

  jcm-12-03552




jcm-12-03552







J. Clin. Med. 2023, 12(10), 3552; doi:10.3390/jcm12103552




Article



Uridine Inhibits Hepatocellular Carcinoma Cell Development by Inducing Ferroptosis



Liuliu Zi 1,2,†, Wangbin Ma 1,†, Lilong Zhang 1[image: Orcid], Boyang Qiao 3, Zhendong Qiu 1, Junhui Xu 1, Jiacheng Zhang 1, Yahong Ye 4, Yueyuan Yang 4, Keshuai Dong 1, Chen Chen 1, Weixing Wang 1,* and Qingyan Zhao 2,*[image: Orcid]





1



Department of Hepatobiliary and Laparoscopic Surgery, Renmin Hospital of Wuhan University, No. 238, Jiefang Road, Wuchang District, Wuhan 430060, China






2



Hubei Key Laboratory of Cardiology, Cardiovascular Research Institute of Wuhan University, Renmin Hospital of Wuhan University, Wuhan 430060, China






3



School of Pharmaceutical Sciences, Wuhan University, Wuhan 430072, China






4



Department of Endocrinology & Metabolism, Renmin Hospital of Wuhan University, Wuhan 430060, China









*



Correspondence: sate.llite@163.com (W.W.); ruyan71@163.com (Q.Z.)






†



These authors contributed equally to this work.









Academic Editors: Francesco Azzaroli, Tatsuo Kanda, Adriano Pellicelli and Hidekazu Suzuki



Received: 27 January 2023 / Revised: 24 March 2023 / Accepted: 16 May 2023 / Published: 18 May 2023



Abstract

:

Uridine is a key metabolite used as a substrate for the production of DNA, RNA, and glucose, and it is mainly synthesized in the liver. Currently, it is not known whether uridine levels are altered in the tumor microenvironment of patients with hepatocellular carcinoma (HCC) and whether uridine can be a target for tumor therapy. In this study, the detection of genes associated with de novo uridine synthesis, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, dihydroorotase (CAD) (n = 115), and dihydroorotate dehydrogenase (DHODH) (n = 115) in HCC tissues through tissue microarrays revealed that the expression of CAD and DHODH was higher in tumor compared with paraneoplastic tissues. Next, we collected tumor tissues from surgically resected HCC patients and the corresponding adjacent non-tumor tissues (n = 46) for LC–MS/MS assays. The results showed that the median and interquartile ranges of uridine content in non-tumor and tumor tissues were 640.36 (504.45–807.43) and 484.22 (311.91–626.73) nmol/g, respectively. These results suggest that uridine metabolism is disturbed in HCC patients. To further investigate whether uridine can be used as a tumor-therapeutic target, a series of high concentrations of uridine were incubated with HCC cells in vitro and in vivo. It was observed that uridine dose-dependently inhibited the proliferation, invasion, and migration of HCC cells by activating the ferroptosis pathway. Overall, these results reveal for the first time the range of uridine content in human HCC tissues and suggest that uridine may be a new target for HCC therapy.
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1. Introduction


Hepatic cancer, as a tumor of high malignancy, currently ranks sixth in incidence and third in lethality among all tumors, and about 90% of cases are those of hepatocellular carcinoma (HCC) [1]. The high energy and nutrient requirements of tumor cells reflect the specificity of the tumor metabolic microenvironment, and tumor metabolic reprogramming can be the driving force of tumors.



Recent studies have suggested that carcinogenic/antitumor metabolites could activate/inhibit oncogenic signaling and thus promote/mitigate malignant transformation [2]. As a pyrimidine nucleoside, uridine is a key metabolite in a series of essential processes by which the body produces DNA, RNA, proteins, and glucose as an energy reserve [3,4,5]. Studies suggest that uridine is synthesized primarily in the liver, with adipocytes serving as its production reserve [6]. Most cells are incapable of synthesizing uridine themselves. Their basic operations rely on the uridine in the blood released by the liver and adipocytes; meanwhile, uridine is generally maintained within a narrow range in the plasma [7]. The combination of uridine and pyruvate may be used as a potential treatment for disorders of the oxidative phosphorylation system (OXPHOX) [8]. Uridine may alleviate CCl4-induced liver fibrosis [9]. Uridine supplementation may rejuvenate aging stem cells, promoting the regeneration of various tissues in the body [10,11]. The administration of uridine may promote repair after myocardial injury [12]. Uridine is a pyrimidine nucleoside of plant/animal origin and, therefore, can also be taken up and absorbed by the body and accompany the food intake process. Despite its significant physiological role, uridine has received poor attention compared to other nucleosides, such as adenosine. An enhanced understanding of the physiological mechanisms controlling this metabolite has the potential to shed light on several disease states, including cancer. Compared to normal cells, tumor cells require large amounts of DNA and RNA during their continuous division and expansion and, therefore, may have a high demand for uridine. Currently, no studies have focused on the synthesis of uridine in patients with HCC and its effect on HCC cells. Therefore, the study of uridine may be of great importance to our understanding of the mechanism of HCC development.



Uridine synthesis consists of both de novo and salvage synthesis pathways, with quiescent cells relying primarily on the salvage synthesis pathway and proliferating cells (e.g., tumor cells) relying on the de novo synthesis pathway [13]. The rate-limiting enzymes for the de novo synthesis of uridine include dihydroorotate dehydrogenase (DHODH) and carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, dihydroorotase (CAD). CAD is a fusion of three structural domains that encode carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase, which are related to de novo uridine synthesis [14]. DHODH is located downstream of CAD and oxidizes dihydroorotate to orotate [15]. In contrast to various other enzymes involved in de novo uridine synthesis, DHODH exists on the external layer of the internal membrane of mitochondria and links de novo uridine synthesis to the mitochondrial electron transport chain [16]. In this study, the correlation between the expression of de novo uridine synthesis genes CAD and DHODH in HCC patients and survival data was investigated for the first time by a clinical histochemical microarray, and the uridine content of tumor tissues of hepatocellular carcinoma patients was examined by mass spectrometry. We also explored the mechanism of action of uridine administration on HCC cells by in vitro administration and the construction of subcutaneous tumors in nude mice.




2. Materials and Methods


2.1. Patients


This prospective study was conducted on patients recruited from Renmin Hospital of Wuhan University, and all individuals provided informed consent. Tumor tissue and para-carcinoma tissues from 46 patients diagnosed with HCC were collected and then cut into pieces less than one cm3, followed by immediate freezing in liquid nitrogen, after which they were stored at −80 °C until LC–MS/MS was conducted. The ethical committee of Renmin Hospital of Wuhan University gave the approval to conduct this study. Human HCC tissues of microarray plates were obtained from 115 patients at Tongji Hospital of Huazhong University of Science and Technology between 2012 and 2016. Data including clinical information and pathological features were collected and were approved by the institutional ethics committee of Huazhong University of Science and Technology. Written informed consent for data analysis was obtained from all patients before operation. To avoid potential heterogeneity, only data on HCC with cirrhosis were included. Participants with other digestive disorders, malignancies, acute or chronic autoimmune diseases, and infectious diseases were excluded.




2.2. LC–MS/MS for Uridine Measurements


The concentration of uridine was detected by LC–MS/MS (AB SCIEX ExionLC and AB SCIEX QTRAP 6500+ mass spectrometer, Applied Biosystems Sciex, Redwood City, CA, USA), and the positive electrospray ionization mode (ESI) was utilized to conduct MS analysis. The data were procured and processed with the help of AB SCIEX Analyst 1.6.3 software (Applied Biosystems Sciex, Redwood City, CA, USA).




2.3. Cell Lines and Cell Culture


HEPG2, 97H, and HLF cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Modified Eagle’s medium comprising penicillin (100 U/mL), streptomycin (100 U/mL), and 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) was utilized for cell culture. Cells used in subsequent experiments were all between the 4th and 8th generations.




2.4. Calculation of Cell Viability and Cell Death Percentage


The CCK8 kit (BioSharp, Hefei, China) was utilized for measuring cell activity. The cells were inoculated in 96-well plates at a cell density of 3000 cells/well. Uridine at concentrations of 0, 30, 150, 300, and 600 μM was added, and estimation of OD values was done at 450 nm. The cell death percentage was measured with an Annexin V-FITC apoptosis assay kit, calculated as per the guidelines provided by the manufacturer, and evaluated using a Beckman Coulter CytoFLEX S flow cytometer.




2.5. Transwell and Wound Healing


Transwell 1 × 105/mL cells were suspended in 200 uL culture medium without Gibco in the upper chamber of a 24-well plate (pore size 8 μm; Corning), and 500 μL culture medium constituting 10% Gibco was introduced into the lower chamber. The stained cells were counted under a Nikon light microscope (Nikon Corporation, Tokyo, Japan) after being co-cultured for 24 h. Three random unduplicated visual fields were captured for analysis under 200× microscopy. The experiment was performed in triplicate. Wound healing experiments: Sterile pipette tips were used to scratch the monolayer cells, after which PBS was employed to wash the cells thrice, followed by incubation in a serum-free medium for 24 h. Photographs were collected under the Nikon light microscope (Nikon Corporation) at 40× field of view for analysis at 0 and 24 h. The area difference, as well as mobility, were calculated using ImageJ 1.8.0 software.




2.6. Measurement of ROS


Intracellular ROS were detected with the peroxide-sensitive fluorescent probe DCFH-DA. Fluorescence intensity was detected by Beckman Coulter (Brea, CA, USA), CytoFLEX S flow cytometry analysis. FlowJo or Graphpad Prism 8.0 software was used to evaluate the data.




2.7. Malondialdehyde (MDA) and GSH Assay


MDA, the main indicator of lipid peroxidation, was measured with the kit as per the guidelines provided by the manufacturer and normalized by cell number. The Glutathione Assay Kit (#G2026-1000T) (Servicebio, Wuhan, China) was used to assess GSH concentration, which was normalized by protein concentration as per the guidelines provided by the manufacturer.




2.8. Immunohistochemistry


A fluorescent microscope (Olympus BX63, Tokyo, Japan) was used to take immunohistochemistry images. Five images were taken randomly of each section for each immunostaining index, and their mean values were calculated for statistical comparison. Digital image analysis was performed with ImageJ software to quantitatively characterize the integrated optical density (IOD) of immunostained sections. The high or low expression group was defined according to their medians. All data were expressed as mean ± standard deviation. SPSS 21.0 statistical software (SPSS Inc., Chicago, IL, USA) was utilized to conduct statistical analysis of data.




2.9. Hematoxylin and Eosin (HE) Staining


Subcutaneous tumors removed from animal models of HCC in different treatment groups were fixed in a 4% paraformaldehyde solution, followed by dehydration using alcohol and decolorization using xylene detergent. The transparent tissues were embedded in wax, cut using a microtome, and affixed to carrier glasses. This was followed by dewaxing and staining of the cells with hematoxylin (H) dye and eosin € dye (AB245880, Abcam, Cambridge, UK). Once again, the dehydration of cells was done using alcohol, and they were decolorized using xylene detergent. The tissues were sealed and then photographed for observation using the optical microscope.




2.10. Quantitative Reverse Transcription PCR (qRT-PCR)


Calculation of the relative gene expression levels was done with the help of the 2-ΔΔCT method. GAPDH was used as a normalized internal reference. The primer sequences are mentioned below: GAPDH-F:TCGGAGTCAACGGATTTGGT;GAPDH-R:TTCCCGTTCTCAGCCTTGAC, DHODH-F:CCACGGGAGATGAGCGTTTC, DHODH-R:CAGGGAGGTGAAGCGAACA, CAD-F:GCCAGCCCAGACAAATTACCTATACC, CAD-R:AGACGCCAGAGCCAAGGACTAG.




2.11. In Vivo Tumor Model


The animal studies were approved by the Ethics Committee of the Wuhan University People’s Hospital and conformed to the Guidelines for the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the People’s Republic of China. The digested 97 h cells were washed 3 times with cold PBS to achieve a final concentration of 2.5 × 106/mL. One hundred μL of cell suspension was administered via a subcutaneous route into the right dorsal side of BALB/c male nude mice. Random allotment of the mice into 3 groups was performed: control group, uridine 100 mg/kg group, and uridine 300 mg/kg group. A total of six mice were allotted to each group, and then we marked the sites of mice that inoculated cells. One hundred µL of PBS was subcutaneously injected into the control group at the same location daily. Uridine was injected locally starting from the second day of cell suspension injection. The samples were collected, and mice were executed after 16 consecutive days of injection.




2.12. Statistical Analysis


Data are shown in the forms of median (25th–75th percentiles) or mean ± SD. A two-sample independent t-test was used for comparison between two groups, and ANOVA tests were used between multiple groups. A paired t-test was used to analyze the uridine content and gene expression in tumor tissues and the paired adjacent tissues. * p < 0.05, ** p < 0.01, and *** p < 0.001 were considered statistically significant.





3. Results


3.1. Upregulation of the De Novo Uridine Synthesis Pathway in Patients with HCC


To investigate the de novo uridine synthesis pathway, CAD expression in serial tissue microarray (TMA) sections containing HCC tissue (n = 115) was examined and matched with adjacent liver tissue (n = 115) using immunohistochemical (IHC) staining. Specifically, most HCC samples showed strong CAD coloring (Figure 1A). Patients with higher CAD expression levels had a shorter overall survival (OS) rate than patients with lower CAD expression (Figure 1B). Patients with higher CAD expression levels had a shorter DFS rate than patients with lower CAD levels (Figure 1C). Patients with high CAD expression usually had higher clinical-stage tumors, indicating a positive correlation of CAD expression levels with the clinical stage of HCC patients (Figure 1D). Patients with higher CAD expression appeared more vulnerable to vascular invasion (Figure 1E). The clinical data from 115 HCC patients revealed a correlation between CAD expression levels and tumor size, Child–Pugh Class, and tumor differentiation (Table S1). DHODH expression, clinical stage, vascular invasion, OS, and DFS in HCC tissues (n = 115) and their corresponding adjacent liver tissues (n = 115) were detected by TMA. It was found that, as with CAD, DHODH expression appeared significantly higher in HCC tissues compared to paraneoplastic tissues, and it showed a positive correlation with clinical stage, vascular invasion, OS, and DFS of HCC (Figure 2A–E). The clinical data from 115 HCC patients revealed the correlation between DHODH expression levels and Child–Pugh Class (Table S2). Therefore, it was indicated that the de novo uridine synthesis pathway is upregulated in patients with HCC.




3.2. Disturbance of Uridine Metabolism in the Tumor Microenvironment of HCC


Uridine is a downstream metabolite of CAD and DHODH. To detect the downstream metabolite uridine, uridine levels in tumor tissues from patients with confirmed HCC (n = 46) and their matched adjacent liver tissues (n = 46) were also analyzed. The results showed that the median and interquartile ranges of uridine content in non−tumor and tumor tissues were 640.36 (504.45–807.43) and 484.22 (311.91–626.73) nmol/g, respectively. Notably, the uridine content in liver cancer tissues was significantly lower than that in non-tumor tissues. (Figure 3A). The clinical data from 46 HCC patients revealed a correlation between uridine levels and Child–Pugh Class, vascular invasion, and TNM stage (Table S3). Next, mRNA levels were examined in the tumors and their adjacent liver tissues of 16 randomly selected pairs of HCC patients. DHODH and CAD expressions appeared greater in tumor tissues compared to adjacent tissues of HCC patients and were statistically significant (Figure 3B,C). Similarly, a total of six pairs of HCC patients whose tumors and adjacent liver tissues were tested for protein levels, as well as representative images of histochemistry for DHODH and CAD, were selected, and elevated expressions of DHODH and CAD were observed (Figure 3D–G). These findings indicated a disturbance in uridine metabolism in HCC patients.




3.3. Inhibition of HCC Development by Uridine In Vivo and In Vitro


For the purpose of investigating uridine’s impact on HCC cells, three HCC cell lines (HEPG2, HLF, and 97H) were used for analysis. Because uridine in the physiological state generally remains within a narrow range (6–8 μM) in plasma [7], we chose a gradient concentration maximum of 100 times higher than the physiological state uridine concentration (0–600 μM). After treatment with uridine at different gradient concentrations for 48 h, the three cell lines were assayed for cell proliferation by the CCK8 assay, and the findings indicated a notable dose-dependent inhibition of the proliferating capability of the three HCC cells (Figure 4A–C). On the basis of these findings, HLF and 97H were selected, which performed with superior effectiveness, for the follow-up experiments. Uridine’s impact on the HLF and 97H HCC cells’ ability to migrate was examined by wound healing assay, and the results showed that uridine caused inhibition of HCC cells’ ability to migrate in a dose-dependent way (Figure 4D). Uridine’s impact on the invasion ability of HLF and 97H HCC cells was examined using Transwell assay, and it was found that uridine caused a dose-dependent inhibition of the invasion ability of HCC cells (Figure 4E). For the purpose of in vivo investigation of uridine’s antitumor effect, 97H cells of nude mice were inoculated by a subcutaneous route for the development of a subcutaneous transplantation tumor model. Both doses of uridine significantly reduced the tumor size of subcutaneous tumors in HCC nude mice dose-dependently in comparison to the control group (Figure 4F–H). To conclude, uridine resulted in a dose-dependent inhibition of HCC growth in both in vivo and in vitro environments.




3.4. Inhibition of In Vivo and In Vitro HCC Development by Uridine via Activation of Ferroptosis Pathway


Because DHODH expression was reduced after in vitro and in vivo treatment of HCC cells with uridine, it has been reported as a new mechanism of ferroptosis [17]. To check whether uridine exerts antitumor activity through ferroptosis, the changes in ferroptosis indices after the treatment of HCC cells were examined with two different concentrations of uridine in HLF and 97H cells. After 48 h of uridine treatment, the ferroptosis markers glutathione peroxidase 4 (GPX4), cystine/glutamate reverse transporter protein (xCT), ferritin heavy chain (FTH1), and ferritin light chain (FLCA) at the protein level were downregulated dose-dependently, and then COX2, nuclear factor E2-related factor 2 (NRF2), and CD71 were increased dose-dependently (Figure 5A,B). Furthermore, the association of tumor weight reduction with ferroptosis was also investigated. In comparison to the control group, the ferroptosis-related proteins COX2, NRF2, and CD71 were upregulated, and GPX4, xCT, FTH1, and FLCA were downregulated dose-dependently in the uridine-treated group (Figure 5C), indicating that uridine could inhibit HCC tumor growth in vivo via the induction of ferroptosis. In addition, the lipid peroxidation product MDA and the endogenous antioxidant glutathione GSH were also investigated in both 97H and HLF cell lines, and it was observed that MDA levels were upregulated and GSH levels were depleted dose-dependently (Figure 5D,E). Annexin V-FITC apoptosis assay revealed a dose-dependent increase in apoptosis after the uridine treatment of 97H cells for 48 h (Figure 5F), and the results were statistically significant. In addition, changes in intracellular ROS levels in 97H cells after 48 h of uridine treatment were detected with an ROS fluorescent probe, and flow cytometry results showed that intracellular ROS levels increased with an increase in uridine concentration, indicating that uridine can induce the accumulation of intracellular reactive oxygen species (Figure 5G). Overall, the data show that uridine can cause in vivo and in vitro induction of ferroptosis in HCC cells.




3.5. Inhibition of the In Vitro Effect of Uridine on HCC Cells by Ferrostatin-1


It was observed that the ferroptosis inhibitor Ferrostatin-1 blocked the effect of uridine in vitro. A total of three groups based on 97H and HLF cells were set up, which included the control group (DMSO only), uridine group (30 μM), and uridine with Ferrostatin-1 group (30 μM uridine, 1 μM Ferrostatin−1), respectively. The findings showed that the Ferrostatin-1 addition prominently reduced the uridine’s inhibitory action on the proliferation, migration, and invasion of HCC cells (Figure 6A–C). Ferroptosis-related proteins COX2, NRF2, and CD71 were downregulated, and GPX4, xCT, FTH1, and FLCA were upregulated in the uridine and Ferrostatin-1 groups compared to the uridine group and were not statistically different from the control group (Figure 6D). The changes in lipid peroxidation products MDA and endogenous antioxidant glutathione GSH were examined in both 97H and HLF cell lines after treatment with Ferrostatin-1, a ferroptosis inhibitor, and it was observed that MDA levels were downregulated and GSH levels were increased compared with the uridine group treatment (Figure 6E,F). The above results suggest that the ferroptosis inhibitor can alleviate the inhibitory effect of uridine on HCC cells in vitro.





4. Discussion


Oral uridine is used to alleviate the dose-limiting leukopenia of 5-fluorouracil (5-FU) in oncology treatment [18], but the effect of uridine itself on tumor cells has not been studied. This research made the unprecedented observation that the presence of uridine disorders in the tumor microenvironment and high local concentrations of uridine inhibit tumor cell development in patients with HCC. The expression of the de novo uridine synthesis genes CAD and DHODH was significantly increased and positively correlated with OS, DFS, clinical stage, and vascular invasion in HCC patients. However, local tumor area uridine levels were reduced. Because of the reduced uridine content in the tumor microenvironment, our experiments have verified that high uridine concentrations can cause inhibition of the division, infiltration, and migration of HCC cells by activating the ferroptosis pathway in vitro and in vivo.



Pyrimidine synthesis has recently been identified as a new therapeutic target in KRAS/LKB1 mutant non-small cell lung cancer and PTEN mutant cancers [19,20]. Growing evidence has shown that targeted nucleotide metabolism, such as pyrimidine synthesis, could promote an antitumor response to immunotherapy. Hence, further investigation of this metabolic reprogramming of pyrimidine anabolic upregulation in patients with HCC could provide therapeutic information and improve outcomes in the development of HCC. The major enzymes involved in pyrimidine synthesis are CAD and DHODH. CAD is a fusion of three structural domains that encode carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase, which are related to pyrimidine biosynthesis [14]. Previous studies have found that targeting the AKT2-CAD-mediated pyrimidine synthesis pathway provides a new target for the treatment of HCC [21]. DHODH is located downstream of CAD and oxidizes dihydroorotate to orotate [15]. In contrast to various other enzymes in ab initio pyrimidine synthesis, DHODH exists on the external layer of the internal membrane of mitochondria and links nucleotide synthesis to the mitochondrial electron transport chain [16]. Substances that inhibit DHODH, such as the metabolite teriflunomide, are utilized in the form of immunomodulatory drugs in autoimmune disorders, such as rheumatoid/psoriatic arthritis and multiple sclerosis [22]. The combination of DHODH inhibitors with other ferroptosis-inducing therapeutic agents, such as radiotherapy and immunotherapy, has direct translational implications for cancer treatment [23,24,25,26]. Previous studies have found that either inhibiting CAD [21,27] or DHODH [17], or direct targeting of pyrimidine metabolism [28,29], could inhibit tumor progression. Further, a positive correlation with stage, vascular invasion, DFS, and OS in patients with HCC was observed in combination with clinical information in our histochemical microarray. Thus, it has been demonstrated that CAD and DHODH are closely related to hepatocarcinogenesis and development.



Tumors contain various metabolite drivers or tumor suppressors, and tumor-related metabolite studies are vital for understanding tumorigenesis and progression. The downstream metabolites of CAD and DHODH include uridine, which, as a pyrimidine nucleoside, is a key metabolite in a number of essential processes such as the body’s manufacture of DNA, RNA, and proteins, and the storage of glucose as an energy reserve [3]. Despite its key physiological role, uridine has received limited attention compared to other nucleosides, such as adenosine. The main site of uridine synthesis is the liver, and the effect of uridine on HCC is unknown. Studying uridine may be of great significance for the development of HCC treatments.



Cao et al. verified in UPP1 knockout mice that uridine boosting promotes systemic tumorigenesis and has DNA-damaging effects on healthy cells, both indicating that pharmacological uridine may not be safe [30]. However, Liu et al. subsequently found that long-term oral (7 months) or intraperitoneal (5 months) uridine treatment was non-tumorigenic [10], and these two opposing findings suggest that uridine tumorigenicity needs to be further validated. Neither study further investigated the metabolism of uridine in tumor patients and the effect of uridine on tumor cell development. We have therefore extended their work to investigate the presence of uridine disorders in liver cancer patients themselves and the inhibition of the development of liver cancer cells. It was observed that a high in vitro concentration of uridine could inhibit DHODH expression. Previous studies have shown that DHODH, as a newly discovered third mechanism of ferroptosis, is accompanied by an increase in uridine content after the application of a ferroptosis activator in tumor cells. They also showed that DHODH inhibition induces ferroptosis in GPX4 low cancer cells and sensitizes GPX4 high cancer cells to ferroptosis [17]. Ferroptosis is characterized as a type of regulated cell death induced by excess lipid peroxidation and is a key mechanism of tumor suppression [31,32,33]. GPX4 [34,35], ferroptosis suppressor protein 1 (FSP1) [36,37], and DHODH [17] constitute the major ferroptosis defense system. Therefore, it was speculated and validated that uridine may inhibit HCC cell development by activating the ferroptosis pathway in HCC cells.



Our description of the reduced levels of uridine released into the tumor microenvironment in patients with HCC raises interesting questions for future studies. What are the implications of reduced levels of released uridine in HCC patients for organs that are severely dependent on plasma uridine (e.g., the heart)? Uridine has recently been determined to be a key anti-aging metabolite [10], and it is also worth investigating whether reduced levels of released uridine in patients with HCC have an impact on the degree of aging in other organs throughout the body. To conclude, this study reported that uridine homeostasis is disturbed in patients with HCC and that high uridine concentrations inhibit HCC cell development. HCC reprograms its pyrimidine metabolism to promote self-renewal and tumorigenesis.




5. Conclusions


Uridine disorders exist within the tumor microenvironment of HCC patients, and high concentrations of uridine inhibit HCC cell development in vitro and in vivo through the ferroptosis pathway.




6. Patents


Our study was approved by the Clinical Research Ethics Committee of Wuhan University People’s Hospital (The number of ethical approval: WDRY2021-KS029).
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Figure 1. Preliminary verification of CAD signature in HCC. (A) Typical images of CAD immunohistochemistry in HCC and quantitative analysis of CAD expression. The images show a 16× magnification. Scale bar = 50 μm. (B) Relationship between CAD expression and OS. (C) Relationship between CAD expression and DFS. (D) Relationship between CAD expression in HCC histochemical microarray and pathological stage. (E) Relationship between CAD expression in HCC histochemical microarray and vascular invasion (*** p < 0.001). Abbreviations: Adjacent = adjacent noncancerous tissues; IOD = integrated optical density; HR = hazard ratio; OS = overall survival; DFS = disease free survival. 
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Figure 2. Preliminary verification of DHODH signature in HCC. (A) Typical images of DHODH immunohistochemistry in HCC patient tissueand quantitative analysis of DHODH expression. The images show a 16× magnification. Scale bar = 50 μm. (B) Relationship between DHODH expression and OS. (C) Relationship between DHODH expression and DFS. (D) Relationship between DHODH expression in HCC histochemical microarray and pathological stage. (E) The relationship between DHODH expression in HCC histochemical microarray and vascular invasion (* p < 0.05; ** p < 0.01). Abbreviations: Adjacent = adjacent noncancerous tissues; IOD = integrated optical density; HR = hazard ratio; OS = overall survival; DFS = disease free survival. 
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Figure 3. Disturbance in uridine metabolism in the tumor microenvironment of HCC patients. (A) Uridine levels in tumor and adjacent noncancerous tissues of HCC patients (n = 46). (B,C) CAD and DHODH expression in mRNA of tumor and adjacent noncancerous tissues in 16 randomly selected pairs of liver cancer patients. (D) The expression of protein CAD and DHODH in tumor and adjacent noncancerous tissues of 6 pairs of liver cancer patients were randomly extracted. (E,F) The protein quantification of CAD and DHODH in tumor and adjacent noncancerous tissues. (G) Typical images of DHODH and CAD immunohistochemistry in patients with HCC. Scale bar = 50 μM. (** p < 0.01; *** p < 0.001). Abbreviations: Adjacent = adjacent noncancerous tissues. 
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Figure 4. Inhibition of HCC cells’ development by uridine in vitro and in vivo. (A–C) Different uridine concentrations inhibited the proliferation ability of HEPG2, HLF, and 97H, as determined by CCK8 assay. (D) Inhibition of cell migration ability by uridine at 30 and 300 μm concentrations. Magnification, ×40. Scale bar: 200 μm. (E) Reduction of invasive ability of HCC cells by 30 and 300 μM concentrations of uridine. Magnification, ×200. Scale bar: 50 μm. (F) Images of nude mice bodies and tumor masses at day 16 after transplantation of 97H cells. (G) Tumor volume. (H) Representative HE images of subcutaneous tumors. Magnification, ×200. Scale bar: 50 μm (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 5. Inhibition of HCC cell development by in vitro uridine treatment via activation of the ferroptosis pathway. (A) Immunoblots of COX2, NRF2, CD71, GPX4, FTH1, xCT, FLCA, DHODH with control, 30, and 300 μM uridine concentrations in 97H cells. (B) Immunoblots of COX2, NRF2, CD71, GPX4, FTH1, xCT, FLCA, DHODH in HLF cells with control, 30, and 300 μM concentrations of uridine groups. (C) Immunoblots of COX2, NRF2, CD71, GPX4, FTH1, xCT, FLCA, DHODH in the subcutaneous tumor with control, 100 mg/kg, and 300 mg/kg concentrations of uridine groups after sampling in nude mice. (D) MDA and GSH contents with control, 30, and 300 μM uridine concentrations in 97H cells. (E) MDA and GSH contents in HLF cells with control, 30, and 300 μM uridine concentrations. (F) Apoptosis rate of 97H cells with control, 30, and 300 μM uridine concentrations. (G) ROS production with control, 30, and 300 μM uridine concentrations in 97H cells. (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 6. In vitro inhibition of uridine’s impact on HCC cells by Ferrostatin-1, a ferroptosis inhibitor. (A) Proliferation ability of control, uridine (30 μM), and uridine (30 μM) + Ferrostatin-1 (1 μM) groups in HLF and 97H cells. (B) Control, uridine (30 μM), and uridine (30 μM) + Ferrostatin-1 (1 μM) groups in HLF and 97H cells were examined for cell migration ability. Magnification, ×40. Scale bar: 200 μm. (C) Invasive ability of HCC cells in control, Uridine (30 μM), and uridine (30 μM) + Ferrostatin-1 (1 μM) groups in HLF and 97H cells. Magnification, ×200. Scale bar: 50 μm. (D) Immunoblotting of COX2, NRF2, CD71, GPX4, FTH1, xCT, FLCA, DHODH in control, uridine (30 μM), and uridine (30 μM) + Ferrostatin-1 (1 μM) groups of HLF and 97H cells. (E) MDA and GSH contents in control, uridine (30 μM), and uridine (30 μM) + Ferrostatin-1 (1 μM) groups of 97H cells. (F) MDA and GSH contents in HLF cells in control, uridine (30 μM), and uridine (30 μM) + Ferrostatin-1 (1 μM) groups. (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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