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Background and Objective: Indirect hepatotoxicity is a new type of drug-induced hepatotoxicity in which the character of a drug that may induce its occurrence and the underlying mechanism remains elusive. Previously, we proved that Triptolide (TP) induced indirect hepatotoxicity upon LPS stimulation resulting from the deficiency of cytoprotective protein of hepatocyte. However, whether immune cells participated in TP-induced indirect hepatotoxicity and the way immune cells change the liver hypersensitivity to LPS still need to be deeply investigated. In this study, we tried to explore whether and how macrophages are involved in TP-induced indirect hepatotoxicity.
Method: Firstly, TP (500 μg/kg) and LPS (0.1 mg/kg) were administrated into female C57BL/6 mice as previously reported. Serum biochemical indicators, morphological changes, hepatic macrophage markers, as well as macrophage M1/M2 markers were detected. Secondly, macrophage scavenger clodronate liposomes were injected to prove whether macrophages participated in TP-induced indirect hepatotoxicity. Also, the ability of macrophages to secrete inflammatory factors and macrophage phagocytosis were detected. Lastly, reverse docking was used to find the target of TP on macrophage and the possible target was verified in vivo and in RAW264.7 cells.
Results: TP pretreatment increased the liver hypersensitization to LPS accompanied by the recruitment of macrophages to the liver and promoted the transformation of macrophages to M1 type. Depletion of hepatic macrophages almost completely alleviated the liver injury induced by TP/LPS. TP pretreatment increased the secretion of pro-inflammatory factors and weakened the phagocytic function of macrophages upon LPS exposure. Reverse docking results revealed that MerTK might be the real target of TP.
Conclusion: TP disrupts inflammatory cytokines profile and phagocytic function of hepatic macrophages, resulting in the production of massive inflammatory factors and the accumulation of endotoxin in the liver, ultimately leading to the indirect hepatotoxicity of TP. MerTK might be the target of TP on the macrophage, while the binding of TP to MerTK should be investigated in vivo and in vitro.
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INTRODUCTION
Typically, drug-induced liver injury was classified into direct or idiosyncratic. Direct hepatotoxicity is caused by the intrinsic toxicity of the agents (Acetaminophen, Aspirin, and Chemotherapy agents) (Chen et al., 2019). The agents (Amoxicillin–clavulanate, Isoniazid, Polygonum multiflorum) that may cause idiosyncratic hepatotoxicity usually have low cytotoxicity to liver cells, and the occurrence of idiosyncratic hepatotoxicity results from patients themselves, such as HLA mutation (Hoofnagle and Bjornsson, 2019). Recently, a new type of drug-induced liver injury, indirect hepatotoxicity, was proposed (Hoofnagle and Bjornsson, 2019). In contrast to direct and idiosyncratic hepatotoxicity, indirect hepatotoxicity was caused by the action of agents on the liver or immune system and is tightly related to the pharmacological effects of the agents. Indirect toxicity is gradually recognized by researchers while its mechanisms have not been elucidated.
Triptolide (TP), the main compound derived from the traditional Chinese medicine Tripterygium wilfordii Hook F., possesses strong bioactivities for the treatment of tumor and autoimmune diseases, especially rheumatoid arthritis, systemic lupus erythematosus, and nephrotic syndrome (Li et al., 2014). As the major active and toxic compound of Tripterygium wilfordii multiglycoside in clinical practice, most of the published research articles focused on the direct hepatotoxicity induced by the high dose of TP (Wang et al., 2014; Hasnat et al., 2019a; Yuan et al., 2019a; Hasnat et al., 2019b). Previously, we proposed a new perspective of TP-associated hepatotoxicity, liver hypersensitization upon Lipopolysaccharide (LPS) treatment (Yuan et al., 2019b). Additionally, we proved that TP pretreatment increased the sensitivity of hepatocytes to TNF-α stimulation, which was mainly released by macrophages upon LPS treatment. A mechanistic study uncovered that the inhibition of c-FLIP (cellular FLICE-like inhibitory protein) by TP resulted in hepatocytes’ hypersensitization upon TNF-α stimulation (Yuan et al., 2020). These results implied the crosstalk between immune cells, especially macrophages which are the main source of TNF-α, and hepatocytes in TP/LPS-induced liver injury. Thus, identification of the functional changes in immune cells and exploring the key mechanisms will be of great significance to elucidate the pathogenesis of TP-induced indirect hepatotoxicity.
LPS, a component of the outer cell wall of gram-negative bacteria, is the ligand of TLR4 on the surface of macrophages. The binding of LPS on TLR4 activates TRIF and Myd88 pathway, ultimately leading to the production of pro-inflammatory factors, such as IL-1, IL-6, TNF-α, IL-8, and others (Skirecki and Cavaillon, 2019). Liver macrophages, which function as scavenging bacteria and microbial products along with initiating or suppressing the immune response, can be classified into two populations and play different roles in liver immune homeostasis (Krenkel and Tacke, 2017). CD11b+ macrophages derived from infiltrating monocytes of blood functioned as the production of massive inflammatory factors. While liver-resident macrophages expressed low CD11blow (also known as Kupffer cells), maintaining homeostasis of the liver via phagocytosis, cleaning of cellular debris, regulation of cholesterol homeostasis, and mediation of anti-microbial defense (Ju and Tacke, 2016; Wen et al., 2021). Macrophage malfunction has been proved to participate in NAFLD, liver fibrosis, hepatocellular carcinoma, and acetaminophen-induced acute hepatotoxicity. Also, modulation of macrophage polarization/reprogramming, inhibition of Kupffer cell activation, and dampening of monocyte recruitment serve as the principal patterns for treating macrophage-related liver disease (Tacke, 2017; van der Heide et al., 2019). Targeting macrophage ASK1 (ASK1 inhibitor Selonsertib), CCR5 (CCR5 antagonist Maraviroc), CCR2 (CCR2/5 due-inhibitor Cenicriviroc), and CSF1 (CSF1R antibody and inhibitor) have been proved to have a good therapeutic effect on acute liver failure. NASH, liver fibrosis, HIV, and liver cancer (Marra and Tacke, 2014; Stutchfield et al., 2015; Lefebvre et al., 2016; Tacke, 2017; Challa et al., 2019). Recently, a new macrophage efferocytosis receptor c-mer tyrosine kinase (MerTK) was proposed to be an ideal target for liver disease treatment. The activation of TLR receptors could initial the activation of TRAF3 and TRAF6, which in turn activate NF-κB and IRF3, leading to the production of inflammatory factors and type I interferons. Also, interferon signaling further stimulates the production of interferon via STAT1 and upregulates the TAM receptors (Tyro3/Axl/MerTK) (O'Neill, 2007). It has been proved that macrophage MerTK activated HSCs and induced liver fibrosis via ERK-TGFβ1 pathway (Cai et al., 2020). Macrophage MerTK also relieved liver inflammation in acute liver failure (Cai et al., 2016; Cai et al., 2018). Additionally, MerTK inhibitor augmented the anti-PD-1 therapy in cancer cells (Holtzhausen et al., 2019; Kasikara et al., 2019). Mechanistic studies revealed that the bio-activities of MerTK depended on its effect on the secretion of inflammatory factors and phagocytic functions of macrophages (Rothlin et al., 2007; Graham et al., 2014; Vago et al., 2021).
Considering the crucial role of TNF-α in TP-induced indirect hepatotoxicity and inflammatory secretions by hepatic macrophages, we proposed that the function of hepatic macrophages might be disrupted by TP, leading to the massive production of TNF-α and abnormal accumulation of LPS in the liver. The abundant TNF-α coordination along with the deficiency of the pro-survival signal induced by TP as reported in our previous research led to liver injury accompanied by hepatocyte apoptosis and necrosis (Yuan et al., 2020). In this study, the abundance of hepatic macrophages, phagocytosis, and inflammatory secretions by hepatic macrophages were detected to testify the functional changes in macrophages after TP/LPS treatment. Moreover, the clodronate liposomes were injected to deplete hepatic macrophages and to prove whether hepatic macrophages participated in TP-induced indirect hepatotoxicity. Additionally, reverse docking was used to predict the possible target of TP in macrophages and MerTK expression was verified in vivo and in vitro.
MATERIALS AND METHODS
Material
TP (CAS number 38748-32-2, purity >98%) was purchased from MedChemExpress (Shanghai, China). LPS (L2755) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Trizol reagent used for RNA isolation, Reverse Transcription Kit used for reverse transcription of RNA to cDNA, and SYBR Green Master Mix used for qPCR, were obtained from Vazyme Biotech Co., Ltd. (Nanjing, Jiangsu, China). Mouse recombinant Growth arrest-specific protein 6 (GAS6, 8310-GS) was purchased from R&D Systems, Inc. (Minneapolis, MN, United States).
Primary antibodies against p-MerTK (ab14921) and cleaved caspase-3 (9661) were purchased from Abcam (Cambridge, United Kingdom) and Cell Signaling Technology (Boston, MA, United States) respectively. Antibodies against GAPDH (10494-1-AP), Myeloperoxidase (MPO, 22225-1-AP), CD11b (21851-1-AP), and F4/80 (28463-1-AP) were purchased from Proteintech (Chicago, IL, United States). HRP Conjugated AffiniPure Goat Anti-rabbit (BA1054) and HRP Conjugated AffiniPure Goat Anti-mouse antibodies were purchased from Boster Biological Technology Co.Ltd. (Wuhan, Hubei, China). ELISA kits of IL-1β (KE10003), TNF-α (KE10002), and IL-6 (KE10007) were purchased from Proteintech. The endotoxin detection kit (EC80545S) was purchased from Bioendo Technology Co., Ltd. (Xiamen, Fujian, China). Clodronate liposomes and its negative control were purchased from Yeasen Biotechnology Co., Ltd. (Shanghai, China).
Animal and pharmacological treatments
Animal treatment was described in our previous research (Yuan et al., 2019b; Yuan et al., 2020; Zhang et al., 2022). C57BL/6 mice used in this experiment were purchased from SPF (Beijing) Biotechnology Co., Ltd. Briefly, TP (500 μg/kg, i.g.) was administered daily through gavage for 7 days followed by a single dose of LPS (0.1 mg/kg, i.p.) 2 h after the last dose of TP into female C56BL/6 mice (6–8 weeks old). The phagocytic function and level of hepatic macrophages were determined 6 h after LPS injection. Serum inflammatory factors were detected 1 h, 3 h, and 6 h after LPS injection, respectively.
To prove the involvement of hepatic macrophages in TP/LPS induced hepatotoxicity, Clodronate liposomes (200 μL/mouse, i.p.) and its negative control were injected 48 h before LPS administration to deplete macrophages (Zeng et al., 2020). Mice were sacrificed 6 h after LPS treatment and blood, as well as liver samples, were collected for further examination. All experimental procedures involving mice were complied with the ARRIVE guidelines and were permitted by the Animal Ethics Committee, Zhengzhou University.
Blood biochemistry analysis
After collection, blood samples were stored at room temperature for 1 h and then centrifuge for 10 min at 3500 rpm/min. Serum was collected for blood biochemistry analysis. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin (ALB), alkaline phosphatase (ALP), and total protein were detected using kits from Weiteman Biotech (Nanjing, Jiangsu, China). Serum total bile acid (TBA) was determined using the kit from Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). All kits were used according to the manufacturer’s instructions.
Histopathological examination
Liver sections were collected and fixed with 10% formaldehyde for 24 h. After embedding in paraffin and slicing with a tissue sectioner, liver sections were used for hematoxylin and eosin (H&E) staining to examine the morphology. Additionally, immunohistochemistry (IHC) staining of MPO, F4/80, CD11b, and cleaved caspase-3 were used to determine inflammatory infiltration, macrophage number, and apoptosis rate of hepatocytes respectively. All the slices were observed with ANNORAMIC MIDI II (3DHISTECH Ltd., Budapest, Hungary).
Cell culture
The mouse monocyte/macrophage cell line RAW264.7 was purchased from China Cell Culture Center (Shanghai, China). The cell was cultured in DMEM with 10% FBS at 37°C in a humidified 5% CO2 atmosphere. Cells were seeded into the 6-well plate to determine the effect of TP (20 nmol/L) and LPS (50 ng/ml) on p-MerTK expression. When the cells reached 40%–50% confluence, TP was added to the medium. Twenty-4 hours after TP treatment, the cell pellet was collected for further detection. To investigate the effect of TP on SOCS1 (Suppressor Of Cytokine Signaling 1) and SOCS3 (Suppressor Of Cytokine Signaling 3) expression after Gas6, cells were seeded into the 6-well plate. When the cells reached 80%–90% confluence, TP (20 nmol/L) was added 1 h before Gas6 (50 nmol/L). 30 min, 60 min, 90 min, and 120 min after Gas6 exposure, cells were collected for further detection.
RNA extraction and qPCR
A total of 50 mg liver tissue was separated from liver samples stored at −80°C and RNA was extracted with TRIzol reagent. After the quantification with Nanodrop 3000 (Thermo Fisher Scientific, Waltham, MA, United States), 1 μg of total RNA of each sample was reverse transcribed to cDNA with Reverse Transcription Kit. The relative mRNA expression of macrophage markers and inflammatory factors were determined by QuantStudio six Flex (Thermo Fisher Scientific) with SYBR Green Master Mix and normalized with Gapdh. The primers used in this paper were listed in Table 1.
TABLE 1 | The primer sequences used for qPCR assay in mice.
[image: Table 1]Western blot analysis
A total of 100 mg liver protein was used for the protein extraction with RIPA Lysis Buffer (Solarbio Science & Technology Co., Ltd., Beijing, China). After quantification with BCA kit (Solarbio Science & Technology Co.,Ltd.), the protein was mixed with a 4×loading buffer containing protease and phosphatase inhibitor cocktail (P1049, Beyotime Biotechnology, Shanghai China). The same amount of protein was added to each well for SDS-PAGE with gels ranging from 10% to 12%. The protein was then transferred onto nitrocellulose filter membrane (Pall Corporation, NY, United States). The membranes were then incubated with secondary antibodies for 1 h and visualized at Tanon-5200 Chemiluminescent Imaging System (Tanno, Shanghai, China) using an ECL detection kit (Millipore, Danvers, MA, United States). The relative protein expression was normalized with GAPDH and analyzed with ImageJ 1.52a (Bethesda, MD, United States).
Molecular docking
Autodock Vina 1.1.2 (The Scripps Research Institute, La Jolla, CA United States) was used to analyze the binding of TP to MerTK. Briefly, TP was docked into the crystal structure of human TAK1 ligand-binding domains (RCSB code: 7VAX) under default parameters. TP-MerTK interaction was calculated with Autodock Tools 1.5.6 and visualized with PyMOL 2.5.0. The details of our steps are present in the previous research (Zhao et al., 2019).
Statistical analysis
Data of this research were analyzed by GraphPad Prism 8.0.1. (GraphPad Software, San Diego, CA, United States). All the data are presented in Mean ± SEM. One-way ANOVA followed by Tukey’s Multiple Comparison Test was performed to analyze the differences between groups. p-values < 0.05 were considered to be statistically significant.
RESULT
TP-treatment increased the sensitivity of the liver to LPS administration
Although TP, as well as Tripterygium wilfordii multiglycoside, the fat-soluble mixture refined from Tripterygium wilfordii Hook F. commonly used for the treatment of rheumatoid arthritis (RA) and immune diseases in clinical practice, might induce severe liver injury as observed in clinical report, our previous research proved that the direct hepatotoxicity of TP might not be the main reason for TP-induced hepatotoxicity (Li et al., 2014). Additionally, we proposed that the indirect toxicity of TP might be the main reason for TP-induced hepatotoxicity. In this study, TP (500 μg/kg) was administrated continuously for 7 days followed by a single dose of LPS (0.1 mg/kg) (Figure 1A). Six hours after LPS stimulation, serum and liver samples were collected for further detection. We found that TP and LPS co-treatment significantly increased serum ALT and AST, the two transaminases reflecting the degree of the liver damage, while TP and LPS alone had little effect on ALT and AST (Figures 1B,C). Moreover, TP/LPS co-treatment increased the serum TBA levels while did not affect serum ALP, reflecting that TP/LPS co-treatment might not attract bile duct cells (Figures 1D,E). Serum ALB and Total protein were also decreased by TP/LPS co-treatment, implying TP/LPS might disrupt liver protein synthesis (Figures 1F,G). Liver H&E staining revealed that TP/LPS co-treatment promoted hepatic cell apoptosis and necrosis, which was further proved by IHC staining and western blot of cleaved caspase-3 (Figures 1H,I). Moreover, TP/LPS co-treatment promoted the recruitment of inflammatory cells, as reflected by the IHC staining of MPO (Figure 1H). Overall, our results proved that TP pretreatment increased the sensitivity of the liver to LPS, accompanied by inflammatory cell infiltration. However, the actual role of immune cells in TP/LPS-induced indirect hepatotoxicity still needs to be investigated.
[image: Figure 1]FIGURE 1 | TP treatment increased the sensitivity of the liver to LPS administration. (A) Schematic presentation of the experimental procedure to prove the hypersensitivity of TP (500 μg/kg) in pretreated mice to LPS (0.1 mg/kg). (B–G) Levels of serum ALT, AST, ALP, TBA, ALB, and total protein in mice treated with TP and LPS (n = 8). (H) Pictures of liver tissue sections stained by H&E (top panels), analyzed by IHC for MPO (middle panels), or analyzed by cleaved caspase-3 (bottom panels) (×200). (I) Representative protein bands of cleaved caspase-3 after TP/LPS treatment, with GAPDH as the loading control. Results were expressed as means ± SEM. Statistical analysis was performed using One-way ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
TP-induced indirect hepatotoxicity accompanied by macrophage recruitment and fostered the polarization of macrophages to M1 type
Liver macrophages, the key cellular component of liver non-parenchymal cells, are essential to maintain liver homeostasis and promote or regress liver injury (Krenkel and Tacke, 2017). We speculated that liver macrophages might promote liver injury after TP/LPS co-treatment. To prove this, we detected the number of macrophages with IHC staining and qPCR. The results of qPCR revealed that macrophage markers Adgre1 (encoding F4/80), Itgam (encoding CD11b), and Cd68 were substantially increased in TP/LPS co-treatment group (especially Itgam), while TP and LPS alone had little effect on the expressions of Adgre1 and Cd68. Additionally, LPS slightly increased the expression of Itgam (Figure 2A–C). The IHC staining of F4/80 and CD11b also firmly confirmed the qPCR results (Figure 2D). Hepatic macrophages can be divided into two parts, liver resident macrophages (also known as Kupffer cells) originating from erythromyeloid progenitors of the yolk sac expressing CD68 and blood-derived originating from hematopoietic stem macrophages expressing CD11b. The dramatic increase in CD11b implied that TP/LPS co-treatment mainly recruited blood-derived monocytes to the liver and significantly increased hepatic macrophages. Additionally, macrophages can also be divided into two different and opposing functional phenotypes, traditionally named M1-type (pro-inflammatory type) and M2-type (anti-inflammatory type). The alteration in macrophage polarization determines the outcome of several liver diseases (Kazankov et al., 2019). Our result revealed that TP alone had no obvious effect on M1 macrophages (IL-12b, Nos2, and IL1b) as well as M2 macrophage markers (Mrc1, Arginase1, and Retnla). LPS treatment partly increased the M1 macrophage markers while having little effect on M2 macrophage markers, which was consistent with the published results (Wang et al., 2018). Unexpectedly, TP/LPS co-treatment boosted the expression of M1 macrophage markers while did not affect M2 macrophage markers (Figures 2E–J). Overall, our result implied that TP/LPS co-treatment increased hepatic macrophage numbers mainly from blood-derived monocytes. Moreover, macrophages might aggravate the liver injury via skewing macrophages to M1 pro-inflammatory type.
[image: Figure 2]FIGURE 2 | TP-induced indirect hepatotoxicity accompanied by macrophage recruitment and fostered the polarization of macrophages to M1 type. (A–C) The relative mRNA levels of hepatic macrophage markers Adgre1, Itgam, and Cd68 were detected by qPCR with Gapdh as the internal control (n = 8). (D) Pictures of liver tissue sections analyzed by IHC for CD11b (top panels) and F4/80 (bottom panels) (×200). (E–J) The relative mRNA levels of M1 macrophage markers (IL12b, Nos2, and Il1b) and M2 macrophage markers (Mrc1, Arginase1, and Retnla) after TP/LPS treatment, with Gapdh as the internal control (n = 8). Results were expressed as means ± SEM. Statistical analysis was performed using One-way ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
Depletion of macrophages alleviated TP-induced indirect hepatotoxicity
To investigate the effect of hepatic macrophages in TP-induced indirect hepatotoxicity, we depleted macrophages via clodronate liposomes, which can be phagocytized by macrophages and ultimately result in macrophage death. We injected the clodronate liposomes and its negative control (200 μl/mouse) on day 5 after TP administration, finding that depletion of macrophages apparently tempered the liver injury induced by TP/LPS co-treatment, as reflected by decreasing serum ALT, AST, and TBA levels (Figure 3B–C). Furthermore, H&E staining revealed that clodronate liposomes pretreatment alleviated the morphological changes after TP/LPS administration. Western blot and IHC staining of cleaved caspase-3 and MPO implied that clodronate liposomes weakened the apoptosis rate and the recruitment of inflammatory cells (Figures 3E,F). We additionally confirmed that clodronate liposomes pretreatment reduced the recruitment of macrophages to the liver, reflected by the decrease in CD11b and F4/80 positive cells (Figure 4). Thus, depletion of hepatic macrophages observably diminished the hepatotoxicity of TP/LPS accompanied by relieving hepatic apoptosis, necrosis, and inflammatory reactions.
[image: Figure 3]FIGURE 3 | Depletion of macrophages alleviated TP-induced indirect hepatotoxicity, accompanied by relieving inflammatory reaction and hepatocyte apoptosis. (A) Schematic presentation of the experimental procedure to investigate the effect of depletion of macrophages in TP/LPS-induced hepatotoxicity. (B–D) Levels of serum ALT, AST, and TBA in mice having liver macrophages and then treatment with TP and LPS (n = 8). (E) Pictures of liver tissue sections stained by H&E (top panels), analyzed by IHC for apoptosis marker cleaved caspase-3 (middle panels) or analyzed by inflammatory marker MPO (bottom panels) (×200). (F) Representative protein bands of cleaved caspase-3 after the depletion of macrophages, with GAPDH as the loading control. Results were expressed as means ± SEM. Statistical analysis was performed using One-way ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
[image: Figure 4]FIGURE 4 | Clodronate liposomes administration constrained the recruitment of macrophages to the liver. Pictures of liver tissue sections were analyzed by IHC for macrophage markers CD11b (top panels) and F4/80 (bottom panels) (×200).
Malfunctioning of macrophages in TP-induced indirect hepatotoxicity
Although hepatic macrophages had been proved to involve in TP/LPS-induced hepatotoxicity, the way through which macrophages participated in the indirect hepatotoxicity of TP remained unclear. Hepatic macrophages functioned for phagocytosis, recognition of danger signals, the release of inflammatory factors, antigen presentation, and orchestrating immune response (Guillot and Tacke, 2019). Among them, phagocytosis and inflammatory reactions are two main functions of hepatic macrophages. When hepatocytes are undergoing necrosis, they may release death-associated molecular-pattern molecules, such as IL-1α, HMGB1, mtDNA, and HSPs, which further recruit neutrophils, dendritic cells, NK cells, and others for promoting inflammatory reactions (Gong et al., 2020). Thus, it is irrational to detect the effect of TP on the inflammatory function of macrophages 6 h after LPS administration. In our previous experiment, we found that TP/LPS co-treatment could not induce liver damage 1 h and 3 h after LPS treatment. Additionally, LPS promoted the releasing of inflammation factors in a time-dependent manner in previous reports (Shaw et al., 2007; Lu et al., 2012; Filliol et al., 2017). Thus, we detected IL-1β, IL-6, and TNF-α 1 h, 3 h, and 6 h after LPS application (Figure 5A). Our results proved that LPS increased serum IL-1β, TNF-α, and IL-6, 1 h after LPS application while these pro-inflammatory factors returned to normal subsequently. To our surprise, TP pretreatment increased the production of pro-inflammatory factors upon LPS exposure, compared with the LPS treated group (Figures 5C–E). These results proved that TP pretreatment changed the ability of macrophages to secrete inflammatory factors. Moreover, we detected the serum endotoxin levels, discovering that serum endotoxin content was higher in TP/LPS co-treatment group compared with LPS treated alone, which might also be one reason for the boost increase in pro-inflammatory factors (Figure 5B). Physiologically, endotoxin can be phagocytized in macrophages. The accumulation of endotoxin in serum in the TP/LPS co-treatment group implied TP pretreatment weakened the phagocytic capacity of hepatic macrophages. Overall, the results in this part proved that TP pretreatment affected the inflammatory secretion and phagocytic capacity of hepatic macrophages, which might be the main reason for TP/LPS-induced hepatotoxicity.
[image: Figure 5]FIGURE 5 | Malfunctioning of macrophages in TP-induced indirect hepatotoxicity. (A) Schematic presentation of the experimental procedure to investigate the time-dependent release of inflammatory factors in mice treated with TP (500 μg/kg) and LPS (0.1 mg/kg). (B) Serum endotoxin content in mice treated with TP and LPS (n = 8) 6 h after LPS injection. (C–E) Changes in serum TNF-α, IL-6, and IL-1β in mice after the treatment of TP and LPS (n = 8). Results were expressed as means ± SEM. Statistical analysis was performed using One-way ANOVA and Two-way ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
Macrophage MerTK might severed as the new target for TP-induced indirect hepatotoxicity
To further investigate the target of TP on the macrophage, we used reversed docking technology. TP was used as the ligand to bind to the protein structure in RCSB Protein Data Bank (https://www.pdbus.org/). We selected the top 100 proteins and tried to illustrate their bioactivity with macrophages. Among them, we found MerTK, a receptor tyrosine kinase that could regulate macrophage inflammatory secretion, phagocytosis, and polarization. MerTK restricted inflammatory secretion, promoted macrophage phagocytosis, and also skewed macrophages polarization to M2 type (Cai et al., 2016; Grabiec et al., 2018; Triantafyllou et al., 2018; Zhou et al., 2020; Vago et al., 2021; Wu et al., 2021). The binding of LPS to TLR4 led to the production of inflammatory factors, which in turn up-regulated MerTK. MerTK upregulation could selectively induce the production of SOCS1 and SOCS3, ultimately blocking the inflammatory response (O'Neill, 2007; Rothlin et al., 2007). The molecule docking results implied that TP might bind to MerTK (Asp741), which is the key amino acid residue for MerTK activation (Figure 6A). In vivo and in vitro western blot analysis proved that LPS evaluated the expression of p-MerTK, while TP inhibited MerTK phosphorylation, suggesting that TP could inhibit the bioactivity of MerTK (Figure 6B). Moreover, we selected the widely accepted MerTK ligand, Growth arrest-specific gene 6 (Gas6), to investigate the effect of TP on Gas6-induced MerTK activation according to the published research. We found that Gas6 time-dependent increase in SOCS1 and SOCS3 transcription happened within 120 min, while TP pretreatment restrained this process (Figures 6C,D). Thus, we proved that TP inhibited the activation of MerTK upon LPS and Gas6 stimulation, the binding of TP to MerTK (Asp741) might be responsible for these processes.
[image: Figure 6]FIGURE 6 | Macrophage MerTK might be the new target for TP. (A) Molecular docking of TP and MerTK (RCSB code: 7VAX) visualized with PyMOL. (B) Representative protein bands of p-MerTK in RAW264.7 cells (top panels) and mice (bottom panels) after TP and LPS treatment, with GAPDH as the loading control. The procedure of in vivo experiment was illustrated in Figure 1. In the in vitro experiment, TP (20 nmol/L) was preincubated 2 h before LPS (50 ng/ml). Twenty-4 hours after LPS, cells were collected for western blot analysis. (C,D) RAW264.7 cells were preincubated with TP (20 nmol/L) for 2 h and then stimulated with Gas6 (50 nmol/L). Cells were harvested at the indicated time points. The relative mRNA levels of SOCS1 and SOCS3 were detected by qPCR with Gapdh as the internal control (n = 4). Results were expressed as means ± SEM. Statistical analysis was performed using Two-way ANOVA followed by Tukey’s Multiple Comparison Test. p < 0.05 was considered to be statistically different.
DISCUSSION
Indirect hepatotoxicity, mainly generated from the use of drugs clinically, is a type of toxicity secondary to the pharmacological effects of drugs, providing a new direction for rational interpretation of clinically relevant drug-induced liver injury. For example, Risperidone and Haloperidol may increase body weight and the incidence of fatty liver disease (Kumra et al., 1997). The application of anticancer chemotherapeutic agents may reactivate hepatitis B (Di Bisceglie et al., 2015). Moreover, antineoplastic checkpoint inhibitors and TNF-α antagonists may induce immune-mediated liver injury due to their immune regulatory effects. Although indirect hepatotoxicity is gradually accepted by researchers, the underlying mechanisms and the animal models to investigate drug-induced indirect liver injury are still elusive. Previously, we proposed that the inhibition of c-FLIP by TP is responsible for TP-induced indirect hepatotoxicity. Additionally, the deficiency of c-FLIP increased the hepatocyte hypersensitivity to TNF-α. Thus, it is rational to explore the interaction between TNF-α secreting immune cells and hepatocytes.
We speculated that hepatic macrophages, which are the main source of TNF-α in LPS stimulation, might participate in TP-induced indirect liver injury. To prove our hypothesis, we detected the F4/80, the marker of macrophages, finding that TP/LPS co-treatment increased the number of macrophages in the liver. Additionally, CD11b, the marker of monocyte-derived macrophages also dramatically increased, revealing that TP/LPS co-treatment recruited blood-derived monocytes to the liver to participate in inflammatory responses. Macrophage polarization has been proved to hold a central position in a variety of liver diseases, including acetaminophen-induced liver injury, liver fibrosis, as well as non-alcoholic fatty liver disease (Luo et al., 2017; Zhang et al., 2019; Li et al., 2020; Shu et al., 2021). The ambivalent function of macrophages in different models of liver diseases reflects that there exist different subsets of macrophages that show opposing bio-activities. Generally, macrophages can be divided into proinflammatory M1 and immunoregulatory M2 subtypes. M1 macrophages function to release the pro-inflammatory factors, and clearance of bacteria, and viruses. In contrast, M2 macrophages could accelerate wound healing and exert anti-inflammatory activity. In this study, we found that LPS alone promoted macrophage polarization towards M1. However, TP/LPS significantly increased M1 macrophage markers, suggesting that M1 macrophages might recruit massive immune cells which were responsible for liver injury induced by TP/LPS co-treatment. To prove this, we depleted liver macrophages with clodronate liposomes. Clodronate liposomes could be phagocytized by macrophages, ultimately promoting macrophage death when injected in vivo. As expected, pre-treatment with clodronate liposomes almost completely alleviated the liver injury induced by TP/LPS. We supposed that cutting off the production of TNF-α was the main reason for this phenomenon (Yuan et al., 2020).
Next, we tried to investigate whether TP-treatment could disrupt the normal function of hepatic macrophages. Macrophage phagocytosis has been recognized as an important function in relieving inflammatory reactions (Underhill and Goodridge, 2012; Kourtzelis et al., 2020). Moreover, liver macrophages recognize liver injury and subsequently trigger their activation, ultimately promoting the release of inflammatory chemokines and cytokines, and also the recruitment of inflammatory cells. In this study, we detected inflammatory cytokine secretion and phagocytosis of LPS by macrophages (Figures 5B–E). To our surprise, a time-dependent in vivo experiment found that TP/LPS significantly promoted the release of IL-1β, IL-6, and TNF-α at the early time treatments after LPS exposure, in comparison with LPS treatment alone. Under physiological conditions, a low dose of LPS was taken by hepatic macrophages. The structure of lipid A in LPS was hydrolyzed by acyloxyacyl hydrolase in the macrophages, finally inactivating LPS (Shao et al., 2007). In our experiment, we detected plasma endotoxin concentration and found that TP pre-treatment repressed the degradation of LPS. These results firmly implied the macrophage malfunction in TP-induced indirect hepatotoxicity.
Then, we used reverse docking to find the target of TP in macrophages. The molecular docking results proved that TP might bind to MerTK, a newly found TAM receptor that is responsible for the maintenance of liver immune tolerance via inhibiting the production of inflammatory factors upon LPS stimulation and promoting macrophage efferocytic capacity. Existing studies proved that loss of MerTK amplified the inflammatory response of LPS and macrophage MerTK promoted the dissolution of inflammation in acute liver failure (O'Neill, 2007; Cai et al., 2016; Triantafyllou et al., 2018; Bernsmeier et al., 2015). Moreover, MerTK is the key receptor to maintain macrophage efferocytic capacity and its deficiency impairs the clearance of dead cells by macrophages (Caberoy et al., 2010; Grabiec et al., 2018; Gerlach et al., 2021). MerTK has also been reported to increase the M1 to M2 ratio in tumor-associated macrophages and microglial cells (Oliva et al., 2021; Wu et al., 2021). Also, MerTK deficiency in macrophages increases the sensitivity of the liver to LPS (Triantafyllou et al., 2018). These researches firmly implied that MerTK might be the true target of TP in macrophages. Our results revealed that TP inhibited the up-regulation of p-MerTK upon LPS in vivo and in vitro, which was in accordance with the molecular docking results. On binding to MerTK, Gas6 has been proved to activate the SOCS1/SOCS3 pathway. Our results also found that TP pre-treatment hindered the activation of SOCS1/SOCS3 when treated with Gas6, implying that TP inhibited the activation of MerTK. However, the binding site of TP with MerTK still needs to be proved. Also, the efferocytic capacity of MerTK relies on cGAS/STING/TBK1/IFN-β pathway, and the inflammation regulatory function of MerTK is dependent on the STAT1/SOCS1/SOCS3 pathway (O'Neill, 2007). Whether the disruption of these two pathways actually participates in TP-induced indirect hepatotoxicity needs to be further investigated. Additionally, whether the inhibition of MerTK increases the risk of indirect hepatotoxicity needs more experimental results.
CONCLUSION
TP broke the immune tolerance state of hepatic macrophage via binding and inactivate MerTK, which limited the uptake of bacterial particles (including LPS) and intense the production of pro-inflammatory factors upon LPS stimulation (Figure 7). The malfunction of macrophages together with cytoprotective protein c-FLIP deficiency in hepatocyte proved in our previous research, ultimately resulting in TP-induced indirect hepatotoxicity (Yuan et al., 2020). Targeting hepatic macrophages might be the alternative option for the treatment of indirect hepatotoxicity of TP.
[image: Figure 7]FIGURE 7 | Schematic presentation indicated the suggested mechanisms by which macrophages malfunction in TP/LPS-induced indirect hepatotoxicity. The graphic was created with BioRender.com (aggrement number: XI24A5DAOR).
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Forward primer (5°-3°)

CATCACTGCCACCCAGAAGACTG
CGTGTTGTTGGTGGCACTGTGA
TACTTCGGGCAGTCTCTGAGTG
GGCGGTGGAATACAATGTGTCC
TTGAACTGGCGTTGGAAGCACG
GAGACAGGGAAGTCTGAAGCAC
TGGACCTTCCAGGATGAGGACA
GTTCACCTGGAGTGATGGTTCTC
CATTGGCTTGCGAGACGTAGAC
CAAGGAACTTCTTGCCAATCCAG
AGTCGCCAACGGAACTGCTTCT
GGACCAAGAACCTACGCATCCA

Reverse primer (5'-3")

ATGCCAGTGAGCTTCCCGTTCAG
CCACATCAGTGTTCCAGGAGAC
ATGGTTGCCTCCAGTCTCAGCA
AGCAGGTCAAGGTGAACAGCTG
CCACCTGTGAGTTCTTCAAAGGC
CCAGCAGTAGTTGCTCCTCTTC
GTTCATCTCGGAGCCTGTAGTG
AGGACATGCCAGGGTCACCTTT
GCTGAAGGTCTCTTCCATCACC
CCAAGATCCACAGGCAAAGCCA
GTAGTGCTCCAGCAGCTCGAAA
CACCAGCTTGAGTACACAGTCG
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