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Introduction: Alectinib is a widely used first-line ALK inhibitor for fusion-positive non-small cell lung cancer. However, its clinical 
use is limited by hepatotoxicity, and its mechanism remains unclear. This study aims to elucidate how alectinib induces liver injury and 
to explore a potential protective strategy.
Methods: In vitro, AML-12 hepatocytes were incubated with alectinib to determine cell viability and morphology by using CCK-8 
assay and optical microscopy, respectively. Necrosis was assessed by flow cytometry after Annexin V-FITC/PI staining. Mitochondrial 
damage was analyzed by measuring membrane potential, ultrastructure, and respiratory chain complex activities using JC-1 staining 
under fluorescence microscopy, transmission electron microscopy, and assay kits, respectively. Intracellular reactive oxygen species 
(ROS) levels were detected using DCFH-DA staining and flow cytometry. Pyroptosis- and oxidative stress-related proteins (NLRP3, 
GSDMD-N, P20, cleaved IL-1β, Nrf2, HO-1) were quantified by Western blot. In vivo, C57BL/6J mice were divided into control, 
alectinib treatment, and alectinib plus magnesium isoglycyrrhizinate (MgIG) treatment groups. Serum ALT and AST were measured to 
assess liver function. Hepatic oxidative stress was evaluated by SOD and MDA levels. Inflammatory cytokines including IL-1β and 
TNF-α were measured by corresponding kits. Liver histopathology was examined by hematoxylin-eosin staining.
Results: We found alectinib could induce the death of AML-12 hepatocytes. Alectinib impaired both the function and structure of 
mitochondria and caused a significant increase in ROS levels. The excessive accumulation of ROS triggered oxidative stress and 
finally resulted in cell pyroptosis in AML-12 cells. MgIG was found to alleviate mitochondrial damage and reduce ROS levels, restore 
the Nrf2/HO-1 signaling pathway, thereby inhibiting oxidative stress and pyroptosis caused by alectinib.
Conclusion: Alectinib induces elevated ROS levels in hepatocytes by damaging mitochondria and causing oxidative stress in 
hepatocytes, which results in cell pyroptosis and ultimately hepatotoxicity, whereas MgIG can treat alectinib-induced hepatic injury 
by restoring mitochondrial function and structure.
Keywords: alectinib, mitochondria damage, oxidative stress, pyroptosis, magnesium isoglycyrrhizinate

Introduction
Lung cancer is the second most frequently occurred cancer globally and has the highest cancer-associated death rate 
among all cancers.1 Approximately 85% of lung cancer patients were diagnosed as non-small cell lung cancer (NSCLC).2 

Nearly 5% of patients with NSCLC exhibit anaplastic lymphoma kinase (ALK) rearrangement.3 Alectinib is the second- 
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generation ALK-tyrosine kinase inhibitor (ALK-TKI). In 2015, the US Food and Drug Administration (FDA) approved 
alectinib for treating ALK fusion-positive NSCLC patients with advanced brain metastases either resistant to crizotinib or 
becoming more severe after receiving crizotinib therapy. In 2017, the FDA ratified alectinib as a first-line medication for 
advanced ALK fusion-positive NSCLC. In the approved clinical trials of ALK-TKIs, liver injury has been frequently 
reported as a serious safety issue related to the drug itself.4 This is despite the fact that alectinib has been used globally 
for many years with good clinical efficacy, but some studies have found that alectinib causes liver injury in patients, 
including elevated levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase and 
bilirubin were present in 51%, 34%, 47% and 39% of patients, with grade 3 and higher serious adverse events in 3.6%, 
4.8%, 1.2% and 2.4% of patients, respectively.5 Another real-world study showed that approximately 4.35% of the 
12,000 patients treated with alectinib experienced significant liver damage,6 which greatly reduced clinical benefits for 
patients with usage of alectinib.

Drug induced liver injury (DILI) is one kind of serious adverse drug reactions. This creates the onset of adverse 
consequences, which can lead to poor medication adherence and worsened prognosis, exacerbate existing injuries, and 
result in the need for additional treatment. The occurrence of DILI may be associated with a variety of mechanisms, 
including mitochondria dysfunction, increased reactive oxygen species (ROS) levels, presence of elevated apoptosis and 
necrosis, and is estimated to be 25% of safety failures in the clinic.7,8 The specific mechanism of DILI caused by 
alectinib has not yet been clarified, which caused a lack of corresponding preventive and therapeutic strategies in the 
clinic. Therefore, the aim of this study is to investigate the specific mechanism of alectinib-mediated hepatotoxicity.

Pyroptosis is a lytic and inflammatory programmed cell death, typically triggered by inflammasomes and executed by 
gasdermin proteins.9 The pathogenesis of many diseases is related to pyroptosis, such as inflammatory diseases,10 

metabolic diseases,11 nervous system diseases,12 cardiovascular diseases,13 and liver diseases.14 Oxidative stress refers 
to a tendency towards oxidation in vivo, leading to inflammatory infiltration of neutrophils, increased secretion of 
proteases, and the production of large amounts of oxidative intermediates, which is considered as an important factor 
causing aging and disease, such as osteoporosis,15 heart failure16 and inflammatory diseases.17,18 Mitochondria are 
important organelle that maintain cellular material and energy and are sensitive to damage.19 Mitochondrial damage is 
now understood to play a role in adverse drug reactions such as acetaminophen20 and doxorubicin.21 Our study aims to 
explore the relationship between the three factors and find the effective therapeutic target.

DILI in the clinical setting is preternatural and irregular, which made it could not be identical therapy. Currently, most 
of the clinical responses to DILI are immediate drug discontinuation and hepatoprotective drug therapy, and even liver 
transplantation is required for severe DILI.22 Natural products had been proven to be effective in treating various 
diseases, particularly inflammatory diseases and DILI.23–25 Magnesium isoglycyrrhizinate (MgIG) is synthesized by 
isomerization and salification from 18β-glycyrrhizic acid, which is a triterpenoid extracted from Glycyrrhiza glabra. 
Some studies showed that MgIG could inhibit oxidation and inflammation and used for improvement of liver function.26– 

31 Based on its potential therapeutic mechanism, we investigated the effect of MgIG on the hepatic injury induced by 
alectinib.

Materials and Methods
Drugs and Reagents
Alectinib (purity ≥ 98%) was obtained from Aladdin Biochemical Technology Co., Ltd (Shanghai, China). Cell culture 
grade dimethyl sulfoxide (DMSO; purity ≥ 99.5%) was purchased from Solarbio Science & Technology Co., Ltd. 
(Beijing, China). N-acetyl-L-cysteine (NAC; purity ≥ 98%) were purchased from MedChemExpress Co., Ltd. (New 
Jersey, United States). Cell culture grade phosphate-buffered saline (PBS) was purchased from Solarbio Science & 
Technology Co., Ltd. (Beijing, China). MgIG (5 mg/mL) was purchased from Zhengda Tianqing Pharmaceutical Group 
Co., Ltd. (Jiangsu, China). 0.25% Trypsin-EDTA was purchased from Thermo Fisher Scientific (China) Co., Ltd. 
(Shanghai, China). 100x Penicillin/Streptomycin was purchased from Thermo Fisher Scientific (China) Co., Ltd. 
(Shanghai, China).
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Cell Culture
AML-12 cells were obtained from the ATCC Center (Virginia, United States). The catalog number of cell line is CRL- 
2254. Cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12; Gibco, Shanghai, 
China) supplemented with 10% foetal bovine serum (FBS; Gibco, Shanghai, China) and 1% P/S in a humidified cell 
incubator (Thermo Fisher Scientific, Massachusetts, United States) with 5% CO2 at 37°C. Mycoplasma contamination 
was monitored weekly during cell culture. 10-cm plates were used for culturing the cells. Once the cells had grown to 
approximately 80–90% of the plate’s capacity, they were passaged to a new plate at a ratio of 1:3. Cells within passages 
3–10 were utilized for all experiments to ensure consistency and viability.

Cell Viability Assay
AML-12 cells were treated with 0–30 μM alectinib, 10 mM NAC, 1 mg/mL MgIG, 10 μM alectinib plus 10 mM NAC 
pretreatment, 10 μM alectinib plus 1 mg/mL MgIG pretreatment, respectively. Cell viability was evaluated using CCK-8 
assay (MedChemExpress, New Jersey, United States). 5×103 AML-12 cells were added into each well of a 96-well plate. 
After 24 h of alectinib treatment, the supernatant was removed and then added 100 μL of CCK-8 solution (10 μL CCK-8 
and 90 μL culture medium) to each well of the 96-well plate. After 0.5 h incubation in a humidified cell incubator, the 
optical density (OD) value was measured at a wavelength of 450 nm using a micro-plate reader (Thermo Fisher 
Scientific, Massachusetts, United States). Based on the OD value, cell viability was calculated.

Cell Death Analysis
AML-12 cells were treated with 5 μM alectinib, 10 μM alectinib, respectively. An Annexin V-FITC apoptosis 
detection kit (Beyotime, Shanghai, China) was used to gauge necrosis and apoptosis. After treatment with alectinib 
for 24 h, hepatocytes were digested by trypsin solution without EDTA and washed with pre-chilled PBS for three 
times. Then, the hepatocytes were resuspended in a 210 μL binding buffer with 5 μL Annexin V-FITC and 10 μL 
propidium iodide in it, and incubated for 15 min. Blank samples were used to adjust the voltage of FSC axis and 
SSC axis, and the single-stained samples were used to adjust the compensation. Then, hepatocytes were analyzed 
immediately.

Western Blotting
AML-12 cells were treated with 5 μM alectinib, 10 μM alectinib, 10 μM alectinib plus 10 mM NAC pretreatment, 10 μM 
alectinib plus 1 mg/mL MgIG pretreatment, respectively. Protein was extracted from AML-12 cells by adding protease 
inhibitor (Beyotime, Shanghai, China) and phosphatase inhibitor (Beyotime, Shanghai, China) with RIPA lysate 
(Beyotime, Shanghai, China). Samples containing 25 µg of protein were separated on 10% gel and transferred to 
a 0.45 µm PVDF membrane (Millipore, Massachusetts, United States). Afterwards, the PVDF membrane was closed 
with 50 g/L skim milk powder, and incubated with antibodies against GSDMD, P20 and c-IL-1β (1:1000, Affinity 
Biosciences, Jiangsu, China), NF-κB (P65), p-P65 (1:1000, Cell Signaling Technology, Massachusetts, United States), 
NLRP3 (1:1000, Abcam, Massachusetts, United States), Nrf2, HO-1 and β-actin (1:1000, Proteintech, Hubei, China) 
overnight at 4°C. After washed by tris buffered saline with Tween-20 (TBST) for three times, the PVDF membrane was 
incubated with the secondary antibody (1:10000, Proteintech, Hubei, China) for 1 h at room temperature. Luminescence 
was then detected using the enhanced chemiluminescence system.

Mitochondrial Membrane Potential (MMP) Assay
An MMP assay kit with JC-1 (Beyotime, Shanghai, China) was used to determined the variation of MMP. AML-12 
cells were treated with 5 μM alectinib, 10 μM alectinib, 10 μM alectinib plus 10 mM NAC pretreatment, 10 μM 
alectinib plus 1 mg/mL MgIG pretreatment, respectively. One well was incubated with 10 μM carbonyl cyanide m- 
chlorophenyl hydrazone (CCCP) for 30 min as a positive control. Then, the supernatant of each well was removed, 
and 1 mL culture medium and 1 mL 1 × JC-1 working solution were added in each well. After 30 min incubation in 
a humidified cell incubator, the supernatant was removed and washed with pre-chilled 1 × JC-1 binding buffer for at 
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least twice, and then added 2 mL culture medium to maintain the cell viability. Then hepatocytes were observed 
using a fluorescence microscope.

Transmission Electron Microscopy
The cells with different treatments (vehicle group, 10 μM alectinib treatment group, 10 μM alectinib treatment plus 1 mg/ 
mL MgIG pretreatment group, respectively) from the 6-well cell culture plate were collected and fixed with transmission 
electron microscopy fixation fluid at 4°C overnight. The samples were gradient dehydrated with ethanol, embedded in 
epoxy resin and sectioned at a thickness of 80 nm. Finally, ultrathin sections were double-stained by uranium acetate and 
lead citrate, and examined under a H-7500 electron microscope (Hitachi, Tokyo, Japan).

ROS Quantification Assay
AML-12 cells were treated with 5 μM alectinib, 10 μM alectinib, 10 μM alectinib plus 10 mM NAC pretreatment, 10 μM 
alectinib plus 1 mg/mL MgIG pretreatment, respectively. After removing the supernatant, AML-12 cells were rinsed 
twice with PBS and incubated with 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA; MedChemExpress, New 
Jersey, United States) working solution in a humidified cell incubator for at least 30 min. After washed with DMEM 
without FBS for three times, cells were collected and the ROS levels were quantified using FITC values by flow 
cytometer.

Evaluation of NADH-CoQ Reductase Activity
AML-12 cells were treated with 5 μM alectinib, 10 μM alectinib, 10 μM alectinib plus 10 mM NAC pretreatment, 10 μM 
alectinib plus 1 mg/mL MgIG pretreatment, respectively. NADH-CoQ reductase activity was measured using the NADH- 
CoQ reductase activity assay kit (Solarbio, Beijing, China). After hepatocytes were digested by trypsin, 5 × 106 of cells 
were added with 1 mL mitochondria isolation reagent, then the hepatocytes were homogenized (30 strokes) under ice 
bath and performed gradient centrifugation. Finally, the mitochondria were lysed by ultrasonic and NADH-CoQ 
reductase activity was assessed spectrophotometrically at 340 nm.

Evaluation of CoQ-Cytochrome C Reductase Activity
AML-12 cells were treated with 5 μM alectinib, 10 μM alectinib, 10 μM alectinib plus 10 mM NAC pretreatment, 10 μM 
alectinib plus 1 mg/mL MgIG pretreatment, respectively. CoQ-cytochrome C reductase activity was measured using the 
CoQ-cytochrome C reductase activity assay kit (Solarbio, Beijing, China). After hepatocytes were digested by trypsin, 5 
× 106 of cells were added with 1 mL mitochondria isolation reagent, then the hepatocytes were homogenized (30 strokes) 
under ice bath and performed gradient centrifugation. Finally, the mitochondria were lysed by ultrasonic and CoQ- 
cytochrome C reductase activity was assessed spectrophotometrically at 550nm.

In vivo Experiment
Healthy male C57BL/6 mice (SPF-grade, 7-week-old, 20 ± 2 g) were obtained from the Laboratory Animal Center of 
Wenzhou Medical University. All operations in this study followed the Guideline for Ethical Review of Laboratory 
Animal Welfare (China, 2018), and the protocol was approved by the Review of Laboratory Animal Ethics Committee of 
the First Affiliated Hospital of Wenzhou Medical University (approval number: WYYY-AEC-2024-220). The mice were 
maintained in a 12-hour light-dark cycle (light on at 7:00) to mimic the natural environment. Mice were kept under 
laboratory conditions with 25°C for 7 days before the experiment to minimize suffering. Then, mice were randomly 
assigned into three groups by analysts using online random number generators: control group (n=6), alectinib treatment 
group (n=6), and alectinib plus MgIG treatment group (n=6) to ensure the reliability of the study. In alectinib plus MgIG 
treatment group, mice were treated by intraperitoneal injection of MgIG (25 mg/kg) daily followed 2 h later by gavage 
alectinib (150 mg/kg); in the alectinib treatment group, the 5 mL/kg of saline was administered intraperitoneally daily 
and 2 h later the 150 mg/kg of alectinib was given by gavage; in the control group, the 5 mL/kg of saline was 
administered intraperitoneally daily and 2 h later the 10 mL/kg of 0.1% carboxymethylcellulose sodium (used for 
dissolving alectinib) was given by gavage. To minimize the potential confounders, mice were kept in the same 
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environment, and the same person carried out the operation. To minimize the influence of subjective biases, neither 
operators nor analysts are aware of each other’s experiments. After 2 weeks, the mice were euthanized for collecting 
blood and liver tissues to evaluate hepatic injury by histopathology staining and determining transaminases, inflammatory 
factors and oxidative stress markers.

Histopathology Staining
Liver tissues from mice of each group were soaked in 4% paraformaldehyde for 24 h and rinsed under running water 
overnight, then made a gradient dehydration by ethanol. The liver tissues were soaked in xylene twice for 1 h each, and 
embedded in paraffin. The blocks were cut into 4 µm slices, and the slices were placed in warm water and then 
transferred to slides for drying. The slices were baked in an oven at 66°C for 4 h, then made a gradient rehydration, 
rinsed twice with water. Then, staining with hematoxylin for 5 min, washed with dilute hydrochloric acid and rinsed 
twice with water, then stained with eosin. The slices were made a gradient dehydration by ethanol and soaked in xylene 
twice and then sealed with neutral resin. The liver damage was assessed by comprehensive scoring of liver histopathol
ogy with Camargo32 criteria (Table 1).

Transaminase Assessment
The ALT and AST levels were assessed by ALT assay kit and AST assay kit (Nanjing Jiancheng, Jiangsu, China). 20 μL 
stroma was added in control well, with 20 μL stroma and 5 μL plasma were added in determination well. 20 μL 
2,4-Dinitrophenylhydrazine and 5 μL plasma were added in control well, with 20 μL 2,4-Dinitrophenylhydrazine was 
added in determination well after 30 min at 37°C. 200 μL 0.4% NaOH was added in control and determination wells after 
20 min. Microplate reader was used to gauge the absorbance at 505 nm (ALT) and 510 nm (AST) after 15 min at room 
temperature.

Determination of Inflammatory Factors and Oxidative Stress Markers
The liver tissue of mice was added with nine times amount of 0.9% NaCl to prepare 10% tissue homogenate in the ice 
bath. Then homogenate was centrifuged at 8000 g, 4°C for 10 min to obtain supernatant. IL-1β, TNF-α, SOD and MDA 
were determined by corresponding assay kits (Solarbio, Beijing, China), respectively. Plasma was used to determine IL- 
1β and TNF-α levels, supernatant of homogenate was used to determine SOD activities and MDA levels according to the 
kit instructions, respectively.

Statistical Analysis
Statistical analysis was conducted with GraphPad Prism v8.0.2 (IBM, California, United States). All results were 
obtained from at least independent 3 samples (five samples in CCK-8 experiment; six samples in mice). When the 
group data followed a normal distribution, the data were calculated as means ± standard deviation (SD) and the analysis 
of multiple groups comparisons conducted by Tukey’s test; when variance between groups was nonnormal distribution, 
the data were calculated as median and the analysis of multiple groups comparisons conducted by Kruskal–Wallis rank 
sum test. P < 0.05 expressed statistically significant.

Table 1 The Scoring Criteria for Liver Histopathology

Score Hepatocyte Degeneration or Necrosis Inflammation

0 Occasional hepatocyte edema and acidophilic degeneration No inflammatory cell infiltration in portal area

1 Common hepatocyte edema, rare acidophilic degeneration, occasional spotty necrosis A few inflammatory cells infiltration in portal area

2 Wide hepatocyte edema, common acidophilic degeneration and spotty necrosis, some focal necrosis Some inflammatory cells and monocytes infiltration in portal area

3 Wide hepatocyte edema, acidophilic degeneration and necrosis Portal area increase, many inflammatory cells infiltration, some neutrophils infiltration
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Results
Alectinib Induced Hepatocytes Pyroptosis
Firstly, we evaluated the cytotoxicity of alectinib and found that alectinib caused significant toxicity to AML-12 cells 
in vitro, with an IC50 value of 10.19 μM for 24 h treatment (Figure 1A). Flow cytometry result found that alectinib 
primarily caused hepatocytes necrosis (Figure 1B). Meanwhile, it could be observed that spherical vacuolization 
appeared in the alectinib-treated cells by the light microscope, which reminded us of the morphological features of 
pyroptosis (Figure 1C). In order to further validate the mechanism of alectinib’s damage on hepatocytes, Western blotting 
assay was conducted (Figure 1D), and the results showed that alectinib could significantly up-regulate the expressions of 
the inflammasome NLRP3, the pyroptosis executing protein GSDMD-N, the pyroptosis signaling molecule P20, and the 
inflammatory factor activated IL-1β in hepatocytes, respectively. The classical cellular pyroptosis pathway starts at the 
inflammasome NLRP3, its activation allows caspase1 to form P20. The active P20 could cut GSDMD to form GSDMD- 
N, which would induce the perforation of cell membrane and rupture the cells, leading to inflammation. Furthermore, the 
active P20 could form active IL-1β, which could converge inflammatory cells and aggravate inflammatory response.33,34 

These findings suggested that alectinib could cause the pyroptosis of hepatocytes via the classical cellular pyroptosis 
pathway and in turn produces liver injury.

Alectinib Induced Oxidative Stress in Hepatocytes via Mitochondrial Damage Causing 
Excessive Accumulation of ROS
In order to investigate the mechanism of pyroptosis caused by alectinib, we examined the morphology of organelles by 
transmission electron microscopy, which revealed that alectinib caused mitochondrial swelling and loss of structural 
integrity in AML-12 cells (Figure 2A). The MMP assay showed that alectinib could decrease the MMP level of 
hepatocytes (Figure 2B). Further validation of NADH-CoQ reductase and CoQ-cytochrome C reductase levels in 
mitochondria revealed that alectinib could inhibit the activities of NADH-CoQ reductase (Figure 2C) and CoQ- 
cytochrome C reductase (Figure 2D). The disruption of mitochondrial function and structure could cause the 
dysregulation of ROS levels.8,35 And the result of flow cytometry consistently showed an elevated level of ROS 
(Figure 2E), suggesting that the mitochondrial damage caused by alectinib led to an excessive accumulation of 
intracellular ROS. Based on the elevation of p-P65, we further determined the levels of its upstream regulators. 
Western blotting results revealed that alectinib increased the expression levels of Nrf2 and HO-1 in hepatocytes, 
respectively (Figure 2F). These findings suggested that alectinib caused oxidative stress in hepatocytes via mitochon
drial damage.

Alectinib-Induced Excessive Accumulation of ROS Caused Hepatocyte Pyroptosis
To further explore the role of ROS accumulation in alectinib-induced hepatotoxicity, we used NAC as ROS scavenger 
to verify the recovery of liver injury. AML-12 cells were pretreated with 10 mM of NAC for 2 h before treatment with 
alectinib. Cell viability assay demonstrated that NAC was nontoxic to AML-12 cells and alleviated alectinib-induced 
cell death (Figure 3A). Flow cytometry proved NAC could significantly reduce ROS levels in alectinib-treated 
hepatocytes (Figure 3B). The MMP assay revealed a significant reduction of MMP in hepatocytes with alectinib 
treatment; this reduction was effectively reversed by NAC pretreatment (Figure 3C). Furthermore, the activities of 
NADH-CoQ reductase (Figure 3D) and CoQ-cytochrome C reductase (Figure 3E) were elevated significantly in 
hepatocytes with NAC treatment. Western blotting results indicated that alectinib elevated the levels of Nrf2, HO-1 
and the phosphorylation of p65, facilitating oxidative stress in hepatocytes (Figure 3F). The elevation of NLRP3, 
GSDMD-N, P20, and c-IL-1β protein expression levels demonstrated that alectinib further promoted hepatocyte 
pyroptosis (Figure 3G). And NAC could resist oxidative stress and further alleviated hepatocyte pyroptosis 
(Figure 3F and G). These findings suggested that excessive accumulation of ROS expressed a direct role in the 
hepatic injury caused by alectinib, and targeting ROS might be a reasonable treatment option.
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Figure 1 Alectinib induced hepatocytes pyroptosis. (A) AML-12 cells were treated with different concentrations of alectinib for 24 h and cell survival was determined by 
CCK-8 reagent (n = 5). (B) Apoptosis and necrosis of AML-12 cells were detected by flow cytometry after 24 h treatment with different concentrations of alectinib (n = 3). 
(C) Images for observation of AML-12 cells under light microscope (scale bar: 100 μm; the arrows point to pyroptosis hepatocytes). (D) The Western blotting results of 
GSDMD-N, full-length GSDMD (GSDMD-FL), NLRP3, P20, c-IL-1β and β-actin, respectively (n = 3). The data are expressed as mean  ±  SD; *p < 0.05, **p < 0.01, ***p <  
0.001 and ****p < 0.0001 vs vehicle group by Tukey’s test.
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Figure 2 Alectinib induced oxidative stress in hepatocytes via mitochondrial damage causing excessive accumulation of ROS. (A) Transmission electron microscopy images 
of mitochondrial morphology (scale bar: 1 μm and 500 nm; the arrows point to mitochondrial) in hepatocytes treated with or without alectinib (10 μM). (B) The results 
obtained from JC-1 fluorescence images (scale bar: 200 μm) of AML-12 cells treated with different concentrations of alectinib for 24 h (CCCP was used as the positive 
control, n = 3). (C) The relative levels of NADH-CoQ reductase activities of AML-12 cells treated with different concentrations of alectinib for 24 h (n = 3). (D) The relative 
levels of CoQ-cytochrome C reductase activities of AML-12 cells treated with different concentrations of alectinib for 24 h (n = 3). (E) The flow cytometry results of AML- 
12 cells after 24 h of different concentration alectinib treatment (n = 3). (F) The Western blotting results of protein p-P65, P65, Nrf2, HO-1 and β-actin, respectively (n = 3). 
The data are expressed as mean  ±  SD; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs vehicle group by Tukey’s test.
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Figure 3 Alectinib-induced excessive accumulation of ROS caused hepatocyte pyroptosis. (A) AML-12 cells were pretreated with or without 10 mM NAC before 10 μM alectinib 
treatment and cell survival was determined by CCK-8 reagent (n = 5). (B) The flow cytometry results of AML-12 cells after 24 h of 10 μM alectinib treatment which is pretreated with 10 
mM of NAC or not (n = 3). (C) The results obtained from JC-1 fluorescence images (scale bar: 200 μm) of AML-12 cells pretreated with or without 10 mM NAC before 10 μM alectinib 
treatment for 24 h (CCCP was used as the positive control, n = 3). (D) The relative levels of NADH-CoQ reductase activities of AML-12 cells after 24 h of 10 μM alectinib treatment 
which is pretreated with 10 mM of NAC or not (n = 3). (E) The relative levels of CoQ-cytochrome C reductase activities of AML-12 cells after 24 h of 10 μM alectinib treatment which is 
pretreated with 10 mM of NAC or not (n = 3). (F) The results obtained from Western blotting of protein p-P65, P65, Nrf2, HO-1 and β-actin, respectively (n = 3). (G) The results 
obtained from Western blotting of protein GSDMD-N, GSDMD-FL, NLRP3, P20, c-IL-1β and β-actin, respectively (n = 3). The data are expressed as mean  ±  SD; *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001 vs vehicle group by Tukey’s test; #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs 10 μM alectinib treatment group by Tukey’s test.
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MgIG Alleviated Alectinib-Induced Pyroptosis in Hepatocyte by Treating Mitochondrial 
Damage
To verify whether MgIG could prevent and treat alectinib-induced liver injury, AML-12 cells were pretreated with 1 mg/ 
mL of MgIG for 2 h before treated with alectinib. Cell viability assay showed that MgIG was nontoxic to hepatocytes and 
significantly improved the survival rate of hepatocytes with alectinib treatment (Figure 4A). Transmission electron 
microscopy observed that the mitochondrial damage caused by alectinib was effectively alleviated by MgIG (Figure 4B). 
The fluorescence microscopy result confirmed that MgIG could significantly elevate the MMP level in hepatocytes 
treated by alectinib (Figure 4C). And the activities of NADH-CoQ reductase (Figure 4D) and CoQ-cytochrome 
C reductase (Figure 4E) were also increased significantly by MgIG. Flow cytometry result exhibited MgIG could 
significantly attenuate intracellular ROS levels (Figure 4F). Western blotting results proved that MgIG could cause 
a significant reduction in the levels of Nrf2, HO-1, and phosphorylation of P65, suggesting that MgIG alleviated the 
oxidative stress induced by alectinib (Figure 4G). Furthermore, expression levels of NLRP3, GSDMD-N, P20, and c-IL- 
1β were significantly down-regulated, suggesting that MgIG effectively mitigated alectinib-induced hepatocytes pyr
optosis (Figure 4H). These results suggested MgIG could prevent and treat mitochondrial damage to alleviate alectinib- 
induced pyroptosis.

Figure 4 MgIG alleviated alectinib-induced pyroptosis in hepatocyte by treating mitochondrial damage. (A) AML-12 cells were pretreated with or without 1 mg/mL MgIG 
before 10 μM alectinib treatment for 24 h and cell survival was determined by CCK-8 reagent (n = 5). (B) Transmission electron microscopy images of mitochondrial 
morphology (scale bar: 1 μm and 500 nm; the arrows point to mitochondrial) in hepatocytes pretreated with or without 1 mg/mL MgIG before 10 μM alectinib treatment. 
(C) The results obtained from JC-1 fluorescence images (scale bar: 200 μm) of AML-12 cells pretreated with or without 1 mg/mL MgIG before 10 μM alectinib treatment for 
24 h (CCCP was used as the positive control, n = 3). (D) The relative levels of NADH-CoQ reductase activities of AML-12 cells after 24 h of 10 μM alectinib treatment 
which is pretreated with 1 mg/mL of MgIG or not (n = 3). (E) The relative levels of CoQ-cytochrome C reductase activities of AML-12 cells after 24 h of 10 μM alectinib 
treatment which is pretreated with 1 mg/mL of MgIG or not (n = 3). (F) The results obtained from flow cytometry of AML-12 cells after 24 h of 10 μM alectinib treatment 
which is pretreated with 1 mg/mL of MgIG or not (n = 3). (G) The results obtained from Western blotting of protein p-P65, P65, Nrf2, HO-1 and β-actin, respectively (n 
= 3). (H) The results obtained from Western blotting experiments of protein GSDMD-N, GSDMD-FL, NLRP3, P20, c-IL-1β and β-actin, respectively (n = 3). The data are 
expressed as mean  ±  SD; *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs vehicle group by Tukey’s test; #p < 0.05, ##p < 0.01 and ####p < 0.0001 vs 10 μM alectinib 
treatment group by Tukey’s test.
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MgIG Alleviated Alectinib-Induced Liver Injury in Mice
Compared with those in vehicle group, the levels of ALT and AST elevated significantly in alectinib treatment group, and 
the levels of ALT and AST reduced significantly by MgIG treatment (Figure 5A and B). The inflammatory factors IL-1β 
(Figure 5C) and TNF-α (Figure 5D) elevated significantly after alectinib treatment, while IL-1β and TNF-α reduced 
significantly with MgIG treatment subsequently. In addition, SOD level (Figure 5E) and MDA level (Figure 5F) in liver 
tissue of mice proved obvious increase after alectinib treatment and reduction with MgIG treatment subsequently. Liver 
histopathology indicated inflammatory cells infiltration, spotty necrosis, hepatocytes edema and acidophilic degeneration 
were found in alectinib treatment group, while significant mitigation of the liver injury was observed in alectinib plus 
MgIG treatment group (Figure 5G), and the scores for liver histopathology showed statistically significant difference 
(Figure 5H). These findings evidenced that MgIG could alleviate alectinib-induced liver injury in vivo, which in 
agreement with in vitro results.

Discussion
Alectinib is an effective ALK fusion-positive NSCLC targeted drug and widely used in clinical. The mechanism of 
alectinib-induced hepatotoxicity is currently unclear in the field. Our study suggests that alectinib causes excessive 
accumulation of ROS by damaging mitochondria, which puts hepatocytes into an oxidative stress state and further causes 
hepatocyte pyroptosis. Our study elucidated the mechanism of alectinib-induced hepatotoxicity and fills the gap in the 
field. We found that MgIG regulated mitochondrial dysfunction caused by alectinib, so as to decrease ROS accumulation. 
MgIG further alleviated the oxidative stress and finally reversed the pyroptosis. The consistent in vivo experiment results 
support MgIG as a medicine for alectinib-induced hepatotoxicity.

Oxidative stress is an imbalance state between oxidation and anti-oxidation. The mitochondrial respiratory chain is 
the foremost source of intracellular ROS.36 Thus, oxidative stress may be associated with mitochondrial damage.37–39 

Nrf2 is the major regulator of the anti-oxidation, and Nrf2/HO-1 pathway can be activated to resist the oxidative stress in 
DILI.40,41 Our study found that alectinib treatment decreased the activities of NADH-CoQ reductase, CoQ-cytochrome 
C reductase, and the levels of MMP, resulting in increase of the ROS levels. Excessive accumulation of ROS further 
promotes expressions of Nrf2, HO-1, and the phosphorylation of P65, which is also a characteristic factor of pyroptosis 
to generate NLRP3 inflammasome.42 Therefore, alectinib damages mitochondria to cause the excessive accumulation of 
ROS, which puts hepatocytes into an oxidative stress state, resulting in hepatocyte pyroptosis.

Pyroptosis is inflammatory necrosis mediated by activation of inflammasome and is characterized by the release of 
cytokines associated with inflammation.9 In the classical cellular pyroptosis signaling pathway, activation of P65 
phosphorylation promotes the expression of the inflammasome component NLRP3, which leads to the formation of 
caspase-1 P20 subunit and activation of the downstream execution protein GSDMD. Cleavage of GSDMD releases its 
N-terminal domain (GSDMD-N), which mediates the release of the inflammatory cytokine IL-1β and triggers 
inflammation.43–47 In our study, the levels of p-P65, NLRP3, P20, GSDMD-N, c-IL-1β were significant increase, 
respectively. These results showed that alectinib caused hepatocyte pyroptosis by P65/NLRP3/GSDMD pathway.

Previous studies found that natural product extracts expressed therapeutic effects on DILI,25,48 which has inspired us 
to develop a treatment strategy for alectinib-induced hepatotoxicity. As a hepatoprotective agent, MgIG is used in clinical 
applications for the treatment of chronic viral hepatitis, improvement of liver function abnormalities due to its anti- 
inflammatory, hepatocyte membrane protection and liver function improvement effects.26–31 MgIG was used in our study 
to prevent and treat alectinib-induced hepatotoxicity and expressed significant effect. We also elucidated the mechanism 
of MgIG to treat alectinib-induced hepatic injury, which provided a theoretical reference for the treatment of DILI with 
other drugs.

There were some limitations in our study. Firstly, primary human hepatocytes were not applied in the in vitro 
experiments because its inaccessibility, which may limit the relevance of our findings to human liver physiology. 
Secondly, the in vivo experimental content was relatively limited, which may not fully capture the complexity of the 
physiological responses in a whole-organism context. These limitations suggest that further studies incorporating human 
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Figure 5 MgIG alleviates alectinib-induced liver injury in mice. (A) The plasma ALT level of mice pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib 
treatment for 14 days (n = 6). (B) The plasma AST levels of mice pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib treatment for 14 days (n = 6). (C) 
The plasma IL-1β levels of mice pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib treatment for 14 days (n = 6). (D) The plasma TNF-α levels of mice 
pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib treatment for 14 days (n = 6). (E) The liver SOD activities of mice pretreated with or without 25 mg/ 
kg MgIG before 150 mg/kg alectinib treatment for 14 days (n = 6). (F) The liver MDA levels of mice pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib 
treatment for 14 days (n = 6). (G) The pathological images (scale bar: 100 μm) of the liver pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib treatment 
for 14 days. (H) The results obtained from the hematoxylin-eosin staining of the liver pretreated with or without 25 mg/kg MgIG before 150 mg/kg alectinib treatment for 14 
days (n = 6). The data are expressed as mean  ±  SD; ****p < 0.0001 vs vehicle group by Tukey’s test; ##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs alectinib treatment group 
by Tukey’s test.
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hepatocyte models and more comprehensive in vivo investigations are warranted to validate and extend our current 
findings.

Conclusion
Our research clarifies that the mechanism underlying alectinib-induced hepatotoxicity is mitochondrial damage-mediated 
pyroptosis. We also demonstrate that MgIG can prevent alectinib-induced hepatotoxicity by alleviating mitochondrial 
damage. These findings may furnish new clinical tactics for the prevention and therapy of hepatic injury caused by 
alectinib and may also supply potential research direction for DILI. There were some limitations in our study, we will 
perform further studies to validate and extend our current findings.
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