[image: image1]In Vivo and in vitro antitumor activity of tomatine in hepatocellular carcinoma

		ORIGINAL RESEARCH
published: 09 September 2022
doi: 10.3389/fphar.2022.1003264


[image: image2]
In Vivo and in vitro antitumor activity of tomatine in hepatocellular carcinoma
Cesar Echeverría1*, Aldo Martin1, Felipe Simon2,3,4, Cristian O. Salas5, Mariajesus Nazal3,6, Diego Varela3,6, Ramón A. Pérez-Castro7,8, Juan F. Santibanez9,10, Ricardo O. Valdés-Valdés7, Oscar Forero-Doria11 and Javier Echeverría11*
1Facultad de Medicina, Universidad de Atacama, Copiapó, Chile
2Faculty of Life Science, Universidad Andres Bello, Santiago, Chile
3Millennium Nucleus of Ion Channel-Associated Diseases (MiNICAD), Santiago, Chile
4Millennium Institute on Immunology and Immunotherapy, Santiago, Chile
5Departamento de Química Orgánica, Facultad de Química y de Farmacia, Pontificia Universidad Católica de Chile, Santiago, Chile
6Programa de Fisiología y Biofísica, Instituto de Ciencias Biomédicas, Facultad de Medicina, Universidad de Chile, Santiago, Chile
7In vivo Tumor Biology Research Facility, Centro Oncológico, Universidad Católica Del Maule, Talca, Chile
8Laboratorio de Investigaciones Biomédicas, Facultad de Medicina, Universidad Católica Del Maule, Talca, Chile
9Group for Molecular Oncology, University of Belgrade, Institute for Medical Research, National Institute of Republic of Serbia, Belgrade, Serbia
10Centro Integrativo de Biología y Química Aplicada (CIBQA), Universidad Bernardo O’Higgins, Santiago, Chile
11Departamento de Ciencias Del Ambiente, Facultad de Química y Biología, Universidad de Santiago de Chile, Santiago, Chile
Edited by:
Michał Tomczyk, Medical University of Bialystok, Poland
Reviewed by:
Rajeev K. Singla, West China Hospital, Sichuan University, China
Luca Rastrelli, University of Salerno, Italy
* Correspondence: Cesar Echeverría, cesar.echeverria@uda.cl; Javier Echeverría, javier.echeverriam@usach.cl
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 26 July 2022
Accepted: 12 August 2022
Published: 09 September 2022
Citation: Echeverría C, Martin A, Simon F, Salas CO, Nazal M, Varela D, Pérez-Castro RA, Santibanez JF, Valdés-Valdés RO, Forero-Doria O and Echeverría J (2022) In Vivo and in vitro antitumor activity of tomatine in hepatocellular carcinoma. Front. Pharmacol. 13:1003264. doi: 10.3389/fphar.2022.1003264

Background: There is abundant ethnopharmacological evidence the uses of regarding Solanum species as antitumor and anticancer agents. Glycoalkaloids are among the molecules with antiproliferative activity reported in these species.
Purpose: To evaluate the anticancer effect of the Solanum glycoalkaloid tomatine in hepatocellular carcinoma (HCC) in vitro (HepG2 cells) and in vivo models.
Methods: The resazurin reduction assay was performed to detect the effect of tomatine on cell viability in human HepG2 cell lines. Programmed cell death was investigated by means of cellular apoptosis assays using Annexin V. The expression of cancer related proteins was detected by Western blotting (WB). Reactive oxygen species (ROS) and calcium were determined by 2,7-dichlorodihydrofluorescein diacetate and Fluo-4, respectively. Intrahepatic HepG2 xenograft mouse model was used to elucidate the effect of tomatine on tumor growth in vivo.
Results and Discussion: Tomatine reduced HepG2 cell viability and induced the early apoptosis phase of cell death, consistently with caspase-3, -7, Bcl-2 family, and P53 proteins activation. Furthermore, tomatine increased intracellular ROS and cytosolic Ca+2 levels. Moreover, the NSG mouse xenograft model showed that treating mice with tomatine inhibited HepG2 tumor growth.
Conclusion: Tomatine inhibits in vitro and in vivo HCC tumorigenesis in part via modulation of p53, Ca+2, and ROS signalling. Thus, the results suggest the potential cancer therapeutic use of tomatine in HCC patients.
Keywords: Solanum glycoalkaloids, tomatine, antitumoral activity, hepatocellular carcinoma, apoptosis, caspase pathways
INTRODUCTION
Wild species of genus Solanum (Solanaceae) are characterized by the production of several types of glycoalkaloids (GA), among them tomatine. Tomatine has been detected in leaves and tubers of species of Solanum genus, endemic of western South America such as Solanum acaule Bitter., S. curtilobum Juz. and Bukasov, S. demissum Lindl., S. microdontum Bitter, S. polyadenium Greenm., and S. tarijense Hawkes, as well as only in the leaves of S. chomatophilum Bitter, S. raphanifolium Cárdenas and Hawkes, S. tuberosum ssp. andigena (Juz. and Bukasov) Hawkes (white), S. tuberosum ssp. andigena (Juz. and Bukasov) Hawkes (violet), and S. tubersoum ssp. andigena (Juz. and Bukasov) Hawkes (Distl and Wink, 2009). It also is found in S. brevidens L., S. commersonii Dun., S. etuberosum L., S. jamesii L., and S. pinnatisectum L. (Osman et al., 1978; Gregory et al., 1981; Van Gelder, 1985). There is abundant ethnopharmacological evidence regarding the uses of these species as antitumor and anticancer agents (Kaunda and Zhang, 2019). Tomatine, one of the glycoalkaloids in Solanum species, has beneficial bioactivities, including antibiotic, anti-inflammatory, antioxidant, antimalarial, antifungal, cholesterol-lowering, cardiovascular, and immunological effects (Friedman, 2013).
Recently published evidence suggests that tomatine presents antitumor activity, as demonstrated by several in vitro and in vivo studies (Faria-Silva et al., 2022). For instance, in vitro studies have shown that tomatine is highly effective in inhibiting the growth of human cancer cell lines of the breast (Choi et al., 2012; Shi et al., 2013), colon (Kim et al., 2015; Rudolf and Rudolf, 2016), gastric (Xiuwei et al., 2007; Choi et al., 2012), hepatocellular (Xiuwei et al., 2007; Del Giudice et al., 2015), prostate (Choi et al., 2012; Huang et al., 2015), and ovarian (Wu et al., 2021) among others. At the same time, in vivo experiments indicate carcinomas that tomatine showed great antitumor potential in mice mammary adenocarcinoma (Tomsik et al., 2013), and HL60 xenograft tumor (Chao et al., 2012); in rainbow trout stomach tumors (Friedman et al., 2007); and subcutaneous and orthotopic xenograft tumors of human prostate cancer PC-3 cells (Lee et al., 2013a; Lee et al., 2013b, Lee et al., 2022).
The incidence and mortality of hepatocellular carcinoma (HCC) have increased in North America and several European regions and declined in traditionally high-risk regions, including Japan and parts of China (Kulik and El-Serag, 2019). Specifically, the in vitro cytotoxic effect of tomatine in HepG2 cells produced an inhibition with an IC50 of 43 μg/ml (Friedman, 2013). Correspondingly, tomatine, in a range of 0.1–100 μg/ml, has proven to be a potent dose-dependent inhibitor, reducing the growth of liver cancer HepG2 cell lines from 46.3 to 89.2%. Also, 1 μg/ml of tomatine showed better anticarcinogenic activity against human liver cancer cells than doxorubicin (Lee et al., 2004). Moreover, cytotoxicity analysis of α-tomatine showed that it induced a significant cytotoxic effect on both normal liver cells and liver cancer cells (Del Giudice et al., 2015). In turn, in vivo analysis support confirm the health-promoting effects of tomatine in animal models (Friedman, 2013). For instance, long-term experiments in rainbow trout showed that administration of tomatine (2000 ppm) and dibenzo [a,l]pyrene (DBP) (224 ppm) reduced incidence of liver tumors the induce by DBP (Friedman et al., 2007).
Although tomatine exerts antitumor functions on hepatic tumor cells, the molecular and biological mechanisms are not well elucidated so far. Also, the tomatine in vivo antitumor activity has not yet been addressed in mammalian models. This study aims to 1) determine whether tomatine induces HCC cell death 2) elucidate the involved molecular pathways that may explain the antiproliferative activity and, 3) assess is inhibited whether HCC cell tumor growth in a xenograft animal model.
Using HepG2 cells as the HCC model, the results indicated that tomatine induced inhibition of cell proliferation and promoted apoptosis mainly via regulation of apoptotic mediators and p53 activation. These results were along with the increased intracellular reactive oxygen species (ROS) and cytosolic Ca+2. Also, tomatine reduced HepG2 tumor growth in a mice xenograft model, suggesting this agent’s potential use in anticancer therapies.
MATERIALS AND METHODS
Chemical and reagents
Tomatine (purity >98%; CAS: 17406-45-0) was purchased from Sigma Chemical Co. (St. Louis, MO, United States). Doxorubicin hydrochloride (CAS: 25316-40-9), ionomycin (CAS: 56092-81-0), resazurin (7-hydroxy-10-oxidophenoxazin-10-ium-3-one; CAS: 550-82-3) and 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA; CAS: 4091-99-0) were purchased from Sigma-Aldrich (Santiago, Chile). The Fluo-3AM (CAS: 121714-22-5) was obtained from Biovision (San Francisco, CA). All other reagents were of analytical grade and were purchased from Sigma (United States) and Merck (Germany).
Cell culture and treatments
The human hepatocellular carcinoma HepG2 cell line (American Type Culture Collection HB-8065) was cultured with Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco, NY, United States) and antibiotic-antimycotic mixture (Gibco, NY, United States) at 37°C in a humidified 5% CO2 incubator.
Cell viability assay
HepG2 viability was determined using the resazurin assay as previously described (Riss et al., 2017). Briefly, exponentially growing cells were seeded in 96 well plates in a density of 5 × 103 cells/well and incubated with 100 ml per well culture media overnight. Then, culture media was replaced with 100 ml fresh media containing tomatine treatments at indicated concentrations. After 24 h of treatment, 20 ml resazurin at a concentration of 0.15 mg/ml in PBS was added to each of the wells and then incubated at 37°C for an additional 4 h. Next, the absorbance signal was quickly measured at 570/600 nm (excitation/emission wavelengths).
Apoptosis assays
To determine the capacity of tomatine to induce cellular apoptosis, the activity of the key effector caspases 3 and 7 by a Caspase-Glo 3/7 assay (Promega Madison, WI, United States) was determined. Cells were seeded at a density of 2000 cells/well in 96-well white-walled plates. The next day, cells were treated with 5 µM of tomatine. Cleaved caspase 3/7 activity was assessed after 4 and 8 h. Caspase-Glo reagent was added into the wells, carefully mixed, and incubated in the dark for 90 min at room temperature. Absorbance and luminescence signals were measured using a microplate reader (Tecan infinite® M200 Pro, Männedorf, Switzerland). Each treatment was read in at least four replicates.
Furthermore, Apoptosis was evaluated through flow cytometry analysis by detecting extracellular membrane phosphatidylserine expression on early apoptotic cells using “Alexa Fluor 488 Annexin V/Dead Cell Apoptosis” Kit; the protocol was carried out as described by the manufacturer’s instructions (Invitrogen, Carlsbad, CA, United States). Cells were analyzed in a flow cytometer model BD FACS Canto II (BD Biosciences, United States), and 10,000 events were analyzed by sample.
Western blot
The western blot method used was previously described by our research group (Echeverría et al., 2015). For a detailed list of antibodies used, see Supplementary Table S1.
Fluorescence microscopy
The immunofluorescence assay was conducted as previously reported by our research group (Echeverría et al., 2015). The antibodies’ specific details are described in Supplementary Table S2. A microscopy EVOS® FLoid® cell (Life Technologies, Carls-bad, CA, United States) was used to record and analyze immune-stained cells.
Determination of intracellular reactive oxygen species
HepG2 cells with or without treatment were subjected to a DCFH-DA assay to determine the intracellular ROS levels. The generated intracellular DCF fluorescence was quantified using a fluorescence plate reader (Tecan infinite® M200pro). Intracellular ROS were expressed as relative fluorescence units (RFU).
Intracellular Ca2+ assays
Plated HepG2 cells were mounted in a perfusion chamber on the stage of an inverted microscope (Olympus IX-81, UPLFLN 40XO 40 x/1.3 oil-immersion objective), different tomatine concentrations (1-30 µM) were added with a continuous gravity-fed perfusion system. Fluorescence was collected using an sCMO-based imaging system (pco.edge 4.2) running µManager software (Edelstein et al., 2010). Cells were incubated with Fluo-4 (Molecular Probes, 1 μM) as described in (Moreno et al., 2015), and thoroughly washed with an external solution (mM): 100 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 90 sorbitol, 5 glucose, and 10 HEPES (pH 7.4 adjusted with Tris-Base). Fluo-4 loaded cells were excited at 480 nm, and the fluorescence emission at 510 nm was collected and recorded at 2 Hz. At the end of each experiment, ionomycin (1 µM) was added to determine the cell viability (not shown). Signals were recorded, and the background intensity was subtracted using equivalent regions of interest (ROI) outside the cell. Fluo-4 results are expressed as normalized fluorescence (F/F0).
Animals
Immunodeficient NSG (The Jackson Laboratory, Bar Harbor, ME, United States) mice received autoclaved chow and acidified water and ad libitum were bred and housed in individually ventilated cages (NexGenTM, Allentown) under specific pathogen-free conditions and 12:12 photoperiod (less than 325 lux conditions) in The In vivo Tumor Biology Research Facility of the Centro Oncológico at the Universidad Católica del Maule (UCM). Animal health was monitored at least three times per week until the experiment ended, following a UCM-approved specific tumor burden scoring system. All procedures were performed in Class II A2 Biological Safety Cabinet. All animal experiments were approved by the Institutional Animal Care and Use Committee of the UCM folio: 2018-03-C, date: 28 June 2018.
Tumor xenograft assays
5 × 106 HepG2 cells in 100 µL in PBS were injected subcutaneously into the dorsal flank of 5 weeks old NOD scid gamma (NSG) mice under isoflurane anesthesia. All mice were weighed weekly, and tumor growth was monitored by a digital caliper to determine the tumor volume using the formula: (length x width2)/2 (Carlsson et al., 1983). Once tumors reached 80-100 mm3, mice were randomly assigned to different experimental groups (n = 6) and treated by intraperitoneal injection (100 µL) as follows: 5 and 20 mg/kg tomatine, according to previous reports (Lee et al., 2013b; Fan et al., 2014; Ma et al., 2015), and vehicle solution (PBS) twice a week. Mice were monitored daily during the treatment, and weight and tumor volume were determined twice a week.
Statistical analysis
Statistical values were evaluated by one-way analysis of variance (ANOVA), followed by Dunnett’s multiple comparisons tests and were expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego, California, United States). p < 0.05 was considered statistically significant.
RESULTS
Tomatine induced hepatocarcinoma cells cytotoxicity and apoptosis
The treatment of HepG2 cells with increased tomatine concentrations provoked a dose-dependent inhibition of cell proliferation, as determined by the resazurin assay. Significant inhibition of cell viability was noticed at all tested concentrations after 24 h of tomatine treatment. An IC50 of around 3.6 ± 1.2 µM for tomatine treatment was obtained (Figure 1) compared to the IC50 value of 1.7 ± 1.2 µM of positive control Doxorubicin (DOX) (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Concentration-response curve of tomatine in HepG2 cells after 24 h incubation as determined with resazurin. Data shown are mean ± SEM of 3 independent experiments.
Resistance to apoptosis is one of the hallmarks exhibited by cancer cells, and one of the crucial objectives in cancer treatment is to overcome this resistance via the generation of new drugs to activate the cell death program and involved signaling (Kuno et al., 2012; Ramirez-Tagle et al., 2016). The treatment of HepG2 cells with different tomatine concentrations for 24 h significantly triggered apoptosis, reaching 25.1% at 30 µM of the compound, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) Tomatine-induced apoptosis in HepG2 cells as assayed by flow cytometry. HepG2 cells were treated with tomatine (1–30 μM) for 24 h. The cells were then harvested and stained with Annexin V and PI, and flow cytometric analysis was performed to analyze the apoptosis. (B) Summary of the apoptosis data in histogram form. *p < 0.05 vs. the untreated (UT) group.
Later, it was determined whether tomatine can activate caspases, key cysteine proteases family that regulates apoptosis (Green and Llambi, 2015; Nirmala and Lopus, 2019). Immunofluorescence analysis of cells treated with 5 µM of tomatine for 4 and 8 h increased caspase-3 along with inhibition of the antiapoptotic Bcl-2 protein expression (Figure 3A). Similarly, tomatine strongly induced caspases 3/7 activation (Figure 3B). The increase of caspase activation was also confirmed by western blot analysis revealing the induction, by 5 µM of tomatine treatment, of the procaspase-3 (35 kDa) proteolytic-dependent cleavage to the active caspase-3 (17 kDa) form (Figure 3C) and noticeable between 2 and 8 h of treatment.
[image: Figure 3]FIGURE 3 | Protein expression of caspase-3, Bcl-2, and activity of caspase 3/7 in HepG2 cells. Cells were treated with 5 μM of tomatine for 4 and 8 h, then immunofluorescence analysis, luminescence, and western blot were performed as described in materials and methods. (A) Cells were fixed and immunostained with anti-tubulin antibody (green), anti-caspase-3, or anti-Bcl-2 (red), and cell nuclei were counterstained with DAPI reagent (blue). Tubulin was used to control expression. The bar scale represents 20 μm. (B) Caspase Glo Assay results are expressed as a normalized activity from untreated (UT) control cells. (C) Western blot analysis of caspase 3. Data shown are mean ± SEM of 3 independent experiments.
Tomatine induced protein expression alterations of anti-apoptotic and pro-apoptotic pathways
The effect of tomatine on the expression of apoptosis-related proteins such as family-Bcl-2 proteins like Bcl-2 and Bax was evaluated. The Bcl-2, Bcl-XL, Cytochrome-c (Cyt-c), and Bax proteins are associated with antiapoptotic and pro-apoptotic functions. As shown in Figures 4A,B, tomatine treatment at 5 μM significantly decreased Bcl-2 expression in contrast to the levels of the control cells at 4 and 8 h; similarly, treatment with tomatine significantly decreased Bcl-XL expression after 8 h (Figures 4C,D). Conversely, Bax protein expression increased significantly at 2, 4, and 8 h after treatment with tomatine (Figures 4E,F). Densitometric analysis of tomatine revealed a significant increase of Bax/Bcl-2 and Bax/Bcl-xl ratio at 2-8 h (Figures 4G,H). Next, it was determined the role of apoptotic protease-activating factor 1 (Apaf-1), a key molecule for the activation of caspase-9 in the apoptosome. Apaf-1 protein expression, increased significantly at 1 and 2 h after treatment with tomatine (Figures 5A,B).
[image: Figure 4]FIGURE 4 | Western blot analysis for Bcl-2, Bcl-XL, and Bax proteins in HepG2 cells. (A–F) Cells were treated with tomatine (5 μM), and protein expression was analyzed. (A,C,and E) representative images from western blot experiments performed for the detection of proteins. (B,D,and F) Densitometric analyses of the experiments are shown in (A,C,and E) respectively. (G,H) the data were presented in the bar graphs as Bax/Bcl-2 and Bcl-XL ratio. Protein levels were normalized against tubulin and caspase-3. Data are expressed relative to the UT (untreated) condition. Statistical differences were assessed by a one-way ANOVA (Kruskal-Wallis) followed by Dunn’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. untreated (UT) group.
[image: Figure 5]FIGURE 5 | Western blot analysis for APAF-1, Cyt-C, and P53 proteins in HepG2 cells. (A–F) Cells were treated with Tomatine (5 μM), and protein expression was analyzed. (A,C, and E) representative images from western blot experiments performed for the detection of proteins. (B,D, and F) Densitometric analyses of the experiments are shown in (A,C, and E) respectively. Protein levels were normalized against tubulin, and caspase-3 and data are expressed relative to the untreated (UT) condition. Statistical differences were assessed by a one-way ANOVA (Kruskal-Wallis) followed by Dunn’s post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. UT group.
Subsequently, its was investigated whether tomatine promotes leakage of the mitochondrial intermembrane content such as Cyt-c. Western blot analysis showed that Cyt-c release significantly in HepG2 cells treated with 5 μM tomatine after increase 1 until 4 h (Figures 5C,D). Finally, to determine whether Bcl-2 and Bcl-XL downregulation depend on the p53 pathway, tomatine’s effect on the p53 activation was examined. Tomatine treatment led to a time-dependent induction of phosphorylated P53 (p-P53) (Figures 5E,F), with p-P53 protein being upregulated in tomatine-treated cells within 30 min until 2 h of treatment, while after 4 and 8 h of treatment no significant increase was observed. These results indicate that tomatine-induced apoptosis was mediated via a p53-dependent pathway, consistent with studies in other glycoalkaloids (Ding et al., 2013).
Tomatine treatment-induced intracellular ROS generation in HepG2 cells
ROS generation has been implicated as an early event in apoptosis. Then, it was determined whether tomatine induced ROS in HepG2 cells. In cells incubated with 1-30 μM of tomatine 4 h before fluorescence analysis (Figure 6), a rapid and significant generation of ROS was detected at 5 μM concentration of tomatine, reaching a maximum of 30 μM with a value 250% higher than that in control cells. Pre-incubation with NAC 5 mM prevented the increase of ROS in HepG2 cells. CuSO4 used as a positive control.
[image: Figure 6]FIGURE 6 | Effects of tomatine on HepG2 cells intracellular ROS generation. Cells were exposed to tomatine at 1-30 μM for 4 h and co-treated with NAC. CuSo4 is used as a positive control. Stained cells with DCFDA and analyzed by a fluorescence plate reader. Data are expressed as the mean ± SEM from three independent experiments, each performed in triplicate. A one-way ANOVA (Kruskal–Wallis) assessed statistical differences, followed by Dunn’s post hoc test. *p < 0.05; **p < 0.01; ****p < 0.001 vs. Untreated (UT) group. The bar scale represents 20 μm.
Tomatine-evoked intracellular Ca2+ rises in HepG2 cells
Figures 7A,B illustrate the intracellular calcium recorded in HepG2 cells treated with 5 or 30 µM of tomatine. As shown, even 5 µM of tomatine induces a transient intracellular calcium increase within the first 15 min; moreover, the maximal recorded fluorescent signal does not change much with increasing doses (Figure 7C). However, cells exposed to increasing doses of tomatine (Figure 7D) show a faster response lag time (defined as the time where the temporal derivative of the fluorescence exceeds 10% of its maximum value). These results suggest that in HepG2 cells, intracellular stores are the origin of the observed intracellular calcium increase as previously shown in neuroblastomas (da Silva et al., 2017).
[image: Figure 7]FIGURE 7 | Time courses for normalized fluorescence in HepG2 cells loaded with Fluo4 and treated with 5 µM (A) or 30 µM (B) tomatine. Grey lines correspond to [Ca2+]i changes in individual cells (40 cells, 6 independent experiments for 5 μM; 27 cells, 5 independent experiments for 30 µM). White circles correspond to the mean trace of [Ca2+] signals. Bar graphs show the summary of maximal normalized fluorescence (C) or response lag time (D) obtained from experiments as shown in (A) and (B) data are shown as mean ± sem. A one-way ANOVA (Kruskal–Wallis) assessed statistical differences, followed by Dunn’s post hoc test. *p < 0.05; **p < 0.01; ****p < 0.001 vs. Untreated (UT) group.
Tomatine attenuated HepG2 growth of cell xenograft tumors in mice
To examine the effect of tomatine on tumor growth in vivo, HepG2 cell subcutaneous tumors grown in mice were challenged. In these experiments, tumors were allowed to establish for 1 week before challenge 3 times per week for 3 weeks with tomatine (5 or 20 mg/kg/mouse) and vehicle solution. Figure 8A shows that 5 and 20 mg/kg tomatine were equally efficient at retarding the growth of HepG2 cell subcutaneous mouse tumors. Specifically, 3 weeks after the commencement of the drug challenge, the relative tumor volume in-vehicle control compared to mice treated with 5 and 20 mg/kg tomatine was about half compared to untreated animals (Figure 8B). Besides, tomatine treatment did not provoke changes in the body weight of mice (Figure 8C).
[image: Figure 8]FIGURE 8 | HepG2 tumor growth was inhibited by tomatine treatment in a xenograft mouse model. (A) Representative images of tumors from each group treatment in hepatoma xenograft tumor growth. (B) Tumor volumes of HepG2 xenografts during the 3-weeks treatment period for tomatine and saline control. *p < 0.05 for tomatine vs. saline control group (n = 6 each). (C) Representative body weight curve of mice bearing HepG2 xenografts during the 3-weeks treatment period with tomatine. Statistical differences were assessed by a one-way ANOVA (Kruskal–Wallis) followed by Dunn’s post hoc test. *p < 0.05 vs. untreated (UT) group.
DISCUSSION
Tomatine has demonstrated promising anticancer function on solid tumors (Lee et al., 2004; Ramirez-Tagle et al., 2016). Still, the underlying biological and molecular mechanisms have not been well elucidated yet. The results of this investigation indicated that it inhibited the viability of the HCC cancer cell line HepG2 in vitro in a dose-dependent fashion (Figure 1). In this sense, the results agree with had been reported in several other cancer cell lines (Friedman et al., 2009; Huang et al., 2015). The inhibition of cell proliferation was accompanied by apoptotic induction, partly due to caspase-3 activation, Bcl2 downregulation, and increased activation of the tumor suppressor protein p53. Specifically, P53 downregulates Bcl2 expression at the transcriptional level by interaction with its promoter in the regulatory binding sequence (Wu et al., 2001).
Besides the induction of cell cycle arrest, tomatine can also inhibit tumor cell proliferation via induction of apoptosis (Chao et al., 2012; Kim et al., 2015). ROS have a crucial role in induced apoptosis (Simon et al., 2000; Redza-Dutordoir and Averill-Bates, 2016). Increases in intracellular ROS promote the mitochondrial permeability transition pore (mPTP) opening, thus promoting transitory permeabilization of the mitochondrial inner membrane, mainly contributing to apoptosis activation. Indeed, the extrinsic and intrinsic apoptosis pathways load the mPTP (Kinnally et al., 2011). The treatment with tomatine for 4 h significantly increased intracellular ROS levels (Figure 6) consistently with the notion of ROS as an early response mechanism during apoptosis induction (Merad-Boudia et al., 1998; Ni et al., 2008).
Furthermore, the integrity of the outer mitochondrial membrane depends on the balance of the anti- and pro-apoptotic Bcl-2 family proteins expression (Raisova et al., 2001; Breckenridge and Xue, 2004). Tomatine downregulated the antiapoptotic Bcl-2 and Bcl-xl protein expression while upregulating Bax and Bad expression, both playing a role as pro-apoptotic factors. Therefore, tomatine disrupted the antiapoptotic-proapoptotic balance in favor of cell death. Indeed, Bax/Bcl-2 and Bax/Bcl-xl ratios were significantly increased after 4-8 h of tomatine treatment, which may enhance cells’ susceptibility to death signals and mitochondrial function in response to the treatment (Raisova et al., 2001). In addition, the activation of Bax due to tomatine treatment may indicate that apoptosis induction can be mediated by the endoplasmic reticulum (ER) stress pathway in HepG2 cells. Besides, one of the characteristics of many antitumoral agents is their capacity to increase ROS levels causing an oxidative stress activation of apoptosis (Lau et al., 2008). Drugs that induce oxidative stress result in lipid peroxidation and antioxidant defenses reduction, such as reduced glutathione levels, superoxide dismutase, catalase, and thioredoxin expressions, which highly contribute to the apoptosis induction program (Yang et al., 2008). Moreover, for the expression of cell death programs in mammalian cells, the mitochondrial-dependent apoptotic pathway is critical in chemotherapy to kill cancer cells (Polčic and Mentel, 2020). In this sense, a Bax/Bcl-2 ratio increase is critical in the apoptosis process because it stimulates the release of cytochrome c (Cyt-c) from mitochondria into the cytosol (Kirkin et al., 2004). Cyt-c interacts with Apaf-1 to form the apoptosome–deoxyadenosine triphosphate-dependent complex, and the apoptosis program is initiated with the activation of caspase-3 and caspase-9 (Zhang, 2019). Consistently, on HepG2 cells, tomatine provoked a dysregulation of Bax/Bcl-2 ratio, increased Cyt-c cytoplasmic release and apaf-1 expression alongside caspase-3 and caspase-7 activation.
P53 plays a key role in ROS-promoted DNA damage response and apoptosis induction (Maillet and Pervaiz, 2012). Hence, in HepG2 cells, tomatine promoted p53 activation and Bcl-2 reduction with subsequent activation of mitochondrial downstream molecular pathways such as caspase-7 and caspase-3 activation. These results agree with previous investigations demonstrating that ROS may induce DNA damage along with p53 activation in tumoral development (Maillet and Pervaiz, 2012; Budanov, 2014; Li et al., 2020).
Calcium signaling is involved in various cellular functions, including cell proliferation and apoptotic cell death (Berridge et al., 2003). Furthermore, the disruption of intracellular calcium homeostasis can induce ER stress and, consequently, cellular apoptosis (Wang et al., 2013; Monteith et al., 2017). Our results show that tomatine induces a transient increase of intracellular calcium within 15 min. Increasing doses of tomatine reduce the response time instead of augmenting the amount of calcium change, suggesting that internal calcium stores are involved in the mechanism of action tomatine. This observation agrees with previous reports that show, in SH-SY5Y cells, that this alkaloid induces an increase in the basal level of calcium after 1 h of incubation, probably because of ER stress (da Silva et al., 2017), the kinetics of calcium increase also suggests that the increase of calcium could be one of the first steps in the observed tomatine-induced apoptosis insert paragraph. Other glycoalkaloids have been studied for their ability to induce apoptosis; a group of them are present in Solanum melongena L. fruit peels have promising anticancer activity against HCC (Maha M Salama, 2013), but there is no evidence on the mechanism by which tomatine induces apoptosis in HCC. ROS and calcium together can initiate apoptosis signals in various cell types and are crucial candidates to initiate apoptosis in HCC by tomatine treatment (Wang et al., 2003; Maha M Salama, 2013).
Besides, tomatine also demonstrated in vivo inhibitory capacity of tumor HepG2 cell growth. The IP injection of 5 and 20 mg/kg body weight of tomatine significantly reduced tumor sizes. The concentrations of the antitumor compound seem not toxic as no major-organs abnormalities and non-loss of the animals’ body weight were produced (Figure 8). Thus, the results suggest that tomatine can be safely used in tumor animal models at the experimental conditions used in this study and consistently with the agent’s concentrations used in previous investigations (Chao et al., 2012; Lee et al., 2013b; Kim et al., 2015). Therefore, tomatine demonstrated its potential use as a chemopreventive and chemotherapeutic agent for future clinical strategies in cancer patients.
Interestingly, the tomatine’s antiproliferative and promoting cell death activities can be explained by its capacity to downregulate several intracellular signals associated with these events. Tomatine inhibits ERK, PI3K/AKT, and NF-κB pathways that can be implicated in inhibiting HepG2 cell proliferation, apoptotic induction, and in vivo tumor growth (Shih et al., 2009; Lee et al., 2013b; Bailly, 2021). Moreover, recently the epidermal growth factor receptor (EGFR) has been indicated as a direct tomatine molecular target acting as receptor tyrosine kinase inhibitor by a molecular docking into ATP binding sites of EGFR. In this sense, HepG2 cells express EGFR and depend on the EGF/EGFR signal transduction for proliferation and metastatic capabilities (Huang et al., 2014; Chen et al., 2021). Nevertheless, further experimental analyses are necessary to determine the potential contribution of EGFR inhibition in the capacity of tomatine to inhibit in vitro and in vivo tumoral functions of HepG2 cells.
Tomatine inhibits cancer cell proliferation and in vivo tumor growth of cancer cells, such as prostate (Lee et al., 2013a), solid Ehrlich tumor (Tomsik et al., 2013), and HepG2 (this study), and in several cancer cell lines in vitro as well (Xiuwei et al., 2007; Choi et al., 2012; Shi et al., 2013; Del Giudice et al., 2015; Huang et al., 2015; Kim et al., 2015; Rudolf and Rudolf, 2016). This study may have limitations because it was conducted with only one cell line. Nevertheless, we expect to confirm our results with other HCC and non-tumorigenic hepatic cell lines in further experiments, which may increase the impact of our findings.
Despite the mentioned limitation, this study contributes to a better understanding of the molecular and biological mechanisms of tomatine implicated in its antitumoral functions. Next, we propose a simplified model indicating the involved mechanisms in tomatine inhibition of HCC (Figure 9).
[image: Figure 9]FIGURE 9 | Proposed model for tomatine-mediated apoptosis in human hepatoma cells.
On the safe use in humans, several studies have shown that tomatine is not toxic when consumed orally in moderate amounts (Friedman et al., 2007). For example, Peruvians consume a tomato variant very rich in tomatine (0.5–5 mg/g dry weight) without presenting visible signs of toxicity (Rick et al., 1994). In mice, LD50 values of 1000, 500, 25–33.5 and 18 mg/kg body weight have been reported for α-tomatine by subcutaneous, oral, intraperitoneal and intravenous routes, respectively (Wilson et al., 1961; Friedman, 2002). All these data contribute to the evidence for the safe therapeutic use of tomatine in humans.
CONCLUSION
In conclusion, tomatine potently inhibited the HCC HepG2 cell line viability by inducing cellular apoptosis, which involved the increased intracellular ROS and calcium, p53 activation along with Bcl-2 downregulation, and mitochondrial-dependent caspase cascade activation. Also, this glycoalkaloid agent inhibited in vivo HepG2 tumor growth in a SCID mouse xenograft model. Together, the current investigation results indicate that tomatine is an excellent therapeutic candidate for treating human HCC.
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