptor ligands in cancer: Friend and foe. Nat. Rev. Cancer 2014, 14, 801–814. [Google Scholar] [CrossRef]

	



Gramatzki, D.; Pantazis, G.; Schittenhelm, J.; Tabatabai, G.; Köhle, C.; Wick, W.; Schwarz, M.; Weller, M.; Tritschler, I. Aryl hydrocarbon receptor inhibition downregulates the TGF-β/Smad pathway in human glioblastoma cells. Oncogene 2009, 28, 2593–2605. [Google Scholar] [CrossRef]

	



Harper, P.A.; Riddick, D.S.; Okey, A.B. Regulating the regulator: Factors that control levels and activity of the aryl hydrocarbon receptor. Biochem. Pharmacol. 2006, 72, 267–279. [Google Scholar] [CrossRef]

	



Casado, F.L.; Singh, K.P.; Gasiewicz, T.A. The aryl hydrocarbon receptor: Regulation of hematopoiesis and involvement in the progression of blood diseases. Blood Cells Mol. Dis. 2010, 44, 199–206. [Google Scholar] [CrossRef]

	



Perepechaeva, M.L.; Grishanova, A.Y. The Role of Aryl Hydrocarbon Receptor (AhR) in Brain Tumors. Int. J. Mol. Sci. 2020, 21, 2863. [Google Scholar] [CrossRef]

	



Kubli, S.P.; Bassi, C.; Roux, C.; Wakeham, A.; Gobl, C.; Zhou, W.; Jafari, S.M.; Snow, B.; Jones, L.; Palomero, L.; et al. AhR controls redox homeostasis and shapes the tumor microenvironment in BRCA1-associated breast cancer. Proc. Natl. Acad. Sci. USA 2019, 116, 3604–3613. [Google Scholar] [CrossRef] [PubMed]

	



Muku, G.E.; Murray, I.A.; Espín, J.C.; Perdew, G.H. Urolithin A Is a Dietary Microbiota-Derived Human Aryl Hydrocarbon Receptor Antagonist. Metabolites 2018, 8, 86. [Google Scholar] [CrossRef]

	



Ghosh, S.; Moorthy, B.; Haribabu, B.; Jala, V.R. Cytochrome P450 1A1 is essential for the microbial metabolite, Urolithin A-mediated protection against colitis. Front. Immunol. 2022, 13, 1004603. [Google Scholar] [CrossRef]

	



Shen, P.X.; Li, X.; Deng, S.Y.; Zhao, L.; Zhang, Y.Y.; Deng, X.; Han, B.; Yu, J.; Li, Y.; Wang, Z.Z.; et al. Urolithin A ameliorates experimental autoimmune encephalomyelitis by targeting aryl hydrocarbon receptor. EBioMedicine 2021, 64, 103227. [Google Scholar] [CrossRef] [PubMed]

	



Rogovskii, V.S. The Therapeutic Potential of Urolithin A for Cancer Treatment and Prevention. Curr. Cancer Drug Targets 2022, 22, 717–724. [Google Scholar] [CrossRef] [PubMed]

	



Lai, S.W.; Lin, H.J.; Liu, Y.S.; Yang, L.Y.; Lu, D.Y. Monocarboxylate Transporter 4 Regulates Glioblastoma Motility and Monocyte Binding Ability. Cancers 2020, 12, 380. [Google Scholar] [CrossRef]

	



Chen, Y.H.; Chen, Y.C.; Chin, Y.T.; Wang, C.C.; Hwang, L.L.; Yang, L.Y.; Lu, D.Y. 2,3,5,4′-tetrahydroxystilbene-2-O-beta-D-glucoside protects against neuronal cell death and traumatic brain injury-induced pathophysiology. Aging 2022, 14, 2607–2627. [Google Scholar] [CrossRef] [PubMed]

	



Shen, C.K.; Huang, B.R.; Yeh, W.L.; Chen, C.W.; Liu, Y.S.; Lai, S.W.; Tseng, W.P.; Lu, D.Y.; Tsai, C.F. Regulatory effects of IL-1beta in the interaction of GBM and tumor-associated monocyte through VCAM-1 and ICAM-1. Eur. J. Pharmacol. 2021, 905, 174216. [Google Scholar] [CrossRef]

	



Setlai, B.P.; Hull, R.; Reis, R.M.; Agbor, C.; Ambele, M.A.; Mulaudzi, T.V.; Dlamini, Z. MicroRNA Interrelated Epithelial Mesenchymal Transition (EMT) in Glioblastoma. Genes 2022, 13, 244. [Google Scholar] [CrossRef]

	



Liu, Y.S.; Lin, H.Y.; Lai, S.W.; Huang, C.Y.; Huang, B.R.; Chen, P.Y.; Wei, K.C.; Lu, D.Y. MiR-181b modulates EGFR-dependent VCAM-1 expression and monocyte adhesion in glioblastoma. Oncogene 2017, 36, 5006–5022. [Google Scholar] [CrossRef]

	



Liu, Y.S.; Huang, B.R.; Lin, C.J.; Shen, C.K.; Lai, S.W.; Chen, C.W.; Lin, H.J.; Lin, C.H.; Hsieh, Y.C.; Lu, D.Y. Paliperidone Inhibits Glioblastoma Growth in Mouse Brain Tumor Model and Reduces PD-L1 Expression. Cancers 2021, 13, 4357. [Google Scholar] [CrossRef] [PubMed]

	



Kelker, H.C.; Oppenheim, J.D.; Stone-Wolff, D.; Henriksen-DeStefano, D.; Aggarwal, B.B.; Stevenson, H.C.; Vilcek, J. Characterization of human tumor necrosis factor produced by peripheral blood monocytes and its separation from lymphotoxin. Int. J. Cancer 1985, 36, 69–73. [Google Scholar] [CrossRef]

	



Laha, D.; Grant, R.; Mishra, P.; Nilubol, N. The Role of Tumor Necrosis Factor in Manipulating the Immunological Response of Tumor Microenvironment. Front. Immunol. 2021, 12, 656908. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Wang, H.S.; Zhou, B.H.; Li, C.L.; Zhang, F.; Wang, X.F.; Zhang, G.; Bu, X.Z.; Cai, S.H.; Du, J. Epithelial-mesenchymal transition (EMT) induced by TNF-alpha requires AKT/GSK-3beta-mediated stabilization of snail in colorectal cancer. PLoS ONE 2013, 8, e56664. [Google Scholar] [CrossRef]

	



Wagener, F.A.; Feldman, E.; de Witte, T.; Abraham, N.G. Heme induces the expression of adhesion molecules ICAM-1, VCAM-1, and E selectin in vascular endothelial cells. Proc. Soc. Exp. Biol. Med. 1997, 216, 456–463. [Google Scholar] [CrossRef]

	



Giménez-Bastida, J.A.; González-Sarrías, A.; Larrosa, M.; Tomás-Barberán, F.; Espín, J.C.; García-Conesa, M.-T. Ellagitannin metabolites, urolithin A glucuronide and its aglycone urolithin A, ameliorate TNF-α-induced inflammation and associated molecular markers in human aortic endothelial cells. Mol. Nutr. Food Res. 2012, 56, 784–796. [Google Scholar] [CrossRef]

	



Hao, C.; Chen, G.; Zhao, H.; Li, Y.; Chen, J.; Zhang, H.; Li, S.; Zhao, Y.; Chen, F.; Li, W.; et al. PD-L1 Expression in Glioblastoma, the Clinical and Prognostic Significance: A Systematic Literature Review and Meta-Analysis. Front. Oncol. 2020, 10, 1015. [Google Scholar] [CrossRef]

	



Maghrouni, A.; Givari, M.; Jalili-Nik, M.; Mollazadeh, H.; Bibak, B.; Sadeghi, M.M.; Afshari, A.R.; Johnston, T.P.; Sahebkar, A. Targeting the PD-1/PD-L1 pathway in glioblastoma multiforme: Preclinical evidence and clinical interventions. Int. Immunopharmacol. 2021, 93, 107403. [Google Scholar] [CrossRef]

	



Denk, D.; Petrocelli, V.; Conche, C.; Drachsler, M.; Ziegler, P.K.; Braun, A.; Kress, A.; Nicolas, A.M.; Mohs, K.; Becker, C.; et al. Expansion of T memory stem cells with superior anti-tumor immunity by Urolithin A-induced mitophagy. Immunity 2022, 55, 2059–2073.e2058. [Google Scholar] [CrossRef]

	



Alexander, B.M.; Cloughesy, T.F. Adult Glioblastoma. J. Clin. Oncol. 2017, 35, 2402–2409. [Google Scholar] [CrossRef]

	



Iser, I.C.; Pereira, M.B.; Lenz, G.; Wink, M.R. The Epithelial-to-Mesenchymal Transition-Like Process in Glioblastoma: An Updated Systematic Review and In Silico Investigation. Med. Res. Rev. 2017, 37, 271–313. [Google Scholar] [CrossRef] [PubMed]

	



Masoumi, K.C.; Huang, X.; Sime, W.; Mirkov, A.; Munksgaard Thorén, M.; Massoumi, R.; Lundgren-Åkerlund, E. Integrin α10-Antibodies Reduce Glioblastoma Tumor Growth and Cell Migration. Cancers 2021, 13, 1184. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, P.L.; Elkamhawy, A.; Choi, Y.H.; Lee, C.H.; Lee, K.; Cho, J. Suppression of Tumor Growth and Cell Migration by Indole-Based Benzenesulfonamides and Their Synergistic Effects in Combination with Doxorubicin. Int. J. Mol. Sci. 2022, 23, 9903. [Google Scholar] [CrossRef]

	



Ding, J.; Zhang, L.; Zeng, S.; Feng, T. Clinically relevant concentration of sevoflurane suppresses cervical cancer growth and migration through targeting multiple oncogenic pathways. Biochem. Biophys. Res. Commun. 2019, 514, 1179–1184. [Google Scholar] [CrossRef] [PubMed]

	



Hashem, S.; Ali, T.A.; Akhtar, S.; Nisar, S.; Sageena, G.; Ali, S.; Al-Mannai, S.; Therachiyil, L.; Mir, R.; Elfaki, I.; et al. Targeting cancer signaling pathways by natural products: Exploring promising anti-cancer agents. Biomed. Pharmacother. 2022, 150, 113054. [Google Scholar] [CrossRef]

	



Lv, M.Y.; Shi, C.J.; Pan, F.F.; Shao, J.; Feng, L.; Chen, G.; Ou, C.; Zhang, J.F.; Fu, W.M. Urolithin B suppresses tumor growth in hepatocellular carcinoma through inducing the inactivation of Wnt/beta-catenin signaling. J. Cell. Biochem. 2019, 120, 17273–17282. [Google Scholar] [CrossRef]

	



Alzahrani, A.M.; Rajendran, P. The Multifarious Link between Cytochrome P450s and Cancer. Oxidative Med. Cell. Longev. 2020, 2020, 3028387. [Google Scholar] [CrossRef]

	



Kolluri, S.K.; Jin, U.-H.; Safe, S. Role of the aryl hydrocarbon receptor in carcinogenesis and potential as an anti-cancer drug target. Arch. Toxicol. 2017, 91, 2497–2513. [Google Scholar] [CrossRef]

	



Liu, Y.; Chen, Y.; Sha, R.; Li, Y.; Xu, T.; Hu, X.; Xu, L.; Xie, Q.; Zhao, B. A new insight into the role of aryl hydrocarbon receptor (AhR) in the migration of glioblastoma by AhR-IL24 axis regulation. Environ. Int. 2021, 154, 106658. [Google Scholar] [CrossRef]

	



Yang, T.; Feng, Y.-L.; Chen, L.; Vaziri, N.D.; Zhao, Y.-Y. Dietary natural flavonoids treating cancer by targeting aryl hydrocarbon receptor. Crit. Rev. Toxicol. 2019, 49, 445–460. [Google Scholar] [CrossRef]

	



Kujawska, M.; Jodynis-Liebert, J. Potential of the ellagic acid-derived gut microbiota metabolite—Urolithin A in gastrointestinal protection. World J. Gastroenterol. 2020, 26, 3170–3181. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Yang, L.; Huang, F.; Zhang, Q.; Liu, S.; Ma, L.; You, Z. Inflammatory cytokines IL-17 and TNF-α up-regulate PD-L1 expression in human prostate and colon cancer cells. Immunol. Lett. 2017, 184, 7–14. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.L.; Zhao, D.; Li, J.J.; Liu, S.; An, J.J.; Wang, D.; Hu, F.A.; Qiu, C.Y.; Cui, M.H. Inhibition of glioblastoma progression by Urolithin A in vitro and in vivo by regulating Sirt1-FOXO1 axis via ERK/AKT signaling pathways. Neoplasma 2022, 69, 80–94. [Google Scholar] [CrossRef] [PubMed]

	



Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.; Mesirov, J.P.; et al. Integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [Google Scholar] [CrossRef]

	



Hurtt, M.R.; Moossy, J.; Donovan-Peluso, M.; Locker, J. Amplification of epidermal growth factor receptor gene in gliomas: Histopathology and prognosis. J. Neuropathol. Exp. Neurol. 1992, 51, 84–90. [Google Scholar] [CrossRef]

	



Zahonero, C.; Sanchez-Gomez, P. EGFR-dependent mechanisms in glioblastoma: Towards a better therapeutic strategy. Cell. Mol. Life Sci. 2014, 71, 3465–3488. [Google Scholar] [CrossRef]

	



Talasila, K.M.; Soentgerath, A.; Euskirchen, P.; Rosland, G.V.; Wang, J.; Huszthy, P.C.; Prestegarden, L.; Skaftnesmo, K.O.; Sakariassen, P.O.; Eskilsson, E.; et al. EGFR wild-type amplification and activation promote invasion and development of glioblastoma independent of angiogenesis. Acta Neuropathol. 2013, 125, 683–698. [Google Scholar] [CrossRef]

	



Nicholas, M.K.; Lukas, R.V.; Jafri, N.F.; Faoro, L.; Salgia, R. Epidermal growth factor receptor—Mediated signal transduction in the development and therapy of gliomas. Clin. Cancer Res. 2006, 12, 7261–7270. [Google Scholar] [CrossRef]

	



Ruano, Y.; Ribalta, T.; de Lope, A.R.; Campos-Martin, Y.; Fiano, C.; Perez-Magan, E.; Hernandez-Moneo, J.L.; Mollejo, M.; Melendez, B. Worse outcome in primary glioblastoma multiforme with concurrent epidermal growth factor receptor and p53 alteration. Am. J. Clin. Pathol. 2009, 131, 257–263. [Google Scholar] [CrossRef]

	



Shinojima, N.; Tada, K.; Shiraishi, S.; Kamiryo, T.; Kochi, M.; Nakamura, H.; Makino, K.; Saya, H.; Hirano, H.; Kuratsu, J.; et al. Prognostic value of epidermal growth factor receptor in patients with glioblastoma multiforme. Cancer Res. 2003, 63, 6962–6970. [Google Scholar]

	



Halatsch, M.E.; Schmidt, U.; Behnke-Mursch, J.; Unterberg, A.; Wirtz, C.R. Epidermal growth factor receptor inhibition for the treatment of glioblastoma multiforme and other malignant brain tumours. Cancer Treat. Rev. 2006, 32, 74–89. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Yang, W.; Aldape, K.; He, J.; Lu, Z. Epidermal growth factor (EGF)-enhanced vascular cell adhesion molecule-1 (VCAM-1) expression promotes macrophage and glioblastoma cell interaction and tumor cell invasion. J. Biol. Chem. 2013, 288, 31488–31495. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Q.P.; Wu, M.L.; Li, H.L.; Zhou, Y.; Xian, M.H.; Huang, W.Z.; Piao, X.H.; Ge, Y.W. Combined Metabolite Analysis and Network Pharmacology to Elucidate the Mechanisms of Therapeutic Effect of Melastoma dodecandrum Ellagitannins on Abnormal Uterine Bleeding. Chem. Biodivers. 2023, 20, e202300646. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 15 04854 g001] 





Figure 1. Inhibition of GBM migration and epithelial–mesenchymal transition by urolithin A and urolithin B. U251 cells were incubated with urolithins for 24 h. Migration ability was determined by a wound healing assay and visualized using a digital camera following treatment with urolithin A (A,B) and B (C,D). Transmigration ability was determined using a transwell assay and visualized using a microscope following treatment with urolithin A (E,F). Vimentin, N-cadherin, and β-catenin protein expression levels were determined by Western blotting (G,H). Each bar represents the mean ± standard error of the mean (n = 3). * p < 0.05 compared with the control group. 
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Figure 2. Urolithin A and urolithin B inhibit GBM cell growth. U251 human (A) and ALTS1C1 mouse (C) GBM cells were administrated with urolithin A for 14 days. Medium containing urolithin A was replaced every 3 days. Cells were incubated with 0.1% crystal violet for 1 h. Colony formation was captured using a microscope. Quantitative results shown in (B,D). (E) U251 human GBM cells were treated with various concentrations of urolithin A (2, 5 and 10 μM) for 24, 48, and 72 h. The cell viability was detected by MTT assay. Each bar represents the mean ± standard error of the mean (n = 3). * p < 0.05 compared with the control group. 
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Figure 3. Urolithins inhibit tumor necrosis factor (TNF)-α-induced expression of vascular cell adhesion molecule (VCAM)-1 and programmed death ligand (PD-L1) and reduce monocyte adhesion in GBM. U251 human GBM cells were treated with urolithins for 30 min and stimulated with TNF-α for another 24 h. Expression of VCAM-1 and PD-L1 were determined using Western blotting following treatment with urolithin A (A) and B (C). (B) After 24 h of TNF-α stimulation, fresh serum-free medium was replaced and cultured for another 24 h. Supernatants were collected. sVCAM-1 expression was determined by using ELISA assay. (D) U251 GBM cells were pretreated with urolithin A for 30 min and stimulated with TNF-α for another 24 h. Then BCECF-AM-labeled THP-1 cells were added to GBM cells for 30 min. Quantitative results shown in (E). Each bar represents the mean ± standard error of the mean (n = 3). * p < 0.05 compared with the control group. # p < 0.05 compared with the TNF-α group. 
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Figure 4. Aryl hydrocarbon receptor (AhR) expression in GBM is correlated with pathologic grades of human glioma and involves adhesion molecule expression. (A) AhR mRNA levels of patients’ specimens from human glioma microarray data set GSE4290. (B) U251 human GBM was treated with AhR antagonist 6,2′,4′-trimethoxyflavone (TMF) and stimulated with tumor necrosis factor (TNF)-α for another 24 h. Vascular cell adhesion molecule (VCAM)-1 expression was evaluated by Western blotting. (C) U251 and U87 GBM cells were treated with TMF for 30 min and stimulated with TNF-α for another 24 h. The cultured medium was replaced with fresh serum-free medium. Supernatants were collected after 24 h. Soluble VCAM-1 expression was determined using enzyme-linked immunosorbent assay. (D) U251 GBM cells were pretreated with TMF for 30 min and stimulated with TNF-α for another 24 h. BCECF-AM-labeled THP-1 cells were added to GBM cells and cultured for 30 min. THP-1 adhesion to GBM cells was observed under a fluorescence microscope. Quantitative results are shown in (E). (F) U251 human GBM cells were treated with urolithin A (10 μM), TMF (10 μM), or cotreatment for 24, 48, and 72 h. Cell viability was performed using MTT assay. (G,H) U251 human GBM cells were treated with urolithins and TMF for 24 h; cell migration was detected by using transwell assay. Each bar represents the mean ± standard error of the mean. * p < 0.05 compared with the control group. # p < 0.05 compared with the TNF-α group. 
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Figure 5. Inhibition of aryl hydrocarbon receptor using 6,2′,4′-trimethoxyflavone (TMF) represses human macrophage condition medium (HMCM)-induced programmed death ligand (PD-L1) expression in GBM cells. U251 (A) and U87 (B) human GBM were treated with TMF for 30 min and stimulated with HMCM for another 24 h. PD-L1 expression was determined using Western blotting. Quantitative results are shown in (C). Each bar represents the mean ± standard error of the mean (n = 3). * p < 0.05 compared with the control group. # p < 0.05 compared with the HMCM group. 
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Figure 6. Urolithin A inhibits Akt/epidermal growth factor receptor (EGFR) activation in GBM cells. (A) U251 human GBM cells were treated with urolithin A for indicated time periods (4, 8, 12, or 24 h). Expression of p-Akt and EGFR proteins was determined using Western blotting. (B) U251 cells were treated with tumor necrosis factor (TNF)-α for 1, 2, or 4 h. Thirty minutes before the end of each time point, urolithin A was added to the cells. Levels of p-Akt and p-EGFR proteins were quantified using Western blotting. (C) U251 GBM cells were treated with Akt inhibitor MK2206 (1 μM) for 30 min and TNF-α for another 24 h. Vascular cell adhesion molecule 1 and programmed death ligand protein expression were evaluated by Western blotting. Quantitative results are shown in (D). Each bar represents the mean ± standard error of the mean (n = 3). * p < 0.05 compared with the control group. # p < 0.05 compared with the TNF-α group. 
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Figure 7. Urolithins inhibit the GMB growth in xenograft mouse model. (A) Mice ALTS1C1 GBM cells (1 × 107 cells) were injected subcutaneously into the flank of each mouse. Urolithin A (40 mg/kg) and vehicle were intraperitoneally injected once per day. (B) Tumor volumes were measured and calculated every day after tumor injection. Quantitative data are presented as mean ± SEM. * p < 0.05 compared with the vehicle control (Student’s t-test). 
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Figure 8. Schematic diagrams of urolithin A signaling pathways that inhibit GBM progression. Tumor necrosis factor (TNF)-α promotes the vascular cell adhesion molecule (VCAM)-1 levels and promotes monocyte binding to GBM. Furthermore, TNF-α promotes the programmed death ligand (PD-L1) expression. Urolithin A and aryl hydrocarbon receptor antagonist 6,2′,4′-trimethoxyflavone suppress TNF-α-enhanced expression of VCAM-1 and PD-L1. Urolithin A modulates the Akt signaling pathway to prevent tumor migration and growth. 






Figure 8. Schematic diagrams of urolithin A signaling pathways that inhibit GBM progression. Tumor necrosis factor (TNF)-α promotes the vascular cell adhesion molecule (VCAM)-1 levels and promotes monocyte binding to GBM. Furthermore, TNF-α promotes the programmed death ligand (PD-L1) expression. Urolithin A and aryl hydrocarbon receptor antagonist 6,2′,4′-trimethoxyflavone suppress TNF-α-enhanced expression of VCAM-1 and PD-L1. Urolithin A modulates the Akt signaling pathway to prevent tumor migration and growth.



[image: Nutrients 15 04854 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Vehicle Urolithin A

250 Vehicle

e~ Urolithin A

Tumor volume (mm®)
. e W
2 a B
g8 8 8

@
g

Day 7 Day s Day 9





media/file4.png
m

Cell viability (%)

Control

=
N
L

Urolithin A

Colony
(fold of control)

e

.

o
v

(=]

.

o
v

T
04}
0.2
0.0 T S
control Urolithin A
D 1.0
Control Urolithin A S osl
S
>E .
6} T
2 o 0.6
=3
0.2 04}
o)
o2
0.0 T y—
control Urolithin A
100
80— 1
60—
40— "
-&- Control "
20— —e— Urolithin A 2 uyM
- Urolithin A 5 pM
-~ Urolithin A 10 pM
0 1 1

T
24 h 48 h 72 h





nav.xhtml


  nutrients-15-04854


  
    		
      nutrients-15-04854
    


  




  





media/file16.png
‘. acrophage
monocyte % G

. immune —

¥ inhibition -

roli '"OO ‘.: ) -
spA S ERAA 84744 00 .

Cel/ oy
l\.ﬂ/KZOG \ / 14 toSO/

cell migration
cell mOtlllty

O
O

B

o
> !

o

Cell nucleus -
glioblastoma






media/file2.png
(,;on,t_rol
’ |

MR e

24 h oy

Urolit
C

hin B

BT O o A = LA P AP S

g:j" ."'.~ e .':. f5 e e I L ,‘\J. ) ¥ '\‘,,-': ot ]
- " ’#ﬁ". g .: :",."_v‘; raspas e ol v e

! " ’ . R A St s a8 S SRR L weEra Yt s
N ‘4""?!7" .”\"} B AT )8 TS e
:}"'»'Z R R T e N Jones

b2 Sy “ond .:v..-‘tjf"-.'v( t"#,‘;’ AN AR Qe
TR _',"‘. s e ¥ i "}; A 5o N DML S v\«{ 1
:-:‘11_"';';"' .?,‘.-f(;;"‘*;t:“)?&?.;:E..f, L AL ‘ Seinss i
WATE TRV YW P v e T s AR K
R e O SR heaa Ak A 3
[ N i T K 0.-;-)""!’}-"»‘-] 2 . e S BN 2o
PP ) Y ATt M PR —

N-cadherin
GAPDH
B-catenin

GAPDH

12¢ = uzs1
- 4.0
2 :
C o
O £ os}
- O
o O
h* 0.6}
20
EE 04}
o
S—
0.2}
0.0

Coﬁtrol

—
N
L]

O

—
o
L

=
©
L)

e

gration

(fold of control)

S
P

o
N
L)

Urolithin A

&
=)

Control
1.2-

M

Number of migrated cells

1.0-

o
o
1

g

=2}
|

0.4

(fold of control)

o

N
|

=
o

T
»
'60
o
€

A\
o
N)

= B vimentin
=1 N-cadherin
- I p-catenin
°A1.0 A - —
D 00|
o  »
a0
5‘,3 0.6} T
o *

-
‘o204t
o2
o 0.2

0.0 r r T

Urolithin B

v.

&
&






media/file5.jpg
A

Urolithin A: =+ =+
TNFa: - -

]

30 .

H

20

20
10 10 27 0s(ol)

Concentration of sVCAM-1 (pg/ml)

GAPDH | 0
& w0
L T 50 -
e :
. Urolithin A: - +
10 04 207 o) el * .
GAPDH == e e d
10 04 22 oalol)
GAPDH == = e
D TNF.
Control Urolithin A Vehicle Urolithin A
o
&
S|
E 2
2 S
g 5
£3 ] 1
I3
52
£8. :
2%
53
53w
g
E
3w
2
Urolithin A: - + - -

TNF-a: - - + +





media/file3.jpg
Cell viability (%)

B =
Urolithin A B9
>E o
58
°% -
Oz
&
control
D w
Control  Urolithin A Fus
>E
£
35
OE 04
£,
w0
control
100
80 R
60-
40- .
—— Control N
2035 Gomiehazom
= oAt
= Ui A i
o

24h 48h 72h

Urolithin A





media/file1.jpg
]

Urolithin A . gn
SEo .
H
5 I
539
g
- Control Urolithin A
D =
=
E€o0s H
£
Eloe
=
Soo
£,
o
Control Urolithin B
1.2-
Fa
3 10
2508
£ .
fioe
T2 04
58
£ 02
r 2 =
S &
L @\‘6\\*" eé"\ &\\*
LRSS H
-
%94
p—
GZ o4l
pesonn SR 5%
£






media/file7.jpg
- 2
5 2 .
i i | I .
- 3%
H TR
8 comrol TMF T™E
e
™Ea
D como  __Twe e
2 F
E o
3 ¢ o
Egn . 60-
58 -
5. 0] T
W+ -+ T e
™. . e s .
PP Y
Ho o
1o
@ 3E
g ;
220s .
H
E o2
H
a0

Urltin A+
E -





media/file10.png
U251

T™MF: - + - #
HMCM: - - + +
PD-L1
GAPDH
us7
T™F: =~ =+ = *
HMCM: - - + <+

O

©

" S U251

(=2

S

N

-

3 vs?

—t ¥

PD-L1 protein expression

—
=
T e

HMCM: . ] 5

Nl I;

3+
.





media/file12.png
1h 2h 4 h
A
— oL w L
A Urolithin A . S 5 Z g 2 5 Z
U251 0 4 12 24(h) ‘EU-:tu-:tu.+
oo N V0 BFSF S S
10 0.1 0.2 0.2(fold) p-AKT _
GAPDH_ 2.0 1.2 0.8 0.4(fold)
EGFR Wl M b
1.0 0.8 0.5 0.3(fold) D
-~ ®m VCAM-1
e 7 = Rl
O~ .sn_ »
C =5 40
MK2206: - + - OF
TNF-a: - - + + 8.9 30-
x
Q4=
GAPDH Smw s mm w52
o 10+ 2
o-
& & P & P
‘( &
S S
& &
< 2\





media/file9.jpg
o

PD-L1 protein expression

-

H

e
+
+

HMCM: . ¢ % &





media/file0.png





media/file14.png
Vehicle Urolithin A

B
250— -e- Vehicle

o -o- Urolithin A
= 200

E

Q -

2 150

5

S 1004 *
| .

O

E

3 50+

0

1 1 T
Day 7 Day 8 Day 9





media/file8.png
A a C
8000~ 4 =
5 e 500 1y u2st
- = v U251 L o
% o . A ~ 400 |
g TR = 5 = & g
. <{ 300}
; 4000+ - TNF-a: - + + g .
*
g o 2 !  VCAM-A1 B 0 200 o
o 2000" A ""' 5
2 o ® i- £a,a ﬁ 1.0 1.0 327 10.4(fold) c
0- “ GAPDH — e — — % &
%, O O G =
2. Qo, 00 O@ - rl
% (] (J Q
» %, /,/0// e o —. . v E.
% N 3 Control TMF TMF
TNF-a
TNF-a
D Control TMF TMF
£ F
E 3 . 2
b SO * 100 - -
c oz b
9 g 25 _L _ ¢
© € 20} X 80+ ) 8
L O ot
T © Fy
ol # = 60
w O S
2 E 1.0} 3
@2 > 40+ .
LD ~—o0s5} D
£ | \ o —e— Control .
=) 0.0 . . v v 20 —e— Urolithin A
< —— TMF
TMF: - % ) ¥ —e— Urolithin A+TMF
TNF-a: - - + + 0 T T T
24 h 48 h 72 h
G Urolithin A H  q2-
v
3 104 —
"‘ B g 0.8—1
>0 g g
Y E S 0.6 *
« O
©
w = 0.4
2L
E 0.2
pd
0.0 r
Urolithin A: - -

TMF: -






media/file11.jpg
=
n
=
>
=

B d & &

A Urolithin A R
u2s1 0 4 12 24(h) B E R R
us1 8 ESESES

p-AKT
2 _o2(0ld) P-AKT

12 05 03 oalold)

GAPDH

©
>
5
]
T
s
H

EGFR
10 08 05 ool

GAPDH

5 g

c

MK2206: -+
TNF-a:

VCAM-1
GAPDH
PD-L1

+
Control)

+
+
8

Protei xpression O
ot of Samtrol
8

3

GAPDH






media/file6.png
A

Urolithin A: - + - + =B
TNF-a: - - + + E
VCAM-1 - & 350 .
1.0 1.0 418.8 261.8(fold) ; 300 T
B >
PD-L1E & 200}
1.0 1.0 2.7 O.Q(told) (o)
GAPDH s - g 150
C - © 100 |
UrolithinB: - + - + § sof [ -
TNF-a: - - ; + § i i
VCAM-1 -~ Urolithin A: - + -
1.0 0.4 24.7 3.0(fold) TNF s i %
GAPDH ™= e s e '
PD-L1
1.0 04 22 0.4(fold)
D TNF-a
Control Urolithin A Vehicle Urolithin A
0
N
E @ s,
3 ) vuast
Qo — *
T O st
o5
o S
S8l — ¥
oy
ol =
qL, 3 05}
