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Both crizotinib and sunitinib, novel orally-active multikinase inhibitors, exhibit antitumor activity and extend the survival of patients with a malignant tumor. However, some patients may suffer liver injury that can further limit the clinical use of these drugs, however the mechanisms underlying hepatotoxicity are still to be elucidated. Thus, our study was designed to use HepG2 cells in vitro and the ICR mice model in vivo to investigate the mechanisms of hepatotoxicity induced by crizotinib and sunitinib. Male ICR mice were treated orally with crizotinib (70 mg/kg/day) or sunitinib (7.5 mg/kg/day) for four weeks. The results demonstrated that crizotinib and sunitinib caused cytotoxicity in HepG2 cells and chronic liver injury in mice, which were associated with oxidative stress, apoptosis and/or necrosis. Crizotinib- and sunitinib-induced oxidative stress was accompanied by increasing reactive oxygen species and malondialdehyde levels and decreasing the activity of superoxide dismutase and glutathione peroxidase. Notably, the activation of the Kelch-like ECH-associated protein-1/Nuclear factor erythroid-2 related factor 2 signaling pathway was involved in the process of oxidative stress, and partially protected against oxidative stress. Crizotinib and sunitinib induced apoptosis via the mitochondrial pathway, which was characterized by decreasing Bcl2/Bax ratio to dissipate the mitochondrial membrane potential, and increasing apoptotic markers levels. Moreover, the pan-caspase inhibitor Z-VAD-FMK improved the cell viability and alleviated liver damage, which further indicated the presence of apoptosis. Taken together, this study demonstrated that crizotinib- and sunitinib-caused oxidative stress and apoptosis finally impaired hepatic function, which was strongly supported by the histopathological lesions and markedly increased levels of serum alanine aminotransferase, alkaline phosphatase and lactate dehydrogenase.
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Introduction

Crizotinib, an oral inhibitor of anaplastic lymphoma kinase, MET proto-oncogene, and c-ros oncogene 1 tyrosine kinases, was approved by the U.S. Food and Drug Administration (FDA) in 2011 for non-small cell lung cancer (1). Although crizotinib has been documented to improve survival in cancer patients, it can cause severe adverse effects, including pulmonary toxicity (2), acute and fulminant hepatitis (3). In clinical trials, the frequency of elevated serum transaminases in patients treated with crizotinib was 10-38% for all grades, 16% for grade 3 to grade 4 and nearly 0.1% for fatal hepatotoxicity (4). Recently, two clinical cases reported that patients treated with crizotinib presented with fatal liver failure despite the discontinuation of crizotinib and intensive supportive therapy (5, 6).

As another oral multitargeted inhibitor of platelet-derived growth factor receptors, vascular endothelial growth factor receptor and c-Kit tyrosine kinases, sunitinib was approved by FDA in 2006 for patients with metastatic renal-cell carcinoma, imatinib-resistant gastrointestinal stromal tumors and pancreatic neuroendocrine tumors (7). Nevertheless, sunitinib showed some potentially severe adverse reactions including cardiac dysfunction and potentially life-threatening hepatotoxicity (8, 9). Sunitinib-induced liver failure has been reported in many clinical cases (10). In clinical trials, 2-5% of patients treated with sunitinib developed grade 3 and grade 4 elevated aminotransferase (11) and hepatic failure happened in 0.3% of patients (12). The US FDA requested a black box warning of hepatotoxicity for the use of sunitinib pending warnings of fatal liver damage reports in 2010 (4). Hepatotoxicity has limited the clinical application of crizotinib and sunitinib. Therefore, there is an urgent need to further explore the molecular mechanisms and pathways associated with crizotinib- and sunitinib-induced hepatotoxicity for clinical medication guidance and hepatotoxicity avoidance. Recently, researchers have reported that crizotinib did not significantly affect mitochondrial function in isolated rat liver mitochondria (13) and HepG2 cells (14) at concentrations of 20- to 100-fold peak blood levels. However, some in vitro studies suggested that crizotinib induced ATP depletion, caspase activation in primary rat and human hepatocytes (15), and reactive oxygen species (ROS) generation in HL7702 cells (16). Similarly, Zhang and his colleagues reported that sunitinib showed no effects on intact mitochondria or submitochondrial particles even at the highest concentrations tested in isolated rat liver mitochondria (13). Nevertheless, recent research showed that sunitinib generated toxic metabolites causing mitochondrial toxicity in mice (17, 18), and apoptosis was induced in HepG2 cells and HepaRG cells (19). The results of the previous studies appear to be incompatible or contradictory in different cell lines and animal models. Thus, it is important to investigate whether oxidative damage and mitochondrial-related apoptosis are involved in crizotinib- and sunitinib-induced hepatotoxicity. Therefore, the present study was conducted using HepG2 cells as an in vitro model and ICR mice as an in vivo model to explore potential mechanisms associated with crizotinib- and sunitinib-induced hepatotoxicity. Our results confirmed that crizotinib and sunitinib treatment induced liver toxicity, which manifested in terms of elevated liver enzymes, elevated oxidative stress, and mitochondrial dysfunction, which subsequently lead to hepatocyte apoptosis. Importantly, we were the first to find that the Kelch-like ECH-associated protein-1 (Keap1)/Nuclear factor erythroid-2 related factor 2 (Nrf2) signaling pathway was involved in the process of crizotinib- and sunitinib induced oxidative stress. Our findings indicate that the activation of the Keap-Nrf2 pathway may participate in the elimination of ROS to alleviate oxidative injury.



Materials And Methods


Drugs and Reagents

Crizotinib (purity≥98%) and sunitinib (purity≥99%) were obtained from Huateng pharmaceuticals-company (Hunan, China). DMEM medium and phosphate-buffered saline (PBS) were obtained from Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS) was obtained from Biological Industries (Israel). Dimethyl sulfoxide (DMSO) and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Trypsin, penicillin, and streptomycin were obtained from Hyclone (Logan, USA). The primary antibodies used were anti-Nrf2 (sc-722, Santa Cruz), anti-Keap1 (af5266, Affinity), anti-cleaved caspase3 (af7022, Affinity), anti-Bcl2 (ab692, Abcam), anti-Bax (ab32503, Abcam), anti-Histone H3 (af0863, Affinity), and anti-β-actin (ac006, ABclonal).



HepG2 Cell Culture

HepG2 cells were cultured in DMEM medium supplemented with 10% FBS and 1% streptomycin and penicillin. The cells were maintained in a water-jacket CO2 incubator at 37°C with 5% CO2. In all experiments, the cells were inoculated with an appropriate density according to the experimental design and cultured for 24 h before the treatment.



Animal Treatment and Drug Administration

ICR male mice (body weight of 18-22 g) were purchased from Hunan Slack Jingda Experimental Animal Co., Ltd. (Hunan, China). The mice were acclimatized for one week and were maintained under a standard conditioned environment. Water and normal chow were given ad libitum. Animal care was following institutional guidelines. The study was approved by the Institutional Animal Care and Use Committee of Central South University (Hunan, China). The mice were randomly divided into vehicle-treated group (control, n=8), crizotinib-treated group (n=8, 35 mg/kg, twice daily) and sunitinib-treated group (n=8, 7.5 mg/kg/day, once daily). The mice received either 0.5% (w/v) carboxymethyl cellulose sodium once daily, crizotinib twice daily or sunitinib once daily via intragastric administration for 4 weeks consecutively. After 24 h of the last treatment, the animals were euthanized, blood samples were collected and livers were surgically excised and collected in 10% phosphate-buffered formalin for further determination.



Cytotoxicity Assay

HepG2 cells were seeded (5×103 cells/well) in 96-well plates, with 200 μL media per well. Cells were exposed to different concentrations of crizotinib (0, 5, 10, 15, 20, 30, 40 μM) or sunitinib (0, 3.2, 6.6, 13.1, 19.6, 26.1, 39.2, 52.2 μM) for 12, 24, and 48 h. Cells were incubated with fresh MTT solution (100 μL/well; stock 5 mg/mL in PBS) for 3-4 h. After the crystal dissolved, the plates were read on an automated microplate spectrophotometer (Thermo Multiskan Spectrum, Thermo Electron Corporation, USA) and absorbance at 570 nm was measured.



Hepatotoxicity Assessments

After crizotinib and sunitinib treatment of HepG2 cells, the supernatant was collected and the biochemical parameters alanine aminotransferase (ALT), aspartic acid transferase (AST), alkaline phosphatase (ALP) and lactate dehydrogenase (LDH) were measured by the full-automatic clinical analyzer in the laboratory of the second Xiangya hospital (7600, HITACHI Ltd., Tokyo, Japan).

Liver samples of the mice were fixed in 10% phosphate-buffered formalin and embedded in paraffin. In brief, the liver tissue was embedded in paraffin, then deparaffinized with xylene, stained with hematoxylin and eosin, then dehydrated and sealed, and finally evaluated for damage under light microscopy.



Apoptosis Determined by Annexin V-FITC and TUNEL Assay

Apoptosis was detected through flow cytometry using FITC Annexin V Apoptosis Detection Kit (Bestbio, Shanghai, China). Drug-treated cells (culture in the incubator for 24 h) were digested by trypsin without EDTA, centrifuged, and resuspended with PBS for 3 times strictly. The fluorescence maker was added and cells were incubated in a dark place at 2-8°C for 15 min, followed by sample loading and detection through flow cytometry. All samples were analyzed within 1 h to ensure the effect.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was conducted with the TUNEL kit according to the manufacturer’s instructions. In brief, the liver tissue was embedded in paraffin, then deparaffinized with xylene, stained with TUNEL reaction mixture, then stained by DAPI staining and anti-fluorescence quenching were performed. Finally, the obtained slices were observed and photographed at a suitable high magnification, with the apoptotic cells appearing green and the nuclei appearing in blue.



Accumulation of ROS

The level of ROS was determined using the fluorescent probe DCFH-DA (Beyotime Biotechnology, Shanghai, China). HepG2 cells (3.5×105 cells/well) were treated with different concentrations of crizotinib (0, 8, 15, 20 μM) or sunitinib (0, 5, 9, 14 μM) for 24 h. After DCFH-DA was added at a final concentration of 10.0 μM to the culture medium, the hepatocytes in 24-wells were incubated at 37°C for an additional 20-30 min, and then washed with PBS, and measured immediately by fluorescence microscope (Thermo Electron Corporation, USA). Increased green fluorescence intensity was used to quantify intracellular ROS production.



Measurement of Glutathione Peroxidase (GPx), Superoxide Dismutase (SOD) and Malondialdehyde (MDA)

The extent of oxidative stress was estimated in liver homogenates by measuring activities of GPx, SOD and MDA using commercial kits (Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions. GPx is an important selenoprotein that reduces hydroperoxides as well as hydrogen peroxide (H2O2) while oxidizing glutathione, which can protect the structure and function of the cell membrane (20, 21). Briefly, GPx can promote the reaction of H2O2 with reduced glutathione (GSH) to produce H2O and glutathione oxidized. The activity of GPx was measured by spectrophotometer assay at 412 nm from the oxidation of GSH in the presence of H2O2 used as substrate.

The activity of SOD was determined by the xanthine oxidase (hydroxylamine) method. This redox produced superoxide which oxidizes hydroxylamine to nitrite by reacting with the reagent producing a purple-red dye. The absorbance of the color which was inversely proportional to the SOD activity was determined by a spectrophotometer at 550 nm (22).

The production of MDA was assessed with the thiobarbituric acid reactive substances method (TBA). TBA was added to each sample tube and vortexed. The reaction mixture was incubated at 95°C for 60 min. After cooling, the pink pigment was read spectrophotometrically at 532 nm (22).



Mitochondrial Membrane Potential (MMP)

Mitochondrial membrane potential assay kit with JC-1 (Beyotime Biotechnology, Shanghai, China) is a fast and sensitive assay kit that uses JC-1 as a cationic dye to detect membrane potential changes in cells, tissues or purified mitochondria, which can be used for early detection of apoptosis. After the liver tissue was digested, cell precipitation was collected, then fluorescence probe was loaded and cells were incubated at 37°C for 20 min, mixed well every 3-5 min, and washed with dyeing buffer (1×) at 4°C and centrifuged three times, finally detected by flow cytometry.



Western Blotting

The HepG2 cell and animal liver protein samples were extracted with enhanced RIPA lysate (Boster, Hubei, China), the cytoplasmic and nuclear proteins were prepared with the subcellular structure cell nucleus and cytoplasmic protein extraction kit (Boster, Hubei, China) according to the manufacturer’s instruction. The protein concentration of whole-cell lysates was determined using the BCA method (Boster, Hubei, China). Protein lysates (15-30 μg) were loaded on 8-12% SDS-PAGE gels, separated electrophoretically and transferred to the PVDF membrane. Subsequently, the membranes were incubated in a blocking solution at room temperature for 1 h. After blocking, membranes were separately incubated at 4°C on a rocker with primary antibodies specific to the protein of interest; these were rabbit anti-Keap1 antibody (1:1000), anti-cleaved caspase3 antibody (1:1000), anti-Bax antibody (1:5000), anti-Histone H3 antibody (1:1000), anti-β-actin antibody (1:500-1:2000), mouse anti-Nrf2 antibody (1:800), and anti-Bcl2 antibody (1:500). Subsequently, the membranes were incubated with a suitable HRP-conjugated secondary antibody (Proteintech, USA) for 1h, and then signal detection was conducted with an ECL kit (Boster, Hubei, China) according to the manufacturer’s protocol.



Statistical Analysis

The data were presented as the means ± standard derivation (SD). The significance of differences between groups was determined with the one-way analysis of variance (ANOVA) and SPSS 20.0 software (SPSS Inc., Chicago, IL, USA), and comparison between two groups was done with an independent sample t-test. Figures were drawn with GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA).




Results


Crizotinib and Sunitinib Induced Hepatotoxicity

The results showed that HepG2 cell viability was reduced in a concentration- and time-dependence manner (Figures 1A, B). When cells were treated for 24 h, crizotinib 15 μM and sunitinib 9 μM were used in subsequent experiments. The levels of ALT, AST, and LDH are sensitive markers of hepatocyte damage. Figure 1C showed that ALT and AST levels increased significantly in the supernatant from treated HepG2 cells at a concentration of 15μM and 20 μM, but LDH levels were not significantly altered in the crizotinib treatment compared to vehicle. According to Figure 1D, sunitinib treatment significantly elevated the levels of ALT, AST, and LDH compared to vehicle.




Figure 1 | The hepatotoxicity of crizotinib and sunitinib in vitro. (A, B) Cytotoxicity of crizotinib or sunitinib alone at the various concentration for 12, 24 and 48 h in HepG2 cells (n=5-6). (C, D) ALT, AST and LDH levels in the supernatant following HepG2 cell treatment with crizotinib or sunitinib at different concentrations for 24 h (n = 3). *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control). ALT, alanine aminotransferase; AST, aspartic acid transferase; LDH, lactate dehydrogenase.



Serum levels of the hepatic enzymes ALT and ALP were significantly elevated in crizotinib-treated group, while the levels of ALT and LDH were significantly elevated in animals treated with sunitinib compared to the control group (Figure 2A). Also, histopathological analysis of liver sections from the crizotinib group (Figure 2B-b) showed small pockets of inflammatory cells infiltrate around the hepatic lobules and the central veins, compared with those of the control group (Figure 2B-a). More hepatocyte edema, cytoplasm loose light dye, and a small amount of hepatocyte edema to balloon-like degeneration, cell swelling, cytoplasmic cavitation (Figure 2B-c), and a small amount of focal lymphocyte infiltration (Figure 2B-d) were seen in the sunitinib group, but not in the control group. These findings support drug-induced liver injury for animals treated with crizotinib and sunitinib in vivo.




Figure 2 | The hepatotoxicity of crizotinib and sunitinib in vivo. (A) Blood levels of different liver enzymes in male ICR mice after the administration of crizotinib or sunitinib treatment (n = 8). (B) Histopathological analysis of liver micro-tissues from animals in the different experimental groups. Representative images from: (a) control group; (b) crizotinib-treated animals, 70 mg/kg/day; (c, d) sunitinib-treated animals, 7.5 mg/kg/day. Magnification of photomicrographs at 20x. **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control). ALT, alanine aminotransferase; AST, aspartic acid transferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase.





Hepatotoxicity Induced by Crizotinib and Sunitinib Is Mediated by Cell Apoptosis and Necrosis

As shown in Figure 3A, an upward tendency pattern was apparent, when the HepG2 cells were treated with different concentrations of crizotinib (0, 8, 15, 20, 25 μM) for 24 h, which supported the hypothesis that crizotinib induced hepatocyte apoptosis and/or necrotic. Subsequently, a time-dependent increase was observed, and HepG2 cells treated for 24 h and 48 h with crizotinib showed greater apoptosis and/or necrosis (Figure 3C). The percentage of cells undergoing apoptosis and/or necrosis in crizotinib-treated hepatocytes increased dramatically compared with non-treated cells (Figures 3B, D). Activation of caspase 3 is the most critical apoptotic executive event in apoptosis. Sunitinib was associated with a significant concentration-dependent increase in cleaved caspase 3 starting at 9 μM (Figure 3E). Moreover, Z-VAD-FMK, an irreversible pan-caspase inhibitor, was applied to block apoptosis. The results showed that Z-VAD-FMK increased cell viability and relieved drug-induced toxicity to HepG2 cells, as shown in Figures 3F, G.




Figure 3 | Crizotinib and sunitinib induced apoptosis in HepG2 cells. Following treatment of cells with increasing doses of crizotinib for 24 h (A) and increasing administration time of crizotinib 15 µM (C), cell apoptosis was measured by Annexin V−FITC/PI double staining assay. In the flow cytometry plot, live, early apoptotic, late apoptotic and necrotic cells were shown in the lower left, lower right, upper right and upper left quadrants, respectively. (B) Quantification of experiments shown in (A). (D) Quantification of experiments shown in (C). (E) Western blot analysis for the level of cleaved caspase 3 after sunitinib exposure for 24 h (n=3). (F) The cell survival rate for HepG2 cells after treatment with crizotinib or sunitinib with or without Z-VAD-FMK. Cell viability was measured by the MTT assay, and (G) The levels of ALT, AST, and LDH in the supernatant of HepG2 cells treated with crizotinib or sunitinib with or without Z-VAD-FMK (n=3). In these experiments, cells were pretreated with Z-VAD-FMK 50 μM for 24 h before crizotinib (15 μM) or sunitinib (9 μM) treatment. *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control). ##P < 0.01 ###P < 0.001 (the crizotinib or sunitinib alone vs. the crizotinib or sunitinib pretreated with Z-VAD-FMK). ALT, alanine aminotransferase; AST, aspartic acid transferase; LDH, lactate dehydrogenase.



As shown in Figures 4A, B, the number of TUNEL-positive cells in the liver tissue of ICR mice increased significantly after crizotinib and sunitinib treatment. When crizotinib and sunitinib were applied to mice, the expression of cleaved caspase 3 was increased significantly, which was consistent with the results of TUNEL assay (Figures 4C, D). These results further revealed that apoptosis and/or necrosis contributed to crizotinib- and sunitinib-induced hepatocyte death.




Figure 4 | Crizotinib and sunitinib induced apoptosis in vivo. (A) The ICR mice hepatocyte apoptosis in liver tissue (TUNEL, 20×). The blue fluorescence indicates nuclei, and the green fluorescence indicates apoptotic cells. (B) TUNEL-positive cells were quantified. (C, D) The protein expression of cleaved caspase 3 in ICR mice treated with vehicle, crizotinib, or sunitinib treatment (n = 6). *P < 0.05 or **P < 0.01 (the crizotinib or sunitinib alone vs. control).





Crizotinib and Sunitinib Induced Oxidative Stress

As shown in Figures 5A, B, treatment with crizotinib or sunitinib (24 h) increased the production of ROS in a concentration-dependent manner compared with control cells. As shown in Figure 6, a significant reduction in the activity of GPx was found in both crizotinib- and sunitinib-treated animals compared to the control group. However, accumulation of MDA and a decrease of the activity of SOD were significantly observed in the sunitinib but not crizotinib treatment group. Accordingly, The function of the endogenous antioxidant defense system is impaired as demonstrated by a decrease of SOD activity and an increase of MDA which cannot remove ROS effectively leading to the accumulation of ROS in the liver tissues of mice. Subsequently, we investigated the changes in the Keap1/Nrf2 pathway which played an important role in oxidative stress. When HepG2 cells were exposed to crizotinib or sunitinib for 24 h, the protein expression of total Keap1 was down-regulated while nuclear Nrf2 was up-regulated (Figures 7A, B). Similar to in vitro findings, crizotinib- and sunitinib-treated animal groups showed down-regulation and up-regulation for the expression of Keap1and nuclear Nrf2, respectively (Figures 7C, D).




Figure 5 | (A, B) Crizotinib and sunitinib increased ROS levels in HepG2 cells (n = 3). The intracellular ROS levels were measured using DCFH-DA. The microscopic images of the intensity of DCH fluorescence of respective experimental group (magnification ×200).






Figure 6 | The activity assay of hepatic GPx, SOD and MDA in mice treated with crizotinib or sunitinib (n = 6-8). *P < 0.05 and **P < 0.01 (the crizotinib or sunitinib alone vs. control). GPx, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde.






Figure 7 | Involvement of the Nrf2 pathway in crizotinib- or sunitinib-mediated hepatotoxicity in vitro and in vivo. (A, B) The protein expression of Keap1 and nuclear Nrf2 in HepG2 cells (n = 3). (C, D) The hepatic Keap1 and nuclear Nrf2 protein levels in mice treated with crizotinib or sunitinib alone (n = 6). β-actin: loading control of total protein; Histone H3: nuclear loading control. *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control). Keap1, Kelch-like ECH-associated protein-1; Nrf2, Nuclear factor erythroid-2 related factor 2.





The Mitochondrial Dysfunction Was Involved in Crizotinib- and Sunitinib-Induced Hepatotoxicity

Mitochondria are a crucial component of the intrinsic pathway of apoptosis, a major mechanism of drug-induced cytotoxicity. MMP is an important indicator of mitochondrial function. In Figure 8, red fluorescence represents JC-1 aggregates in the normal mitochondria whereas green fluorescence represents JC-1 monomer indicating MMP dissipation. When the ratio of red-to-green fluorescence intensity decreases, it indicates a loss of MMP that is widely probed by JC-1 staining. In vivo, flow cytometry results showed that the ratio of JC-1 aggregates/JC-1-monomer was reduced in the crizotinib- and sunitinib-treated groups, indicating the impairments of MMP (Figures 8A, B). Also, crizotinib and sunitinib altered the balance between the anti-apoptotic protein Bcl2 and the pro-apoptotic protein Bax on the mitochondrial membrane (Figures 9A, B). In vivo, compared with the untreated group, crizotinib and sunitinib induced a concentration-dependent decrease in the Bcl2/Bax ratio (Figures 9C, D).




Figure 8 | Crizotinib and sunitinib disrupt MMP in liver tissue. (A) Treatment with crizotinib or sunitinib decreased MMP in animals treated for 4 weeks compared to the control group as measured by flow cytometry and JC-1 staining. Red fluorescence represents JC-1 aggregates in the normal mitochondria whereas green fluorescence represents JC-1 monomer indicating MMP dissipation. (B) Quantification of high- and low-MMP cells in liver tissue (n = 8). *P < 0.05 (the crizotinib or sunitinib alone vs. control). MMP, mitochondrial membrane potential.






Figure 9 | Crizotinib or sunitinib treatment altered the levels of Bcl2 and Bax in HepG2 cells and in liver tissue. (A, B) Protein levels of Bcl2 and Bax in HepG2 cells treated with crizotinib or sunitinib for 24 h (n = 3). (C, D) Protein level of Bcl2 and Bax in liver tissue in mice treated with crizotinib or sunitinib for 4 weeks (n = 6). *P < 0.05, **P < 0.01 or ***P < 0.001 (the crizotinib or sunitinib alone vs. control).






Discussion

Small molecule kinase inhibitors, such as tyrosine kinases inhibitors (TKIs), which are designed to inhibit the action of mutated or over-expressed tyrosine kinases in cancer cells, have improved the management of cancers and significantly extended survival in cancer patients compared with traditional chemotherapy agents (23). However, unexpected toxic reaction of hepatotoxicity has been reported for several TKIs, including imatinib, gefitinib, sunitinib, crizotinib, lapatinib, pazopanib, ponatinib, and regorafenib (11, 24, 25). As of October 2019, the FDA has approved 53 small molecule kinase inhibitors, seven (sunitinib, lapatinib, pazopanib, regorafenib, ponatinib, idelalisib, pexidartinib) of which had a black box warning of liver toxicity, and twenty-nine of which had warnings and precautions for hepatotoxicity in their product labeling (26). Many case reports demonstrated that crizotinib and sunitinib induced hepatotoxicity, even acute liver failure (ALF) (27–29). However, dose adjustment or drug discontinuation are the common strategies to reduce or manage hepatotoxicity induced by crizotinib or sunitinib. Also, alternative agents such as alectinib though belongs to the same drug class, could be a choice in cases of crizotinib-induced liver toxicity, however more evidence is awaited (28). Thus, monitoring of liver function is recommended for patients using crizotinib or sunitinib, especially in patients with liver impairment or those using antisecretory drugs (30). Furthermore, applying the above-described measures may contribute to treatment failure and tumor progression in some cases. A limited number of systematic studies described the molecular mechanism(s) associated with crizotinib- and sunitinib-induced hepatotoxicity. Therefore, it is necessary to elucidate the molecular mechanisms and pathways associated with crizotinib- and sunitinib-induced liver toxicity.

In this study, we established an animal model that mimicked the clinical dose and duration of administration of crizotinib and sunitinib to investigate their hepatotoxicity. In addition, HepG2 cells are a well-characterized human cell system suitable for investigating mitochondrial drug toxicity (31, 32). Findings from our study demonstrated that crizotinib and sunitinib treatment reduced viability of HepG2 cells and induced liver toxicity in animal model. A study indicated that the pattern of liver injury in patients receiving TKIs is typically hepatocellular (29), so we investigated the main way of hepatocyte death caused by crizotinib and sunitinib. Apoptosis and necrosis are the two major forms of cell death, which are relevant to drug-induced liver injury (33, 34). In our study, the flow cytometry results demonstrated that the percentage of HepG2 cells undergoing apoptosis or necrosis is increased in crizotinib-treated cells when compared with the untreated hepatocytes, consistent with previously published reports (14, 15, 35). Although sunitinib cannot be treated with fluorescent dyes to investigate apoptosis because of autofluorescence, Western blotting demonstrated that the level of cleaved caspase 3 increased in HepG2 cells and liver tissue after both crizotinib and sunitinib treatment. Meanwhile, the results of crizotinib- and sunitinib-mediated apoptosis were also confirmed by TUNEL assay in vivo. In addition, Z-VAD-FMK, the caspase inhibitor, effectively protected from drug-induced liver cell death and reduced the release hepatic enzymes ALT, AST, and LDH caused by crizotinib and sunitinib.

Mitochondria play an important role in oxidative stress and the intrinsic apoptotic pathway (36). Bcl2 and Bax proteins are important regulators factors of MMP. Bcl2/Bax ratio can control the release of cytochrome C from mitochondria and the activation of downstream caspase 3 to promote cell survival or apoptosis (37, 38). Previous studies indicated that crizotinib dissipated MMP starting at high concentrations (starting at 50 μM) and inhibited glycolysis only weakly when applied to HepG2 cells (14), and MMP was not affected in rat liver mitochondria (13). Notably, we found that crizotinib could dissipate the MMP by decreasing the expression of Bcl2/Bax in the liver tissue. In addition, an in vitro study reported that sunitinib has mitochondrial toxicity, which reduced the MMP starting at 1 μM in HepG2 cells and after exposure for 15 min at 10 μM in isolated mouse liver mitochondria (19). However, there were other reports that sunitinib did not disrupt the MMP of rat heart mitochondria (39), mouse liver mitochondria (40), and isolated rat liver mitochondria (13). In our study, after sunitinib treatment, the MMP of liver tissue dissipated significantly and the expression of Bcl2/Bax decreased significantly. The different findings can be explained by differences in the experimental models and settings applied according to Peach et al. (17). Taken together, our findings demonstrate regulatory roles for Bcl2 and Bax in altering MMP in crizotinib- and sunitinib-induced mitochondrial apoptotic pathway.

In a case report by Kreitman et al., treatment with N-acetylcysteine (NAC), a ROS scavenger, partially restored liver function tests to normal level and partially relieved ALF induced by crizotinib in a patient (27). In line with this, we previously indicated that NAC treatment decreased hepatocyte damage induced by crizotinib and sunitinib in HL7702 cells (35). Therefore, the results of these efforts indicated that the underlying mechanism might be related to oxidative stress. Oxidative stress results from an imbalance between ROS and antioxidants, which has long been recognized as a critical pathogenic factor in acute injury, including acute kidney injury and acute liver injury (41, 42). The overproduction of ROS can reduce the content of GPx and SOD which are two major antioxidant enzymes to reduce oxidative stress. Meanwhile, high levels of ROS can cause lipid peroxidation to damage cellular membranes, and MDA is a significant marker of lipid peroxidation (43). Our research revealed that crizotinib and sunitinib significantly increased the level of ROS in a concentration-dependent manner in HepG2 cells, and markedly reduced the content of GPx and SOD, and increased MDA in liver tissue. However, the change of ROS was not statistically significant in experimental animals. Possible reasons for the variability in results might include differences in animal models used, the drug dose used, and the experimental assays used to detect ROS in isolated liver mitochondria. These results demonstrate that the imbalance between ROS and antioxidative function leads to oxidative stress, which contributes to hepatocyte damage.

Currently, strategies for the prevention and treatment of hepatotoxicity induced by TKIs are very limited, and it is necessary to find the key targets in TKIs-induced liver injury. Nrf2, which is an imperative redox-sensitive transcription factor targeting of elimination of ROS, and its activation is widely thought to alleviate the liver diseases triggered by oxidatie stress (44, 45). Under stress conditions, Nrf2 dissociates from Keap1, translocates to the nucleus and binds to antioxidant response elements, which results in the expression of diverse antioxidant and metabolic genes to relieve oxidative stress (46, 47). Importantly, we first found that low doses of crizotinib and sunitinib activated the Keap1/Nrf2 signaling pathway in vitro and in vivo to alleviate self-induced hepatotoxicity, which is following previously published papers on drug-induced liver injury (42, 48, 49). Therefore, our findings indicated that the activation of the Keap1/Nrf2 signaling pathway could be a potential therapeutic target for TKIs in the treatment of liver injury.



Conclusions

The results show that crizotinib and sunitinib induce hepatic oxidative stress and apoptosis that lead to hepatotoxicity. The activation of the Keap1/Nrf2 signaling pathway was involved in crizotinib- and sunitinib-induced oxidative stress, which might partially protect against their induced oxidative damage. However, the specific mechanism underlying the relationship between crizotinib- and sunitinib-induced oxidative stress and mitochondrial apoptotic pathway requires further investigations. Therefore, we will continue to explore additional biomarkers for hepatotoxicity and other potential signaling pathways associated with crizotinib- and sunitinib-induced liver injury.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Central South University (Hunan, China).



Author Contributions

LG contributed to conceiving and designing the experiments. TT and DF performed the data analyses and wrote the manuscript. LZ and MY contributed significantly to analysis and manuscript preparation. HG, BZ, and YZ helped perform the analysis with constructive discussions. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by the National Natural Science Foundation of China, grant number 81974532 and No. 81803830, the Natural Science Foundation of Hunan Province, China, grant number 2020JJ4130, and Science and Technology Department of Hunan Province, China, grant number 2017SK1030.



Acknowledgments

We are very grateful to Yan-Lin Du and Sheng-Ke Zhou for their help.



References

1. Girard, N, Audigier-Valette, C, Cortot, AB, Mennecier, B, Debieuvre, D, Planchard, D, et al. ALK-Rearranged Non-Small Cell Lung Cancers: How Best to Optimize the Safety of Crizotinib in Clinical Practice? Expert Rev Anticancer Ther (2015) 15:225–233. doi: 10.1586/14737140.2014.986103

2. Scagliotti, G, Stahel, RA, Rosell, R, Thatcher, N, and Soria, JC. ALK Translocation and Crizotinib in Non-Small Cell Lung Cancer: An Evolving Paradigm in Oncology Drug Development. Eur J Cancer (2012) 48:961–73. doi: 10.1016/j.ejca.2012.02.001

3. Gumusay, O, Esendagli-Yilmaz, G, Uner, A, Cetin, B, Buyukberber, S, Benekli, M, et al. Crizotinib-Induced Toxicity in an Experimental Rat Model. Wien Klin Wochenschr (2016) 128:435–41. doi: 10.1007/s00508-016-0984-y

4.The DailyMed . Washington (DC: National Institutes of Health, U.S.National Library of Medicine, Health & Human Services. Available at: https://dailymed.nlm.nih.gov/dailymed (Accessed July 01, 2021).

5. van Geel, RM, Hendrikx, JJ, Vahl, JE, van Leerdam, ME, van den Broek, D, Huitema, AD, et al. Crizotinib-Induced Fatal Fulminant Liver Failure. Lung Cancer (2016) 93:17–9. doi: 10.1016/j.lungcan.2015.12.010

6. Zhang, Y, Xu, YY, Chen, Y, Li, JN, and Wang, Y. Crizotinib-Induced Acute Fatal Liver Failure in an Asian ALK-Positive Lung Adenocarcinoma Patient With Liver Metastasis: A Case Report. World J Clin cases (2019) 7:1080–6. doi: 10.12998/wjcc.v7.i9.1080

7. Goodman, VL, Rock, EP, Dagher, R, Ramchandani, RP, Abraham, S, Gobburu, JV, et al. Approval Summary: Sunitinib for the Treatment of Imatinib Refractory or Intolerant Gastrointestinal Stromal Tumors and Advanced Renal Cell Carcinoma. Clin Cancer Res (2007) 13:1367–73. doi: 10.1158/1078-0432.CCR-06-2328

8. Mueller, EW, Rockey, ML, and Rashkin, MC. Sunitinib-Related Fulminant Hepatic Failure: Case Report and Review of the Literature. Pharmacotherapy (2008) 28:1066–70. doi: 10.1592/phco.28.8.1066

9. Demetri, GD, van Oosterom, AT, Garrett, CR, Blackstein, ME, Shah, MH, Verweij, J, et al. Efficacy and Safety of Sunitinib in Patients With Advanced Gastrointestinal Stromal Tumour After Failure of Imatinib: A Randomised Controlled Trial. Lancet (2006) 368:1329–38. doi: 10.1016/S0140-6736(06)69446-4

10. Guillen, SS, Meijer, M, and de Jongh, FE. Lethal Acute Liver Failure in a Patient Treated With Sunitinib. BMJ Case Rep (2016) 2016:bcr2015213624. doi: 10.1136/bcr-2015-213624

11. Shah, RR, Morganroth, J, and Shah, DR. Hepatotoxicity of Tyrosine Kinase Inhibitors: Clinical and Regulatory Perspectives. Drug Saf (2013) 36:491–503. doi: 10.1007/s40264-013-0048-4

12. Amaya, GM, Durandis, R, Bourgeois, DS, Perkins, JA, Abouda, AA, Wines, KJ, et al. Cytochromes P450 1A2 and 3A4 Catalyze the Metabolic Activation of Sunitinib. Chem Res Toxicol (2018) 31:570–84. doi: 10.1021/acs.chemrestox.8b00005

13. Zhang, J, Salminen, A, Yang, X, Luo, Y, Wu, Q, White, M, et al. Effects of 31 FDA Approved Small-Molecule Kinase Inhibitors on Isolated Rat Liver Mitochondria. Arch Toxicol (2017) 91:2921–38. doi: 10.1007/s00204-016-1918-1

14. Mingard, C, Paech, F, Bouitbir, J, and Krähenbühl, S. Mechanisms of Toxicity Associated With Six Tyrosine Kinase Inhibitors in Human Hepatocyte Cell Lines. J Appl Toxicol (2018) 38:418–31. doi: 10.1002/jat.3551

15. Zhang, J, Ren, L, Yang, X, White, M, Greenhaw, J, Harris, T, et al. Cytotoxicity of 34 FDA Approved Small-Molecule Kinase Inhibitors in Primary Rat and Human Hepatocytes. Toxicol Lett (2018) 291:138–48. doi: 10.1016/j.toxlet.2018.04.010

16. Yan, H, Du, J, Chen, X, Yang, B, He, Q, Yang, X, et al. ROS-Dependent DNA Damage Contributes to Crizotinib-Induced Hepatotoxicity via the Apoptotic Pathway. Toxicol Appl Pharmacol (2019) 383:114768. doi: 10.1016/j.taap.2019.114768

17. Paech, F, Abegg, VF, Duthaler, U, Terracciano, L, Bouitbir, J, and Krähenbühl, S. Sunitinib Induces Hepatocyte Mitochondrial Damage and Apoptosis in Mice. Toxicology (2018) 409:13–23. doi: 10.1016/j.tox.2018.07.009

18. Paludetto, MN, Bijani, C, Puisset, F, Bernardes-Génisson, V, Arellano, C, and Robert, A. Metalloporphyrin-Catalyzed Oxidation of Sunitinib and Pazopanib, Two Anticancer Tyrosine Kinase Inhibitors: Evidence for New Potentially Toxic Metabolites. J Med Chem (2018) 61:7849–60. doi: 10.1021/acs.jmedchem.8b00812

19. Paech, F, Bouitbir, J, and Krähenbühl, S. Hepatocellular Toxicity Associated With Tyrosine Kinase Inhibitors: Mitochondrial Damage and Inhibition of Glycolysis. Front Pharmacol (2017) 8:367. doi: 10.3389/fphar.2017.00367

20. Gul, M, Demircan, B, Taysi, S, Oztasan, N, Gumustekin, K, Siktar, E, et al. Effects of Endurance Training and Acute Exhaustive Exercise on Antioxidant Defense Mechanisms in Rat Heart. Comp Biochem Physiol A Mol Integr Physiol (2006) 143:239–45. doi: 10.1016/j.cbpa.2005.12.001

21. Gumustekin, K, Taysi, S, Alp, HH, Aktas, O, Oztasan, N, Akcay, F, et al. Vitamin E and Hippophea Rhamnoides L. Extract Reduce Nicotine-Induced Oxidative Stress in Rat Heart. Cell Biochem Funct (2010) 28:329–33. doi: 10.1002/cbf.1663

22. Xue, T, Luo, P, Zhu, H, Zhao, Y, Wu, H, Gai, R, et al. Oxidative Stress is Involved in Dasatinib-Induced Apoptosis in Rat Primary Hepatocytes. Toxicol Appl Pharmacol (2012) 261:280–91. doi: 10.1016/j.taap.2012.04.010

23. Hartmann, JT, Haap, M, Kopp, HG, and Lipp, HP. Tyrosine Kinase Inhibitors - a Review on Pharmacology, Metabolism and Side Effects. Curr Drug Metab (2009) 10:470–81. doi: 10.2174/138920009788897975

24. Weng, Z, Luo, Y, Yang, X, Greenhaw, JJ, Li, H, Xie, L, et al. Regorafenib Impairs Mitochondrial Functions, Activates AMP-Activated Protein Kinase, Induces Autophagy, and Causes Rat Hepatocyte Necrosis. Toxicology (2015) 327:10–21. doi: 10.1016/j.tox.2014.11.002

25. Josephs, DH, Fisher, DS, Spicer, J, and Flanagan, RJ. Clinical Pharmacokinetics of Tyrosine Kinase Inhibitors: Implications for Therapeutic Drug Monitoring. Ther Drug Monit (2013) 35:562–87. doi: 10.1097/FTD.0b013e318292b931

26. Shi, Q, Yang, X, Ren, L, and Mattes, WB. Recent Advances in Understanding the Hepatotoxicity Associated With Protein Kinase Inhibitors. Expert Opin Drug Metab Toxicol (2020) 16:217–26. doi: 10.1080/17425255.2020.1727886

27. Kreitman, K, Nair, SP, and Kothadia, JP. Successful Treatment of Crizotinib-Induced Fulminant Liver Failure: A Case Report and Review of Literature. Case Rep Hepatol (2020) 2020:8247960. doi: 10.1155/2020/8247960

28. Duarte, FA, Rodrigues, LB, Paes, FR, Diniz, PHC, and Lima, H. Successful Treatment With Alectinib After Crizotinib-Induced Hepatitis in ALK-Rearranged Advanced Lung Cancer Patient: A Case Report. BMC Pulm Med (2021) 21:43. doi: 10.1186/s12890-020-01390-6

29. Aqsa, A, Droubi, S, Amarnath, S, Al-Moussawi, H, and Abergel, J. Sunitinib-Induced Acute Liver Failure. Case Rep Gastroenterol (2021) 15:17–21. doi: 10.1159/000511249

30. Jung, D, Han, JM, Yee, J, Kim, JY, and Gwak, HS. Factors Affecting Crizotinib-Induced Hepatotoxicity in Non-Small Cell Lung Cancer Patients. Med Oncol (2018) 35:154. doi: 10.1007/s12032-018-1213-5

31. Kamalian, L, Chadwick, AE, Bayliss, M, French, NS, Monshouwer, M, Snoeys, J, et al. The Utility of HepG2 Cells to Identify Direct Mitochondrial Dysfunction in the Absence of Cell Death. Toxicol In Vitro (2015) 29:732–40. doi: 10.1016/j.tiv.2015.02.011

32. Brecht, K, Riebel, V, Couttet, P, Paech, F, Wolf, A, Chibout, SD, et al. Mechanistic Insights Into Selective Killing of OXPHOS-Dependent Cancer Cells by Arctigenin. Toxicol In Vitro (2017) 40:55–65. doi: 10.1016/j.tiv.2016.12.001

33. Rachek, LI, Yuzefovych, LV, Ledoux, SP, Julie, NL, and Wilson, GL. Troglitazone, But Not Rosiglitazone, Damages Mitochondrial DNA and Induces Mitochondrial Dysfunction and Cell Death in Human Hepatocytes. Toxicol Appl Pharmacol (2009) 240:348–54. doi: 10.1016/j.taap.2009.07.021

34. Yang, X, Chao, X, Wang, ZT, and Ding, WX. The End of RIPK1-RIPK3-MLKL-Mediated Necroptosis in Acetaminophen-Induced Hepatotoxicity? Hepatology (2016) 64:311–2. doi: 10.1002/hep.28263

35. Guo, L, Gong, H, Tang, TL, Zhang, BK, Zhang, LY, and Yan, M. Crizotinib and Sunitinib Induce Hepatotoxicity and Mitochondrial Apoptosis in L02 Cells via ROS and Nrf2 Signaling Pathway. Front Pharmacol (2021) 12:620934. doi: 10.3389/fphar.2021.620934

36. Krueger, A, Baumann, S, Krammer, PH, and Kirchhoff, S. FLICE-Inhibitory Proteins: Regulators of Death Receptor-Mediated Apoptosis. Mol Cell Biol (2001) 21:8247–54. doi: 10.1128/MCB.21.24.8247-8254.2001

37. Walensky, LD. BCL-2 in the Crosshairs: Tipping the Balance of Life and Death. Cell Death Differ (2006) 13:1339–50. doi: 10.1038/sj.cdd.4401992

38. Ho, WP, Chan, WP, Hsieh, MS, and Chen, RM. Runx2-Mediated Bcl-2 Gene Expression Contributes to Nitric Oxide Protection Against Hydrogen Peroxide-Induced Osteoblast Apoptosis. J Cell Biochem (2009) 108:1084–93. doi: 10.1002/jcb.22338

39. Will, Y, Dykens, JA, Nadanaciva, S, Hirakawa, B, Jamieson, J, Marroquin, LD, et al. Effect of the Multitargeted Tyrosine Kinase Inhibitors Imatinib, Dasatinib, Sunitinib, and Sorafenib on Mitochondrial Function in Isolated Rat Heart Mitochondria and H9c2 Cells. Toxicol Sci (2008) 106:153–61. doi: 10.1093/toxsci/kfn157

40. Porceddu, M, Buron, N, Roussel, C, Labbe, G, Fromenty, B, and Borgne-Sanchez, A. Prediction of Liver Injury Induced by Chemicals in Human With a Multiparametric Assay on Isolated Mouse Liver Mitochondria. Toxicol Sci (2012) 129:332–45. doi: 10.1093/toxsci/kfs197

41. Pavlakou, P, Liakopoulos, V, Eleftheriadis, T, Mitsis, M, and Dounousi, E. Oxidative Stress and Acute Kidney Injury in Critical Illness: Pathophysiologic Mechanisms-Biomarkers-Interventions, and Future Perspectives. Oxid Med Cell Longev (2017) 2017:6193694. doi: 10.1155/2017/6193694

42. Lv, H, Zhu, C, Wei, W, Lv, X, Yu, Q, Deng, X, et al. Enhanced Keap1-Nrf2/Trx-1 Axis by Daphnetin Protects Against Oxidative Stress-Driven Hepatotoxicity via Inhibiting ASK1/JNK and Txnip/NLRP3 Inflammasome Activation. Phytomedicine (2020) 71:153241. doi: 10.1016/j.phymed.2020.153241

43. Yang, X, Wang, J, Dai, J, Shao, J, Ma, J, Chen, C, et al. Autophagy Protects Against Dasatinib-Induced Hepatotoxicity via P38 Signaling. Oncotarget (2015) 6:6203–17. doi: 10.18632/oncotarget.3357

44. Lu, MC, Ji, JA, Jiang, ZY, and You, QD. The Keap1-Nrf2-ARE Pathway As a Potential Preventive and Therapeutic Target: An Update. Med Res Rev (2016) 36:924–63. doi: 10.1002/med.21396

45. Chan, K, Han, XD, and Kan, YW. An Important Function of Nrf2 in Combating Oxidative Stress: Detoxification of Acetaminophen. Proc Natl Acad Sci USA (2001) 98:4611–6. doi: 10.1073/pnas.081082098

46. Keum, YS, and Choi, BY. Molecular and Chemical Regulation of the Keap1-Nrf2 Signaling Pathway. Molecules (2014) 19:10074–89. doi: 10.3390/molecules190710074

47. Saw, CL, Guo, Y, Yang, AY, Paredes-Gonzalez, X, Ramirez, C, Pung, D, et al. The Berry Constituents Quercetin, Kaempferol, and Pterostilbene Synergistically Attenuate Reactive Oxygen Species: Involvement of the Nrf2-ARE Signaling Pathway. Food Chem Toxicol (2014) 72:303–11. doi: 10.1016/j.fct.2014.07.038

48. Lee, BW, Jeon, BS, and Yoon, BI. Exogenous Recombinant Human Thioredoxin-1 Prevents Acetaminophen-Induced Liver Injury by Scavenging Oxidative Stressors, Restoring the Thioredoxin-1 System and Inhibiting Receptor Interacting Protein-3 Overexpression. J Appl Toxicol (2018) 38:1008–17. doi: 10.1002/jat.3609

49. Li, L, Huang, W, Wang, S, Sun, K, Zhang, W, Ding, Y, et al. Astragaloside IV Attenuates Acetaminophen-Induced Liver Injuries in Mice by Activating the Nrf2 Signaling Pathway. Molecules (2018) 23(8):2032. doi: 10.3390/molecules23082032




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Guo, Tang, Fang, Gong, Zhang, Zhou, Zhang and Yan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-749954-g004.jpg
>

control crizotinib 70 mg/kg/day

TUNEL-positive cells (%)

2.0
15
05

control 70 mg/kg/d erizotinib7.5 mg/kg/d sunitinib
sunitinib 7.5 mg/kg/day
C o D o
control crizotinib control sunitinib
cleaved
caspase3

caspase3

B-actin . ! ! B-actin

control crizotinib control sunitinib

Relative cleaved caspase3
(Fold change)
p & = o
i {
Relative cleaved caspase3
(Fold change)
b - ~ ~
i






OEBPS/Images/fonc-12-749954-g006.jpg
BB control

1500 EER crizotinib 70mg/kg/day
B sunitinib 7.5mg/kg/day

2 1200 .
I
>
2900
: T
5}
> 600 ]
g
= 1.0 *
N

0.5

0.0

GPx(U/mg prot) SOD(U/mg prot) MDA (nmol/mg prot)





OEBPS/Images/fonc-12-749954-g009.jpg
A
crizotinib 0 8 15 20 uM

Bel2

Bax

B-actin

*

wxn

1.04

xx

n
1

%

“/\
2%
ol

S g
A g
iz
=20
<=
~

0.0 T T
0 8 15 20

crizotinib concentration (uM)

Cc .
control crizotinib
B2 g e 0
P-actin | S —————
% 10
2 B o
3
.; 2 05
£
= =
&

0.0
control crizotinib

Relative Bel2/Bax

Relative Bcl2/Bax

(Fold change)

sunitinib 0 14 uM
Bel2
Bax e SR s
e ————
Lo
°
£ -
=
o ARk Rk
= 05
(=]
=
0.0
0 s 9 14

sunitinib concentration (M)

control sunitinib

0.0

control sunitinib





OEBPS/Images/fonc.2022.749954_cover.jpg
’ frontiers
in Oncology

An Insight on the Pathways
Involved in Crizotinib and Sunitinib
Induced Hepatotoxicity in HepG2
Cells and Animal Model





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        An Insight on the Pathways Involved in Crizotinib and Sunitinib Induced Hepatotoxicity in HepG2 Cells and Animal Model

      

        		

          Introduction

        



        		

          Materials And Methods

        

          		

            Drugs and Reagents

          



          		

            HepG2 Cell Culture

          



          		

            Animal Treatment and Drug Administration

          



          		

            Cytotoxicity Assay

          



          		

            Hepatotoxicity Assessments

          



          		

            Apoptosis Determined by Annexin V-FITC and TUNEL Assay

          



          		

            Accumulation of ROS

          



          		

            Measurement of Glutathione Peroxidase (GPx), Superoxide Dismutase (SOD) and Malondialdehyde (MDA)

          



          		

            Mitochondrial Membrane Potential (MMP)

          



          		

            Western Blotting

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Crizotinib and Sunitinib Induced Hepatotoxicity

          



          		

            Hepatotoxicity Induced by Crizotinib and Sunitinib Is Mediated by Cell Apoptosis and Necrosis

          



          		

            Crizotinib and Sunitinib Induced Oxidative Stress

          



          		

            The Mitochondrial Dysfunction Was Involved in Crizotinib- and Sunitinib-Induced Hepatotoxicity

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-749954-g002.jpg
== control
3 crizotinib 70mg/kg/day
@ sunitinib 7.5mg/kg/day






OEBPS/Images/fonc-12-749954-g003.jpg
Annexin V

E

sunitinib 0 5
cleaved :1
caspase3
B-actin

L0

05

Relative cleaved caspase3
(Fold change)

00

0 H

sunitinib concentration (M)

m

Z-VAD-EMK (50pM) -

H
£ 00
B i
3
e
crizotinib (150M) - - +
ZVAD-FMK (S0M) - + .
2
g
B vy
Y =2
2
3
L
(OuM) + +
) +

P Apoprosis
9 = Necrosis/lalc apaplosis an
= 20 aan T
s T e
S T
3 - s
2 T
& 10 =
i .
g T
g
2
5
A
0
0 H 15 20 2
crizotinib concentration (UM
207 mm Apoplosis
9 £33 Necrosis/late apaptosis ai
£
2 L wxn
3
B b
& o
3
g
§ 5
2
5
&
0
0 24 48

inib administration (h)

[}

= control b
- 7VAD-FMK SOpM T
200{ 3 cricotinb 155M
_ = crizotinib +2-VAD-FMK.
g
5
s ##
_%" 10 "
S
o L
[
0 T -
ALT AST LDH
2509 £ control
— 7 VAD-FMK S0uM e
200 55 suitinib 9y
_ 207 sunitinibZ-VAD-FMK
3 R
S 1504 .
P
&
= essssn =
s04 |
e
N M
ALT AST LDH





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-749954-g005.jpg
control crizotinib 8 uM crizotinib 15 pM crizotinib 20 uM

control sunitinib 5 pM sunitinib 9 uM sunitinib 14 pM






OEBPS/Images/fonc-12-749954-g008.jpg
@ JC-1 red fluorescence

percentage of cells

control crizotinib 70 mg/kg/day

P2(2.25%)

JC-1 green fluorescence

100+
90
80|
70+

red fluorescence
green fluorescence

(%)

sunitinib 7.5 me/kg/day

P2(9.29%)

10" 102 10% 104 10° 10% 107





OEBPS/Images/fonc-12-749954-g007.jpg
A
crizotinib 0 8 15 20 M

Keapl
B-actin
Nuclear Nrf2
Histone H3
[ L1 control b
=l 4 m. crizofinib M
2 = crizotinib 15uM
14 B crizofinib 20pM
=%
5@
= s
5 2
gz
(==
=
g
]
I~

Keapl Nuclear Nif2
c o
control crizotinib
uctear Not2] [ 0 0 0 0

- control

= crizotinib 70mg/kg/day

Relative protein expression
(Fold change)

Kceap! Nuclcar Nrf2

B
sunitinib

Keapl

B-actin

Nuclear Nrf2 -m

Histone H3 “ -.‘l

209 = conuol

EER sunitinib SpuM *%
3 sunitinib 9pM

B sunitinib 14puM

(Fold change)
2

o
o
1

Relative protein expression

2
=Y

Keapl Nuclear Nrf2

control sunitinib

w— control
s sunitinib 7.5mg/kg/day

~

(Fold change)

Relative protein expression
=
n

0.0

Keapl Nuclear N2





OEBPS/Images/fonc-12-749954-g001.jpg
cell survival rate (% of control) >

(9]

leakage (U/L)

—— 12h
100 —— 2h
—— 48h
80
60
40
20
0 T T T T
0 10 20 30 40
crizotinib concentration (LtM)
809 = control
W crizotinib SpM il
604 &2 crizotinib 15uM
B crizotinib 20pM I-L‘
40+
9
A% x %
6 ®
34
0
ALT AST LDH

cell survival rate(% of control) @

leakage (U/L)

100

80+

60

404

204

sunitinib concentration (M)

1509 control
ER sunitinib SpM
33 sunitinib 9pM Kk
B sunitinib 14puM

100

50

AST

LDH





