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Editorial on the Research Topic 


Acute-on-chronic liver failure: systemic inflammation and immunosuppression





Introduction

ACLF is a severe and often fatal condition that occurs in individuals with underlying chronic liver disease when acute events precipitate its development (1). Due to the lack of therapies for ACLF, except for liver transplantation, there is a critical need to investigate its pathophysiological mechanisms (2). It is well-established that systemic inflammation plays a significant role in driving ACLF (3). However, there is limited understanding of how systemic inflammation develops and how it affects organ functions. Additionally, immunosuppression, another immune dysfunction observed in ACLF, contributes to bacterial infections and worsens the overall condition (4). Unfortunately, little is known about the development of immunosuppression during ACLF and its underlying molecular mechanisms. Consequently, ACLF remains a major challenge for clinicians and researchers. The following articles present interesting findings in the field of Acute-on-chronic Liver Failure (ACLF).





Editorial on the Research Topic acute-on-chronic liver failure: systemic inflammation and immunosuppression

The first part of this Research Topic consists of investigations using biosamples from patients, which provide biomarkers and insights in potential immunological effects of specific drugs. The study of Sánchez-Rodríguez et al. investigates the role of CD5L (a macrophage anti-inflammatory protein) and the specialized pro-resolving lipid mediators (SPMs) in the pathogenesis of acute-on-chronic liver failure (ACLF). The study revealed a progressive loss of circulating EVs as the disease progressed. Moreover, the content of CD5L in EVs exhibited differential changes during disease progression, with the highest levels observed in AD and a subsequent decrease in ACLF. This observation indicates a potential role of CD5L in regulating immune cell activation and the systemic inflammatory response. Hereby, monocytes are key cell type. Tong et al. reported about the effect of granulocyte colony stimulating factor (G-CSF) on switching the M1 pro-inflammatory state to M2 anti-inflammatory state of monocytes in ACLF patients from a randomized controlled trial. G-CSF therapy not only induces M1/M2 phenotype of monocyte but also attenuates pro-inflammatory cytokine secretion, but do not influence phagocytosis or oxidative burse capacity in patients with HBV-ACLF, which may lead to resolution of inflammation and ACLF recovery in selected patients. Maheshwari et al. analysed defects in phagocytic and oxidative burst capacity in ACLF monocytes in an animal model of ACLF. MSC therapy may correct the energy supply and eventually ameliorate hepatic injury and promote liver regeneration. Moreover, drug-induced liver injury (DILI) may also precipitate ACLF in few cases, which is shown in the prospective cohort study of Wang, M.-G. et al. The authors investigated the mechanisms underlying DILI due to anti- tuberculosis drugs (ATB) on diagnosed tuberculosis (TB) patients (Wang, M.-G. et al.). The authors analyzed urinary metabolic and microbial samples. The resulting data were submitted to machine learning techniques, which allowed the development of a prediction model for ATB-DILI based on the obtained metabolomics, microbiome, and clinical data.

The second topic was about to perform manipulations on disease model animals to provide insights into pathophysiological mechanisms of ACLF pathogenesis. MicroRNA (miRNA) is known to bind to specific sequences in target mRNAs and thereby silence gene translation. Tao et al. tested the therapeutic efficacy of miR-125b-5p supplement, which was depleted in the liver of HBV-ACLF patients in a model of liver failure induced by lipopolysaccharide (LPS) and D-galactosamine (D-GalN). The results showed that miR-125b-5p alleviated mouse ALF, most probably via Kelch-like ECH-associated protein 1 (Keap1) repression and up-regulation of the expression of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and Heme oxygenase-1 (HO-1).

By contrast, Qu et al. focused on the role of PEBP4 pathway, and using PDTC and TAK-242, that selectively inhibits the activity of NF-κB and TLR4, which can partially reverse the detrimental effect of PEBP4 depletion. The work of Qu et al. provides another candidate target for drugs that are partly in clinical testing as ACLF therapy. This part of the Research Topic is rounded-up by the work of Huang et al. investigating the role of mitophagy, in the pathogenesis of acute liver injury (ALI) caused by heat stroke (HS) which is a fatal form of heat injury. This study revealed a cytosolic p53-mediated impaired mitophagy in the pathogenesis of HS-ALI and highlights pharmacologic induction of mitophagy by inhibiting cytosolic p53 as a promising therapeutic approach for HS-ALI treatment. Also the work of Wang, J. et al. tested the therapeutic efficacy of phenethyl isothiocyanate (PEITC), a natural compound extracted from cruciferous vegetables, in an concanavalin A (ConA)-induced acute liver injury model and carbon tetrachloride (CCl4)-induced chronic liver injury model. Mechanically, PEITC inhibited hepatocyte pyroptosis by interacting with cysteine 191 of GSDMD with its specific structure –N=C=S, which may be a candidate drug for treating ALI.

The Research Topic also collected three up-to-dated literature reviews. The review of Qiang et al. incorporates the current research status related to ACLF and sheds light on the immune mechanisms underlying the development and progression of acute-on-chronic liver failure (ACLF). The authors discuss that the understanding of ACLF and its definition has been a subject of controversy discussion and definition differences among the liver-related research communities worldwide. In their review, the authors highlight the immune pathogenesis of ACLF and the importance of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) in ACLF. Furthermore, the review of Hazrati et al. summarizes the mechanisms underlying the protective and therapeutic effects of MSCs and MCSs- derived extracellular vesicles (EVs) in liver diseases, involving differentiation into hepatocyte-like cells, inhibition of apoptosis and inflammation, promotion of growth factors production and hepatocyte proliferation, suppression of hepatic stellate cells (HSCs) and tissue-damaging immune cells.

Finally, the review of Ye et al. summarizes the evidences on the use of glucocorticoids in treating ACLF and ALF. The review article emphasizes the etiology of liver failure in evaluating glucocorticoid efficacy. The benefit of glucocorticoid therapy seems to be definite in AIH-induced liver failure, while controversial in HBV or drug-related ACLF or ALF. The authors highlighted the potential impact of dosing and timing of glucocorticoids use on the survival benefit and the lack of specific biomarkers to precisely guide the optimized use of glucocorticoids in these patients.





Author contributions

OT: Conceptualization, Writing – original draft. YS: Writing – original draft, Writing – review & editing. Y-CF: Investigation, Writing – original draft. JT: Data curation, Writing – original draft. XX: Formal Analysis, Writing – original draft.





Funding

OT was supported by the research funding program Landes-Offensive zur Entwicklung Wissenschaftlich-ökonomischer Exzellenz (LOEWE) of the State of Hesse (HMWK), Research Initiative ACLF-I. JT was supported by the German Research Foundation (DFG) project ID 403224013 – SFB 1382 (A09), by the German Federal Ministry of Education and Research (BMBF) for the DEEP-HCC project, and by the Hessian Ministry of Higher Education, Research and the Arts (HMWK) for the ENABLE and ACLF-I cluster projects. The MICROB-PREDICT (project ID 825694), DECISION (project ID 847949), GALAXY (project ID 668031), LIVERHOPE (project ID 731875), and IHMCSA (project ID 964590) projects have received funding from the European Union’s Horizon 2020 research and innovation program. The manuscript reflects only the authors’ views, and the European Commission is not responsible for any use that may be made of the information it contains. The funders had no influence on the study design, data collection, and analysis, the decision to publish, or the preparation of the manuscript. This research received also funding from the Fundamental Research Funds for the Central Universities (2021FZZX001-41,226-2023-00127), Medical Health Science and Technology Project of Zhejiang Provincial Health Commission (No.2022490480), and Chinese National Natural Science Foundation (No.81870425).




Acknowledgments

We would like to thank all authors and reviewers who contributed to the Research Topic: “Acute-on-chronic liver failure: systemic inflammation and immunosuppression.”





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.





References

1. Richard, M, Marta, T, Aleksander, K, Paolo, A, Marina, B, Annalisa, B, et al. EASL Clinical Practice Guidelines on acute-on-chronic liver failure. J Hepatol (2023) 79(2):461–91. doi: 10.1016/j.jhep.2023.04.021

2. Luo, J, Li, J, Li, P, Liang, X, Hassan, HM, and Moreau, R. Acute-on-chronic liver failure: far to go-a review. Crit Care (2023) 27:259. doi: 10.1186/s13054-023-04540-4

3. Arroyo, V, Angeli, P, Moreau, R, Jalan, R, Clària, J, Trebicka, J, et al. The systemic inflammation hypothesis: Towards a new paradigm of acute decompensation and multiorgan failure in cirrhosis. J Hepatol (2021) 74:670–85. doi: 10.1016/j.jhep.2020.11.048

4. Schierwagen, R, Gu, W, Brieger, A, Brüne, B, Ciesek, S, Đikić, I, et al. Pathogenetic mechanisms and therapeutic approaches of acute-to-chronic liver failure. Am J Physiol Cell Physiol (2023) 325:C129–40. doi: 10.1152/ajpcell.00101.2023




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 © 2023 Tyc, Shi, Fan, Trebicka and Xiang. 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.




ORIGINAL RESEARCH

published: 31 January 2022

doi: 10.3389/fimmu.2022.825428

[image: image2]


Direct Inhibition of GSDMD by PEITC Reduces Hepatocyte Pyroptosis and Alleviates Acute Liver Injury in Mice


Jie Wang 1†, Ke Shi 1†, Ning An 1, Shuaifei Li 1, Mei Bai 1, Xudong Wu 1, Yan Shen 1, Ronghui Du 1, Jingcai Cheng 2*, Xuefeng Wu 1* and Qiang Xu 1*


1 State Key Laboratory of Pharmaceutical Biotechnology, Nanjing Drum Tower Hospital, School of Life Science, Nanjing University, Nanjing, China  , 2 Drug R&D Institute, JC (Wuxi) Company, Inc., Wuxi, China




Edited by: 

Haichao Wang, Feinstein Institute for Medical Research, United States

Reviewed by: 

Mohammad Asif Sherwani, University of Alabama at Birmingham, United States

Qinghua Hu, China Pharmaceutical University, China

Nattaya Konsue, Mae Fah Luang University, Thailand

*Correspondence: 

Jingcai Cheng
 jcijcheng@163.com 

Xuefeng Wu
wuxf@nju.edu.cn 

Qiang Xu
 molpharm@163.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Inflammation, a section of the journal Frontiers in Immunology


Received: 30 November 2021

Accepted: 06 January 2022

Published: 31 January 2022

Citation:
Wang J, Shi K, An N, Li S, Bai M, Wu X, Shen Y, Du R, Cheng J, Wu X and Xu Q (2022) Direct Inhibition of GSDMD by PEITC Reduces Hepatocyte Pyroptosis and Alleviates Acute Liver Injury in Mice. Front. Immunol. 13:825428. doi: 10.3389/fimmu.2022.825428



Acute liver injury (ALI), often caused by viruses, alcohol, drugs, etc., is one of the most common clinical liver diseases. Although pyroptosis plays an important role in ALI, there is still a lack of effective clinical drugs related to this mechanism. Here, we show that phenethyl isothiocyanate (PEITC), a natural compound present in cruciferous vegetables, can significantly alleviate concanavalin A (ConA)-induced inflammatory liver damage and carbon tetrachloride (CCl4)-induced chemical liver damage in a dose-dependent manner. PEITC dose-dependently reversed the ALI-induced increase in plasma levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), tumor necrosis factor (TNF)-α, and interferon (IFN)-γ and reduced the protein levels of hepatocyte pyroptosis markers such as Nod-like receptor family pyrin domain containing 3 (NLRP3), cleaved caspase-1, and cleaved gasdermin D (GSDMD). In vitro experiments have also verified the inhibitory effect of PEITC on hepatocyte pyroptosis. Furthermore, PEITC inhibits pyroptosis by interacting with cysteine 191 of GSDMD. In summary, our findings establish a role for PEITC in rescuing hepatocyte pyroptosis via direct inhibition of GSDMD, which may provide a new potential therapeutic strategy for ALI.




Keywords: PEITC, pyroptosis, hepatocyte, gasdermin D, acute liver injury



Introduction

Acute liver injury (ALI) is one of the most common clinical liver diseases and is often caused by viruses, alcohol, drugs, etc. If it is not treated in time, it can easily develop into acute liver failure, chronic liver injury, or hepatocellular carcinoma, which seriously threatens human quality of life and health. The mechanisms and characteristics of ALI are very complex, including hepatocyte death, oxidative stress, inflammation, etc. Hepatocyte pyroptosis is particularly critical for liver damage in the development of liver inflammation into cirrhosis, liver fibrosis, and hepatocellular carcinoma (1–4). In mouse sepsis models induced by lipopolysaccharide (LPS), the level of pyroptosis is positively correlated with the severity of liver injury (5). Signaling pathways involved in pyroptosis in hepatocytes and nonparenchymal cells were significantly enhanced in concanavalin A (ConA)-induced mouse ALI models (6).

Pyroptosis is a programmed cell death mediated by gasdermin family proteins (7), and its activation mechanism is divided into classical pathways and nonclassical pathways according to whether it depends on caspase-1 (CASP1). In the classical pathway, CASP1 is recruited and activated by inflammasomes. Activated CASP1 cleaves gasdermin D (GSDMD) to produce an active GSDMD-N-terminal domain. The GSDMD-N-terminal domain translocates to the cell membrane to form membrane pores, resulting in pyroptosis. In the nonclassical pathway, human caspase-4, caspase-5, and mouse caspase-11 can be directly activated by LPS and then cleave GSDMD, causing pyroptosis (8–10). In addition, there is a pyroptosis pathway that depends on caspase-3, which is an executive protein of apoptosis. When apoptotic cells are not cleared in time, the expression levels of gasdermin E (GSDME) are upregulated by p53 and then specifically cleaved by caspase-3 to produce the GSDME N-terminal domain (11). Finally, the GSDME-N-terminal domain forms membrane pores to induce pyroptosis (11, 12).

Although the liver has a regenerative function, ALI may develop into acute liver failure with extremely high mortality if liver regeneration cannot offset a large number of hepatocyte deaths (13). When acute liver injury lasts for more than 1 month, it will develop into chronic liver injury and liver cancer. At present, there is still a lack of effective clinical drugs to prevent and treat ALI. Therefore, exploring the occurrence and development mechanisms of ALI and finding safe and effective hepatoprotective drugs are urgent problems for researchers to solve.

Phenethyl isothiocyanate (PEITC) is an isothiocyanate compound from the secondary metabolites of cruciferous plants hydrolyzed by myrosinase (14). Isothiocyanates are a class of compounds containing RN=C=S, in which R can be aliphatic or aromatic and the group =C=S has high reactive affinity with cysteine (15). PEITC has antibacterial, anti-inflammatory, antioxidant, and antitumor effects (16–19). This compound is reported as an effective inducer of nuclear factor erythroid 2-related factor 2 (NRF2) and can promote the expression of a variety of NRF2-driven antioxidant genes in different cell types (20, 21). It also suppresses translocation of nuclear factor kappa B (NF-κB) and phosphorylation of its upstream inhibitor IκBα, thereby inhibiting the production of inflammatory factors (22). In addition, many other studies show that PEITC at high doses also has the ability to reduce cancer cell invasion and migration, block the cell cycle, and induce apoptosis and autophagy in cancer cells with increased production of ROS (23–25). Moreover, as a widely distributed natural compound, PEITC actually has an excellent protective effect on vital organs in the human body, although it may have been ignored thus far.

In this study, we discovered that PEITC has a significant hepatoprotective effect, which reverses the increased levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), tumor necrosis factor (TNF)-α, and interferon (IFN)-γ in mice with ALI. Furthermore, this effect of PEITC may be due to inhibition of hepatocyte pyroptosis via its unique structure of mercapten-targeting cysteine 191 of GSDMD.



Materials and Methods


Chemicals and Reagents

PEITC was from JC (Wuxi) Company, Inc. (Wuxi, China). CCl4 and olive oil were purchased from Nanjing Chemical Reagent Co., Ltd. (Nanjing, China). Lactate dehydrogenase (LDH) assay kit, alanine aminotransferase (ALT) assay kit, and aspartate aminotransferase (AST) assay kit were from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). A mouse TNF-α ELISA kit and IFN-γ ELISA kit were purchased from Dakewe Biotech Co., Ltd. (Shenzhen, China). Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F12), Lipofectamine 3000, and Alexa Fluor 488-conjugated anti-rabbit IgG were purchased from Thermo Fisher Scientific (Waltham, MA, USA). ExFect Transfection Reagent was purchased from Vazyme (Nanjing, China). Dexamethasone, adenosine triphosphate (ATP), penicillin–streptomycin solution (100×), cell lysis buffer for Western blotting and immunoprecipitation, and RIPA lysis buffer were provided by Beyotime Biotechnology (Shanghai, China). Insulin-Transferrin-Selenium (ITS) Media Supplement (100×) was purchased from R&D Systems (Minneapolis, MN, USA). LPS and ConA were bought from Sigma-Aldrich (St. Louis, MO, USA). Necrosulfonamide (NSA) was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Antibodies against β-tubulin, β-actin, and GAPDH were purchased from Abmart (Shanghai, China). Antibody against Nod-like receptor family pyrin domain containing 3 (NLRP3) was purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-caspase-1 and anti-IL-1β antibodies were provided by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-GSDMD antibody was from Abcam (Cambridge, UK).



Animal Experiments

ICR male mice (6–8 weeks old) were purchased from the College of Veterinary Medicine Yangzhou University (Institute of Comparative Medicine, Yangzhou, China) and grown in an SPF-grade animal room at 21°C ± 2°C with a 12:12-h day-night cycle. PEITC (molecular mass: 163.24) is fat soluble, so it was dissolved in olive oil to the required concentrations.


ConA-Induced Acute Immune Liver Injury Model

Sixty ICR male mice were randomly divided into six groups: normal group, ConA-treated group, 7.5 mg/kg PEITC preadministered (pre) group, 15 mg/kg PEITC (pre) group, 30 mg/kg PEITC (pre) group, and 30 mg/kg PEITC postadministered (post) group. In the PEITC (pre) group, mice were given PEITC (7.5, 15, and 30 mg/kg, i.g.) for three consecutive days. After the last administration, the ConA-treated group, PEITC (pre) group, and PEITC (post) group were injected with 10 mg/kg ConA via the tail vein to induce an acute immune liver injury model. Half an hour after ConA injection, the PEITC (post) group was given PEITC (30 mg/kg, i.g.). Eight hours after ConA injection, blood was collected, and serum was separated by centrifugation. The mice were then sacrificed and rapidly dissected, and the livers and spleens of the mice were removed and weighed. In addition, liver and spleen index were calculated. The lesions on the surface of liver and spleen tissues were photographed and recorded. At the same time, a piece of liver tissue was removed. One part was fixed with paraformaldehyde, embedded in paraffin and sectioned, and the other part was stored at −80°C.



CCl4-Induced Acute Chemical Liver Injury Model

Male ICR mice were randomly divided into six groups: normal group, CCl4 model group, 7.5 mg/kg PEITC (pre) group, 15 mg/kg PEITC (pre) group, 30 mg/kg PEITC (pre) group, and 30 mg/kg PEITC (post) group. In the PEITC (pre) group, mice were given PEITC (7.5, 15, and 30 mg/kg, i.g.) for three consecutive days. After the last administration, the CCl4 model group, PEITC (pre) group and PEITC (post) group were injected with 0.2% (v/v) CCl4 (10 ml/kg, i.p.) to induce acute chemical liver injury. Half an hour and 8 h after CCl4 injection, the PEITC (post) group was given PEITC (30 mg/kg, i.g.). Sixteen hours after CCl4 injection, blood was collected, mice were euthanized, and liver tissue samples were removed.




Analysis of Biochemical Indexes and Cytokine Levels

ALT, AST, and LDH activities were detected according to the instructions of the assay kits. The levels of serum TNF-α and IFN-γ were tested according to the instructions of ELISA kits.



Real-Time PCR

Total RNA of liver tissues was extracted with TRIzol and then reverse transcribed into cDNA (26). Real-time quantitative PCR was performed with a BioRad CFX96 Touch™ real-time PCR detection system (BioRad, Hercules, CA, USA). The amplification conditions were 95°C for 2 min, 1 cycle, denaturation at 95°C for 10 s, annealing at 60°C for 30 s, extension at 95°C for 10 s, and 45 cycles. The primer sequences used in our study were as follows: TNF-α forward, 5′-CCT GTA GCC CAC GTC GTA G-3′; TNF-α reverse, 5′-GGG AGT AGA CAA GGT ACA ACC C-3′; IFN-γ forward, 5′-ATG AAC GCT ACA CAC TGC ATC-3′; IFN-γ reverse, 5′-CCA TCC TTT TGC CAG TTC CTC-3′; CXCL-10 forward, 5′-CCA AGT GCT GCC GTC ATT TTC-3′; CXCL-10 reverse, 5′-GGC TCG CAG GGA TGA TTT CAA-3′; β-actin forward, 5′-GGC TGT ATT CCC CTC CAT CG-3′; and β-actin reverse, 5′-CCA GTT GGT AAC AAT GCC ATG T-3′.



Western Blot

Cells or liver tissues were lysed in lysis buffer with protease inhibitor cocktail for 30 min on ice, and the supernatants were collected after cell lysates were centrifuged at 12,000×g for 10 min. After the protein concentrations of each sample were measured, proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Burlington, MA, USA). Different antibodies were incubated according to the molecular weight of target proteins for Western blotting.



Immunohistochemistry

Paraffin-embedded liver tissue sections were deparaffinized, rehydrated, subjected to antigen retrieval, blocked, and then incubated overnight at 4°C with antibodies against NLRP3, IL-1β, caspase-1, and GSDMD. After washing tissue sections with PBST, slides were stained according to the instructions of the anti-mouse/rabbit universal immunohistochemical detection kit (Proteintech, Wuhan, China) and finally counterstained with hematoxylin.



Cell Culture

The alpha mouse liver 12 (AML12) cell line and HEK293T cell line were obtained from the National Collection of Authenticated Cell Cultures (Shanghai, China). AML12 cells were cultured in DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS), ITS media supplement (1×), 40 ng/ml dexamethasone, and penicillin–streptomycin solution (1×) under an atmosphere of 5% (v/v) CO2 at 37°C. To induce the hepatocyte pyroptosis model, AML12 cells were treated with 100 ng/ml LPS for 3 h, then PEITC (0.3, 1, and 3 µM) for 1 h, and finally 5 mM ATP for 24 h. The cells were collected for subsequent experiments. HEK293T cells were cultured in DMEM supplemented with 10% FBS and penicillin–streptomycin solution (1×) under an atmosphere of 5% (v/v) CO2 at 37°C.



Immunofluorescence Assay

AML12 cells were fixed, permeabilized, blocked, and then incubated overnight at 4°C with anti-GSDMD antibody. After washing with PBS, cells were exposed to Alexa Fluor 488-conjugated anti-rabbit IgG, and finally, cell nuclei were stained with DAPI.



Cell Transfection Assay

Mouse GSDMD WT-EGFP, human GSDMD WT-EGFP, and human GSDMD C191A-EGFP plasmids were purchased from General Biology (Anhui, China). The mouse GSDMD WT-EGFP plasmid was transfected into AML12 cells, and human GSDMD WT-EGFP or human GSDMD C191A-EGFP plasmid was transfected into HEK293T cells for subsequent experiments.



Cellular Thermal Shift Assay

After AML12 cells were incubated with DMSO or PEITC (3 μM) for 2 h, the cells were collected, washed, and resuspended in PBS. The cell suspension was divided into 10 aliquots and heated at the indicated temperatures. Finally, the cell supernatant at each temperature was analyzed by western blot. HEK293T cells transfected with human GSDMD WT-EGFP or human GSDMD C191A-EGFP plasmid were treated with DMSO, PEITC (3 μM) or NSA (3 μM) for 2 h, and the subsequent operations were basically the same as above.



Microscale Thermophoresis Assay

After the mouse GSDMD WT-EGFP plasmid was transiently transfected into AML12 cells for 24 h, the cells were lysed with lysis buffer, and the supernatant was collected after centrifugation. PEITC was gradually diluted from 500 μM and added to an aliquot of cell lysis. They were mixed and sucked into Monolith NT.115 capillary tubes (Nanotemper Technologies, München, Germany). Finally, samples were detected by Monolith NT.115 (Nanotemper Technologies), and data were analyzed by MO.Affinity Analysis. HEK293T cells were transiently transfected with human GSDMD WT-EGFP or GSDMD C191A-EGFP plasmid for 24 h and then lysed with lysis buffer. The supernatant was collected after centrifugation. PEITC or NSA was gradually diluted from 500 μM and added to an aliquot of cell lysis. After samples were mixed, the subsequent operations were the same as above.



Electron Microscope

After the cell samples were fixed with prefixed electron microscopy fixative (Servicebio, Wuhan, China), they were sent to Wuhan Servicebio Co., Ltd. (Wuhan, China) to complete the electron microscope scan.



Statistical Analysis

The results are displayed as the mean ± SEM, and each experiment included triplicate sets. GraphPad Prism 8 Software (San Diego, CA, USA) was used to conduct all statistical analyses. Data were statistically evaluated by Student’s t-test or one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc test. p < 0.05 was considered significant.




Results


PEITC Ameliorated ConA-Induced Acute Immune Liver Injury in Mice

The molecular structure of PEITC is presented in Figure 1A. PEITC had no significant effect on the body weight of mice in the ConA-induced acute immune liver injury model (data not shown), indicating the safety and low toxicity of PEITC. According to the schematic diagram of this experiment (Figure 1B), after the mice were euthanized, the livers of mice from each group were removed and photographed. Compared with the normal group, the liver from the ConA-treated group was obviously congested and enlarged, and the liver lesions of mice in the PEITC (preadministered) and PEITC (postadministered) groups improved (Figure 1C). The livers of mice from each group were weighed, and the ratio of weight to body weight was calculated. We found that the liver index of mice in the ConA-treated group was significantly higher than that in the normal group, while the liver index of mice treated with PEITC decreased in a dose-dependent manner (Figure 1D). At the same time, the spleens of mice in the ConA-treated group were congested and swollen, and the spleen lesions of mice treated with PEITC were inhibited (Figure 1E). The spleen index of mice in the ConA-treated group was significantly increased in comparison with that of the normal group, while the spleen index of mice from the PEITC (pre) and PEITC (post) groups decreased in a dose-dependent manner, indicating that PEITC has a protective effect on the liver and spleen of mice with ConA-induced acute immune liver injury (Figure 1F). Hematoxylin and eosin (H&E) staining of liver tissue sections of mice from each group showed that compared with the normal group, a large number of erythrocytes were deposited in the liver sinusoids, the liver cords were disorderly arranged and the necrotic foci were diffusely distributed in the ConA-treated group. In the PEITC (pre) and PEITC (post) groups, the liver structure recovered in a dose-dependent manner, and sinusoidal congestion and inflammatory cell infiltration were significantly reduced (Figure 1G). The above results indicated that PEITC can obviously improve the liver and spleen tissue pathology of mice with ConA-induced acute immune liver injury.




Figure 1 | PEITC ameliorated the acute immune liver injury model induced by ConA in mice. (A) Chemical structure of PEITC. (B) Schematic overview of the ConA-induced acute immune liver injury model. (C) The lesions on the surface of liver tissues were photographed and recorded. (D) The liver indexes were measured. (E) The lesions on the surface of spleen tissues were photographed and recorded. (F) The spleen indexes were measured. (G) Hematoxylin and eosin (H&E) staining of liver tissue sections. Scale bar, 200 µm. Data are presented as means ± SEM (n = 10 per group). ###p < 0.001 vs. normal group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. ConA control.





PEITC Reduced Hepatic Biochemical Indexes and Cytokine Levels

Next, we detected the levels of hepatic biochemical indexes ALT, AST, and LDH in the sera of mice from each group. The results showed that the levels of ALT, AST, and LDH in the ConA-treated group were significantly higher than those in the normal group, and PEITC inhibited the increase in ALT, AST, and LDH enzyme activities in the serum of ConA-treated mice in a dose-dependent manner (Figure 2A). ConA can activate macrophages, helper T cells, and natural killer T cells, which infiltrate the liver and produce a large number of proinflammatory cytokines, such as IFN-γ and TNF-α, as well as the chemokine CXCL-10. Here, we exploited ELISA to detect the effect of PEITC on the expression and secretion of inflammatory cytokines. PEITC significantly reversed the release of the inflammatory factors TNF-α and IFN-γ in the serum of ConA-treated mice (Figure 2B). In addition, PEITC also obviously downregulated the mRNA expression of TNF-α, IFN-γ, and CXCL-10 in the livers of mice with ALI (Figure 2C). These data indicated that PEITC can protect the liver and reduce cytokine levels in mice with ConA-induced acute immune liver injury.




Figure 2 | PEITC reduced hepatic biochemical indexes and cytokine levels. (A) The levels of serum ALT, AST, and LDH. (B) Serum TNF-α and IFN-γ levels. (C) The mRNA expression levels of TNF-α, IFN-γ, and CXCL-10 in liver tissues. Data are presented as means ± SEM (n = 10 per group). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. normal group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. ConA control.





PEITC Prevented Hepatocyte Pyroptosis Induced by ConA

Since hepatocyte death is one of the important mechanisms of ALI, we further explored whether PEITC can directly protect hepatocytes from cell death. PEITC has an excellent anti-inflammatory effect, and pyroptosis, which is highly related to inflammation, plays a critical role in the process of ALI; therefore, we will focus on the effect of PEITC on hepatocyte pyroptosis. First, we verified the existence of hepatocyte pyroptosis in the ConA-induced ALI model. Western blotting was used to detect the expression levels of the pyroptosis-related proteins NLRP3, pro-CASP1, cleaved CASP1, GSDMD, and GSDMD-N in the livers of mice treated with ConA. We found that the expression of NLRP3 was upregulated, and the key proteins CASP1 and GSDMD were activated and cleaved in mice with ConA-induced ALI (Figures 3A, B). ELISA results also showed that the activity of serum IL-1β in ConA-treated mice was increased (Figure 3C). At the same time, these data suggested that hepatocyte pyroptosis was the most significant in mice when ConA was induced for 8 h. In the PEITC (pre) and PEITC (post) groups, the expression level of NLRP3 was downregulated, and the activation and cleavage of CASP1 and GSDMD were inhibited, indicating that PEITC can prevent ConA-induced ALI model mouse hepatocyte pyroptosis (Figures 3D, E).




Figure 3 | PEITC prevented hepatocyte pyroptosis induced by ConA. (A) Immunoblot analysis of NLRP3, pro-CASP1, cleaved CASP1, GSDMD, GSDMD-N, and β-actin in liver tissues of mice induced by ConA (0, 4, 8, 12, and 16 h). (B) The relative protein levels of NLRP3/β-actin, cleaved CASP1/pro-CASP1, and GSDMD-N/GSDMD are displayed as histograms. (C) The expression levels of serum IL-1β. (D, E) Western blot and statistical analysis of NLRP3, pro-CASP1, cleaved CASP1, GSDMD, GSDMD-N, and β-actin. Data are presented as the means ± SEM (n = 6–10 per group). #p < 0.05 vs. normal group, *p < 0.05, **p < 0.01 vs. ConA control.





PEITC Reduced the Expression Levels of Pyroptosis-Related Proteins

Next, we performed immunohistochemical analysis on liver sections of mice from each group. The results of immunohistochemistry showed that the expression levels of NLRP3, IL-1β, CASP1 (pro- and cleaved CASP1) and GSDMD (GSDMD and GSDMD-N) increased in the ConA-treated group compared with the normal group (Figures 4A–E). The PEITC (pre) and PEITC (post) groups inhibited the expression levels of NLRP3, IL-1β, CASP1 (pro- and cleaved CASP1), and GSDMD (GSDMD and GSDMD-N) in a dose-dependent manner. These results confirmed that PEITC can reduce the expression of pyroptosis-related proteins in ConA-treated mice.




Figure 4 | PEITC reduced the expression levels of pyroptosis-related proteins. (A–D) Liver tissue sections from each group were stained for NLRP3, CASP1, GSDMD, and IL-1β. Scale bar, 200 µm. (E) The average optical densities (AOD) of NLRP3, CASP1, GSDMD, and IL-1β are displayed as histograms. Data are presented as means ± SEM (n = 10 per group). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. normal group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. ConA control.





PEITC Ameliorated Acute Chemical Liver Injury Model and Hepatocyte Pyroptosis Induced by CCl4 in Mice

To verify the general inhibitory effect of PEITC on hepatocyte pyroptosis in different ALI models, we conducted experiments in CCl4-induced acute chemical liver injury. The experimental process is shown in Figure 5A. We found that PEITC had no significant effect on the body weight of mice (data not shown). Compared with the normal group, the livers of mice in the CCl4 model group were yellowish, with a large number of granular dots on the surface (Figure 5B). PEITC restored the normal color and texture of mouse liver to varying degrees in the PEITC (pre) and PEITC (post) groups. H&E staining also indicated that the livers of mice in the CCl4 model group showed obvious damage, including hepatocyte necrosis, vacuolar degeneration, loss of hepatic cord structure, and a large amount of immune cell infiltration in the portal vein system (Figure 5C). Liver injury in mice from the PEITC (pre) and PEITC (post) groups showed a dose-dependent improvement. In addition, the levels of LDH, ALT and AST in the model group were also significantly higher than those in the normal group. The serum LDH, ALT and AST levels of mice in the PEITC (pre) and PEITC (post) groups were obviously reversed in a dose-dependent manner (Figures 5D–F). At the same time, we detected the expression levels of pyroptosis-related proteins in the liver of mice from each group and found that the liver of mice from the model group had significant hepatocyte pyroptosis, and the expression of pyroptosis-related proteins in the liver tissue of the PEITC (pre) and PEITC (post) groups was downregulated (Figure 5G). These data determined that PEITC can also improve CCl4-induced acute chemical liver injury by inhibiting hepatocyte pyroptosis.




Figure 5 | PEITC ameliorated the acute chemical liver injury model and hepatocyte pyroptosis induced by CCl4 in mice. (A) Schematic overview of the CCl4-induced acute chemical liver injury model. (B) The lesions on the surface of liver tissues were photographed. (C) H&E staining of liver tissue sections. Scale bar, 200 µm. (D–F) The levels of serum LDH, ALT, and AST. (G) Western blot analysis of NLRP3, pro-CASP1, cleaved CASP1, GSDMD, GSDMD-N, and β-actin. Data are presented as the means ± SEM (n = 6–10 per group). ###p < 0.001 vs. normal group, *p < 0.05, ***p < 0.001 vs. CCl4 control.





PEITC Inhibited AML12 Pyroptosis Induced by LPS and ATP In Vitro

We further verified the inhibitory role of PEITC on hepatocyte pyroptosis in vitro. Because pyroptosis has obvious morphological characteristics, we first observed the effect of PEITC on the morphology of pyroptotic cells through electron microscopy. The typical characteristics of pyroptosis in AML12 cells induced by LPS plus ATP include cell swelling, rupture of the cytoplasmic membrane, and intracellular vacuoles, while the morphology of AML12 cells treated with PEITC was restored, the plasma membrane was more complete, and intracellular vacuoles were reduced (Figure 6A). Immunoblot assays also showed that PEITC inhibited the increase in NLRP3 expression and the activation and cleavage of CASP1 and GSDMD in AML12 cells induced by LPS and ATP (Figures 6B, C). Furthermore, immunofluorescence results indicated that the expression level of GSDMD (GSDMD and GSDMD-N) increased and concentrated on the plasma membrane in AML12 cells induced by LPS plus ATP, while PEITC treatment reduced the GSDMD level in a dose-dependent manner (Figure 6D). These results verified the function of PEITC in inhibiting hepatocyte pyroptosis in vitro.




Figure 6 | PEITC inhibited pyroptosis in AML12 cells treated with LPS and ATP in vitro. (A) Representative electron micrographs of cell morphology from each group. Scale bar, 5 µm. (B, C) Immunoblot and statistical analysis of NLRP3, pro-CASP1, cleaved CASP1, GSDMD, GSDMD-N, and β-actin. (D) Immunofluorescence staining of GSDMD. Scale bar, 50 µm. Data are presented as means ± SEM. ##p < 0.01, ###p < 0.001 vs. blank, *p < 0.05, **p < 0.01 ***p < 0.001 vs. LPS+ATP control.





PEITC Directly Inhibited GSDMD by Interacting With Cysteine 191 of GSDMD

Since PEITC has a significant inhibitory effect on the cleavage of the pore-forming effector protein GSDMD during pyroptosis in vivo and in vitro, we tried to detect whether PEITC can directly interact with GSDMD. Molecular docking analysis predicted that PEITC binds to human GSDMD (PDB ID: 6N9O, -CDOCKER INTERACTION ENERGY = 28.859, data not shown). The cellular thermal shift assay (CETSA) showed that mouse GSDMD was completely degraded at 64°C in the DMSO group, while PEITC treatment accelerated the degradation of mouse GSDMD at 61°C and reduced the thermal stability of mouse GSDMD (Figure 7A). The MST results indicated that the Kd value between PEITC and mouse GSDMD was 308 nM (Figure 7B). PEITC has high reactive affinity for cysteine, and cysteine 191/192 of human/mouse GSDMD is essential to its membrane pore formation function. Therefore, we constructed a human GSDMD WT-EGFP plasmid and GSDMD C191A-EGFP plasmid for subsequent experiments and used NSA (inhibitor of GSDMD) as a positive control. By detecting the content of LDH in the medium supernatant, we found that the amount of LDH released from HEK293T cells transfected with C191A-GSDMD was less than that released from cells transfected with WT-GSDMD. PEITC and NSA inhibited the amount of LDH released from HEK293T cells transfected with WT-GSDMD (Figure 7C). The CETSA results showed that PEITC reduced the thermal stability of human WT-GSDMD, while NSA enhanced the thermal stability of human WT-GSDMD (Figure 7D). The MST results indicated that the Kd value between PEITC and human WT-GSDMD was 230 nM, and the Kd value between NSA and human WT-GSDMD was 11.2 μM (Figure 7E). However, PEITC and NSA had no significant effect on the thermal stability of human C191A-GSDMD, and PEITC and NSA did not bind to human C191A-GSDMD (Figures 7F, G). The above results confirmed that PEITC can directly bind to human GSDMD through cysteine 191 of GSDMD.




Figure 7 | PEITC directly inhibited GSDMD by interacting with cysteine 191 of GSDMD. (A) The effect of PEITC on the thermal stability of mouse GSDMD was detected by CETSA, and the line graph was used to show the remaining GSDMD amount at different temperatures. (B) The binding ability between PEITC and mouse GSDMD was detected by MST. (C) The secretion levels of LDH in cell culture supernatants. (D) The effect of PEITC and NSA on the thermal stability of human GSDMD WT. (E) The binding ability between human GSDMD WT and PEITC or NSA. (F) The effect of PEITC and NSA on the thermal stability of human GSDMD C191A. (G) The binding ability between human GSDMD C191A and PEITC or NSA. Data are presented as means ± SEM. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DMSO or blank, *p < 0.05, **p < 0.01 vs. GSDMD WT control.






Discussion

ALI is one of the most common clinical liver diseases with complicated pathogenesis. Since the liver is responsible for the material metabolism and detoxification of the body, it is very susceptible to damage (27). Parenchymal hepatocytes, Kupffer cells, lymphocytes, and hepatic stellate cells all play a role in the occurrence and development of ALI. The key features of ALI include cell death, inflammation, and oxidative stress (28, 29). Among them, hepatocyte pyroptosis may be particularly critical (6). However, there are very few drugs clinically used to protect the liver and to treat ALI. If ALI is not treated in time, it can easily develop into acute liver failure, chronic liver injury, or hepatocellular carcinoma, which seriously threatens human health and quality of life. Therefore, it is necessary to find clinical prevention and treatment drugs for ALI with fewer side effects and better curative effects.

PEITC has been reported to be used as an antibacterial, anti-inflammatory, antioxidant and anticancer agent (22, 30, 31). In a clinical trial about PEITC in the treatment of prostate hyperplasia, we found that many elderly patients had decreased liver function and increased serum transaminase levels, while the serum transaminase levels of elderly patients treated with PEITC significantly decreased. This suggests that PEITC may have a hepatoprotective function.

Here, we exploited a ConA-induced acute immune liver injury model and a CCl4-induced acute chemical liver injury model to explore the hepatoprotective effect of PEITC (Figures 1B, 5A). ConA, a kind of T-cell mitogen, can induce ALI in mice by activating T lymphocytes. ALI induced by CCl4 can mimic the mechanism of ALI caused by chemical drugs. CCl4 can cause the peroxidation of cell membrane lipids and proteins and destroy calcium ion channels to increase intracellular calcium ion concentrations, which will eventually lead to the death of liver cells and cause intracellular inflammation. PEITC significantly improved the ConA-induced acute immune liver injury model and CCl4-induced acute chemical liver injury model. Compared with the model group, the normal structural units and material metabolism function of the liver in the PEITC (pre) group and PEITC (post) group were restored in a dose-dependent manner, and the activity of serum ALI-related biochemical indicators ALT, AST, and LDH was downregulated (Figures 1, 2A, 5). In addition, the expression and release of inflammatory factors were reduced in the livers of mice from the PEITC (pre) group and PEITC (post) group (Figures 2B, C, 4D). It should be noted that pretreatment with PEITC (30 mg/kg) tended to have stronger effects on its inhibitory properties than posttreatment. PEITC is the most widely studied aromatic isothiocyanate with high bioavailability. This compound has rapid absorption, a low clearance rate and a high protein binding rate after oral administration, which may be due to its lipophilicity and low molecular weight (15). It has been reported that the peak time of plasma concentration is 2.6 ± 1.1 h and the half-life period is 4.9 ± 1.1 h after PEITC is orally taken (32). In our ALI experiment, PEITC was preadministered once a day for three consecutive days, while it was postadministered only once after ConA injection. Therefore, the blood drug concentrations in the PEITC (pre) group might be much higher than those in the PEITC (post) group when the livers were injured with ConA.

In a previous report, it was shown that in ConA-treated mice, pathogenic-elevated NLRP3, cleaved caspase-1 and IL-1β levels, as well as inflammatory cell death known as pyroptosis, occurred in the liver (6). Here, we verified for the first time that pyroptosis, with cleaved GSDMD and pore formation in the membrane as the gold standard, actually occurs during inflammatory ALI caused by ConA (Figures 3, 4C, 6). Moreover, in this study, we found that hepatocytes also experience notable pyroptosis in the process of CCl4-induced chemical liver injury (Figure 5). Pyroptosis is a kind of programmed cell death that is characterized by the continuous expansion of cells until the rupture of the cell membrane. Under the electron microscope, it can be clearly seen that the cells underlying pyroptosis form a large number of vesicles. After that, pores will be formed on the cell membrane, the cell membrane will rupture, and the content will flow out, thus resulting in robust inflammation (33). These biochemical characteristics of pyroptosis are consistent with the phenomena revealed in this study. Furthermore, we found that PEITC reduced the production of NLRP3 and the cleavage of CASP1 and GSDMD in the livers of mice with ALI (Figures 3D, E, 4, 5G) and in AML12 cells in vitro (Figure 6). These results indicate that PEITC can significantly inhibit pyroptosis in hepatocytes.

Previous research shows that scavenging ROS by N-acetyl-cysteine is an effective strategy to attenuate NLRP3 inflammasome activation and to suppress liver inflammation (6). PEITC has also been reported to significantly increase the activities of Nrf2 and a series of antioxidant enzymes in fibroblasts (21). Mechanistic studies showed that the anti-inflammatory effect of PEITC was driven, at least in part, by inhibiting the NLRP3 inflammasome pathway, as indicated by the downregulation of NLRP3, TXNIP, caspase-1, and IL-1β (34, 35). Our results also showed that PEITC can inhibit the expression of NLRP3 and the cleavage of CASP1 (upstream of GSDMD) both in vivo and in vitro (Figures 3, 4A, B, 5G, 6B, C). We speculate that this may be partly due to its anti-inflammatory effects and partly resulted from feedback regulation in pyroptosis inhibition. Although we cannot rule out other sites of action and other mechanisms of PEITC that might indirectly lead to its suppressive effects on pyroptosis, the efficacy of PEITC may be mainly due to its direct inhibition of GSDMD in hepatocytes (Figures 7A, B). Cysteine 191/192 in human/mouse GSDMD is highly conserved and essential for the formation of its oligomerization and pyroptosis pores (36, 37). Since PEITC containing –N=C=S has high-reactive affinity with cysteine, we subsequently explored whether cysteine 191 of human GSDMD affects the function of PEITC and its binding to GSDMD. By detecting the content of LDH in the medium supernatant, we found that PEITC treatment reduced the release of LDH from HEK293T cells transfected with the GSDMD WT plasmid but had no significant effect on the release of LDH from cells transfected with GSDMD C191A (Figure 7C). In addition, compared with HEK293T cells with WT GSDMD, the release of LDH from cells with C191A GSDMD was reduced, which verified the critical role of cysteine 191 in GSDMD pyroptosis. The CETSA and MST assays showed that PEITC could bind to human WT-GSDMD but not C191A-GSDMD (Figures 7D–G). These results determined that PEITC can directly interact with cysteine 191 of GSDMD to inhibit hepatocyte pyroptosis.

In summary, our study reported for the first time the role of PEITC in inhibiting hepatocyte pyroptosis in ALI. We also found a new target of PEITC, GSDMD, and clarified the importance of cysteine 191 of GSDMD in the interaction between PEITC and GSDMD (Figure 8). These findings provide a new drug candidate for the clinical prevention and treatment of ALI.




Figure 8 | Diagram of the effect of PEITC in inhibiting hepatocyte pyroptosis.
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Acute-on chronic liver failure (ACLF) is a syndrome that develops in patients with acutely decompensated cirrhosis (AD). It is characterized by a systemic hyperinflammatory state, leading to multiple organ failure. Our objective was to analyze macrophage anti-inflammatory protein CD5L in plasma extracellular vesicles (EVs) and assess its as yet unknown relationship with lipid mediators in ACLF. With this aim, EVs were purified by size exclusion chromatography from the plasma of healthy subjects (HS) (n=6) and patients with compensated cirrhosis (CC) (n=6), AD (n=11) and ACLF (n=11), which were defined as positive for CD9, CD5L and CD63 and their size, number, morphology and lipid mediator content were characterized by NTA, EM, and LC-MS/MS, respectively. Additionally, plasma CD5L was quantified by ELISA in 10 HS, 20 CC and 149 AD patients (69 ACLF). Moreover, macrophage CD5L expression and the biosynthesis of specialized lipid mediators (SPMs) were characterized in vitro in primary cells. Our results indicate that circulating EVs were significantly suppressed in cirrhosis, regardless of severity, and showed considerable alterations in CD5L and lipid mediator content as the disease progressed. In AD, levels of EV CD5L correlated best with those of the SPM RvE1. Analysis of total plasma supported these data and showed that, in ACLF, low CD5L levels were associated with circulatory (p<0.001), brain (p<0.008) and respiratory (p<0.05) failure (Mann-Whitney test). Functional studies in macrophages indicated a positive feedback loop between CD5L and RvE1 biosynthesis. In summary, we have determined a significant alteration of circulating EV contents in ACLF, with a loss of anti-inflammatory and pro-resolving molecules involved in the control of acute inflammation in this condition.




Keywords: macrophages, cirrhosis, resolution of inflammation, RvE1, lipid autacoids 



Introduction

Cirrhosis is a progressive chronic liver disease characterized by extensive hepatic fibrosis, disruption of hepatic blood flow, portal hypertension and liver failure. During the evolution of the disease, compensated cirrhosis (CC) may lead to acutely decompensated cirrhosis (AD), involving the development of ascites, variceal hemorrhage and/or hepatic encephalopathy. AD is a risk factor for a fatal syndrome known as acute-on-chronic liver failure (ACLF) (1).

A hallmark of patients with cirrhosis and ACLF is systemic inflammation, which results in alterations of the number and function of circulating leukocyte components. In these patients, leukocytosis is a predictor of death and several features of unresolved inflammation and unremitting activation of immune cells (1, 2). Indeed, immune cells (i.e., polymorphonuclear leukocytes (PMNs), monocytes and T and B lymphocytes) are the main cellular players in systemic inflammation, and the activation of these cells is regulated by numerous factors, among them the protein CD5L (CD5-Like).

Produced mainly by macrophages, CD5L is a 40-kDa glycoprotein that plays diverse roles at the intersection between lipid homeostasis and the innate immune response and thus participates in many processes, including infection, atherosclerosis and cancer (3). In the context of inflammation, CD5L is emerging as a critical regulator of inflammation by inhibiting immune cell activation and preventing the secretion of pro-inflammatory cytokines by this cell population (3, 4).

Interestingly, this protein is enriched in extracellular vesicles (EVs) purified from plasma (5). The latter are cell-secreted nano-vesicles present in human fluids, and their content provides a molecular fingerprint of the releasing cell and, importantly, its status. Given that EVs are enriched in highly selected biomolecules, which may comprise only a very small proportion of the total content of body fluids, they are a potential source of biomarkers in human disease. This feature can facilitate the discovery of biomarkers expressed at relatively low levels that would be difficult to determine in whole fluids (6). Importantly, CD5L modulates the processing of polyunsaturated fatty acids (PUFAs) and the formation of bioactive lipid mediators derived from these molecules (7). In fact, EVs released from immune cells, especially monocytes, macrophages and neutrophils, carry and deliver PUFA-derived bioactive lipids, protect bioactive lipid mediators from degradation, and are a nidus for the biosynthesis of specialized pro-resolving mediators (SPMs) (8, 9). The latter are endogenous lipids that orchestrate the resolution of inflammation, a tightly regulated process whose dysregulation is commonly associated with uncontrolled inflammation (10).

The term SPM embraces a family of chemically and functionally distinct lipid mediators derived from PUFAs and that have dual roles as stop-signals for inflammation and activators of its resolution (10, 11). For instance, SPMs pave the way for monocyte differentiation into phagocytic macrophages, facilitating the removal of dead or dying cells and bacterial clearance, as well as enhancing phagocyte efflux from inflamed tissues to draining lymph nodes to facilitate resolution (10, 11). In broad terms, the resolution of inflammation is an actively regulated process governed by an array of mediators (i.e., SPMs) as diverse as those that initiate inflammation.

In this study, we hypothesized that EVs circulating in plasma have key immunomodulatory potential in the context of chronic liver disease (12). Accordingly, the deregulation or loss of the immunomodulatory EV cargo in patients with advanced stages of liver disease, such as AD and ACLF, could contribute to the systemic hyperinflammatory status of these subjects. To explore this hypothesis, here we examined the plasma EV content of CD5L and bioactive lipid mediators during chronic liver disease progression and identified a novel functional link between CD5L and the SPM resolvin E1 (RvE1), two immunomodulatory signaling pathways that are impaired in ACLF.



Materials and Methods


Patients and Biological Samples

The study used biobank plasma samples from 80 patients with AD cirrhosis without ACLF (a group hereafter called “AD”) and 69 patients with AD cirrhosis with ACLF (a group hereafter called “ACLF”) from the CANONIC study. The criteria for patient selection was based on availability of plasma samples at enrollment and intensive surveillance (clinical assessment) within the 28-day follow-up. The study also included 20 patients with compensated cirrhosis (a group hereafter called “CC”), who had clinically significant portal hypertension as indicated by presence of esophageal varices and/or high fibroscan liver stiffness, as well as 10 healthy subjects (HS) with matched sex and age. For the isolation of EVs, 6 plasma samples from HS, and pools of plasma samples (6 for CC, 11 for AD and 11 for ACLF) were analyzed. The pooling of plasma samples was needed to reach the volume required for EV extraction, and was performed at 4°C to preserve the quality of the samples. All studies involving human samples were conducted following the Declaration of Helsinki principles and current legislation on the confidentiality of personal data and were approved by the Human Ethics Committee of the Hospital Clínic of Barcelona and Hospital Germans Trias i Pujol.



Human Monocyte-Derived Macrophage (HMDM) Cultures

PBMCs from 8 HS recruited at the Blood Bank of the Hospital Clínic of Barcelona were isolated from 20 mL of peripheral blood in EDTA tubes. Blood samples were centrifuged at 200 g for 10 min at room temperature (rt) to collect plasma, and sedimented cells were diluted with Dulbecco’s Phosphate-Buffered Saline without calcium and magnesium (DPBS-/-) up to a volume of 20 mL. Diluted blood was layered over 13.3 mL of Ficoll-Paque (GE Healthcare Life Sciences) and centrifuged at 500 g for 25 min. PBMCs were obtained from the mononuclear cell layer, incubated with pre-warmed ammonium-chloride-potassium lysis buffer for 10 min at rt to remove red blood cells, then centrifuged at 400 g for 5 min, and finally washed with DPBS-/-. PBMCs were counted and resuspended in RPMI 1640 medium containing penicillin (100 U/mL), streptomycin (100 U/mL) and L-glutamine (4 mM). They were seeded at a density of 5x106 cells/well with RPMI medium in 24-well plates. For peripheral blood monocyte differentiation into macrophages, cells were allowed to attach at 37°C in a 5% CO2 atmosphere for 2 h and non-adherent cells were discarded while adherent ones were incubated with fresh RPMI medium supplemented with 10% fetal bovine serum (FBS). The medium was replaced with fresh RPMI with 10% FBS after 2-3 days. After 5-6 days of culture in these conditions, HMDMs were grown for one day with FBS-free RPMI medium and were incubated for 6 h at 37°C in a 5% CO2 atmosphere either with vehicle (0.007% ethanol) or 5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-eicosapentaenoic acid (RvE1) (10 nM) (Cayman Chemical, Ann Arbor, MI). After 2 h of incubation, lipopolysaccharide serotype O26:B6 (LPS) (Sigma-Aldrich, St Louis, MO) was added at 100 ng/mL together with fresh medium containing RvE1. After 6 h of incubation, the supernatants and cells were collected and stored at -80°C. In another set of experiments, HMDMs were incubated at 37°C in a 5% CO2 atmosphere in the presence of either vehicle (1:10 DPBS-/- in RPMI) or recombinant human CD5L (catalog # 2797-CL-050, RD systems, Minneapolis, MN) (1 µg/mL) for 20 h and then exposed to LPS (100 ng/m) for 4 additional hours. At the end of the incubation period, the supernatants and cells were collected and stored at -80°C.



EV Purification

EVs were isolated from plasma by Size Exclusion Chromatography (SEC) as described before (13). Briefly, 1.5 mL of plasma was centrifuged at 2000 g for 1 min at 4°C and then loaded into 20 mL of Sepharose-CL2B (Sigma-Aldrich) previously packed into a Puriflash Dry Load Empty column (Interchim, France). Sample separation and elution were performed using filtered PBS. Thirty-five fractions of 0.5 mL were collected. Fractions 5 to 14 were analyzed for the expression of the tetraspanin-specific EV marker CD9 and CD5L by bead-based flow cytometry. Briefly, EVs were coupled to 4 µm aldehyde-sulphate latex beads (Invitrogen Ref A37304) for 15 min. Then, 1 mL of PBS containing 0.1% BSA and 0.01% Sodium Azide (coupling buffer) in PBS was added and EVs were incubated overnight at rt on rotation before incubation with anti-CD9 (RRID : AB_10627954) and anti CD5L (14) mAbs for 30 min at 4°C, followed by anti-mouse IgG-FITC antibody (BD Biosciences, San Jose, CA, ref. 555988, 1:100 dilution) for 30 min at 4°C. Unbound antibodies were washed off with coupling buffer by centrifugation at 2,000 g for 10 min between steps. Samples were analyzed using a FACSLyric flow cytometer (BD Biosciences). In this regard, 10,000 single beads per sample were examined, and mean fluorescence intensity (MFI, Flow Jo software, Tree Star, Ashland, OR) was used to compare different fractions. CD9-positive fractions were considered as EV-containing fractions. The 3 fractions containing the highest CD9 MFI were pooled for subsequent Nanoparticle Tracking Analysis (NTA) and cryo-electron microscopy studies. The protein concentration of each fraction was measured by bicinchoninic acid (BCA) assay, following the manufacturer´s instructions (Pierce, Thermo Fisher Scientific, Waltham, MA).



Western Blotting of EV

1.5 ml of eluted EVs were concentrated 8-fold by centrifugation at 2000 g for 20 min at 4°C, using a 100 kDa cutoff centricon (MerckMillipore, Darmstadt, Germany). THP1 cells, used as positive control, were grown in RPMI containing 10% FCS and P/S (14). Cell lysates were prepared in RIPA buffer (50 mmol/l Tris-HCl pH 8, 150 mmol/l NaCl, 1% Nonidet P-40, 0.1% SDS, 1% Triton X-100 plus proteinase inhibitors). Concentrated EVs or 30 µg of THP1 cell lysates were resolved in 10% SDS-polyacrylamide gels under non-reducing conditions and electrophoretically transferred to nitrocellulose membranes (Bio-Rad Laboratories). These were then blocked with Starting Block TBS buffer (Thermo Fisher) for 1 h at rt and incubated overnight at 4°C with anti-CD9 (Immunostep) or CD63 mAb (RRID : AB_396297) diluted in blocking buffer. The membranes were subsequently incubated for 60 min at rt with IRDye 800Cw-conjugated goat anti-mouse IgG (LI-COR Biosciences Lincoln, NE) (RRID : AB_621842) diluted in blocking buffer. Three 15-min washes between steps were performed with TBS-0.01% Tween 20 (Merck Millipore). Bound antibody was detected with an Odyssey Infrared Imager (LI-COR), and densitometric analysis was performed using the Odyssey V.3 software (LI-COR).



Nanoparticle Tracking Analysis

Size distribution and concentration of purified EVs (n=4/group) were determined in a NanoSight LM10 instrument (Malvern Instruments Ltd, Malvern, UK) equipped with a 638 nm laser and CCD camera (model F-033), and data were analyzed with the Nanoparticle Tracking Analysis (NTA) software version 3.2 (Build 3.1.46). The detection threshold was set to 5, and blur and Max Jump Distance were set to auto. Samples were diluted 10 or 20 times with PBS to reach the optimal concentration for instrument linearity: 20-120 particles/frame as advised by the manufacturer. Readings were taken on triplicates of 60 s at 30 frames per second (fps), at a camera level set to 16 and with manual monitoring of temperature.



Cryo-Electron Microscopy

Selected SEC fractions showing the highest MFI for CD9 marker were examined for EV size and morphology by cryo-electron microscopy (cryo-EM). A total of 3 preparations from each group were analyzed. Vitrified specimens were prepared by placing 3 μl of a sample on a Quantifoil® 1.2/1.3 TEM grid, which was blotted to a thin film and plunged into liquid ethane-N2(l) in the Leica EM CPC cryoworkstation (Leica, Wetzlar, Germany). The grids were transferred to a 626 Gatan cryoholder and kept at -179°C. Samples were analyzed with a Jeol JEM 2011 transmission electron microscope (Jeol, Tokyo, Japan) operating at 200 kV. Images were recorded on a Gatan Ultrascan 2000 cooled charge-coupled (CCD) camera with the Digital Micrograph software package (Gatan, Pleasanton, CA). Aliquots of 10 µL of samples were laid on formvar-Carbon EM grids, frozen, and immediately analyzed with a Jeol JEM 2011 transmission electron microscope operating at 200 kV. Samples were kept at -182°C during imaging (626 Gatan cryoholder). Images were recorded on a Gatan Ultrascan CCD camera under low electron dose conditions to minimize electron beam radiation.



mRNA Expression Analysis

Total RNA was isolated from cells using the TRIzol reagent and following the manufacturer’s instructions. RNA concentrations were assessed in a NanoDrop-1000 spectrophotometer (Thermo Fisher). cDNA synthesis from 200 to 1000 ng of total RNA was performed using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). Real-time PCR analysis of human genes was performed in a 7900HT Fast System (Applied Biosystems) using commercial probes for arachidonate 5-lipoxygenase (5-LOX, Hs00167536_m1), arachidonate 15-lipoxygenases [15-LOX-1, Hs00993765_g1 and 15-LOX-2, type B Hs00153988_m1), arachidonate 12-lipoxygenase, 12S type (12-LOX, Hs00167524)], cytochrome P450 family 2 subfamily J member 2 (CYP2J2, Hs00356035_m1), prostaglandin-endoperoxide synthase 1 (COX-1, Hs00377726_m1), and 2 (COX-2, Hs00153133_m1), using β-actin (ACTB, Hs99999903_m1) as endogenous control. All probes were purchased from Thermo Fisher Scientific (Waltham, MA). Quantitative PCR results were analyzed with Sequence Detector 2.1 Software (Applied Biosystems). For CD5L expression probes (Hs.PT.56a.39293248) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Hs.PT.39a.22214836) as endogenous control, were purchased from Integrated DNA Technologies (IDT, Iowa, United States). Relative quantification of gene expression was performed using the comparative CT method. The amount of target gene, normalized to ACTB and relative to a calibrator, was determined by the arithmetic equation 2-ΔΔCt, as described in the comparative CT method.



CD5L Expression Analyses

For analysis of CD5L expression, PBMCs were isolated from the buffy coats of healthy blood donors [provided by the Blood and Tissue Bank (Barcelona, Spain)] following the institutional standard operating procedures for blood donation and processing, including informed consent, as described previously (15). Briefly, PBMCs were purified by Ficoll-Paque (GE Healthcare) density gradient centrifugation and enriched in PB monocytes by adherence. Cells were allowed to differentiate to HMDMs for 10 days in RPMI-1640 2 mM glutamine (Lonza) supplemented with 10% heat-inactivated human AB serum (Sigma-Aldrich), 10% heat-inactivated fetal bovine serum (FBS, Lonza), 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich) in 6-well plates at a density of 106 cells/well. Twenty-four hours before the experiments, HMDMs were detached with accutase (Sigma-Aldrich) and placed on Millicell EZ slides (Merck Millipore) (105 cells/well). They were then stimulated for 72 h with RvE1 (10 nM) with or without 10 ng/ml LPS in Vehicle (Veh, 0.007% EtOH), or 40 ng/ml Dexamethasone (Kern pharma), used as positive control, as indicated. For mRNA expression analysis, cells were processed as detailed above. For immunofluorescence, cells were fixed with PBS containing 4% paraformaldehyde (Panreac) and incubated for 24 h at 4°C with mAb anti-CD5L in PBS containing 0.3% Triton X-100 and 10% human AB serum (Sigma-Aldrich). Cells were subsequently incubated for 1 h at rt with Alexa Fluor® 488 F(ab’)2 fragment of goat anti-mouse IgG (Molecular Probes) in PBS containing 0.3% Triton X-100. Between steps, unbound antibodies were removed with three washes with PBS. Finally, nuclei were stained for 10 min at rt with PBS containing 800 nM Hoechst 33,258 solution (Sigma-Aldrich). They were then washed three times with PBS, and coverslips were mounted in Fluoromount media (Sigma-Aldrich) and left at 4°C overnight. The slides were examined under an Axio Observer Z1 DUO LSM 710 confocal system and analyzed with ZEN Black software (Carl Zeiss Microscopy GmbH) and ImageJ software, described previously (16).



Targeted Lipidomics

The extraction protocol and analysis of bioactive lipid mediators were performed as described by Le Faouder et al. (17), adapted by the Ambiotis SAS (Toulouse, France) standard operating procedure. Briefly, samples of plasma, cell supernatants and purified EVs were mixed with 0.4 mL of ice-cold methanol and held at -80°C for protein precipitation. Samples were then centrifuged and supernatants were collected. After removal of the organic solvent under a stream of nitrogen, samples were suspended in methanol and rapidly acidified to pH 3.5 with HCl. Acidified samples were then loaded into C-18 solid-phase extraction cartridges (Waters, Milford, MA), rapidly neutralized, and eluted with methyl formate. Eluate solvents were evaporated under a stream of nitrogen and residues were suspended in mobile phase for liquid chromatography analyses using an Exion LCAD U-HPLC system coupled to a Sciex QTRAP 6500+ MS-MS system (AB Sciex, Framingham, MA), equipped with an ESI source in negative ion mode.



Measurement of CD5L Levels by Enzyme-Linked Immunosorbent Assay (ELISA)

CD5L levels were assessed in plasma using an in-house developed sandwich ELISA assay, described in (14).



Measurement of Plasma Cytokines and Chemokines

Cytokine/chemokine levels were determined in 25 μl of plasma using a multiplexed bead-based immunoassay [Milliplex MAP Human Cytokine/Chemokine Magnetic Bead Panel (Merck Millipore, Darmstadt, Germany)] on a Luminex 100 Bioanalyzer (Luminex Corp., Austin, TX). The readouts were analyzed with the standard version of the Belysa software (Merck Millipore). A five-parameter logistic regression model was used to create standard curves (pg/mL) and to calculate the concentration of each sample.



Statistical Analysis

Results were expressed as mean ± SEM with the number of individual experiments detailed in the Figure Legends. Normal distribution was assessed by d’Agostino and Pearson normality test. Spearman’s test was used for not normally distributed variables correlations. Correlations were calculated only between variables with more than 6 observations. Statistical evaluation of two groups was performed using Student’s t test or the Mann-Whitney test. A p value of <0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism versions 5 and 8.




Results


Progression of Chronic Liver Disease Alters the Amount of Plasma EVs and Their CD5L Content

To characterize the CD5L content of EVs, we purified EVs by SEC from total plasma from HS (n=6) and patients with liver cirrhosis at different stages of severity [CC (n=6), AD (n=11) and ACLF (n=11)]. The clinical and laboratory data for these patients are given in Supplementary Table 1. Figure 1A shows that the elution pattern was similar in all conditions and that EVs were successfully separated from the bulk of protein, as determined by the positivity for the EV-associated tetraspanin CD9 in bead-based flow cytometry and the BCA assay, respectively. These experiments showed that CD9 levels dropped dramatically at all stages of liver disease (CC, AD, ACLF) as compared to HS (Figure 1B). Western blotting confirmed reduced CD9 content in EVs from patients with cirrhosis (Figure 1C). Likewise, western blotting against the tetraspanin CD63, another constitutive marker of EV, further confirmed this suppression (Figure 1D). To further confirm the purification of EVs, a subset of SEC fractions was analyzed by NTA and processed for cryo-EM. NTA indicated the presence of particles with a similar mean size of 152 nm for all groups, and an average of 70 ± 36 particles/ml in HS and a much lower content, namely 20 ± 19, 41 ± 24 and 23 ± 15 particles/ml, in CC, AD and ACLF, respectively (Figure 1E). Cryo-EM confirmed that EV fractions contained round-shaped nanovesicles (Figure 1F). Of note, CD5L content was similar in EVs purified from HS and CC, while this parameter reached its highest value in AD and decreased in ACLF (Figure 1G). These observations can be better appreciated by plotting the MFI signal for CD5L against that for CD9 (CD5 vs. CD9 ratio), which showed a significant increase in CC vs. HS, a further increase in AD vs. CC and a significant reduction in ACLF as compared to AD (Figure 1H). Taken together, these results indicate a loss of circulating EVs at all stages of liver cirrhosis and a differential content in CD5L as the disease progressed.




Figure 1 | EV characterization. Plasma fractions were pooled to generate n=6 HS, n=6 CC, n=11 AD and n=11 ACLF patient samples. (A) Upper panel: Representative graphs showing analysis of SEC eluted fractions. Left axis: Mean Fluorescence intensity (MFI) of EV markers CD9 and CD5L by bead-based flow cytometry. Right axis: protein elution was monitored by BCA. (B) CD9 MFI data of all samples analyzed. (C) Western blot of CD9 and (D) Western blot of CD63 in EVs and THP1 cell lysates, used as positive control (CT). (E) Upper panel: NTA of purified EVs from each group of patients. Lower panel: graph depicting particles/ml and size (nm) of the EV particles from 3 purifications. (F) Cryo-EM images confirmed EV presence in pooled fractions (F5-7) of SEC preparation from each group of patients. (G). CD5L and (H) the ratio of CD5L vs. CD9 MFI data. Bars represent mean ± SEM. P values were calculated using the Mann-Whitney test. HS, healthy subject; CC, Compensated Cirrhotic; AD, Acute Decompensation without ACLF; ACLF, Acute-on-Chronic Liver Failure.





Chronic Liver Disease Is Associated With Changes in the Profile of Bioactive Lipid Mediators in Plasma EVs

Since EVs are a nidus for the formation of bioactive lipid mediators, we next used LC-MS/MS to characterize the profile of lipid mediators in purified EVs. Figure 2A shows a schematic diagram of the lipid mediator biosynthesis from arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). The top five most abundant lipid mediators in EVs from HS were 12-hydroxyeicosatetraenoic acid (12-HETE) (produced by platelets), followed by 14-HDHA, TXB2, 15-HETE and 17-HDHA (Figure 2B). The list of the top five abundant lipid mediators remained the same in EVs from patients with cirrhosis, except that TXB2 was replaced by 5-HETE (Figure 2B). Other lipid mediators detected in EVs were LTB4, PGE2, 18-HEPE (the precursor of resolvins of the E-series), LXA4 and LXB4 (SPMs derived from 15-HETE), 14-HDHA-related SPMs (maresin [MaR] 1, MaR2 and 7(S)Mar1), resolvin (Rv) D5 (SPM derived from 17-HDHA), 6-keto-PGF1α and a long list of other SPMs, including resolvins of the E- series (i.e. RvE2 and RvE1) and members of the D-series resolvins (RvD1, RvD2, RvD3 and RvD4) and protectins (PD1 and PDX) (Figure 2B). We next assigned each lipid mediator to its corresponding biosynthetic enzymatic pathway and identified that LOX-derived products were largely dominating the composition of EVs in patients with cirrhosis (Figure 2C). We also assigned each lipid mediator to the corresponding prostaglandin (PG), leukotriene (LT) or SPM family. The list of lipid mediators ascribed to each family is shown in Supplementary Table 2. In absolute values, EVs were predominantly enriched in SPMs and SPM intermediate precursors, followed by LTs and finally PGs (Figure 2D).




Figure 2 | Analysis of eicosanoid and SPM content by liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based lipidomics in EV from HS (n= 5), CC (n=5), AD (n=10) and ACLF (n=10) patient samples. (A) Schematic diagram of SPM biosynthesis from arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). (B) Lipid mediators are ranked on the basis of their concentration (the highest on the top; the lowest on the bottom) in the four groups. Color of bars indicates the biosynthetic pathway of the lipid mediators: green-LOX, purple-COX, and blue-Cyp450. (C, D). Total amount of lipid mediators calculated by the sum of the concentrations of each lipid mediator categorized according to the biosynthetic LOX, COX and CYP pathways (C). or to the lipid mediator biochemical family (D). Bars represent mean ± SEM. P values were calculated using the Mann-Whitney test. HS, healthy subject; CC, Compensated Cirrhotic; AD, Acute Decompensation without ACLF; ACLF, Acute-on-Chronic Liver Failure.





E-Series Resolvins Are Significantly Decreased in EVs From Patients With AD Cirrhosis That Develop ACLF

Since SPM were preponderant in the composition of lipid mediators in EVs, we then focused on the differences in SPM content in EVs between patients with AD cirrhosis that had developed ACLF and those patients with AD cirrhosis who hadn’t. We categorized each SPM (including the SPM precursors) to the different SPM sub-families (see the list of SPMs ascribed to each sub-family in Supplementary Table 3). Interestingly, the EV content of the E-series precursor 18-HEPE was lower in AD patients with ACLF than in those without, and this was consistent with a significant loss of E-series resolvins in ACLF patients (Figure 3). This finding indicates that EVs from patients with AD cirrhosis lose their E-series SPM content during the development of ACLF. Furthermore, RvE1 showed the highest correlation with CD5L among the different lipid mediators (Supplementary Figure 1). Taken together, these findings suggest that at the most severe stages of liver disease (i.e., ACLF), there is a loss of pro-resolving pathways, which may favor the development of a systemic hyperinflammatory state, leading to organ dysfunction or failure.




Figure 3 | Drop of E-series resolvins in EVs from ACLF patients. Individual SPM EV content in AD vs ACLF patients. Bars represent mean ± SEM. P values were calculated using the Mann-Whitney test. Data from AD (Acute Decompensation without ACLF) (n=10) and ACLF (Acute-on-Chronic Liver Failure) (n=10) patient samples.





Suppression of the Plasma Levels of CD5L in the Most Severe Stages of Advanced Liver Cirrhosis: Relationship With Extrahepatic Organ Failures

We next sought to compare the CD5L content in EVs to that in total plasma in a much larger cohort of patients by using ELISA. In these measurements, we included 10 HS, 20 CC, 80 AD without ACLF and 69 AD patients with ACLF. The baseline clinical and standard laboratory data of the patients included in CD5L measurements are shown in Supplementary Table 4. The mean ± SEM plasma CD5L concentration as analyzed by ELISA in HS patients was 6.4 ± 0.6 μg/ml, while this parameter increased steadily in CC and AD patients, peaked in patients with ACLF (grade 1), and then dropped in those with the most severe forms of the disease (ACLF grades 2 and 3), reaching statistical significance in patients with ACLF grade 3 with respect to AD and ACLF grade 1 (Figure 4A). Remarkably, significantly lower levels of CD5L were observed in patients with either circulatory, brain or respiratory failure (Figure 4B), without apparent changes in their levels in patients with liver, coagulation or renal failure (Supplementary Figure 2A). No significant association was found between plasma levels of CD5L and bacterial infection, development of bacterial infection during hospitalization, or 28-day mortality (Supplementary Figures 2B, C). Levels of CD5L did not predict the clinical outcome of the patients but plasma levels were lower in those worsening than in those with improved or steady clinical course (mean ± SEM 14.07 ± 2.31 vs 16.08± 1.73 or 15,67 ± 0.96 µg/ml), although differences did not reach statistical significance (Supplementary Figures 2D, E). Of note, lower plasma levels of CD5L were present in patients with cirrhosis of alcohol etiology in comparison to those of hepatitis C virus origin, without reaching statistical significance (Figure 4C). Together, these findings suggest that development of extrahepatic organ failures (i.e. circulatory, brain or respiratory failures) in patients with well advanced and decompensated liver cirrhosis could be associated with defective circulating CD5L concentrations.




Figure 4 | Plasma CD5L levels and RvE1 decrease in ACLF. (A) Plasma levels of CD5L were measured by ELISA in HS (n=10), CC (n=20), AD (n=80) and ACLF (n=69) patient samples (ACLF-1 n=33, ACLF-2 n=21, ACLF-3 n=15). Bars indicate the mean values ± SEM for CD5L in each group. (B) Association of CD5L with circulatory (n=17), brain (n=17) and respiratory (n=4) failures. (C) Association of CD5L with alcohol (n=63), hepatitis C virus (Hep C virus, n=37), alcohol + hepatitis C virus (Alc+virus, n=17) and other (n=18) etiologies. Data represent median plus interquartile range. (D) Spearman´s correlation heat map with correlation coefficient between CD5L and lipid mediator concentration, determined by LC-MS/MS in the plasma of AD (n=10) and ACLF (n=15) patients. (E) E series Resolvins (RvE1 and RvE2) plasma concentration, determined as in D) and in additional n=5 HS. Bars represent mean ± SEM. D. P values were calculated using the Mann-Whitney test. HS: healthy subject; CC, Compensated Cirrhotic; AD, Acute Decompensation without ACLF; ACLF, Acute-on-Chronic Liver Failure.





Translation to the Systemic Circulation of the Defect in CD5L and RvE1 Levels

We next sought to investigate the impact of reduced plasma CD5L levels in the most severe forms of the disease with systemic inflammation. As shown in Supplementary Figure 3A, plasma CD5L levels showed a negative correlation with white blood cell (WBC) and platelet counts. In contrast, CD5L levels showed a highly significant positive correlation with IL-1α, IL-10, MCP-1 and IFNα2, and negative correlation with IL-17A (Supplementary Figure 3B). Of interest, CD5L significantly positively correlated with IgG concentration (Supplementary Figure 3C). We also correlated the CD5L content with the content of lipid mediators measured by LC-MS/MS in total plasma from 5 HS, 10 AD and 15 ACLF patients. This analysis revealed that CD5L strongly correlated with RvE1, as well as with its intermediate precursor 18-HEPE (Figure 4D). Additionally, plasma levels of E-series resolvins RvE1 and RvE2 were significantly suppressed in patients afflicted by grade 3 ACLF in comparison to patients with AD (Figure 4E). Overall, these data indicate that the pattern of suppression of anti-inflammatory and pro-resolving molecules (CD5L and RvE1) in the plasma of patients with cirrhosis parallels that seen in EVs, and that impairment of these endogenous braking signals is a hallmark in patients presenting the most severe forms of advanced liver cirrhosis.



Identification of a Positive Feedback Loop Between RvE1 and CD5L in Macrophages

To study whether there is a direct link and/or a causal relationship between CD5L and the biosynthesis of RvE1, we next carried out mechanistic studies in peripheral blood mononuclear cells (PBMCs) and macrophages derived from circulating peripheral blood monocytes from healthy donors (human monocyte-derived macrophages, HMDM). Given that HMDMs in culture express no detectable levels of CD5L protein (16, 18), we supplemented these cell cultures with recombinant human CD5L (rCD5L) and collected the supernatants to determine the levels of lipid mediators by LC-MS/MS. We also collected the cell extracts to assess the effects of rCD5L on the expression of genes involved in the SPM biosynthetic pathways in the presence of LPS (to mimic an inflammatory milieu). Figure 5A shows the effects of rCD5L on all the SPMs detected in the PBMCs supernatants. Unlike the AA-derived eicosanoids and the DHA-derived D-series resolvins, protectins and maresins, rCD5L induced a ~1.5-fold increase in the EPA-derived SPM RvE1. Consistent with enhanced RvE1 formation, in the presence of LPS, rCD5L upregulated the expression of COX-2 and CYP2J2 (Figure 5B), the two enzymes involved in the initial stages of RvE1 biosynthesis from EPA. rCD5L did not modify the LPS-induced downregulation of constitutive enzymes such as COX-1 and 5-LOX (Figure 5C) and did not affect the expression of 15-LOX-1 and -2 (Figure 5D). Conversely, when HMDMs were exposed to RvE1, the expression of CD5L mRNA and protein was increased, as observed by RT-qPCR (Figure 5E) and immunofluorescence microscopy using an anti-CD5L mAb (Figure 5F). Taken together, these data point to positive feedback between CD5L and the RvE1 axis in human macrophages.




Figure 5 | Positive feed-back between CD5L and RvE1 synthesis in macrophages. Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of healthy donors (n=8) by ficoll gradient centrifugation. (A) PBMCs were stimulated with 1 μg/ml CD5L or Vehicle (Veh, PBS) for 24 h, and SPMs in the supernatants were quantified by LC-MS/MS. (B–D) PBMCs were cultured for 7 days and differentiated into primary macrophages, which were stimulated with 1 μg/ml CD5L for 24 h with or without 100 ng/ml LPS during the last 4 h of culture, and the amount of mRNA encoding the indicated enzymes was quantified by RT-qPCR. (E, F) Human primary macrophages (n=5 donors) were treated for 72h with RvE1 (10 nM) with or without 10 ng/ml LPS in Vehicle (Veh, 0.007% EtOH), or 40 ng/ml Dexamethasone (DEXA), used as positive control. (E) The amount of mRNA encoding CD5L was measured by RT-qPCR. (F) Representative immunofluorescence images of CD5L (green) in primary treated Nuclei were stained with Hoechst (blue). Graphs show CD5L mean fluorescence intensity (MFI) ± SEM of 50 macrophages scored in random fields. Bars represent mean ± SEM. P values were calculated using the Mann-Whitney test.






Discussion

Here we isolated and characterized EVs from the plasma of patients at different stages of liver disease, with a focus on ACLF. Given the alterations in EV composition in liver pathology, these structures have been proposed as a source of biomarkers, as well as potential tools for therapeutic intervention (12). Our results support this notion since we show that circulating CD5L and EV content of lipid mediators are not only altered in cirrhosis vs. healthy subjects but also differ between disease stages, namely compensated vs. decompensated with or without ACLF.

Previous findings suggest an increase in circulating liver-derived micro-vesicles (i.e., plasma cell-derived EVs) in cirrhosis (19–23). Additionally, it has been demonstrated that stressed hepatocytes in culture enhance the production of EVs (19), and a study showed that more EVs carrying ASPGRP hepatocyte marker are detected in SEC-purified serum of cirrhotic NASH patients than in healthy subjects (24). In contrast to these data, we observed a loss of circulating EVs in total plasma in compensated and also in decompensated cirrhosis. EV research is evolving rapidly, and various biomarkers and a range of purification methods may result in a different interpretation of the data. In this publication, it was agreed that SEC, the purification approach we used, is low recovery but specific method of purification, according to the Minimal information for studies of extracellular vesicles 2018 (25). More importantly, in our study, we did not aim to analyze hepatocyte-derived EVs but rather the global status of circulating EVs, since our focus was ACLF in decompensated cirrhosis and not liver centered. Although the central organ in these patients is the deteriorated liver, numerous organs or system dysfunctions are involved, such as renal, brain, circulatory, coagulation, respiratory and immune system, among others (26). Therefore, we analyzed circulating EVs regardless of their organ of origin and observed a significant loss of the number of plasma EVs in patients with cirrhosis and at advanced stages of the disease, as reflected by the lower levels of EV markers CD9 and CD63, and the number of particles indicated by NTA technology.

A limitation of our study is that we did not analyze markers of subcellular origin (e.g. phosphatidylserine as a marker for apoptotic bodies and Grp94 as ER marker) to understand the distribution and entity of purified EVs. Nevertheless, our main interest was the composition of isolated EVs and whether this parameter could provide insight into the possible physiological relationship between CD5L and lipid mediators. The results revealed that CD5L is present in EVs purified from plasma, in agreement with previous reports (5, 27). Interestingly, our data show that the EV cargo of CD5L undergoes significant changes during the course of liver pathology, thereby suggesting that CD5L is not a constitutive biomarker of circulating EVs. Of note, CD5L located in the EV fraction accounted for a very small portion of total plasma CD5L content (data not shown).

Overall, our results reinforce the notion that circulating CD5L (in EVs and total plasma) is strongly associated with the severity of liver disease (14, 28–30). Regarding ACLF, we report for the first time a loss of circulating CD5L in this condition and a significant association with circulatory, brain and respiratory failure. The precise molecular events involved in this association are currently unknown. In contrast, CD5L systemic levels were not modified in bacterial infection, although the latter is associated with substantial morbidity and mortality in these patients. Previous studies have described that CD5L interacts with bacteria, thus pointing to a functional link with infection (31, 32). The heterogeneity of infectious agents in this cohort of patients may preclude the observation of systemic changes in CD5L related to infection. In blood, CD5L can circulate in its free form, in EVs, and in association with IgM but not IgG (33–35). In obesity, this IgM-CD5L association has a functional consequence, since it contributes to auto-antibody production (35). Little is known about its involvement in other contexts. However, in healthy individuals and in cirrhotic patients with liver cancer, IgM and CD5L levels are positively correlated (35, 36). In contrast, we found that CD5L was positively associated with IgG but not with IgM or IgA in AD cirrhosis and ACLF. Our results suggest that deregulation of immunoglobulin homeostasis in ACLF also affects the IgM-CD5L ratio. How CD5L distributes within the three compartments (i.e., free, EVs or IgM) in ACLF and the functional consequences of this distribution remains to be elucidated.

On the other hand, CD5L was found to be strongly positively correlated with IFNα2 and MCP1, two inflammatory mediators. In this regard, patients presenting ACLF have been reported to show significantly higher levels of proinflammatory cytokines/chemokines, including TNF-α, MCP-1, IL-8, and IFN-γ, and also anti-inflammatory IL-10 than patients without ACLF (37). Further studies are needed to unravel the relationship between CD5L and these specific cytokines/chemokines in systemic inflammation. We previously hypothesized that the increase in CD5L during liver disease may be an adaptive response to liver damage and fibrosis that seeks to counteract inflammatory signaling (14). In ACLF, the loss of regulatory CD5L may contribute to failure to regulate inflammation. Additionally, a drop in SPMs would reduce the capacity to repair and regenerate damaged tissues.

Here we report that loss of SPMs and CD5L in EVs and total plasma may have a causal link, since CD5L and RvE1 are mutually upregulated in macrophages. The relationship between CD5L and lipid homeostasis is consistent with the findings of previous studies that showed that CD5L expression in macrophages is regulated by Liver X Receptor (LXR) (3, 38, 39), a transcription factor activated by oxysterols and specific intermediates in the cholesterol biosynthetic pathway that belongs to the nuclear receptor family (40). Moreover, in Th17 cells, CD5L modulates the processing of PUFAs and the formation of bioactive lipid mediators derived from these fatty acids, mainly evolutionarily conserved SPMs (7).

Liver macrophages are key players in most, if not all, inflammation-related liver disorders, including cirrhosis, because they respond to a wide array of activating signals. They are also capable of clearing apoptotic cells and debris, thus initiating the resolution of inflammation, tissue repair and regeneration. It is well known that SPMs play central roles in promoting these processes (41). Our results now suggest that mutual regulation of CD5L and RvE1 provides a novel link between innate immunity and lipid homeostasis. This finding may be highly relevant for understanding how macrophages regulate inflammation and its resolution.
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Supplementary Figure 1 | Spearman´s correlation heat map with correlation coefficient between CD5L and lipid mediator concentration in EVs, determined by LC-MS/MS in AD (n=10) and ACLF (n=15) patients pooled plasma.

Supplementary Figure 2 | (A). Association of CD5L plasma levels with clinical parameters: (A). Organ failure: liver Yes n=34, No n=107, coagulation Yes n=20, No n=121, renal Yes n=37, No n=104. (B). Bacterial infection: Yes n=15, No n=133, and development of bacterial infection during hospitalization: Yes n=44, No n=96. (C). 28-day mortality: Yes n=31, No n=118. (D). Disease course at 3-day follow-up: Steady n= 89, Improvement n=26, Worsening n=13. Data represent median plus interquartile range. AD steady course: no ACLF during follow-up. ACLF steady course: no change of ACLF grade. Improvement of ACLF: decrease of ACLF by at least one grade during follow-up. Worsening of AD or ACLF: development of ACLF or increase of ACLF by at least one grade during follow-up (F). Table showing the distribution of patients analyzed for disease course according to ACLF grade at inclusion vs ACLF grade follow-up.

Supplementary Figure 3 | Correlation of plasma levels of CD5L in AD and ACLF with (A). White blood cell (WBC), platelet counts and C-reactive protein. (B). Circulating cytokines and chemokines. (C). IgG concentration.
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Liver failure is characterized by serious liver decompensation and high mortality. The activation of systemic immune responses and systemic inflammation are widely accepted as the core pathogenesis of liver failure. Glucocorticoids (GCs) are most regularly utilized to suppress excessive inflammatory reactions and immunological responses. GCs have been used in the clinical treatment of liver failure for nearly 60 years. While there has been no unanimity on the feasibility and application of GC treatment in liver failure until recently. The most recent trials have produced conflicting results when it comes to the dose and time for GC therapy of different etiology of liver failure. Our review outlines the issues and options in managing GC treatment in liver failure based on an investigation of the molecular mechanism that GC may give in the treatment.
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1 Introduction

Liver failure (LF) is a life-threatening syndrome defined as the acute decompensation of liver function with varied etiology and multiple organ dysfunctions (1, 2). In China, viral hepatitis is the leading cause of liver failure, followed by alcohol and toxic drugs. Hepatitis B virus (HBV) related acute-on-chronic liver failure (ACLF) is the most common type of end-stage liver disease in chronic HBV infection patients, characterized by rapid deterioration, with muti-organ failure and high short-term mortality (3). At present, there is still no specific treatment of LF. Currently treatment is mostly based on comprehensive medical care, artificial liver support systems (ALSSs), and liver transplantation (LT). LT is an effective therapy even in patients at advanced stages, nevertheless, LT is limited by the availability of donor organs and the high medical cost, the mortality rate of LF remains high (4, 5).

Activation of immune response and systemic inflammation are considered as the key role of LF, glucocorticoids (GCs) have been used in the clinical treatment of LF for many years with the function that can rapidly suppress excessive inflammatory reactions and immune response. However, their usage has been contentious. For over half a century, there are numerous studies have been published (6–9). Although some clinical and experimental research are currently being conducted to determine the efficacy of GC treatment of LF, countries and organizations have yet to reach a consensus (10–15).

This study covers advances on the mechanism, value, existing difficulties, and application tactics of GC application in different etiology LF to identify ideas for further research in related domains and to provide assistance for the clinical management of LF.



2 The Mechanism of GC Treatment in Liver Failure


2.1 The Core Pathogenesis of Liver Failure

Liver acts as an immune organ and plays a key role in innate immune defenses against pathogens (16–18). LF has the features of systemic inflammation, cellular immune depression, and progression to multiple organ dysfunction. Activation of systemic immune responses should be considered playing a significant role in the pathogenesis and prognosis of LF (19, 20). Cytokines also play a pivotal role in LF pathophysiology including hepatocellular death, extrahepatic complications, and hepatocyte regeneration. And cytokines mediated liver injuries are tightly associated with hepatocyte proliferation and regeneration (21, 22). Suppressor of cytokine signaling (SOCS) family, signal transducer and activator of transcription (STAT) and nuclear factor kB (NF-kB)-mediated pathways have been shown closely linked with liver injury (23, 24).

Patients with ALF and ACLF display evidence of a pro-inflammatory state with local liver inflammation, features of systemic inflammatory response syndrome (SIRS) and vascular endothelial dysfunction that drive progression to multi-organ failure (25). The sooner SIRS emerges, the worse the prognosis (26). “Endotoxin-macrophage-cytokine storm” is the core pathogenesis of liver failure (27). The immunological balance is disrupted in the latter stages of liver failure, resulting in “immune paralysis” and a reduction in the total number and activity of peripheral blood lymphocytes, both of which aided in the progression and exacerbation of LF (28–30).

The “first hit” in the “three hits hypothesis” is the initial immunological insult to the liver produced by viruses, medications, and other factors, which immediately leads to the degeneration and necrosis of hepatocytes. The loss of hepatic sinusoids, microvascular embolism, and microcirculation disturbances result in ischemia and hypoxia of liver tissue, as well as additional reperfusion damage, resulting in the “second hit”. The liver’s detoxifying and endotoxin-scavenging abilities were reduced by the first two strikes, resulting in intestinal endotoxin-induced endotoxemia, which released a significant number of inflammatory factors such as IL-6 and tumor necrosis factor α (TNF-α), culminating in the “third hit” (31–33). GCs can impede macrophage phagocytosis and antigen treatment, as well as reduce the generation of inflammatory cytokines, since they are the most often utilized anti-inflammatory and immunosuppressive medicines. As a result, there is a theoretical foundation for using GCs to treat liver failure.



2.2 Immune Response Inhibition and Anti-Inflammatory Mechanisms of GCs

GCs can swiftly suppress excessive immune response and inflammatory reaction. In addition to inhibiting cytotoxic liver damage, GC intervention in LF can also control humoral immunity. GCs can influence the fraction of CD4+ lymphocyte subsets that are distributed, raise the proportion of Treg cells, and boost the immunomodulatory activity of Treg cells, all of which contribute to increased negative inflammatory control (34). Furthermore, GCs can directly decrease CD8+ cell immunological activity and diminish cytotoxicity. ICAM-1 (intercellularcelladhesionmolecule-1, ICAM-1) is a part of the immunoglobulin superfamily which found on the cell membrane of hepatocytes and many other cells. ICAM-1-mediated cell adhesion is critical for cytotoxic T lymphocyte (CTL) attachment to hepatocytes and can improve CTL assault on target cells. At the receptor level, GCs can block the production of ICAM-1, effectively preventing CD8+ lymphocytes from attacking hepatocytes. Furthermore, GCs can minimize the liver tissue damage induced by T/NKT cell infiltration by inhibiting the killing impact of T/NKT cells (35, 36).

GCs can induce apoptosis of inflammatory cells and inhibit antigen presentation as well as the generation and release of proinflammatory cytokines including IL-1, IL-6, TNF-α, and IL-17 (37, 38). GCs can also boost the synthesis of the anti-inflammatory cytokine IL-10 and improve the negative control of inflammatory factor storms at the same time (37). Furthermore, through modulating the immunological signal transduction pathway, GCs can decrease the inflammatory response. Important negative cytokine regulatory factors include suppressor of cytokine signaling 1 (SOCS1), suppressor of cytokine signaling 2 (SOCS2), and interleukin-1 receptor-associated kinase M (IRAK-M) (39). GCs can improve the inhibitory impact of SOCS1 and SOCS2 on the JAK/STAT inflammatory signaling pathway, as well as the inhibitory effect of IRAK-M on the Toll-like receptor 4 (TLR4) inflammatory signaling pathway (40, 41). Nucleotide-binding oligomerisation domain-like receptors (NLRs) Family Pyrin Domain Containing 3(NLRP3) is related to innate immunity and can produce proinflammatory cytokines via caspase-1 (42). NLRP3 has been found increased in HBV-related ACLF patients and downregulated by GCs in surviving patients (43). GCs can also cause lymphocytes to migrate out of blood vessels, reducing the number of lymphocytes in blood vessels. It may also enhance the local microcirculation of the liver, as well as lessen the disturbances of ischemia, hypoxia, and reperfusion of hepatocytes.



2.3 GCs Can Enhance the Protective Effect of Hepatocytes

By inhibiting caspase-8 activation and the mitochondria-dependent apoptosis pathway, dexamethasone (DEX) pretreatment protected hepatocytes from TNF-α, plus actinomycin D (ActD)-induced apoptosis (44). Considering that GCs are thought to have a significant stabilizing impact on cell membranes, they can prevent hepatocyte disintegration and necrosis, slowing the course of liver damage.




3 GC Therapy in Different Etiology of Liver Failure


3.1 HBV Related ACLF

According to the evidence shows that HBV mainly causes liver damage through cytotoxic T-lymphocyte-mediated cytolytic pathways in HBV-infected hepatocytes (45, 46), using GCs to treat severe hepatitis B infections is appropriate because of the particular effects of GCs to inhibit immune responses and prevent cytolysis in infecting hepatocytes (47). Multiple studies suggest that using GCs in the early period of severe hepatitis can help prevent liver cells necrosis and afford a possibility of liver regeneration (48–50) but might enhance HBV replication (51), and lead to LF (12, 52–54). Thus, GCs have not been widely used for the treatment of severe hepatitis B in clinic. However, in recent years, due to the new generation of nucleoside analogs (NA), using GCs to treat HBV related LF has become much safer (55–57).

Excessive systemic inflammation and susceptibility to infection are two pathophysiological characteristics of ACLF. Immunotherapies, such as glucocorticoids are effective on ACLF. Some studies have reported that GC treatment improve the survival rate of the patients with HBV-ACLF. A prospective multi-center clinical trial totally included 171 HBV-ACLF patients, 83 patients treated with methylprednisolone [1.5 mg/kg/day (day 1-3), 1 mg/kg/day (day 4-5), and 0.5 mg/kg/day (day 6-7)] for 7 days, the results showed methylprednisolone treatment can increase the 6-month survival rate of HBV-ACLF patients (27). And there is a retrospective study included 349 patients with HBV-ACLF in 2021. 155 patients used methylprednisolone or prednisone. The results showed that GC treatment could not improve the liver function of ACLF patients but might reduce their 28 days mortality rate (58). Similar results were also demonstrated by Zhao et al (59). No matter the patients used antivirus or not. The explanation for this might be that infectious complications are both the primary cause of ACLF and the leading cause of mortality from ACLF, these patients are susceptible immune paresis (60). Thus even though GC therapy did not improve liver function or short-term health, it may be required in critical patients. Nevertheless, this effect has not been validated by others. A retrospective, controlled trial with 31 HBV-related ACLF patients under dexamethasone injection for three times and followed up for 12 weeks, the results showed that dexamethasone cannot improve liver functions and 12-week survival rates of patients with HBV-related ACLF (61). A Ten-year cohort study in a University Hospital in East China also showed that steroid treatment did not improve transplant free survival in ACLF patients precipitated by hepatitis B (15).

The timing of GCs treatment in HBV-related ACLF is very important. Zhang et al. found that dexamethasone (10 mg/day, i.v.) for 5 days based on lamivudine (LMV) treatment is effective in improving the liver function and survival rate of patients with pre-ACLF (62). Another study included 87 patients with early-stage HBV-related subacute liver failure, 43 patients in the control group received LMV and routine integrated treatment, and those in the treatment group were given additional short-term low-dose glucocorticoid treatment. The results showed that GC treatment can improve survival rate and shorten the mean hospital stay of patients with HBV-related early-stage subacute liver failure patients (63). Thus, GCs should theoretically be able to control excessive systemic inflammation and hepatic inflammation in the early stages of ACLF, whereas they aggravate immune paralysis in the late stages. And another noteworthy issue is that nucleoside analog should be used as a basic treatment in HBV-ACLF patients. Overall, low dose, short term GC treatment combined with NA in the early stage of HBV-ACLF patients is safe and effective.



3.2 HBV Related ALF

Nearly half a century ago, researchers used double-blind, randomized trials of methylprednisolone(38-48mg/day) vs. placebo in severe viral hepatitis and showed the conclusion that methylprednisolone does not enhance survival in patients with severe viral hepatitis (6, 7). In 2006, Kotoh et al. used a high-dose methylprednisolone (1000 mg/day for 3 continuous days) to treat patients with severe acute hepatic failure and found methylprednisolone might effectively prevent the progression of severe acute hepatic failure (64). Fujiwara et al. used 1000 mg of methylprednisolone daily for 3 days followed by the reduced doses according to the treatment response in the early stage of viral acute liver failure, which indicated an effective suppressing of hepatocytes destruction and a slightly higher survival rate (65). And high dose of GCs treated in ALF did not significantly increase the incidence of infection (66). Then Fujiwara reported combination therapy with GCs and NA for HBV-ALF induces the rapid resolution of inflammation leading to a rapid recovery of the liver function. When it is administered at a sufficiently early stage, it would have a survival benefit and prevent persistent infection (67). In a whole, when treated in ALF, high dose GCs might be more effective, the early stage of the ascending period would be the best timing, and NA is also very important in HBV related ALF.



3.3 AIH Induced Liver Failure

Autoimmune hepatitis (AIH) is an immune-mediated necroinflammatory disease of the liver parenchyma. Although AIH is linked with minor symptoms in most patients, it can also be associated with severe symptoms and develop to ALF, or ACLF. Acute severe autoimmune hepatitis (AS-AIH) is a relatively rare cause of ALF, which is often neglected and delayed in treatment. The standard paradigm of management in acute AIH involved corticosteroid therapy. This can achieve a remission in more than 80% (68). However, GCs use in AIH-induced LF remains controversial. A single-center French study in 2007 looked at the role of GSs in patients with a severe presentation of AIH. They found that GC therapy is of little benefit in severe and fulminant forms of AIH; It may increase the risk of septic complications and should not delay liver transplantation (LT) (69). A retrospective analysis of patients with autoimmune, indeterminate, and drug-induced ALF included 66 patients with AIH. The study compared 25 patients who were given prednis(ol)one (median dosage 60 mg/day) with 41 patients who were not. GCs did not increase overall or spontaneous (without-LT) survival in autoimmune ALF. Furthermore, GCs use was linked to an increased mortality in the group of patients with the highest MELD scores (70). While there are also researchers suggested GCs should be considered as soon as possible in AS-AIH patients (71). Recently, a retrospectively study enrolled 32 patients with AIH-induced ALF compared with 93 age- and sex-matched patients with chronic AIH (cAIH), the patients received prednis(ol)one with an average dose of 153.9 mg daily for the first group and from 61.8 mg daily for the second group. GCs therapy was not associated with high mortality or sepsis in AIH-induced ALF and suggested that GCs treatment of AIH-mediated ALF may improve the outcome (72). Another study included 128 AS-AIH patients, 115 (90%) were treated with GCs within a median of 6 (2–10) days of their admission to hospital. Seventy-eight patients (73%) received prednis(ol)one with a dosage of 1 mg/kg/d while 37 (27%) received 0.5 mg/kg/d. Thirteen patients (10%) did not receive GCs therapy, the results showed that non-treated patients were more seriously ill than treated patients (73). Zachou et al. present an open, real-world observational study included 34 AS-AIH patients were treated with either 1g methylprednisolone for 3 consecutive days followed by intravenous prednisolone (1mg/kg/day) or prednisolone (1.5mg/kg/day) from the beginning. And indicated that high-dose intravenous GCs in original AS-AIH seems safe and efficient as it prevents disease deterioration and the need of liver transplantation (74). A recent Asian-Pacific study included 82 patients with AIH induced ACLF. A survival benefit was demonstrated in those who received GCs. Moreover, patients with high MELD scores and encephalopathy had unfavorable responses to GCs (75). In general, GC treatment is effective in both ALF and ACLF induced by AIH. High doses are also relatively safe. GCs should be used as early as possible, with an increased risk if MELD score is very high or encephalopathy present.



3.4 Drug Induced Liver Failure

Drug-induced liver injury (DILI) is a liver toxicity induced by drugs or their metabolites. Patients with DILI may present with various clinical manifestations, ranging from abnormal liver function test results but without symptoms to ALF (76). For drug-induced ALF, there are two primary therapeutic options: a) fast depuration of the body from the toxic chemical to prevent additional aggressiveness before the agent reaches the liver; and b) administration of an antidote to prevent and/or stop the aggression once the toxin reaches the liver. The newest EASL clinical practice guidelines suggested that GCs are usually given when all else fails to produce results (77). In early trials, GC therapy for all kinds of ALF demonstrated limited benefits (70, 78). A single-centre retrospective study used two kinds of GCs administration methods (Methylprednisolone, range 60-120 mg/day or prednisone, range 40-60 mg/day for 3-5 days and then prednisone 20 mg/day and 5-10 mg weekly reduction) or (Methylprednisolone, range 60-120 mg/day for 3-5days) to treat severe drug-induced liver injury (DILI) patients. The results showed that short-term use of GCs can improve the liver injury and patient survival of severe DILI patients with hyperbilirubinemia (TBil >243 µmol/L) (79). GCs combined with ursodesoxycholic acid appears to be safe, and leads to a more rapid reduction in bilirubin and transaminases after severe DILI (80). However, opposite result was found by Wan et al. that prednisone was not beneficial for the treatment of severe DILI (81). Heretofore, among the several liver diseases, AIH is the most reliable clinical indication for GC treatment (82). In patients with suspected drug induced AIH who are receiving GCs therapy, withdrawal of treatment once the liver injury has resolved should be followed by careful monitoring (83). Antiepileptic drug-induced liver injury is commonly related with hypersensitivity symptoms and may respond to GCs treatment (84). GCs should be administered in patients with severe alcoholic hepatitis (AH) if there are no contraindications (85). Overall, drug-induced liver failure needs evidence of immunopathogenicity to restore the condition through GCs blocking immune responses.




4 The Application Strategy of GC Treatment in Liver Failure


4.1 The Dose and Timing of GC Treatment in Liver Failure

There is currently no consensus on the type and dosage of GCs used in LF. GC dose is generally controlled in methylprednisolone (1∼2mg/kg/d) according to current clinical studies. Kotoh et al. investigated the possibility of using high dose of GCs to treat LF. 17 ALF patients underwent three days treatment of 1000mg methylprednisolone daily, and 13 of them were cured without serious complications, two died, and two received LT (64). The relevance of high-dose GCs in the treatment of severe acute exacerbation of CHB and the early stage of ALF was explored by other researchers. They indicated a slim advantage in terms of survival and liver regeneration in the GC treated group, but there was no significant difference, whereas patients with a poor basic condition and advanced liver damage at the start of treatment had a poor prognosis (50, 65). It will not function if a high dose of GCs are given during LF due to a decrease in the number of GC receptors on the surface of cells in the liver tissue, and there may also be an increase in the likelihood of GC adverse effects because GCs have the potential to cause substantial liver damage (65, 86, 87). As a result, high-dose GCs are more usually used in ALF patients compared to ACLF patients. And not indicated for individuals particularly with poor basic condition. Low and medium doses are generally used. Currently, some researchers utilize 10 mg dexamethasone once a day for three days to treat patients with HBV-related ACLF. The results revealed that early in the course of a severe acute exacerbation of chronic hepatitis B, combined with standard treatment, low-dose, short-term glucocorticoid treatment dramatically decreased the probability of progression to liver failure and shortened hospitalization time, without raising the complication rate (88). Low doses of GCs primarily depress cellular immunity, but high doses of GCs lower humoral immunity by suppressing B cells and antibody generation (89). However, there are certain variances in the dosage of GC used for various reasons. Prednisone 40 mg/d, according to some research, can be taken early in alcohol induced LF (90). When AIH is induced to LF, an initial dose of 20-50 mg/d methylprednisolone is used to provide a stronger curative effect (91). Some studies employed 1.5 mg/kg/d as the beginning dose for CHB-related LF and eventually reached excellent outcomes after progressively lowering the dose according to the disease (92).

When the effectiveness of GC treatment cannot be established in a clinical setting, the concept of safety requires that any potential adverse effects of GCs be maintained within a manageable range. GCs can considerably lower the number of lymphocytes in circulation by inhibiting the presence of phagocytic cells to the antigen, promoting the destruction and disintegration of lymphocytes, and developing the removal of lymphocytes from blood vessels (93). Even though that GCs can raise the risk of infection and upper gastrointestinal bleeding, as well as other complications, their adverse effects are manageable. As a result, it is critical to screen for and monitor adverse effects in individuals with liver failure who are taking GCs.

GC intervention in the early stages of LF has been demonstrated in several studies to improve prognosis and minimize death (63). Zhao et al. believed that GCs should be utilized when the MELD score is less than 35, the HE score is less than 4, and the ALT level is ≥ 30 ULN (14). When the MELD score is less than 27 and hepatic encephalopathy is less than stage II in AIH-related LF, the benefit of GCs is greatest (94). However, until recently, there were no clear quantitative indicators for GC therapy in LF, we believe that the age, basic conditions, and complications of the patients should all be considered. As a result, more clinical experience should be very important for doctors.



4.2 Problems of GCs Application in Liver Failure


4.2.1 GC Resistance

Some ACLF patients have a low sensitivity to GCs treatment (95). GCs via binding to their intracellular receptor (GR) to have powerful anti-inflammatory activities. Decreased GR in many inflammatory diseases confers GC resistance (GCR) and undermines glucocorticoid therapy efficacy. GCR is clearly acquired through persistent inflammatory injury (96–98). Tjandra et al. reported a significant decrease in hepatic T lymphocyte GR mRNA and protein levels in experimental cholangitis rats, demonstrating that hepatic T cell resistance to increased cortisol levels is at least partially mediated by decreased GR expression (99). In AIH patients, GR expression in peripheral mononuclear cells was shown to be closely related with GCR and to impact the outcome of therapy and the degree of disease severity (100, 101). Moreover, there is a dynamic process in the immune state of LF. It is reported that inactivation of functional T cells is a key step in the progression of systemic immunological dysfunction in ALF (102). And proinflammatory cytokines are involved in the pathogenesis of ALF (103). Further studies reported that the serum cortisol level and the percentage of GR+T lymphocytes were significantly decreased in HBV-ACLF patients compared with CHB patients and healthy controls. The relative GR alpha mRNA expression was significant decreased in ACLF patients (95). Recently, Wang et al. noted that in ACLF patients, GR alpha expression was negatively regulated by miR-124a. MicroRNA-124a contributes to GCR in ACLF by negatively regulating GR alpha (104).



4.2.2 Side Effects of GC Therapy in Liver Failure

The immune system is depressed during GC therapy, which raises the risk of secondary infection and the spread and aggravation of the primary illness, as well as the chance of systemic infection and sepsis (14, 66, 105). According to the CANONIC research of the EASL chronic liver failure (EASL-CLIF) Alliance, almost a third of patients with ACLF will be complicated with bacterial infection. Similarly, the EASL-CLIF and the North American Federation of End-stage Liver Diseases (NACSELD) have discovered that some individuals with liver cirrhosis develop ACLF due to coinfection (106, 107). When LF strikes, the intestinal barrier weakens and microecological changes occur, allowing intestinal flora to migrate and endotoxin to enter the bloodstream, resulting in infection (108). At the same time, microorganisms increase the risk of infection after avoiding the immune system and entering the circulation owing to immune escape and immunological paralysis during LF (109). Furthermore, genetic variables have a role in raising the likelihood of coinfection in LF patients (110, 111).

Sepsis is a common complication of ACLF (112), GCs have been tested and widely used in sepsis patients (113). Although it is an acute systemic inflammatory disease, GCs are hardly useful in sepsis (114). One reason to explain the rather poor successes of GCs in sepsis is that a profound GCR has developed. GCR has already developed by the time sepsis are diagnosed and treated. Many researchers have described GCR in cohorts of sepsis patients. Levels of GR mRNA in peripheral mononuclear cells (PBMCs) were found reduced in sepsis children (115). And Dekelbab et al. reported reduced GR protein levels in some organs (such as liver, brain, muscle) during sepsis (116). An increased expression of miR124 was associated with reduced GR expression in T cells of sepsis patients was also reported (117). Furthermore, Guerrero et al. found a temporary increase of the dominant negative GR beta in PBMCs during sepsis (118). Sepsis is associated with GCR significantly, which might be due to a decrease in GR expression or response.

GCs can also suppress gastric mucus secretion while increasing stomach acid and pepsin secretion, resulting in ulcers, perforations, and gastrointestinal (GI) bleeding. As LF is associated with a high risk of severe GI bleeding, using GCs in LF will significantly increase the risk of causes. Although the specific mechanism by which GCs may cause GI bleeding is unknown, GCs may inhibit tissue repair, thus causing delayed wound healing (119). Furthermore, aberrant blood pressure may emerge because of the pharmacological properties of GCs, as well as electrolyte and blood glucose abnormalities, potentially increasing the risk of hepatic encephalopathy, hepatorenal syndrome, and other consequences in LF.




4.3 Strategies of GCs Application in Liver Failure

Secondary infection is one of the most serious concerns associated with the use of GCs in LF, posing a secondary threat to the prognosis. Antibiotic prophylaxis can avoid LF consequences including peritonitis and upper gastrointestinal bleeding (120). Currently, it is generally recommended to choose quinolones for prophylactic anti-infective treatment (121). Simultaneously, by increasing gut flora, stimulating gastrointestinal peristalsis, managing autoimmunity, and strengthening nursing care, we can lower the chance of infection (122–124). Opportunistic fungal infections have emerged as a major cause of morbidity and mortality in immunocompromised patients including those who have received GC treatment (125). Although some studies have found that the prognosis of ACLF patients with fungal infection does not improve after active antifungal therapy, since all survivors have received antifungal therapy, it is still recommended to begin antifungal therapy as soon as possible in the early detection of fungal infection (126).

GI bleeding is common in LF patients, especially in ACLF patients with esophageal varices. The current GI bleeding in ALF patients is 1.5% (127). Patients who were taking high-dose glucocorticoids alone had a slight increased relative risk for developing GI bleeding (128). Pharmacologic suppression of stomach acid secretion has been proven to prevent GI bleeding (129, 130). Proton pump inhibitors (PPIs) are effective method to prevent peptic ulcer disease and GI bleeding in ALF (131). It is reported that in drug-induced liver injury, a PPI might be useful to prevent GI bleeding when GCs used (132). A study of HBV-related LF showed that GC therapy accompanied by prophylactic medication with PPI can prevent the severe side effects of GI bleeding of GC therapy (92). As a result, while using GCs in LF patients, more attention must be taken, and the stomach mucosa should be actively preserved to avoid GI bleeding.

Because of the immunosuppression caused by using GCs, LF patients with basic viral hepatitis may activate the virus. HBsAg positive LF patients should start antiviral therapy as soon as possible to inhibit virus replication. GCs can cause feelings of euphoria, excitation, sleeplessness, and even severe mental problems including hallucinations and insanity. It should be given special attention to patients’ mental states. Medication should be discontinued as soon as significant mental problems are discovered. Patients taking GCs for a long time will develop osteoporosis, timely calcium supplement will be useful. Since the proposal of GCs in the treatment of LF has been controversial, its strong immunosuppressive effect and significant efficacy not only bring great temptation to us but also make us face the risk of serious adverse reactions.




5 Conclusions

Although the notion of administering GCs to treat LF has circulated for a long time, no conclusive evidence has been provided of its therapeutic efficacy. Some data was from non-randomized studies or carried out in small groups (62, 64, 67). Here, we summarized several published articles referred GC treatment in different status of LF in Table 1.


Table 1 | GC treatment in different etiology of liver failure.



Given all of that, due to the intricate pathophysiology of LF, it is critical to investigate immunological manifestations with various etiologies. In the treatment of LF, we should personalize each patient’s treatment plan, prioritize patient safety, monitor, and avoid any adverse responses to GCs in a timely manner, all of which will help patients obtain more benefit and improve their prognosis. To provide clinical professionals with a suitable treatment plan based on evidence-based medicine, further larger randomized clinical trials are required.
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Various factors, including viral and bacterial infections, autoimmune responses, diabetes, drugs, alcohol abuse, and fat deposition, can damage liver tissue and impair its function. These factors affect the liver tissue and lead to acute and chronic liver damage, and if left untreated, can eventually lead to cirrhosis, fibrosis, and liver carcinoma. The main treatment for these disorders is liver transplantation. Still, given the few tissue donors, problems with tissue rejection, immunosuppression caused by medications taken while receiving tissue, and the high cost of transplantation, liver transplantation have been limited. Therefore, finding alternative treatments that do not have the mentioned problems is significant. Cell therapy is one of the treatments that has received a lot of attention today. Hepatocytes and mesenchymal stromal/stem cells (MSCs) are used in many patients to treat liver-related diseases. In the meantime, the use of mesenchymal stem cells has been studied more than other cells due to their favourable characteristics and has reduced the need for liver transplantation. These cells increase the regeneration and repair of liver tissue through various mechanisms, including migration to the site of liver injury, differentiation into liver cells, production of extracellular vesicles (EVs), secretion of various growth factors, and regulation of the immune system. Notably, cell therapy is not entirely excellent and has problems such as cell rejection, undesirable differentiation, accumulation in unwanted locations, and potential tumorigenesis. Therefore, the application of MSCs derived EVs, including exosomes, can help treat liver disease and prevent its progression. Exosomes can prevent apoptosis and induce proliferation by transferring different cargos to the target cell. In addition, these vesicles have been shown to transport hepatocyte growth factor (HGF) and can promote the hepatocytes’(one of the most important cells in the liver parenchyma) growths.
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1 Introduction

Inflammation is an immunological condition that has an important role in controlling microbial infections and is the basis of many natural physiological events of the body in healthy conditions (1). This physiological process plays a vital role in embryo implantation, tissue repair, fetal growth, etc. (2). These inflammations must be carefully regulated to maintain the homeostasis of various tissues and organs. Failure to control inflammation can lead to multiple injuries to the tissues involved and lead to the loss of part or all of that tissue (3). Hemostatic inflammation is an integral part of liver health, and treatment strategies should focus on reversing pathological inflammation to hemostatic inflammation (4).

The liver is one of the vital organs that has a great ability to regenerate itself due to liver cells’ characteristics (5, 6). But when the amount of damage is so much and exceeds liver cells’ ability to regenerate, the function of this tissue is impaired (7). Acute liver failure (ALF) is more common in adolescents and is associated with high mortality (8). In ALF, the metabolic and immunological function of the liver is impaired. It presents with manifestations such as blood coagulation defects, cardiovascular instability, liver encephalopathy, susceptibility to infection, and progressive multiple organ failure (9, 10). The interval between the onset of symptoms and the onset of hepatic encephalopathy distinguishes different forms of the disease (11). In this way, if the time between them is a few hours, it is called hyperacute liver failure (12), but if this interval occurs more slowly and lasts from a few days to a few weeks, it is called acute or sub-acute damage (13). Fibrosis is an intrinsic response to injury that maintains the integrity of the various organs involved in tissue damage due to extensive necrosis or apoptosis (14). Chronic liver disease occurs during persistent inflammation and is associated with the destruction and regeneration of the liver parenchyma, which eventually leads to fibrosis and cirrhosis. There are many different causes for chronic liver disease, autoimmune diseases, including long-term alcohol abuse, toxins, infections, genetic and metabolic disorders (15). For example, during myocardial infarction, fibrosis and collagen fibres become apparent by the end of the first week, preventing heart rupture by maintaining the heart’s structure (16). Tissue fibrosis is also seen in the kidney after ischemia (17) and in the lung after H5N1 influenza and COVID-19 infection (18–20). Figure 1 summarizes some acute and chronic liver diseases and the main mechanisms involved in these diseases development (Figure 1). It is worth noting that various treatments can prevent the progression of liver fibrosis (21) but do not lead to the reversion of fibrous tissue, and there is no definitive treatment for fibrosis.




Figure 1 | Acute and chronic liver diseases. Diseases Different conditions can cause acute and chronic inflammatory conditions in the liver. If the damages are not controlled in the acute stage, they progress to a chronic state and are associated with fibrosis and cirrhosis of the liver tissue. Failure in acute liver disease treatment can also lead to the onset and progression of liver cancer; HSC, hepatic stellate cell.



There is currently no specific drug for treating liver disease, and many of the current treatments are used only in very acute cases due to their side effects (22). Therefore, there is an urgent need to find appropriate treatment methods to prevent liver disease progression and repair liver tissue. Today cell therapy is one of the fields that has raised many hopes and interests in the field of regenerative medicine. Cells such as mesenchymal stromal/stem cells, hepatocytes, hematopoietic cells, immune system cells and endothelial progenitor cells have been used in various studies to treat liver disease (23).

There are advantages and disadvantages to using each of these cells, which are summarized in Table 1. Among these cells, mesenchymal stem cells have been used extensively in studies due to their desirable properties and have shown promising results. The desirable characteristics of these cells are various isolation sources, easy isolation methods, easy culture methods, expansion and storage, low immunogenicity, self-renewal ability, ability to differentiate into different cell types, immunomodulatory properties, The ability to produce soluble factors such as exosomes and growth factors and the ability to migrate to the site of tissue damage were noted (39, 40). Due to the favourable properties of MSCs-derived extracellular vesicles (EVs), the therapeutic ability of these vesicles has been investigated. This review discusses the effect of inflammation on the progression of liver disease, the role of liver cells and immune cells in the pathogenesis of the liver disease, and studies of MSCs and their EVs (mechanisms).


Table 1 | Advantages and disadvantages of each cell in therapeutic applications.





2 Inflammation Role in Liver Diseases (LDs)

Under physiological conditions, the liver constantly contacts food-derived foreign proteins, drugs, chemicals, toxins, and intestinal microbiota (41). Kupffer cells (KCs) and dendritic cells (DCs), as well as circulating immune cells such as bone marrow-derived macrophages, natural killer (NK) cells, and neutrophils (42), play an important role in the formation of the liver immune microenvironment and hepatic immune responses (43).

Kupffer cells become highly active in the liver during this disease and produce inflammatory cytokines, including IL-1, IL-6, and TNF-α. In addition, due to the activation of other immune system cells that are recruited from the bloodstream to the liver tissue, systemic inflammation develops that can stimulate necrosis and apoptosis in hepatocytes (44, 45). Overall, inflammation, immune cells and liver cells inflammatory responses play an essential role in developing liver-related diseases (46).

Hepatic steatosis, or fatty liver disease (FLD), is the most common liver disease in the United States (47), occurs in response to alcohol, chemotherapy, toxins such as vanilla chloride, and insulin-related metabolic syndrome and can lead to liver tissue damage (48). This damage is associated with inflammation and fibrosis, alters hepatocyte gene expression, and leads to increased TLRs ligands, TGF-β, CXCL10, and IL-1A receptors (49). In hepatitis, activation of the NF-κB signaling pathway in activated hepatocytes has also been observed. In this pathway, the activated cells release several pro-inflammatory cytokines and chemokines such as TNF-α, IL-6, and CCL2, which mediate liver inflammation (50). Inflammation can lead to necrosis and necroptosis of liver cells (especially in hepatocytes) and result in releasing of a group of molecules called alarmin from them. Alarmins such as the high-mobility group B1 (HMGB1), IL-33, ATP, and formyl peptide is released from necrotic cells (51). In fact, ATP and formyl peptide act as absorbers for neutrophils to the site of tissue damage in the liver. Activation of inflammasomes by reactive oxygen species (ROS) from damaged cells and other damage-associated molecular patterns (DAMPs) can also play a role in liver inflammation (52, 53). As a result of liver inflammation, extensive necrosis and apoptosis in hepatocytes eventually lead to loss of liver function (54). Therefore, controlling inflammatory responses is of particular importance and, if left untreated, can lead to fibrosis (55).

Fibrosis that has occurred in chronic liver disease and inflammation has been extensively studied, but its underlying mechanism in acute liver failure is still unclear (56). The progression of fibrosis leads to cirrhosis, hepatocellular carcinoma, liver failure, and portal hypertension (57). Liver fibrosis is caused by the activation of hepatic stellate cells (HSCs) and the extracellular matrix (ECM) deposition (58). When these cells are activated, the amount of vitamin A and adipogenic-related transcription factors decreases and leads to their differentiation into myofibroblasts, which are the main source of ECM production in liver fibrosis (59). In addition, HSCs contribute to the progression of liver fibrosis by producing inflammatory cytokines and chemokines (60). Immune system cells, especially KCs and circulating macrophages, play a significant role in the TGF-β1-mediated activation of the liver HSCs and increase their survival by the NF-κB-dependent manner (61). reactive oxygen species (ROS) production by KCs and macrophages is another fibrosis stimulant in hepatitis that stimulates the production of collagen 1 in HSCs/myofibroblasts (62).

In response to lipopolysaccharide (LPS), HSCs express chemokines such as IP-10, MCP-1, MIP-1α, MIP-1β, MIP-2, RANTES, and adhesive molecules E-selectin, ICAM-1, VCAM-1, and leading to migration of immune system cells into the liver (63). If liver fibrosis is left untreated, Cirrhosis develops. Cirrhosis is the end stage of progressive fibrosis that lacks effective and comprehensive medical treatment (64). Liver cancer is another consequence of fibrosis and liver inflammation.

Studies have identified the importance of inflammation-related signaling pathways and transcription factors, including STAT3 (55) and NF-κB (65), in liver cancer progression by four mechanisms. (1) Increases the expression of epithelial-to-mesenchymal transition (EMT) associated genes, including matrix metalloproteinases (MMPs) 2 and 9 (in breast cancer), E-cadherin, TWIST (in nasopharyngeal cancer), and cathepsins B. (2) Stimulates angiogenesis and increases tumor growth by regulating the expression of vascular endothelial growth factor (VEGF) (66). (3) Increases the expression of Bcl-2 members and cFLIP families and helps neoplastic cells proliferation and inhibit their apoptosis (67). (4) Increase production of inflammatory cytokines such as IL-1α, TNF-α, IL-1β, EGF-R, IL-6, and CCL2 (50, 68).



3 The Role of Liver Cells in Liver Inflammation

There are some major types of cells in the liver that regulate liver different functions, including hepatocytes, hepatic sinusoidal endothelial cells (LSECs), bile epithelial cells (cholangiocytes), HSCs, and KCs (69). Each of these cells performs their specific function, and a defect in their function leads to a defect in the function of the liver (70). In addition, some of these cells play vital roles in regulating the liver microenvironment and participate in inflammation and immune responses (Figure 2).




Figure 2 | The role of liver cells in inflammation and liver damage. Liver cells help produce and activate immune cells by producing cytokines and inflammatory chemokines. On the other hand, hepatic stellate cells produce fibrosis of the liver tissue and lose their function by producing different components of the extracellular matrix and differentiation into myofibroblasts in inflammatory conditions; HSCs, hepatic stellate cells; KCs, Kupffer cells; LSECs, hepatic sinusoidal endothelial cells; HEPs, Hepatocytes; DCs, Dendritic cells; ECM, extracellular matrix; TXA2, Thromboxane A2; KLF2, Krüppel factor 2 transcription factor; TIMP, Tissue inhibitors of matrix metalloproteinases.




3.1 Hepatocytes

Hepatocytes are the most abundant liver cells, which make up about 90% of its biomass, and are one of the main culprits in the liver’s inflammatory response (71). In pathological conditions, hepatocytes produce different chemokines that trigger the immune system cells and create a complex local reaction at the site of infection (72). Hepatocytes express a large number and variety of pattern recognition receptors and identify different types of molecular patterns with pathogens and damage (PAMP, DAMP) (73). (1) Cell surface receptors such as quasi-tuft receptors such as TLR2,4; (2) Endosomal receptors such as TLR3 and (3) Cytoplasmic receptors, such as stimulators of IFN [STING] genes, members of the nucleotide-binding oligomerization domain (NOD) family, and retinoic acid 1 (RIG-1) induction gene (72). During the acute phase response, circulating levels of several proinflammatory cytokines, including IL-1a, TNF-a, and IL-6, increase (74). The most important cytokine affecting hepatocytes’ function is IL-6 (75) and induces the expression of acute-phase proteins including serum amyloid A, reactive protein C, haptoglobin, α1-antichymotrypsin and fibrinogen (76).

Hepatocytes also interact with innate and acquired immune cells and activate or inhibit their responses by expressing different ligands. These cells express MIC-A, MIC-B, and CD1d (in mice, not humans) and thus interact with NK and NKT cells (76, 77). There is also evidence that these cells interact with T cells to alter their responses and regulate their function (78, 79).



3.2 Kpffer Cells (KCs)

Kupffer cells make up 20% of non-parenchymal cells in the liver and are located around the portal vein (80). Therefore, due to the potential and different functions of these cells, they play an important role in liver immunology, tissue homeostasis, as well as various liver diseases, including liver cancer, ischemia-reperfusion (I/R) injury, liver fibrosis and infectious diseases (81). Actually, different signals in the liver microenvironment, such as PAMPs and DAMPs, affect the function of Kupffer cells. For example, HMGB1 released by hepatocytes can activate KCs in Acetaminophen-induced liver injury (AILI), Non-alcoholic steatohepatitis (NASH), and I/R injury (82, 83).In liver diseases, KCs interact with other liver cells such as hepatocytes, cholangiocytes, LSECs, HSCs, and other immune cells. This interaction can exacerbate tissue damage or help to repair and regenerate the liver tissue depending on the type of cells and signalling pathways (81).



3.3 Hepatic Stellate Cells

HSCs, as another main cell of liver tissue, make up 13% of sinusoidal cells and 5 to 8% of all liver cells that perform various functions (84). Among the physiological roles of these cells is (1) synthesis of ECM, (2) regulation of sinusoidal blood flow, (3) storage of vitamin A and (4) synthesis of metalloproteinases (85). After various damage to liver tissue (cause inappropriate function) and apoptosis of its cells, HSCs loses their fat-rich granules and differentiate into trans-smooth muscle alpha-actin containing myofibroblasts, producing ECM and inflammatory cytokines (86). Table 2 shows the different functions of these cells and their role in liver inflammation in various diseases (Table 2).


Table 2 | Hepatic satellite cells role in different liver disease.





3.4 Liver Sinusoidal Endothelial Cells

LSECs are one of the most specialized endothelial cells with high permeability and have the highest capacity for endocytosis that interface with blood cells on the one side and hepatocytes and HSCs on the other (96). Under pathological conditions, the function of LSECs is changed (97). Capillarization is a process that LSECs acquire vasoconstrictive, thrombotic, and proinflammatory properties (98). During I/R injury and hypoxia due to disruption of blood flow to the liver, LSECs become rounded cells due to vacuolation of the nuclei and reduced ATP supply. In addition, stress on blood flow to the liver leads to a decrease in the Krüppel factor 2 transcription factor (KLF2) in LSECs and its target genes, including the endothelial nitric oxide synthase (eNOS) (99). Since the expression of ICAM-1 and Stabilin-1 in LSECs increases during inflammation, the transmigration of immune cells increases to the liver tissue (100, 101). Expression of mentioned adhesion molecules by LSECs leads to platelet adhesion, vascular microthrombi formation, and platelet-activating factor (PAF) production by platelets, which activates neutrophils and increases ROS production and damages liver tissue (97).

In chronic inflammation, these cells lose their function and play a key role in the onset and progression of chronic liver disease through four processes: sinus capillary formation, angiogenesis, angiocrine signals, and vasoconstriction (102). Decreased NO produced by eNOS by decreased KLF2 activity and increased ROS leads to HSC activation, which is associated with the production and deposition of ECM, increased vasoconstrictors including TXA2 and endothelin-1, and the production of proinflammatory cytokines (103–105).




4 Mesenchymal Stem Cells Application in LDs

In vitro studies and co-culture of MSCs with liver tissue-derived cells can increase our understanding of their therapeutic properties and their effectiveness in the treatment of liver disease (106) (Figure 3). In vivo injections of MSCs into animals to treat various liver diseases have shown very promising results (107). These cells exert their therapeutic functions in laboratory models through various mechanisms (108), and in many studies, only some of the therapeutic aspects of these cells have been addressed. Overall these studies show that MSCs exert their therapeutic effect by modulating the immune environment and increasing the regeneration of liver tissue.




Figure 3 | The effect of using mesenchymal stem cells and extracellular vesicles on the important axis of the immune system in the liver. Immunomodulatory properties of mesenchymal stem cells and their extracellular vesicles lead to the suppression of inflammatory responses in the liver’s microenvironment and increase anti-inflammatory responses. Some of the most important axis of the immune system involved in liver disease is TH17/Treg, NKT17/NKTreg, and M1/M2. The use of mesenchymal stem cells and extracellular vesicles leads to suppression of function Th17, NKT17, M1, and IDC and increase the differentiation and function of Treg, NKTreg, M2, and Tol DCs; HSCs, hepatic stellate cells; KCs, Kupffer cells; LSECs, hepatic sinusoidal endothelial cells; HEPs, Hepatocytes; Tol DCs, Tolerogenic dendritic cells; cDC, Classic dendritic cells; ECM, extracellular matrix; MSCs, Mesenchymal stromal/stem cells;, M1 Macrophage type 1; M2, Macrophage type 2; MMPs, Matrix metalloproteinase; EVs, Extracellular vesicles.




4.1 The Role of MSCs in Modulating Immune and Inflammatory Responses

Considering the significant role of immune cells in inflammation-induced liver damage, it is very important to evaluate the therapeutic effects of MSCs on localized hepatic inflammatory responses. MSCs perform their immunomodulatory functions by cell-cell interaction or by producing soluble factors such as cytokines and extracellular vesicles (Figure 4).




Figure 4 | Therapeutic mechanisms involved in using mesenchymal stem cells and their extracellular vesicles on the function of liver cells and immune system cells. MSC-EVs exert their therapeutic functions through 3 mechanisms that have been studied in vitro, pre-clinical, and clinical trials. These mechanisms include (1) proliferation induction/apoptosis suppression, (2) modulation of immune system responses, (3) reduction of fibrosis; HSCs, hepatic stellate cells; KCs, Kupffer cells; LSECs, hepatic sinusoidal endothelial cells; HEPs, Hepatocytes; TolDCs, Tolerogenic dendritic cells; cDC, Classic dendritic cells; ECM, extracellular matrix; MSCs, Mesenchymal stromal/stem cells;, M1 Macrophage type 1; M2, Macrophage type 2; MMPs, Matrix metalloproteinase; EVs, Extracellular vesicles.




4.1.1 Impact on Differentiation and Function of DCs

A study by Yi Zhang et al. (109) Showed that injection of MSCs in the model of liver tissue damage induced by LPS and P. acnes (in mice) stimulates the differentiation of CD11c+ B220- precursors to CD11c+, MHCIIhi, CD80low, CD86low tolerogenic dendritic cells. Further studies showed that MSC-derived prostaglandin E2 (PGE2) binds to the EP4 receptor on the surface of precursors of DCs and plays a key role in their differentiation into regulatory DCs in a phosphoinositide-3-kinase-dependent manner. These DCs produce more TGF-b and IL-10 than conventional DCs and stimulate the differentiation of CD4 + T cells into Treg cells (110). Therefore, these dendritic cells help improve inflammatory damage in the liver by suppressing the activity and differentiation of inflammatory T cells, including Th1 cells (109).



4.1.2 Impact on Macrophages

MSCs play an essential role in modulating macrophages’ M1/M2 axis. It has been shown that the co-culture of bone marrow-derived macrophages with MSCs directs their differentiation through the Hippo-dependent pathway to M2 (111).

As mentioned, monocytes/macrophages play a very important role in liver fibrosis. In mice, Ly6Chi macrophages activate HSCs by producing various cytokines and chemokines, including TGF-β, TNF-α, PDGF, MCP1, IL-1β, CCL5, and CCL3 (62). However, Ly6Clo macrophages suppress the functions of HSCs and stimulate apoptosis in these cells by producing and secreting MMPs 12 and 13 and positive regulation of TNF-induced apoptosis ligand (TRAIL) (112). A study by Yuan-hui Li et al. Showed that transplantation of bone marrow-derived MSCs (BM-MSCs) in C57BL/6 J mice with liver fibrosis reduces serum alanine aminotransferase (ALT) levels and collagen deposition in the liver tissue. A sharp decrease in profibrogenic cytokines including IL-1β, TNF-α, and PDGF derived from profibrotic cells such as Ly6Chi macrophages has also been observed in mice receiving MSCs (113). In fact, transplantation of BM-MSCs has prevented the activation of HSCs through an indirect mechanism by inhibiting Ly6Chi macrophages’ function. These macrophages are the most common cells in the fibrotic liver, which increase in proportion to the healthy liver as the liver fibrosis. It is noteworthy that during the treatment of these mice with BM-MSCs, a phenotypic change occurs in macrophages from the Ly6Chi profibrotic subtype to the regenerative Ly6Clow, IL-4, IL-10 producing subtype. After BM-MSC transplantation in these mice, the ratio of Ly6Chi/Ly6Clow macrophages was reduced by 51% compared to the PBS-treated control group. Therefore, treatment of mouse liver fibrosis model with allogeneic BM-MSCs helps improve liver tissue by suppressing cells involved in liver fibrosis on the one hand and by expanding fibrosis inhibitory cells on the other hand (113).



4.1.3 Neutrophils Migration Suppression

The results of previous studies show that in IRI-related liver injury, innate immune responses play a significant role in inflammatory responses (114). Neutrophils are the most abundant in the bloodstream and reach the site of liver damage as the first leukocytes (115). It has been reported that the severity of the disease and liver damage in I/R and alcoholic liver disease, the amount of neutrophils in the liver tissue is directly related to the severity of the injury (115, 116). However, the induction of liver damage in animals whose neutrophils decreased before induction leads to the limitation of liver damage (117). Therefore, suppressing the harmful responses of these cells can help improve the disease condition (118). The results of a study conducted in 2018 by Shihui Li et al. Show that the use of mesenchymal stem cells in rats with induced liver damage reduces liver damage by lowering neutrophil recruitment and chemotaxis compared to the control group (119).

A chemokine receptor called CXC chemokine receptor 2 (CXCR2) regulates the neutrophil release from bone marrow and its chemotaxis to the inflammation site (120). This study shows that the expression of this receptor on neutrophils in rats with liver damage is significantly reduced after the injection of MSCs (119). In addition, the expression of CXCL2, which is one of the most important chemokines in neutrophil recruitment, decreases in liver ischemic lobes compared to the control group in the experiment. Further analysis of neutrophils isolated from rats with liver damage treated with MSCs showed that p38 MAPK phosphorylation in these neutrophils was the main cause of decreased CXCR2 expression at the cell surface. Interestingly, inhibition of the MAPK p38 phosphorylating enzyme reduces the therapeutic potential of MSCs (119). In addition, since liver macrophages are the main sources of CXCL2-producing and neutrophil recruiting (94), treatment with MSCs by inhibiting NF-κB p65 phosphorylation has been shown to reduce the expression and production of CXCL2 by these cells. Therefore, in general, the use of MSCs reduces the migration of neutrophils to the liver and limits liver damage by reducing the expression of CXCR2 on the surface of neutrophils and reducing the CXCL2 expression and production by liver macrophages. As a result of MSCs therapy, the concentration of liver enzymes in plasma reduces (119). Also, a reduction in hepatocyte apoptosis, improvement in liver function, and a pathological improvement in liver tissue are seen.



4.1.4 Suppression of Activation and Migration of CD4+ T Cells

In general, the use of MSCs to treat liver disease has been shown to reduce the activation and chemotaxis of TCD4+ cells (121). Examination of the expression of different markers of TCD4+ cells isolated from liver injury mice treated with MSCs shows that the expression of CCR7, CXCR3 and CCR5 chemokine receptors is significantly reduced. Also, the production of CXCL9, CCL3, CXCL10, and CCL21 chemokines in the mice’s damaged liver is reduced in the treatment with MSCs. In addition, CD69 and CD44 expression are reduced in MSCs treated mice, thereby suppressing TCD4 + cell activation. Serum concentrations of IFN-γ and TNF-α cytokines in these mice also indicate suppression of CD4 + T cell differentiation into Th1 cells (109, 122).



4.1.5 Impact on the Th17/Treg Axis

Due to the importance of the proven role of IL-17 in liver disease (123), the study of MSCs’ effects on the IL-17 producing cells is of particular significance. As shown in previous studies, the imbalance in Treg/TH17 is associated with many liver diseases, including autoimmune hepatitis, alcoholic liver disease, and chronic hepatitis B (124).

A study by Qi-Hong Chen et al. Shows that the co-culture of MSCs with LPS-stimulated CD4 + T cell populations can induce plasticity in completely differentiated Th17 cells and convert them into functional Treg cells. The use of an anti-HGF antibody to eliminate and inhibit the effects of this factor leads to the inhibition of the modulatory effects of MSCs by regulating the Th17/Treg equilibrium (125).

In a study by Neda Milosavljevic et al., The effect of transplanted MSCs on Th17 cell responses in liver injury was investigated. IL-17 produced by Th17 cells by activating HSCs increases their production of a-SMA, type 1 collagen and TGF-b1. Intravascular injection of BM-MSCs in the calcium tetrachloride(CCL4)-induced fibrotic liver C57BL/6 mice showed a decrease in the number of IL-17 producing Th17 cells and IL-17 serum level, and also an increase in the serum level immune system suppressory factors such as IL-10, IDO and quinornine. Evaluation of liver tissue damage by H&E staining (to evaluate hepatocyte damage and lobular centre congestion with inflammatory cell infiltration) and Sirius red staining (to assess collagen deposition) in hepatic tissue of MSCs treated mice compared with CCL4-induced mice showed a significant reduction in the size of the stained area in dense fibrous tissue (126).



4.1.6 Impact on the NKT17/NKTreg Axis

In addition to Th17 cells, NKT cells also play a role in the production of IL-17 involved in the pathogenesis of the liver disease (127). Intracellular staining of mononuclear cells (MNCs) isolated from damaged liver indicates that most of the IL17-producing cells in liver damage are NKT cells. A study by Neda Milosavljevic et al. showed that intravenous injection of MSCs into liver induced injuries with CCL4 and (a-GalCer) a-galactoceramide in C57BL/6 mice decreases inflammatory NKT cell function. The study results show that serum IL-17 levels are reduced in disease-induced mice treated with MSCs. Further studies show that in mice treated with MSCs compared to disease-induced mice, there was a significant reduction in IL-17-producing NKT CD49b+ CD31+ (NKT17) cells (128).

Interestingly, the application of MSCs to treat liver disease in mice treated with a-GalCer1MSC is associated with a significantly higher number of regulatory NKT FOXP3+ IL10+ (NKTreg) cells (128). Therefore, the results of this study suggest that MSCs help improve liver treatment by modulating the NKT17/NKTreg axis and reducing the harmful inflammatory responses (128). It is noteworthy that the co-culture of hepatic NKT cells in vitro also confirms the results obtained from the In Vivo studies. This function of MSCs is related to IDO and iNOS because of the presence of methyl‐DL‐tryptophan-1 (IDO inhibitor) and L‐NG‐monomethyl arginine citrate (iNOS inhibitor) in the cells and supernatant of injected MSCs imped the protective effect of MSCs on mice. As a result, MSC protects against acute liver damage by reducing the cytotoxicity and capacity of liver NKT17 cells to produce inflammatory cytokines in an IDO-dependent manner (128) (Figure 3).




4.2 The Role of MSCs in Liver Tissue Repair and Regeneration

Mesenchymal stem cells help repair liver tissue through various mechanisms, and there is a very complex relationship to their therapeutic function, which is discussed in more detail below.


4.2.1 Reduction of Fibrosis and Impact on the Function of HSCs

MSCs co-culture with HSCs promotes their apoptosis and reduce the production of ECM components such as collagen from these cells. Reducing the synthesis of ECM components is very important in preventing fibrosis progression and can play an essential role in improving the disease (87, 129). In addition, the indirect culture of MSCs with HSC-related LX2 cell lines has been shown to reduce the proliferation of these cells by producing and secreting inflammatory factors such as IL-6, IL-8, and HGF (130). The results of recent studies show that MSCs suppress the activation of HSCs by producing TNFα-stimulated gene-6 (TSG6) and increase the expression of some stem cell markers in these cells (131). In vitro studies show that HSCs-derived stem cell-like cells can form organoids that help liver tissue regeneration.



4.2.2 Impact on LSECs

Co-culture of MSCs with endothelial progenitor cells to investigate the effects of these cells on hepatic sinusoidal epithelial cells has been shown to increase endothelial precursor cell proliferation and angiogenic capacity by affecting PDGF and Notch-associated receptors and their downstream signaling pathways (132).

Injection of MSCs into concanavalin-A (Con-A) induced liver disease mice improves liver disease by suppressing apoptosis in LSECs and hepatocytes and lowering serum transaminase enzyme levels (133).



4.2.3 Effect on Hepatocytes

The ability of MSC to differentiate into hepatocyte-like cells has been demonstrated in the in vivo and in vitro studies. This ability compensates for hepatocyte reduction through apoptosis during various liver damage. Experimental results show that MSCs can differentiate into hepatocyte-like cells (HLCs) in the presence of specific growth factors such as EGF, OSM, HGF and FGF (134, 135). Also, mimicry of the hepatic fibrosis microenvironment stimulates the differentiation of MSCs into hepatocyte-like cells by using 50 g/l of fibrotic tissue extract of rat liver at a faster rate than growth factors (136).

After differentiation, MSCs exhibit the morphology and function of hepatocytes. Analysis of differentiated cells after human Wharton’s jelly-derived MSCs (hWJ-MSCs) transplantation in rats shows the presence of cells in rat liver with the expression of human hepatocyte markers such as alpha photoprotein (AFP), CK18, CK19 and albumin. These newly differentiated cells have no sign of rat hepatocyte markers, indicating that hWJ-MSCs differentiate into hepatocyte-like cells after migration to the liver (137, 138). Also, the results of a study conducted by Jae Yeon Kim show that injection of MSCs and their supernatant into (D-galactosamine (D-gal) mediated liver damage) rats reduces hepatocytes apoptosis, and a threefold increase occurs in their proliferation. MSCs appear to increase hepatocyte proliferation by activating the IL-6 signaling pathway mediated by rno-miR-21-5p (139).

Therefore, in general, it can be said that the use of MSCs induces the repair and regeneration of liver tissue through immune responses modulation, differentiation into HLCs, increased proliferation and decreased apoptosis in hepatocytes, increased apoptosis and reduced function of HSCs and improve the function of LSECs.





5 Clinical Applications of MSCs for the Treatment of Liver Disease


5.1 Cell Source, Injection Method and Injection Dose

According to our search in the National Institutes of Health (NIH), there are currently 61 active clinical trials using MSCs to treat various liver diseases, including Cirrhosis, fibrosis, acute-on-chronic Liver Failure, and hepatitis viruses related liver failure. Table 3 summarizes some of these studies. MSCs in these studies were isolated from various tissues, including umbilical cord (UC), bone marrow (BM) and adipose tissue (AD). According to the results of multiple studies on the function of MSCs derived from different tissues, UC-MSCs are used in clinical applications more than others due to features such as (1) providing significant amounts of MSCs compared to BM (2) non-invasive isolation method (3) higher self-renewability and differentiation capacity of UC-MSCs in comparison with BM-MSCs and (4) lower immunogenicity (140, 141).


Table 3 | MSCs based clinical trails.



Injection methods such as intravenous (portal vein or peripheral), intrahepatic artery and intrasplenic injection are used in the transplantation of MSCs. The intravenous (IV) peripheral injection is more used in studies due to ease of identification and less invasive method. However, animal studies have shown that approximately 60% of IV-injected cells never reach the liver and accumulate in tissues like the lungs and kidneys. Due to the existence of different injection methods, in a study conducted by MEM Amer et al., It was shown that injection of MSCs through the portal vein shows better therapeutic results in patients compared to intrasplenic injection (142). As shown in Table 3, the number of injections doses, the time interval between injections, and the number of injection cells in the studies vary depending on the different groups’ set-up protocols.



5.2 Mechanisms Involved in Liver Disease Treatment After MSCs Transplantation

A phase 1 clinical trial conducted by Kharaziha et al. Showed that the use of BM-MSCs improved patients’ symptoms of uncompensated Cirrhosis. Various scores related to liver healing indicate improvement of the disease without side effects (143). Also, the results of phase 2 of this study, which was performed on patients with alcoholic cirrhosis, showed a reduction in tissue fibrosis and improved liver histology in patients after mesenchymal stem cell transplantation through the hepatic artery (143, 144). Due to the importance of safety in cell therapy studies, a study conducted by Alimoghaddam K et al. has examined this issue in the transplantation of MSCs in various liver diseases, which shows the improvement of liver function in patients without any side effects (145).

A study by Ani Sun et al. Showed that patients receiving routine treatment (RT) in combination with autologous BM-MSCs transplantation had better clinical symptoms such as decreased fatigue and ascites, increased appetite, and abdominal distension than patients receiving only routine treatment. This study also showed that liver function significantly improved in patients receiving combination therapy in terms of MELD (model for end-stage liver disease) and Child-Pugh scores, serum albumin, total bilirubin, aspartate aminotransferase(AST), alanine aminotransferase(ALT), and coagulation function (146).

As mentioned in the in vitro studies and animal models of liver disease, the application of MSCs helps improve liver function with different mechanisms in humans. A study conducted by Lanman Xu in 2014 showed that BM-MSCs improve the symptoms of patients with HBV associated Cirrhosis. The findings in this study showed that the number and ratio of Treg cells in PBMCs isolated from patients increased; however, the number of Th17 cells in patients treated with BM-MSCs decreased. Also, extraction of total RNA and evaluation of the expression of Foxp3 and RORγt transcription factors by Real-time polymerase chain reaction (RT-PCR) showed an increase in Foxp3 expression and a decrease in RORγt expression compared to the control group. Also, examination of patients’ serum in the first week after transplantation showed an increase in TGF-B and a decrease in inflammatory cytokines such as IL1-B, IL-6 and TNF-a. Therefore, in general, transplantation of MSCs by modulating the Treg/Th17 axis and modulating the production of inflammatory cytokines helps improve liver inflammation and patient conditions (147).

The results of a study conducted in 2020 by Federica Casiraghi et al. Show that intravenous injection of MSCs before liver transplantation does not improve the parameters of chance tissue compared to the group that received this treatment. However, a one-year follow-up of patients shows a slight increase in the circulating Treg/memory Treg and tolerant NK subset (CD56bright NK cells) over baseline (not significant) in MSC-treated compared to the control group (148).

As shown in Table 2, the disadvantages of using MSCs, encourage researchers to find safer and more efficient methods. As has been proven in many studies, MSCs perform their therapeutic functions after transplantation in two ways: cell-to-cell communication and secretion of soluble factors (paracrine effect). EVs are one of the main factors in this type (149).




6 MSCs-Derived EVs Application in Liver Disease Treatment

EVs are a significant component of intercellular communication that affect the actions of the target cell by transporting various substances, including proteins, lipids, and nucleic acids, from the producing cell to the target cell (150). These vesicles are divided into microvesicles (MVs), apoptotic bodies and exosomes according to their size, internal contents, biogenesis and different surface markers (151). However, the fourth group of these vesicles, smaller than the rest, has been identified as named exomer (152). Each of these vesicles has different contents, typically containing various proteins (including enzymes, cytokines, growth factors and heat shock proteins), different types of nucleic acids (including DNA, microRNA and lncRNAs) and different types of lipids (153). These molecules change target cell function after transferring by EVs bilipid membrane. As a consequence, and depending on the cell type and its physiological conditions, exosomes can lead to differentiation, increase proliferation and survival, or lead to increased apoptosis and decreased cell activity (154).

Many studies have examined the therapeutic effects of MSC derived EVs (MSC-EVs) in different diseases such as pulmonary fibrosis, osteoporosis, skin diseases, cardiovascular diseases, and various liver-related diseases. The results of new studies show that the application of MSCs-EVs has similar therapeutic effects to MSCs (155–157). In fact, the use of EVs is cell-free cell therapy because it preserves the benefits associated with cell therapy and bypasses its disadvantages. These benefits include: (1) lack of immunogenicity, (2) the ability to store them easily, (3) drug loading and increase their efficiency as a drug delivery system and (4) application as a ready-to-use drug (cryopreservation of EVs) (158).

Given that the results of many in vitro and animal model studies have shown that MSCs can migrate to TME, it is thought to be they can be used as carriers for tumor-targeted therapies (159). However, there is little clinical evidence of MSCs recruitment in hepatocellular carcinoma (160). Also, due to the proliferative and differentiating characteristics of MSCs, considering the possibility of malignant transformation and promotion of tumor progression by these cells, most studies are still in the preclinical stage (159). Therefore, to use the therapeutic properties of these cells, researchers used MSC-EVs that do not have these deficiencies (161). Recent studies show that adipose tissue MSCs derived exosomes (MSC-Ex) can increase the chemical sensitivity of liver cancer cells by affecting the mTOR related signaling pathway and leading to increased expression of chemo-sensitive related genes in cancer cells (162). Further studies have shown that these exosomes perform this function by transferring miR-199a to cancer cells (162). MiR-222-3p in BM-MSC-Ex has also been shown to inhibit cancer cell proliferation and increase their apoptosis (163). Another study showed that miR-302a, carried by UC-MSC-Ex, suppressed cyclin D1 as well as the AKT signaling pathway and thereby suppress tumor progression (164). Also, various anti-tumour drugs can be loaded into exosomes and used as targeted therapy (165). In addition, it has been shown that exosomes can be engineered to migrate to the target site, integrate with cancer cells, and deliver anti-tumor drugs to them (166, 167). However, the application of MSC-Ex is still in its initiation, and further studies are needed for their optimal use.

As mentioned, due to the size of MSCs, when injected intravenously, they accumulate in the lungs while EVs are much smaller and can migrate to the site of injury (168). MSC-EVs exert their therapeutic functions through 3 mechanisms that have been studied in vitro, pre-clinical, and clinical trials. These mechanisms include (1) proliferation induction/apoptosis suppression, (2) modulation of immune system responses, (3) reduction of fibrosis. Table 4 summarizes several new studies on the application of MSC-EVs (Figure 4).


Table 4 | Example of studies in the field of MSC-EV application in experimental models of liver injury and their therapeutic mechanisms.




6.1 Stimulation of Proliferation/Suppression of Apoptosis in Hepatocytes

Examination of the effects of MSCs-derived exosomes in vivo shows that these vesicles suppress acetaminophen and H2O2-induced apoptosis in hepatocytes by positively regulating Bcl-xl expression (175). Also, the study shows that MSC-Ex stimulates hepatocytes proliferation in CCL4-induced liver damage in mice. Further studies show that the exosomes positively regulate the priming phase genes, which is subsequently increases the expression of Proliferating cell nuclear antigen (PCNA) and cyclin D1 in the treated group compared to the control group (175).

The results of new studies show that the use of BM-MSCs-Ex reduces apoptosis by increasing autophagy in hepatocytes. A study by Shuxian Zhao et al. Shows that the use of BM-MSCs-Ex reduces D-GaIN/LPS-induced apoptosis in rats hepatocytes. Further studies show that autophagy-related markers such as LC3 and Beclin-1 are increased and have led to autophagosomes formation by hepatocytes. Also, the expression level of apoptosis-related proteins such as Bax and cleaved caspase 3 was decreased, and the expression level of Bcl-2 (anti-apoptotic protein) was increased. Because the use of 3-Methyladenine (3-MA), an autophagy inhibitor, limited the therapeutic effects of BM-MSCs-Ex, this study attributed the main therapeutic mechanism of these vesicles to the regulation of apoptosis in an autophagy-dependent manner (176).

A study conducted by Yinpeng Jin et al. In 2018 shows that the use of AD-MSCs-EVs in the model of acute liver failure in rats increases the survival rate by more than 70% compared to the control group. Liver sequencing of rats treated with AD-MSCs-EVs demonstrated an increase in a non-coding long-stranded RNA (lncRNA) called lncRNA H19 (H19), and when the coding sequence of H19 in AD-MSCs of EVs source was knocked off, survival rates could be 40% higher than the control group. In fact, H19 encoding gene silencing reduces the survival of rats compared to the AD-MSCs-EVs treated group. The results of hepatocytes Co-culture with normal AD-MSCs-EVs and manipulated AD-MSCs-EVs (lacking H19) indicate that this lncRNA increases the proliferation of hepatocytes by the HGF/c-Met signaling pathway as well as reducing apoptosis (177).



6.2 Immunomodulatory Properties

The results of a study by H Haga et al. show that administration of BM-MSC-derived EVs to mice with liver injury induced by Intraperitoneal (IP) injection of TNF-a and D-gal increases the migration of protective macrophages to damaged liver tissue. Another study showed that injections of MSC-EVs into a mouse model of ischemic-reperfusion injury helped reduce inflammatory responses by modulating the expression of NLRP12 and CXCL1. This study also showed that the frequency of F4/80+ cells (expressed in protective macrophages) in the damaged liver increased significantly after MSCs-EVs injection (178).

Con-A-induced liver injury studies in C57/B6 male mice show extensive modulation of the immune system by AD-MSCs-Ex in the treatment group compared to the control group. The analyses showed that the expression of IL-2 (a pro-inflammatory cytokine) was associated with a significant decrease. On the other hand, the expression of cytokine TGF-β and HGF was upregulated. Also, the percentage of Treg cells among non-parenchymal liver cells (NPCs) in the three doses of AD-MSCs-Ex treated group increased significantly. Treg has been reported to be required to induce immune tolerance in this liver injury model (179). This study also compared the therapeutic effects of AD-MSC injection and one-dose injection of AD-MSCs-Ex with 3-dose injection. The present results of the study show a significant difference in the therapeutic application 3-dose injection of AD-MSCs-Ex with other groups. Histological and serum analysis also confirmed a decrease in fibrotic and necrotic areas of the liver and a decrease in ALT levels in the treated groups (177).

Using the protein chip method by Xiaoli Rong et al. showed that in treatment of D-GaIN/LPS induced damages in rats with AD-MSCs-EVs, the expression of inflammatory cytokines including IL-6, IL-1α, IL-1β, IL-1ra and IL-17 in was significantly lower than in the Phosphate-buffered saline (PBS) treatment group. Also, the level of inflammatory chemokines such as CXCL7, CXCL9, CXCL10, CCL20, CX3CL1, CINC-3, CINC-2α/β, CINC-1, CNTF, and LECAM-1 decreases in the AD-MSCs-Ev treated group compared to the control group PBS treated group. Simultaneous reduction of inflammatory cytokines and chemokines ultimately leads to a reduction in liver tissue necrosis and an increase in the survival rate of rats (180). Evaluation of inflammatory cytokines including TNF-α, IL-1, IL-2, IL-6, IL-8, and IL-10 and in liver tissue using RT-PCR showed a significant reduction in rats treated by hBM-MSCs and hBM-MSCs-Ex. However, the results of this study showed that the expression of IL-6 and IL-1 in the hBM-MSCs-Ex treatment group was significantly lower than in the hBM-MSCs treated group (181).

Also, the study of malondialdehyde (MDA) levels, which is the end product of membrane lipid peroxidation, can be used as a marker for oxidative stress and liver cell damage. Analysis in hBM-MSCs-Ex treated rats (CCL4-induced liver injury) showed a significant reduction in MDA level (181).



6.3 Reduce Hepatic Fibrosis

The results of a study conducted in 2019 (181) show that the administration of hBM-MSCs-Ex to rats with CCL4-induced liver damage effectively reduces liver fibrosis. Visual examination showed that the liver of mice treated with hBM-MSCs-Ex had a smooth, uniform surface and softer tissue than the control group. Sirus red and H&E staining show reduction of fibrous areas and collagen deposition in the treated liver. In addition, comparing the therapeutic effects of hBM-MSCs-Exo and hBM-MSCs indicates the better therapeutic outcome in the application of hBM-MSCs-Ex due to the collagen deposition level and Ishak fibrosis score. Examination of the hydroxyproline levels, unnecessary amino acid and a major component of collagen also shows a decrease in this amino acid in the treated group and indicates a reduction in collagen deposition. In this study, the biochemical analysis showed that the level of AST, ALT, ALP, total bilirubin (TBIL) and gamma-glutamyl transferase (γ-GT) decreases, and serum total protein (TP) levels increases in serum. Examination of Wnt/β-catenin signaling related factors including PPARγ, Wnt10b, Wnt3a, β-catenin, and WISP1 in both in vivo and in vitro conditions indicates the use of hBM- MSCs and hBM-MSCs-Ex (have better therapeutic results) reduce the expression of these factors in HSCs (in vitro) and with rat fibrous liver. Due to the reduction of collagen deposition and fibrotic tissue in the damaged liver, the results of this study suggest using hBM-MSCs-Ex leads to decreased HSCs function and reduced fibrosis by inhibiting the Wnt/β-catenin signaling pathway (181).




7 Conclusions and Future Prospects

Due to the urgent need to treat tissue degenerative diseases, methods that can accelerate tissue repair are of great value. Using MSCs as multipotent stem cells is one of these widely used methods due to its properties. As mentioned, these cells uses different mechanisms such as differentiation into hepatocyte-like cells, reducing apoptosis and increasing hepatocyte proliferation, reducing inflammation, suppressing tissue-damaging immune cells, producing various growth factors, suppressing the function of HSC, and improving the function of LSECs to improve liver diseases. The use of these cells not only prevents further damage to the liver tissue but also accelerates and increases the repair of liver tissue. MSCs migrate to the site of liver injury after intravenous injection due to their chemokine receptors and perform their therapeutic actions there. As mentioned earlier, due to the limitations of cell therapy, MSC-EVs are used today. Many studies have been conducted on the application of MSC-EVs in preclinical studies. The results of these studies indicate the potential ability of these vesicles to improve liver cell function and modulate the immune system (182). Some studies comparing the therapeutic effect of MSCs and MSC-EVs have shown that MSC-EVs have a higher therapeutic potential and better outcomes. Although the therapeutic effects of EVs on liver repair in this study are divided into three distinct mechanisms, these processes are interrelated and complement each other’s functions. In fact, the therapeutic potential of MSC-EVs likely lies in their ability to act simultaneously through multiple signaling pathways. Therefore, using these vesicles does not have cell therapy disadvantages. Due to its benefits, it can perform better therapeutic performance in liver injury animals models.

Although there are numerous clinical trials on the use of MSCs in the treatment of liver disease, to date, no clinical trials have been performed on the use of MSC-EVs despite their benefits. However, it has been used to treat many disorders, including orthopaedic disease (151), neurodegenerative disease (183), myocardial disease (184), renal disease, graft versus host disease (GvHD), pancreatic cancer and type 1 diabetes and has shown promising results (185). Despite the therapeutic potential of MSC-EVs and their beneficial effects in preclinical studies, several issues related to the clinical use of these vesicles remain unresolved. Exosomes as an EV circulate in the blood and transfer their cargos to the target cell through phagocytosis, receptor-mediated endocytosis, fusion, micropinocytosis (186). In the body, the half-life of EVs is estimated at a few minutes and are removed from the bloodstream within a few hours. Therefore, we need multiple injections to treat diseases. Due to this issue, producing EVs in an industrial scale and repeatable method is significant. It is also important to note that despite effective and proven results in animal models, the improvement of these models is usually incomplete. Therefore, more research is needed to investigate the long-term effects of MSC-EVs.
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Heat stroke (HS) is a severe condition characterized by increased morbidity and high mortality. Acute liver injury (ALI) is a well-documented complication of HS. The tumor suppressor p53 plays an important role in regulation of mitochondrial integrity and mitophagy in several forms of ALI. However, the role of p53-regulated mitophagy in HS-ALI remains unclear. In our study, we discovered the dynamic changes of mitophagy in hepatocytes and demonstrated the protective effects of mitophagy activation on HS-ALI. Pretreatment with 3-MA or Mdivi-1 significantly exacerbated ALI by inhibiting mitophagy in HS-ALI mice. Consistent with the animal HS-ALI model results, silencing Parkin aggravated mitochondrial damage and apoptosis by inhibiting mitophagy in HS-treated normal human liver cell line (LO2 cells). Moreover, we described an increase in the translocation of p53 from the nucleus to the cytoplasm, and cytosolic p53 binds to Parkin in LO2 cells following HS. p53 overexpression using a specific adenovirus or Tenovin-6 exacerbated HS-ALI through Parkin-dependent mitophagy both in vivo and in vitro, whereas inhibition of p53 using siRNA or PFT-α effectively reversed this process. Our results demonstrate that cytosolic p53 binds to Parkin and inhibits mitophagy by preventing Parkin’s translocation from the cytosol to the mitochondria, which decreases mitophagy activation and leads to hepatocyte apoptosis in HS-ALI. Overall, pharmacologic induction of mitophagy by inhibiting p53 may be a promising therapeutic approach for HS-ALI treatment.
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Introduction

Heat stroke (HS) is the most serious heat-related illness, defined as having elevated core body temperature (Tc) >40°C with central nervous system dysfunction (1). Recently, HS incidence rates have increased, especially with the growing frequency of heatwaves (2). Of note, HS is associated with multiple organ dysfunction syndrome (MODS), increased morbidity, and high mortality due to the combined effects of heat cytotoxicity, coagulopathies, and systemic inflammatory response syndrome (SIRS) (3). Acute liver injury (ALI) is a well-documented complication of HS and is strongly predictive of mortality (4). Importantly, the initial dysregulation of hepatocellular function has been associated with problematic microcirculation and a cytokine storm during early progression of HS (5). Massive pathological changes in hepatocytes are directly correlated with the pathogenesis of heat stroke, including cell death and the inflammatory response (6, 7). However, the mechanisms mediating HS-induced hepatocyte injury remain largely unexplored.

Mitochondria are both primary sources and targets of reactive oxygen species (ROS), and mitochondrial dysfunction is a hallmark of HS-mediated pathology (8). Increased oxidative injury following HS exacerbates mitochondrial compromise, and subsequent resultant mitochondrial inefficacy could cause additional increased ROS levels (9). Notably, mitophagy has been identified as an important response of self-regulating mitochondrial quality control and mitochondrial ROS by selectively removing impaired mitochondria (10). Furthermore, mitophagy is the most important mechanism for removing dysfunctional mitochondria, its dysfunction may result in accumulation of damaged mitochondria, release of excessive ROS, and activation of apoptosis-inducing factors (11). PTEN-induced putative kinase 1 (PINK1)-parkin RBR E3 ubiquitin protein ligase (Parkin)-mediated mitophagy is a Parkin-dependent pathway of mitophagy and one of the most recognized mitophagy pathways (12). When mitochondria are impaired and lose their membrane potential, PINK1 accumulates in the outer mitochondrial membrane and then recruits and phosphorylates ubiquitin and the E3 ubiquitin ligase Parkin, leading to the ubiquitination of various mitochondrial proteins, including the outer membrane proteins VDAC1 and mitofusin 1/2 (Mfn1/2) (13). This modification recruits the autophagy adaptor, such as molecule sequestosome 1 (p62/SQSTM1), Nuclear Domain 10 Protein 52 (NDP52), and Optineurin (OPTN), then they bind LC3 protein on autophagosomal membranes, ultimately triggering selective removal of damaged mitochondria by mitophagy (14).

p53 has been well characterized for its response to different cellular stresses, including induction of tumor suppression, growth arrest, senescence, and cell death (15). Upregulation of p53 is involved in triggering HS-induced apoptosis (16). Moreover, recent research found that p53 binds to Parkin’s really interesting new gene 0 (RING 0) region, which impairs the removal of damaged mitochondria by blocking Parkin mitochondrial translocation (17, 18). Parkin has been shown to have important roles in the induction of mitophagy, labeling damaged mitochondria for autophagic removal via its ubiquitin ligase activity (19). Other recent studies also indicated that binding of cytosolic p53 to Parkin inhibits mitochondrial translocation of Parkin and activation of Parkin’s E3 ubiquitin ligase, consequently disrupting Parkin-mediated mitophagy (20, 21). A previous study also demonstrated that the PINK1-Parkin-dependent pathway of mitophagy was increased in HS-induced hypothalamic injury (22). However, the role of Parkin-mediated mitophagy in HS-ALI remains largely unknown.

The purpose of this study was to explore the involvement and regulation of mitophagy in HS-ALI. We further attempted to determine the effect of p53-Parkin coregulation of mitophagy on mitochondrial damage and apoptosis in HS-ALI. Our study reveals critical roles for p53 and Parkin in HS-induced mitophagy and provides an opportunity for developing new therapeutics for HS.



Materials and Methods


Animals

C57BL/6 mice (aged 10 to 12 weeks) used in this study were obtained from the Experimental Animal Center of Southern Medical University. All mice were housed under a controlled 12/12-h light/dark cycle at a constant temperature (24 ± 1°C) and (54 ± 2%) relative humidity with free access to a pelleted rodent diet and water. All protocols of animal experiments followed the guidelines approved by the Chinese Association of Laboratory Animal Care and were approved by the Ethical Committee for Animal Experimentation of Nanfang Hospital.



HS Protocol for Animals

HS-ALI models were induced in mice as previously described in our reported method (23). Animals were placed in a climate chamber that was maintained at a constant temperature of 39.5 ± 0.2°C with 60 ± 5% relative humidity in the absence of food or water, and rectal temperature (Tc) was measured at intervals of ten minutes. The time point at which the Tc reached 42.5°C was used as a reference point of HS onset. All mice were then returned to their original cages in an environment at 25°C with water after HS. The control group underwent the same procedure without HS treatment. Chemical reagents at doses of 20 mg/kg for 3-methyladenine (3-MA), 25 mg/kg for Mdivi-1, 25 mg/kg for Tenovin-6, or 2.2 mg/kg for pifithrin-α (PFT-α) were intraperitoneally injected 2 h before HS as required. All groups of mice were sacrificed at time points as indicated after 1.0% pentobarbital sodium (5 mg/100 g.BW, i.p.) administration to harvest the serum and liver tissues.



Cell Culture, Treatment, and Transfection With siRNA or Adenovirus

Normal human liver (LO2) cells were purchased from the Laboratory of iCell Biotechnology Company (Shanghai, China). LO2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). LO2 cells were maintained in a humidified CO2 incubator at 37°C. For HS treatment in vitro, the culture medium was replaced with fresh medium, and then cells were placed in an incubator containing 5% CO2 at 42 ± 0.5°C for 3 h. Subsequently, the cells were incubated in a normal incubator at 37°C and 5% CO2. For treatment with PFT-α, cells were pretreated with PFT-α (20 µM, Sigma-Aldrich) 2 h before HS treatment. Lipofectamine 2000 reagent (L3000008, Thermo Fisher Scientific) was used to transiently transfect LO2 cells with short interfering RNA (siRNA) oligonucleotides against Parkin, p53, and negative control siRNA. The siRNAs were synthesized by Gene Pharma (Shanghai, China), and the sequences of siRNA oligonucleotides were as follows: Parkin siRNA 5′-GAGUAGCCG CAAAUGUGCUUCAUCU-3′, p53 siRNA 5′-UCCAGCUCAAGGAGGU GGUUGCUAA-3′; negative control siRNA, 5′-UUCUCCGAACGUCACGU-3’. After cells were transfected for 72 h, subsequent experiments were performed. The adenoviral vector expressing Flag- and GFP-tagged wild-type p53 (Ad-p53) was provided by Gene Pharma (Shanghai, China).



Western Blot Analysis

Cytoplasmic and nuclear fractions of LO2 cells were obtained using a Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Biotechnology, China). For whole‐cell lysates, liver tissues and LO2 cells were harvested using radioimmunoprecipitation assay (RIPA) lysis buffer containing 1× protease inhibitor cocktail. After separation by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, the proteins were transferred to polyvinylidene difluoride (PVDF) membranes. Subsequently, the membranes were blocked in 5% bovine serum albumin (BSA) at room temperature (RT) for 1 h followed by immunoblotting at 4°C overnight with primary antibodies. The membranes were then incubated with secondary antibodies for one hour. Target protein was detected using enhanced chemiluminescence reagents. The primary antibodies were as follows: anti-Parkin (4211, Cell Signaling), anti-PINK1 (6946, Cell Signaling), anti-p53 (60283-2, Proteintech), anti-SQSTM1/p62 (A7758, ABclonal), anti-LC3-II/I (12741, Cell Signaling), anti-LaminB1 (23498-1-AP, Proteintech), anti-BAX (50599-2-Ig, Proteintech), anti-Bcl2 (12789-1-AP, Proteintech), anti-GAPDH (AC002, ABclonal), and anti-VDAC1 (55259-1-AP, Proteintech). The secondary antibodies were horseradish peroxidase-labeled goat anti-mouse (AS014, ABclonal) and anti-rabbit (AS003, ABclonal) antibodies. Quantification was performed by measuring the density of blot bands using ImageJ software. Protein expression levels were normalized relative to the levels of VDAC, LaminB1, or GAPDH.



Histopathology and Immunofluorescence Staining

Fresh liver tissues were fixed in 10% formaldehyde, dehydrated, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E). H&E staining of livers was assessed under an optical microscope (Zeiss, Thuringia Germany). Liver injury scores were evaluated in 8 randomly selected, nonoverlapping fields at 200× magnification in each section. The sections were analyzed by two professional pathologists who were blinded to the experimental protocol and scored the liver damage.

To visualize the mitochondria, cells were cultured on cover slips and then incubated using a MitoTracker Red fluorescent probe kit (300 nM at 37°C for 30 minutes; Invitrogen, Waltham, USA). For immunostaining, the cells were fixed in 4% paraformaldehyde for 15 minutes and permeabilized with 0.1% Triton X-100 at RT. Cells were incubated with the specific primary antibody anti-LC3-II/I (12741, Cell Signaling) at 4°C overnight followed by incubation with a fluorescent secondary antibody. After counterstaining with 4’ 6-diamidino-2-phenylindole (DAPI), the slides were observed using a confocal inverted laser microscope (Zeiss, Germany).



Mitochondrial Membrane Potential (JC-1) Assay

Mitochondrial membrane potential (ΔΨm) was measured by monitoring the fluorescent aggregates of JC-1 using a JC-1 detection kit (Beyotime Biotechnology, China) according to the manufacturer’s instructions. We washed cells with PBS buffer three times and prepared the JC-1 fluorescent probe. After staining at 37°C for 30 minutes, relative fluorescence was analyzed by flow cytometry (BD Dickinson, USA).



Detection of Apoptosis and Intracellular ROS

Apoptosis was assessed using the Annexin V-FITC Apoptosis Detection Kit (BestBio, China). Cells were collected and resuspended in binding buffer containing Annexin V-FITC. After a 15-min incubation at RM in darkness, the buffer was degraded by centrifugation, and the cells were then resuspended in propidium iodide (PI) solution for 10 minutes. Then, the cells were immediately analyzed using flow cytometry (Becton Dickinson, USA) to quantify levels of apoptosis. Annexin V (+)/PI (-) and Annexin V (+)/PI (+) cells in the right quadrant were considered apoptotic.

Cells were pretreated with Parkin siRNA or PFT-α and then cultured at 42°C for 3 h. After staining with 2’-7’-dichlorofluorescin diacetate (Beyotime Institute of Biotechnology) at 37°C for 20 minutes in the dark, relative fluorescence was measured by flow cytometry (BD Dickinson, USA).



Mitochondria Protein Extraction

Mitochondrial and cytosolic fractions were isolated from LO2 cells using the Cell Mitochondria Isolation Kit (Beyotime Biotechnology, China) according to the manufacturer’s protocols. Lysed cells were resuspended in mitochondrial isolation reagent and centrifuged at 600 × g at 4°C for 10 minutes to obtain the supernatant. Supernatants were then centrifuged at 13,000 g for 5 min to obtain a pellet containing the mitochondria. Protein concentrations were quantified using a bicinchoninic acid (BCA) assay (Beyotime Biotechnology, China) and stored at -80°C.



Liver Function Assessment

Blood samples were collected 12 h after HS and then centrifuged at 3,000 rpm for 10 min at RT to obtain the serum. Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were analyzed using an automatic biochemical analyzer (Chemray 240, Shenzhen, China).



Caspase 3 Activity Assay

Caspase 3 activity in cytosolic extracts was determined using the Caspase 3 Activity Assay kit (Beyotime Biotechnology, China) according to the manufacturer’s protocols. Briefly, supernatants from cell lysates were treated with a fluorogenic substrate of caspase 3, Ac-DEVE-MCA, at 37°C for 30 mins. Caspase 3 activity is represented as the relative cumulative fluorescence of the kinetic reaction and is expressed as the relative value normalized to untreated controls, which was measured using a microplate reader (Multiskan MK3, Thermo) at 405 nm.



Transmission Electron Microscopy

Fresh liver tissues of 1 mm3 were harvested and then fixed in 2% formaldehyde and 2.5% glutaraldehyde. The tissue blocks were then fixed in 1% osmic acid, dehydrated with ethanol and acetone gradients, and embedded in epoxy resin and propylene oxide overnight. Samples were then cut into 70-nm-thick ultrathin sections. The sections were then observed under an H-7650 transmission electron microscope (Hitachi, Tokyo, Japan) at low magnification (×8,000) and then analyzed at high magnification (×40,000) to observe mitochondrial autophagosomes and autophagolysosomes. Two professional pathologists analyzed the images in a blinded manner.



Co-Immunoprecipitation (Co-IP) Assays

Cells were pretreated with 5 mM MG132, a proteasome inhibitor, before exposure to HS. Cell lysates were incubated with 4 µg anti-Parkin or anti-VDAC antibody overnight at 4°C. Then, 50 µl of protein A+G agarose beads was added and centrifuged at 4°C for 3 h. After centrifugation, the supernatant was discarded to obtain immunocomplexes, and the beads were then resuspended in 1× lysis buffer for western blotting analysis using the indicated antibodies. IgG served as the negative control.



Statistical Analysis

Results are expressed as the mean ± standard deviation. Student’s t test was used to analyze differences between two groups. Statistical comparisons of three or more groups were performed using one-way analysis of variance (ANOVA), followed by post hoc analysis. Quantitative data are from at least three separate experiments performed in duplicate. All tests for statistical significance were performed using GraphPad software (La Jolla, CA). P values < 0.05 were considered statistically significant.




Results


Mitophagy Is Induced by HS In Vivo and In Vitro

To clarify the role of mitophagy in HS-ALI, we first demonstrated the occurrence of mitophagy in the liver following HS. As shown in Figure 1A, TUNEL staining revealed an increase in TUNEL-positive cells following HS treatment in a time-dependent manner, indicating the occurrence of apoptosis compared to the controls. TEM revealed mitochondrial swelling, loss of mitochondrial cristae, and formations of mitophagosomes and mitophagolysosomes in hepatocytes in HS-treated mice, which were rarely observed in controls (Figure 1B). Immunoblot analysis of the mitophagy biomarkers Parkin and PINK1 gradually increased at 0-6 h, and returned to baseline by 24 h; mitochondrial protein Translocase of outer mitochondrial membrane 20 (TOM20) gradually decreased at 0-6 h, and returned to baseline by 24 h. In contrast, p62 expression reached the lowest levels at 12 h after HS, and LC3-II expression gradually increased at 6-12h then slightly decreased following HS (Figures 1C, S1A), suggesting that mitophagy was induced in HS-ALI mice.




Figure 1 | Parkin-mediated mitophagy is induced by HS in vivo and in vitro. Mitophagy is induced by HS-ALI in vivo and in vitro. Liver tissues were obtained from HS and sham control mice at the time point of HS onset (0 h) and 6 h, 12 h, and 24 h later. LO2 cells were cultured at 42°C for 3 h to simulate HS followed by incubation at 37°C for 0, 6, 12, and 24 h (A) Apoptosis observed by TUNEL staining of liver tissues with quantification of TUNEL-positive cells. Scale bar: 50 μm. (B) Representative TEM images of mitochondrial morphology in hepatocytes at 6 h following HS. Blue arrows: mitophagosome and mitolysosome. Scale bar: 2 μm. (C) Immunoblot analysis of mito/autophagy-related proteins, including PINK1, Parkin, TOM20, p62, and LC3-II, in liver tissues following HS. (D, G) Apoptosis was assessed using Annexin V-FITC/PI staining. (E) Immunoblot analysis of mito/autophagy-related proteins, including PINK1, Parkin, TOM20, p62, and LC3-II in HS-induced LO2 cells. (F, H) Representative images and quantification of immunofluorescence double-labeling LC3B (green) and MitoTracker (red) in HS-treated LO2 cells, scale bar: 10 μm. Data are shown as the mean ± SD. n = 4. *p < 0.05.



Compared to the control group, flow cytometry analysis showed an increase in apoptotic cells following HS in a time-dependent manner, indicating that apoptosis was induced in LO2 cells by HS (Figures 1D, G). The mitophagy biomarkers Parkin and PINK1 gradually increased at 0-6 h, and returned to baseline by 24 h; mitochondrial protein TOM20 gradually decreased at 0-6 h, and returned to baseline by 24 h. In contrast, p62 expression reached the lowest levels at 12 h after HS, and LC3-II expression gradually increased at 6-12 h then slightly decreased following HS (Figures 1E, S1B). Interestingly, immunoblot analysis indicated an increase of PINK1 expression levels in the mitochondria at 6 h after HS, and an increase in the translocation of Parkin from the cytoplasm to the mitochondria in vivo and in vitro (Figures S1C, D), suggesting that HS stabilized PINK1 at the outer mitochondrial membrane and thereby recruits more Parkin to mitochondria. To further evaluate HS-induced mitophagy, we used double staining of LC3B and MitoTracker, a mitochondrial marker, in HS-treated LO2 cells. Confocal imaging revealed that staining for the autophagosome marker LC3B was distinctively colocalized with MitoTracker at 0-6 h following HS, indicating the formation of mitophagosomes induced by HS (Figures 1F, H). Collectively, these findings indicate that mitophagy is temporarily enhanced and then continues to decline in HS-ALI.



Mitophagy-Deficiency Increases Apoptosis in HS-ALI

Mitophagy was reported to be essential for selectively eliminating damaged mitochondria through autophagy (24). To explore the role and regulation of mitophagy in acute liver damage in HS-ALI mice, the autophagy inhibitor 3-MA was used to inhibit the autophagic process of damage mitochondria clearance. TEM examinations revealed that 3-MA inhibited the formation of autophagosomes in hepatocytes and exacerbated mitochondrial damage, as demonstrated by the presence of fragmentation, swelling, and vacuoles in the mitochondrial matrix, which further aggravated acute liver injury in response to HS (Figure 2A). Furthermore, 3-MA significantly decreased mitophagy, as indicated by the downregulation of mitophagy-related proteins in mitochondria in the liver tissues (Figures 2B, C). 3-MA pretreatment significantly exacerbated acute liver damage and increased apoptosis in HS-treated mice, as evidenced by increased liver histological scores, TUNEL-positive cells, Caspase 3 activity, and serum ALT and AST levels (Figures 2D–H). Two major proteins of intrinsic apoptosis pathway are apoptosis-related proteins BCL-2 Associated X Protein (BAX) as a proapoptotic protein and B-cell lymphoma 2 (Bcl2) as an antiapoptotic one (25). Correspondingly, 3-MA significantly exacerbated apoptosis in HS-induced mice, as evidenced by the upregulate of BAX and downregulate of Bcl2 levels (Figure 2I). In agreement with these results above, Mdivi-1, a dynamin-related protein 1/mitophagy inhibitor, significantly inhibited mitophagy as indicated by western blotting of mito/autophagy-related proteins as well as the formation of autophagosome containing damaged mitochondria (Figures S2A–C). Mdivi-1 also exacerbated apoptosis in HS-induced mice, as shown by western blotting of apoptosis-related proteins and Caspase 3 activity (Figures S2D–H). Therefore, these results suggest that mitophagy-deficiency exacerbates hepatocyte apoptosis in HS-ALI mice.




Figure 2 | 3-MA treatment increases apoptosis in HS-ALI. Mice were pretreated with 3-MA (20 mg/kg, i.p.) for 2 h and then subjected to sham-untreated or HS. Livers and serum were collected 6 hours after HS. (A) Representative TEM images of mitochondrial morphology in hepatocytes after HS. Blue arrows: mitophagosome and mitolysosome. Scale bar: 500nm. (B, C) Immunoblot analysis and quantification of mito/autophagy-related proteins, including Parkin, PINK1, p62, and LC3-II, in the mitochondrial fractions of livers. (D) Representative histology and pathological score of liver samples by H&E staining. Scale bar: 50 μm. (E, F) Apoptosis was observed by TUNEL staining of liver tissues and quantification of TUNEL-positive cells. Scale bar: 50 μm. (G) Relative serum ALT and AST levels. (H) The enzymatic activity of Caspase 3 was subsequently measured. (I) Immunoblot analysis and quantification of BAX and Bcl2 in liver tissues. n = 4. Data are shown as the mean ± SD. n = 4. *p < 0.05.





Parkin Deficiency Exacerbates Apoptosis and Mitochondrial Damage in HS-Induced LO2 Cells

To determine the role and function of Parkin-mediated mitophagy in HS-treated LO2 cells, siRNA was used to silence Parkin. siRNA transfection successfully inhibited protein levels of Parkin in LO2 cells (Figure S3A). Parkin knockdown dramatically reduced mitophagy activation by p62 and LC3-II in mitochondria in LO2 cells following HS (Figure 3A). Parkin knockdown also decreased the ubiquitination levels of VDAC (Figure 3B). In addition, colocalization of LC3B and MitoTracker revealed reduced formation of mitophagosomes after silencing Parkin (Figures 3C, D), suggesting that Parkin-dependent mitophagy was activated by HS and then prevented by silencing Parkin. Furthermore, silencing Parkin remarkably exacerbated apoptosis in LO2 cells following HS, as shown by western blotting and Caspase 3 activity assays (Figures 3E, F, S3B). Taken together, these data suggested that Parkin-mediated mitophagy deficiency exacerbates hepatocyte apoptosis after HS.




Figure 3 | Parkin deficiency exacerbates apoptosis and mitochondria damage in HS-induced LO2 cells. After transfection with con-siRNA or Parkin siRNA for 8 h, LO2 cells were exposed to 42°C for 3 h and then incubated at 37°C for 6 h (A) Immunoblot analysis and quantification of mito/autophagy-related proteins, including Parkin, p62, and LC3-II, in the mitochondrial fractions of LO2 cells. (B) Immunoprecipitation (IP) analysis of VDAC ubiquitination levels. (C, D) Representative images and quantification of immunofluorescence double-labeling LysoTracker (green) and MitoTracker stains (red) in HS-treated LO2 cells. Scale bar: 5 μm. (E) Apoptosis was assessed using Annexin V-FITC/PI staining. (F) Immunoblot analysis and quantification of BAX and Bcl2 in HS-treated LO2 cells. (G) Representative images and quantification of the ROS probe DHE staining in HS-treated LO2 cells. (H) Flow cytometry analysis of ΔΨm in LO2 cells stained with JC-1. The percentage represents LO2 cells with damaged mitochondria (low ΔΨm). Data are shown as the mean ± SD. n = 4. *p < 0.05.



Increased ROS release is positively correlated with cell death and pathological disorders (26). Oxidative stress levels, as assessed using the ROS probe DHE, was agitated by HS and further exacerbated by silencing Parkin (Figure 3G). We measured changes in ΔΨm using JC-1 staining. As shown in Figure 3H, HS significantly decreased ΔΨm, which was further exacerbated by silencing Parkin. Together, these data demonstrate that Parkin-mediated mitophagy deficiency may exacerbate HS-induced mitochondrial damage.



Cytosolic p53 Binds to Parkin Following HS

p53 is reported to be an important molecule for the crosstalk of autophagy and apoptosis (27). Cytosolic p53 has been shown to bind to Parkin and disrupt the clearance of damaged mitochondria by Parkin-mediated mitophagy in diabetic islets (28). Other recent studies also reported that p53 exerts distinct cellular functions depending on its cellular concentration and distribution (29, 30). Here, we found that p53 protein levels gradually increased after HS compared to the controls in vivo and in vitro (Figures S4A, B). To further assess whether the intracellular distribution of p53 was altered and whether cytosolic p53 binds to Parkin in HS-induced LO2 cells, immunoblotting analysis and immunofluorescence staining were used. Nuclear p53 protein levels were progressively reduced, and cytoplasmic levels of p53 gradually increased, suggesting an increase in the translocation of p53 from the nucleus to the cytoplasm at 0-6 h following HS (Figures 4A, B). In particular, the endogenous Parkin-p53 complex was identified in immunoprecipitants of endogenous Parkin and p53, as well as in the cytosolic lysate of LO2 cells after HS (Figures 4C–E). Moreover, colocalization of p53 and Parkin suggested that p53 could bind to Parkin in HS-treated LO2 cells, as indicated by immunofluorescence staining (Figure 4F). These data demonstrate that cytosolic p53 binds to Parkin in HS-treated LO2 cells.




Figure 4 | Translocation of p53 from the nucleus to the cytoplasm and cytosolic p53 binding to Parkin following HS. LO2 cells were exposed to 42°C for 3 h for HS treatment and then incubated at 37°C for 0 or 6 h (A) Immunoblot analysis and quantification of p53 in the nucleus and cytoplasm after HS. (B) Representative images of immunofluorescence labeling of p53 in the nucleus and cytoplasm in HS-treated LO2 cells with quantification of the ratio of fluorescence intensity of cytoplasmic p53 to nuclear p53 in LO2 cells. Scale bar: 10 μm. (C, D) Endogenous Parkin-p53 complex in total lysates of HS-treated LO2 cells. (E) The endogenous Parkin-p53 complex in cytosolic lysates of LO2 cells following HS. (F) Representative images and quantification of immunofluorescence double-labeling p53 and Parkin in HS-treated LO2 cells. Scale bar: 10 μm. Data are shown as the mean ± SD. n = 4. *p < 0.05.





p53 Regulates Parkin-Dependent Mitophagy and Apoptosis in HS-ALI

Crosstalk between cytosolic p53 and Parkin-dependent mitophagy has been reported (31). To investigate the role of p53 in regulating mitophagy in HS-ALI, the p53 agonist Tenovin-6 and the selective p53 inhibitor PFT-α were used in HS-ALI mice. TEM revealed that p53 activation by Tenovin-6 prevented the formation of mitochondrial autophagosomes in hepatocytes and exacerbated mitochondrial damage (Figure 5A). Correspondingly, Tenovin-6 pretreatment significantly inhibited mitophagy, as indicated by the downregulation of Parkin, LC3-II, and upregulation of p62 protein expression in mitochondria in the livers of HS-induced mice (Figures 5B, C). In addition, Tenovin-6 exacerbated HS-ALI, as evidenced by increased liver histological scores, TUNEL-positive cells, and serum ALT and AST levels (Figures 5D, E, S4C, D). Tenovin-6 also exacerbated HS-induced apoptosis in HS-ALI mice (Figures 5F–H). In contrast, the p53 inhibitor PFT-α attenuated apoptosis in HS-ALI by improving Parkin-dependent mitophagy (Figures 5A–H). Collectively, these data suggest that p53 regulates Parkin-dependent mitophagy and apoptosis in HS-ALI.




Figure 5 | p53 regulates Parkin-dependent mitophagy and apoptosis in HS-ALI. Mice were pretreated with the selective p53 agonist Tenovin-6 (25 mg/kg, i.p.) or the p53 inhibitor PFT-α (2.2 mg/kg, i.p.) for 2 h and then subjected to HS, these livers and blood were collected 6 hours after HS. (A) Representative TEM images of mitochondrial morphology in hepatocytes after HS. Blue arrows: mitophagosome and mitolysosome. Scale bar: 500 nm. (B, C) Immunoblot analysis and quantification of mito/autophagy-related proteins, including Parkin, p62, and LC3-II, in the mitochondrial fractions of livers. (D) Representative histology and pathological score of liver samples by H&E staining. Scale bar: 50 μm. (E) Apoptosis was observed by TUNEL staining of liver tissues and quantification of TUNEL-positive cells. Scale bar: 50 μm. (F, G) Immunoblot analysis and quantification of p53, BAX, and Bcl2 proteins in liver tissues. (H) The enzymatic activity of Caspase 3 was determined. Data are shown as the mean ± SD. n = 4. *p < 0.05.





p53 Regulates Parkin-Dependent Mitophagy and Apoptosis in HS-Treated LO2 Cells

Next, to further assess the regulation of Parkin-mediated mitophagy by p53 in LO2 cells following HS, a specific adenovirus was used Rya Marasiganto achieve p53 overexpression (Figure S4E). p53 overexpression strongly inhibited HS‐induced translocation of Parkin from the cytoplasm to the mitochondria (Figure 6A). Furthermore, p53 overexpression markedly suppressed expression levels of mitophagy-related proteins in LO2 cells following HS (Figure 6B). p53 overexpression also decreased VDAC ubiquitination levels and formations of mitophagosomes (Figures 6C, D). Moreover, p53 overexpression significantly increased hepatocyte apoptosis (Figures 6E–H).




Figure 6 | p53 overexpression exacerbates apoptosis through Parkin-dependent mitophagy in vitro. After transfection with the empty adenovirus (Ad-mock) or p53 adenovirus (Ad-p53) Ad-p53 for 8 h, LO2 cells were exposed to 42°C for 3 h for HS treatment followed by incubation at 37°C for 6 h (A) Immunoblot analysis and quantification of Parkin in the cytoplasm and mitochondrial fractions after HS. (B) Immunoblot analysis and quantification of autophagy-related proteins p62 and LC3-II in the mitochondrial fractions of LO2 cells. (C) Immunoprecipitation analysis of VDAC ubiquitination levels. (D) Representative images and quantification of immunofluorescence double-labeling LC3B (green) and MitoTracker stains (red) in HS-treated LO2 cells. Scale bar: 10 μm. (E) The enzymatic activity of Caspase 3 was subsequently determined. (F, G) Immunoblot analysis and quantification of BAX and Bcl2 in HS-treated LO2 cells. (H) Apoptosis was measured using Annexin V-FITC/PI staining. Data are shown as the mean ± SD. n = 4. *p < 0.05.



We speculated that p53 deletion would enhance Parkin-mediated mitophagy activation in LO2 cells following HS. To test this hypothesis, p53 siRNA was used to inhibit p53 expression in LO2 cells (Figure S4F). As expected, knockdown of p53 markedly promoted HS‐induced translocation of Parkin from the cytoplasm to the mitochondria (Figure 7A) and significantly enhanced mitophagy activation in HS-treated LO2 cells (Figures 7B–D). In addition, p53 deletion also inhibited HS-induced apoptosis in HS-treated LO2 cells (Figures 7E–H). Taken together, these results suggest that Parkin-dependent mitophagy and apoptosis are activated by HS, which are further exacerbated by p53 overexpression in HS-treated LO2 cells, whereas inhibition of p53 may effectively reverse this process.




Figure 7 | p53 knockdown attenuates apoptosis through Parkin-dependent mitophagy in vitro. After transfection with con-siRNA or p53 siRNA for 8 h, LO2 cells were exposed to 42°C for 3 h for HS treatment followed by incubation at 37°C for 6 h (A) Immunoblot analysis and quantification of Parkin in the cytoplasm and mitochondrial fractions after HS. (B) Immunoblot analysis and quantification of autophagy-related proteins p62 and LC3-II in the mitochondrial fractions of LO2 cells. (C) Immunoprecipitation analysis of VDAC ubiquitination levels. (D) Representative images and quantification of immunofluorescence double-labeling LC3B (green) and MitoTracker stains (red) in HS-treated LO2 cells. Scale bar: 10 μm. (E) The enzymatic activity of Caspase 3 was subsequently assessed. (F, G) Immunoblot analysis and quantification of BAX and Bcl2 in HS-treated LO2 cells. (H) Apoptosis was measured using Annexin V-FITC/PI staining. Data are shown as the mean ± SD. n = 4. *p < 0.05.





p53 Regulates Mitophagy and Mitochondrial Damage via Parkin

We subsequently explored the molecular mechanisms by which p53 regulates mitophagy and oxidative stress via Parkin. p53 inhibitor PFT-α significantly enhanced mitophagy activation in LO2 cells following HS (Figure 8A). Consistent with the immunoblotting results, colocalization of LC3B and MitoTracker demonstrated increased formations of mitophagosomes (Figure 8B). However, the protective effect of PFT-α was eliminated in Parkin siRNA-treated LO2 cells (Figures 8A, B). Similar results were also observed with respect to mitochondrial damage as assessed by flow cytometry analysis. As shown in Figures 8C, D, PFT-α also upregulated mitochondrial ΔΨm and decreased ROS production, which were effectively reversed by silencing Parkin. Overall, these results demonstrate that PFT-α treatment ameliorates mitochondrial damage through Parkin-mediated mitophagy in HS-induced LO2 cells.




Figure 8 | p53 regulates mitophagy and mitochondrial damage through Parkin. After transfection with con-siRNA or p53 siRNA for 8 h, LO2 cells were pretreated with the p53 inhibitor PFT-α (20 µM) and then subjected to HS. (A) Immunoblot analysis and quantification of mito/autophagy-related proteins, including Parkin, p62, and LC3-II, in the mitochondrial fractions of LO2 cells. (B) Representative images and quantification of immunofluorescence double-labeling LC3B (green) and MitoTracker stains (red) in HS-treated LO2 cells. Scale bar: 5 μm. (C) Representative images and quantification of the ROS probe DHE staining in HS-treated LO2 cells. (D) Flow cytometry analysis of ΔΨm in LO2 cells stained with JC-1. (E) Proposed mechanism by which p53-Parkin-mediated mitophagy alleviates hepatocyte apoptosis in HS-ALI. In response to HS, increased translocation of p53 from the nucleus to the cytoplasm is induced. Subsequently, cytosolic p53 binds to Parkin, which blocks Parkin mitochondrial translocation and reduces VDAC ubiquitination levels, leading to inhibition of mitophagy, upregulation of ROS production, and ultimately exacerbating hepatocyte apoptosis. Of note, p53 deficiency effectively reverses this process. Data are shown as the mean ± SD. n =4. *p < 0.05.






Discussion

It is well known that mitophagy, the principal mechanism to eliminate impaired mitochondria, is important for the regulation of mitochondrial function and cellular homeostasis (32, 33). Here, our results indicated an increase of PINK1 expression levels in the mitochondria at 6 h after HS, and an increase in the translocation of Parkin from the cytoplasm to the mitochondria in vivo and in vitro, suggesting that HS treatment stabilized PINK1 at the outer mitochondrial membrane and thereby recruits more Parkin to damage mitochondria. Interestingly, Recent evidence has suggested a linear PINK1-Parkin mitophagy pathway, which places PINK1 as a critical upstream molecule for Parkin recruitment (34). PINK1-mediated phosphorylation recruits the E3 ubiquitin ligase Parkin, leading to ubiquitination of substrates on damaged mitochondria (35). Meanwhile, one recent study demonstrated the protective role of Parkin-mediated mitophagy in Contrast-induced acute kidney injury (CI-AKI) (36). Parkin-mediated mitophagy was also indicated that contribution to liver pathophysiology (37). Our data also demonstrated that Parkin-mediated mitophagy deficiency may exacerbate HS-induced hepatocyte apoptosis by using Parkin siRNA. Thus, Parkin also plays an important role in the induction of mitophagy. In addition, we observed that mitochondrial dysfunction was necessary for cellular injury or death in response to HS. Meanwhile, although both hepatocyte apoptosis and mitophagy increased at 0-6 h after HS treatment, mitophagy deficiency exacerbated hepatocyte injury and apoptosis after HS, supporting a protective role of mitophagy in HS-ALI. Moreover, we demonstrated cytosolic p53 inhibited Parkin’s mitochondrial translocation, preventing the removal of damaged mitochondria and exacerbating hepatocyte apoptosis and oxidative stress. These findings provide a mechanistic explanation for the observed HS-induced compromise of mitochondrial integrity and functional decline in HS-ALI.

Emerging evidence indicates that mitophagy plays a crucial role in the regulation of liver homeostasis (38, 39). Impaired mitophagy is known to contribute to several liver pathologies, including drug-induced liver injury, hepatic ischemia-reperfusion injury (IR), alcoholic liver disease (ALD), nonalcoholic fatty liver disease (NAFLD), and viral hepatitis (40). In IR-ALI, Xu et al. found that increased hepatic mitophagy is induced at the early stages of IR, both in vivo and in vitro, which is linked to elevated cell death and aggregated liver injury (41). In drug-induced liver injury, acetaminophen (APAP) administration enhances Parkin’s mitochondrial translocation and concurrently mitophagy induction in mouse livers (42). However, the role of mitophagy in HS-AL remains unknown. Notably, we provide additional mechanistic evidence that Parkin-mediated mitophagy was activated in hepatocytes exposed to HS-ALI, as illustrated by Parkin deletion, Mdivi-1, and 3-MA treatment. Our data demonstrated that defective Parkin-mediated mitophagy resulted in excessive accumulation of damaged mitochondria, leading to ROS generation and ΔΨm depolarization. Inhibition of mitophagy resulted in increased levels of apoptosis and mitochondrial injury in hepatocytes following HS, indicating a protective role of mitophagy in HS-ALI by restraining apoptosis and mitochondrial injury in hepatocytes.

With respect to the regulatory pathways that influence mitochondrial integrity and function, we found that p53 was potently activated in HS-treated hepatocytes. Growing evidence suggests that p53 is a transcription factor that is activated by multiple different stresses, including DNA damage, oncogene activation, oxidative stress, and disruption of nucleolar function (43, 44). In addition, p53 exerts differential effects on cellular function according to its cellular concentration and distribution. Genotoxic stress provokes p53 accumulation in both the nucleus and cytosol, and endogenous cytosolic p53 directly activates BAX to induce apoptosis (45). p53 is also known to restrict autophagy activation through a cytosolic effect (46). The direct molecular link between p53 activation and Parkin-mediated mitophagy deficiency contributes to the mitochondrial compromise associated with aging-related and doxorubicin (DOX)-mediated decreases in cardiac contractility (47). Here, we found that p53 translocation from the nucleus to the cytoplasm was increased by HS in a time-dependent manner. The endogenous Parkin-p53 complex was identified in immunoprecipitants of endogenous Parkin and p53 in the cytosolic lysate, as well as colocalization of p53 and Parkin indicated by immunofluorescence staining, indicating that cytosolic p53 binds to Parkin in HS-treated LO2 cells. Consistent with previous studies, our results also demonstrated that p53 inhibits mitophagy by inhibiting Parkin’s translocation from the cytosol to mitochondria, which in turn reduces VDAC ubiquitination levels. Previous studies demonstrated that p53 can bind to the RING0 region of Parkin, disrupting Parkin’s biological function and affecting damaged mitochondrial clearance and cellular redox homeostasis (28, 48). Whether this also occurs in HS-treated hepatocytes requires further study.

Although these findings demonstrated the key role of p53 in Parkin-dependent mitophagy, to the best of our knowledge, the exact mechanism whereby p53 controls mitochondrial homeostasis remains unclear. In particular, previous studies have demonstrated that p53 regulates mitochondrial homeostasis through nuclear, cytosolic or intramitochondrial sites of action (49, 50). A recent study demonstrated that nuclear p53 decreases the specialized autophagy-related mitophagy response by transcriptionally downregulating PINK1 (51). Consistently, the p53-dependent anti-autophagic phenotype exclusively accounts for cytosolic p53 in sepsis-induced acute kidney injury, which may promote proteasomal degradation of the autophagic protein Beclin1 (52). p53 preserves mitochondrial biogenesis and function in the setting of the telomeric DNA damage response (DDR) (53). Of note, the mechanism underlying the role of p53 on different cellular distributions in regulating mitochondrial homeostasis remains unclear, and further studies are needed to address these gaps in knowledge. In this study, p53 overexpression using a specific adenovirus or Tenovin-6 exacerbated hepatocyte apoptosis and oxidative stress through habiting Parkin-dependent mitophagy in HS-ALI, whereas inhibition of p53 using siRNA or PFT-α effectively reversed this process. Consequently, it appears certain that the mitochondria-related functions of p53 have broader implications than previously thought in HS-ALI, providing new therapeutic targets for treatment.

In summary, our present study provides a molecular understanding of Parkin-dependent mitophagy in HS-ALI. We uncovered a novel concept, as shown in Figure 8E, whereby increased cytosolic p53 inhibits Parkin-mediated mitophagy and provokes mitochondrial compromise in response to HS-ALI. In particular, the enhancement of p53 activation and Parkin-mediated mitophagy deficiency aggravated apoptosis and ROS production following HS. And p53 deficiency effectively with inhibitor reverses this process. Therefore, our study shows that p53 has a previously undescribed pathogenic effect on HS-treated hepatocytes in which cytosolic p53 aggravates apoptosis by inhibiting Parkin-mediated mitophagy. p53‐parkin‐mediated mitophagy may represent a novel target for attenuating HS-ALI.
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Background and Aim

Acute-on-chronic liver failure (ACLF) has a high mortality rate. The role of granulocyte colony-stimulating factor (G-CSF) in ACLF remains controversial. Monocytes/macrophages are core immune cells, which are involved in the initiation and progression of liver failure; however, the effect of G-CSF on monocytes/macrophages is unclear. The study aimed to verify the clinical efficacy of G-CSF  and explore the effect of it on monocytes in hepatitis B virus (HBV)-related ACLF (HBV-ACLF) paitents.



Methods

We performed a large randomized controlled clinical trial for the treatment of HBV-ACLF using G-CSF. A total of 111 patients with HBV-ACLF were prospectively randomized into the G-CSF group (5 μg/kg G-CSF every day for 6 days, then every other day until day 18) or the control group (standard therapy). All participants were followed up for at least 180 days. The relationship between monocyte count and mortality risk was analyzed. The effect of G-CSF on the phenotype and function of monocytes from patients with HBV-ACLF was evaluated using flow cytometry in vivo and in vitro experiments.



Results

The survival probability of the G-CSF group at 180 days was higher than that of the control group (72.2% vs. 53.8%, P = 0.0142). In the G-CSF-treated group, the monocyte counts on days 0 and 7 were independently associated with an evaluated mortality risk in the fully adjusted model (Model 3) [at day 0: hazard ratio (HR) 95% confidence interval (CI): 15.48 (3.60, 66.66), P = 0.0002; at day 7: HR (95% CI): 1.10 (0.50, 2.43), P=0.8080]. Further analysis showed that after treatment with G-CSF in HBV-ACLF patients, the expression of M1-like markers (HLA-DR and CD86) in monocytes decreased (HLA-DR: P = 0.0148; CD86: P = 0.0764). The expression of MerTK (M2-like marker) increased (P = 0.0002). The secretion of TNF-α, IL-6, and IL-10 from monocytes decreased without lipopolysaccharide (LPS) stimulation (TNF-α: P < 0.0001; IL-6: P= 0.0025; IL-10: P = 0.0004) or with LPS stimulation (TNF-α: P = 0.0439; P = 0.0611; IL-10: P = 0.0099). Similar effects were observed in vitro experiments.



Conclusion

G-CSF therapy confers a survival benefit to patients with HBV-ACLF. G-CSF can promote the anti-inflammatory/pro-restorative phenotype (M2-like) transition of monocytes, which may contribute to the recovery of ACLF.


Clinical Trial Registration Number

ClinicalTrials.gov, identifier (NCT02331745).
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Introduction

Acute-on-chronic liver failure (ACLF) is a clinical syndrome characterized by severe hepatic dysfunction resulting from acute injury to an underlying chronic liver disease and a substantially high short-term mortality rate (1, 2). The hallmark of ACLF is the large-area necrosis of liver tissue and severe inflammation. However, current treatment for ACLF focuses on targeting the triggering insult and optimizing the clinical management of complications (3). Efficacious therapeutic strategies, aimed at promoting liver regeneration and restricting inflammation, remain limited. Currently, liver transplantation is the only effective therapy to prevent ACLF; however, its application may not be generalizable because of its cost prohibitive nature and the insufficiency of donors (4). Therefore, there is an unmet need for novel treatment approaches.

Although traditionally considered a hematopoietic regulator, granulocyte colony stimulating factor (G-CSF) has been regarded as a candidate treatment for ACLF recently. Several studies have established the efficacy and safety of G-CSF in the management of ACLF (5–9). However, a recent study showed no significant survival benefit of G-CSF in individuals with ACLF (10). Therefore, more well-conducted investigations are required.

The role of G-CSF in liver tissue regeneration and in regulation of the immune response has been shown. Studies in animals and humans indicate that G-CSF can promote the migration of hematopoietic stem cells as well as the proliferation and differentiation of hepatic progenitor cells during liver failure (5, 11, 12). Other studies have demonstrated the useful effects of G-CSF on dendritic cells and neutrophils in ACLF (13, 14). However, as the core immune cells involved in the development and progression of liver failure (15–17), the effects of G-CSF on monocytes/macrophages in ACLF patients remain unexplored. Monocytes/macrophages are characterized by high diversity and plasticity (18). Monocytes are classically categorized into three subgroups: CD14++CD16− (classical), CD14++CD16+ (intermediate), and CD14+CD16++ (non-classical) (19, 20). Monocytes can also be classified into M1 (pro-inflammatory) and M2 (anti-inflammatory/pro-restorative) subtypes, based on their differentiation status. M1 monocytes highly express HLA-DR and CD86 on their surface, and secrete pro-inflammatory TNF-α and IL-6 as the dominant cytokines, whereas M2 monocytes overexpress CD163 and MerTK and mainly secrete anti-inflammatory factors such as IL-10 (17). Therefore, monocyte plasticity could be a potential therapeutic target for immune regulation in ACLF. Nonetheless, the effect of G-CSF on monocytes in ACLF patients warrants further investigation.

In Asia, the main etiology of ACLF is chronic hepatitis B virus (HBV) infection (21–23). The purpose of our study was to provide new data on the treatment of HBV-related ACLF (HBV-ACLF) using G-CSF. Here, we discuss the efficacy and safety of G-CSF, investigate the effect of G-CSF on monocytes in HBV-ACLF patients, and explore the underlying mechanisms of action of G-CSF.



Patients and Methods

The current study includes a clinical trial and basic experiments. The former was a randomized, controlled, open-label trial to evaluate the efficacy of G-CSF for HBV-ACLF. Then, we evaluated the effect of G-CSF on the phenotype and function of monocytes from patients with HBV-ACLF.


Patients

In the clinical trial, all participants were recruited from the Fifth Medical Center of the People’s Liberation Army (PLA) General Hospital for screening from June 2014 to September 2016. Eligible patients met the diagnostic criteria for ACLF, suggested by the Asian Pacific Association for the Study of the Liver (APASL) (1, 24), which are: (i) pre-existing diagnosed or undiagnosed chronic liver disease; (ii) acute deterioration with exacerbating jaundice (serum total bilirubin ≥ 5 mg/dL); (iii) international standard ratio (INR) ≥ 1.5 or plasma prothrombin activity (PTA; <40%); and (iv) comply with ascite and/or encephalopathy within 4 weeks. The inclusion criteria were as follows: (i) 18–70-year-old male or female; and (ii) serum hepatitis B surface antigen or HBV DNA was detected for at least 6 months. The exclusion criteria were as follows: (i) super-infection or co-infection with other hepatotropic and non-hepatotropic virus; (ii) a previous application of any immune modulator or cytotoxic/immunosuppressive therapy within the previous 12 months; (iii) hepatocellular carcinoma or extrahepatic malignancy; (iv) co-existence of severe renal, lung, brain,or heart disease or other liver disease such as alcoholic liver disease, Wilson disease, drug-induced liver injury, or autoimmune hepatitis; (v) presence of sepsis; (vi) malignant jaundice leaded by obstructive or hemolytic jaundice; and (vii) prolonged prothrombin time due to hematologic system disease.

Ascites was identified by clinical manifestations, diagnostic paracentesis, and abdominal imaging examination; Acute kidney injury was diagnosed according to the International Club of Ascites (ICA) corresponding standard (25); A West Haven classification was applied in the diagnosis of hepatic encephalopathy (26); Corresponding formulas were applied for calculation of the model for end-stage liver disease (MELD), MELD-sodium (MELD-Na), and chronic liver failure-sequential organ failure assessment (CLIF-SOFA) scores (3, 27, 28).

Diagnosis of infection was made based on clinical presentation, laboratory values and imaging examination. (i) spontaneous bacterial peritonitis: polymorphonuclear cell count in ascitic fluid ≥250/mm3. (ii) pneumonia: pulmonary imaging changes (infiltration, consolidation, or cavitation) plus at least 1 of the following presentation (fever ≥38°C, leucocyte count >12,000/mm3 or <4,000/mm3) plus at least 1 of the following symptoms or signs (new cough, sputum production, dyspnea, rales or bronchial breath sounds, etc.) and/or etiological evidence. (iii) urinary tract infection: Patient had at least 1of the following clinical presentations (fever, urinary tract irritation or suprapubic tenderness, etc.) and positive urine culture; or at least 2 of the above presentations and more than 10 leukocytes/μL in urine. (iv)bacteremia: positive blood culture (29, 30).



Study Design and Follow-Up of the Clinical Trial

PASS 11.0 software (NCSS, Kaysville, UT, USA) was used to calculate the sample size. Based on our previous study, we expected that G-CSF therapy could improve the survival rate at 180 days by approximately 20% in the G-CSF group compared to that in the control group. With a statistical power of 80%, we required 52 patients in each group to detect this meaningful difference at a significance level of 5%. Considering the possible loss of patients to follow-up (10%), 114 patients were included in this study. The computer-generated randomization number code was prepared for each patient. The patients were randomly allocated to the G-CSF group (receive G-CSF therapy plus standard medical therapy) or control group (only receive standard medical therapy).

G-CSF (SL Pharm, Beijing, China) was injected subcutaneously at a dose of 5 μg/kg every day for 6 days and then every other day until day 18 (total 12 doses) in G-CSF group patients; thereafter, physical examination and laboratory tests were conducted. All patients received standard medical therapy, including intensive care monitoring, antiviral therapy, supportive therapy, and prevention and treatment for complications. All patients with infection were treated with antibiotics. Patients received albumin, terlipressin, and so on if required.

A total of 114 patients meeting the inclusion and exclusion criteria were enrolled in the study (Figure 1). Of these, 56 patients received both standard medical therapy and G-CSF treatment (G-CSF group), and 58 patients received standard medical therapy only (control group). All patients were followed up for at least 180 days after treatment commencement. During the follow-up period, one patient in the G-CSF group discontinued treatment, and one patient each in the G-CSF group and control group underwent liver transplantation. Thus, 111 patients were included in the final analysis.




Figure 1 | Flowchart of screening and recruitment of patients with HBV-ACLF.



Peripheral blood samples were obtained from the enrolled patients and loaded into 10 mL heparin anticoagulant tubes for the following experiments.



Phenotyping of Monocytes and Measurement of Cytokine Expression in G-CSF-Treated Patients

Peripheral blood mononuclear cells (PBMCs) were obtained from patients with HBV-ACLF (n = 12), before and after G-CSF treatment, to evaluate the effect of G-CSF on monocytes. Surface markers and intracellular cytokine expression in monocytes, expressed as frequency or mean fluorescence intensity (MFI), were measured using flow cytometry on the BD FACSymphony A5 analyzer (BD Biosciences, UK). Data were analyzed using the FlowJo software (Tristar, San Carlos, CA, USA).

For surface marker staining, APC-Cy7-conjugated anti-CD45 (BD Biosciences), PerCP-Cy5.5-conjugated anti-CD14 (BD Biosciences), APC-conjugated anti-CD16 (BD Biosciences), BV711-conjugated anti-HLA-DR (BD Biosciences), PE-conjugated anti-MerTK (R&D Systems), PE-Cy7-conjugated anti-CD163 (eBioscience), BV421-conjugated anti-CCR2 (BioLegend), FITC-conjugated anti-CX3CR1 (BioLegend), and BUV-737-conjugated anti-CD86 (BD Biosciences) antibodies were used. For intracellular cytokine staining (ICCS), BV-421-conjugated anti-IL-6 (BD Biosciences), PE-CF594-conjugated anti-IL-10 (BD Biosciences), and BV-510-conjugated anti-TNF-α (BioLegend) were used. Dead cells were excluded using Fixable Viability Stain 440UV (BD Bioscience).

For surface marker labeling, PBMCs were incubated with surface fluorescent-labeled monoclonal antibodies. For intracellular staining, PBMCs were incubated with or without 100 ng/mL lipopolysaccharide (LPS) and protein transport inhibitor (1μL/mL, BD GolgiPlug) for 6 h, followed by staining with surface markers, and fixation, permeabilization, and staining with the corresponding fluorescent intracellular antibodies.



Effect of G-CSF on Monocyte Phenotype and Cytokine Secretion In Vitro

PBMCs were obtained from patients with HBV-ACLF who did not receive G-CSF therapy. CD14+ monocytes were further isolated using magnetic bead separation (Miltenyi, Bergisch Gladbach, Germany). The purity of monocyte separation was examined using flow cytometry, and CD14+ monocytes with a purity >95% were used in vitro experiments. Isolated monocytes were incubated in complete media with 20 ng/mL G-CSF or an equivalent volume of PBS (control) for 24 h for surface staining. For intracellular staining, the isolated CD14+ monocytes were stimulated with G-CSF (20 ng/ml) for 18 h. After 18 h incubation, LPS (100 ng/ml) and protein transport inhibitor (1μL/mL, BD GolgiPlug) was added and continue to incubation for 6 h, followed by staining with surface markers, and fixation, permeabilization, and staining with the corresponding fluorescent intracellular antibodies. After all the above steps, the monocytes were harvested and analyzed for their surface phenotype and intracellular cytokine levels using flow cytometry. Staining was performed as previously described.



Phagocytosis and Oxidative Burst Assays

The effect of G-CSF therapy on monocyte phagocytosis and the oxidative burst capacity of patients with HBV-ACLF was evaluated. Monocyte phagocytosis and oxidative burst capacity were tested using the PHAGOTEST kit (CELONIC, Germany) and PHAGOBURST kit (CELONIC, Germany) following the manufacturer’s protocol, respectively, and then assessed by flow cytometry.



Ethics

The study protocol and informed consent form were approved by the Human Ethics Committee of the Fifth Medical Center of the PLA General Hospital. All the procedures were in accordance with the ethical guidelines of Declaration of Helsinki. Written informed consent was obtained from patients or their guardians before enrollment. This trial was registered at ClinicalTrials.gov (NCT02331745).



Statistical Analysis

In the clinical trial, continuous variables with normal distribution and skewed distribution were expressed as mean ± standard deviation (SD) and median [interquartile range (IQR)], respectively. Categorical variables were expressed as numbers and percentages. The chi-square test (for categorical variables) and Student’s t-test (for continuous variables, normal distribution) or Mann–Whitney U test (for continuous variables, skewed distribution) were used to compare differences between the two groups. Patients lost to follow-up contributed to the censored data. Survival rates were calculated using the Kaplan–Meier method and compared using the Log-Rank test. In the crude model and three multivariate adjusted models, Cox proportional hazards model was used for multivariate regression analysis to estimate the hazard ratios (Hazard Ratio, HRs) and 95% confidence intervals (Confidence Interval, CIs) for the risk of 180-day mortality. Statistical analyses and graphing were conducted using the statistical packages R version 3.4.3 (The R Foundation, Vienna, Austria), EmpowerStats (X&Y Solutions, Inc., Boston, MA, USA) and the MedCalc 15.2.2 (Ostend, Belgium). Statistical significance was set at P < 0.05.

In the Experimental section, statistical analysis was performed using GraphPad Prism 7.00 (GraphPad Software Inc., La Jolla, CA, USA). Data are presented as median (IQR). Non-parametric analyses, such as Kruskal–Wallis and Mann–Whitney U tests, were applied to comparisons across the different groups. Comparisons within the same individual were performed using Wilcoxon’s matched-pair test. Statistical significance was set at P < 0.05.




Results


Baseline Clinical Characteristics of Enrolled Patients

As shown in Table 1, the median age was 43.9 years [n = 91 men (82.0%) and 20 women (18.0%)]. Seventy patients (63.1%) patients had liver cirrhosis. MELD, MELD-Na and CLIF-SOFA scores were 23.7 (21.0–26.4), 22.9 (17.6–29.2), and 7.2 ± 1.0, respectively. The most common complication was ascites (88.3%), followed by infection (36.9%). Serum bilirubin and CRP in the G-CSF group were higher than those in the control group, but the differences were not statistically significant (P = 0.066 and 0.051, respectively). Meanwhile, the serum creatinine level in the control group was slightly higher than that in the G-CSF group, but both were within the normal range, and no statistical difference was detected (P = 0.090). Table 1 shows that there were no significant differences in the patients’ demographic and clinical characteristics between the control and G-CSF groups.


Table 1 | Demographical and clinical characteristic of patients in control and G-CSF Group.





Adverse Effects and Main Complications During the First Month Follow-Up

The patients tolerated the treatment well, and no severe side effects were observed. One of the patients developed a mild rash during the follow-up and discontinued all drugs, including G-CSF. However, no evidence was shown that the rash was induced by G-CSF. The results showed that the G-CSF treatment protocol was safe.

During the first month, the main new-onset complications were infection, hepatic encephalopathy, and acute kidney injury (Supplementary Table 1). The frequency of complications was not significantly different (P > 0.05) between the control and G-CSF groups.



Kaplan–Meier Comparative Survival Analysis of the Control and G-CSF Group

Of the 111 patients, 66 survived, 40 died, and 5 lost to 180 days of follow-up; thus, the survival probability at day 180 was 62.6%. In the G-CSF group, 36 patients survived, 14 patients died, and 4 patients lost to follow-up; hence, the survival probability at day 180 was 72.2%. In the control group, 30 patients survived, 26 patients died, and 1 patient lost to follow-up, with a survival probability of 53.8%. The differences between the two groups were statistically significant (P = 0.0242; Figure 2).




Figure 2 | Kaplan–Meier curve showing the 180-day survival in G-CSF group, compared with the control group. G-CSF, Granulocyte-colony stimulating factor.





Association Between Monocyte Count and 180-Day Mortality in HBV-ACLF Patients Treated With or Without G-CSF

We further explored the association between baseline and day 7 monocyte count and 180-day mortality in HBV-ACLF patients treated with or without G-CSF. As shown in Table 2, in both the crude and adjusted models (Models 1, 2, and 3), the baseline monocyte count was positively correlated with the 180-day mortality risk of HBV-ACLF [HR: 2.90 (1.41, 5.93), P = 0.0036 in Model 3], and the stratification analyses showed that this positive correlation was mainly contributed by patients in the G-CSF group [HR: 15.48 (3.60, 66.66), P = 0.0002 in Model 3]. However, after six consecutive days of treatment, the control group did not demonstrate significant changes, whereas the positive association between monocyte count on day 7, and the risk of death was significantly weakened in the G-CSF-treated group [HR: 1.10 (0.50, 2.43), P = 0.8080 in Model 3]. Similar relationship was observed between monocyte count and 90-day mortality (Supplementary Table 2). Therefore, we speculate that G-CSF may benefit patients with HBV-ACLF by altering the number or function of monocytes.


Table 2 | Association between monocyte count and 180-day mortality in HBV-ACLF patients.





Shift in the Monocyte Subpopulations After G-CSF Treatment

According to traditional gating, monocyte subtypes can be identified by the expression of CD14 and CD16 (Figure 3A). We evaluated the frequencies of the three monocyte subsets (described above). As shown in Figure 3B, although there was no significant difference in the proportion of classic, intermediate, and non-classical monocytes before (day 0) and after G-CSF treatment (P = 0.8981, 0.7113 and 0.9953, respectively), the intermediate and non-classical monocytes demonstrated a decreasing trend, whereas classical monocytes demonstrated an increasing trend. Thus, a shift in monocyte subpopulations was detected after G-CSF treatment.




Figure 3 | Gating of monocytes and effect of G-CSF on monocyte subtypes in patients with HBV-ACLF. (A) Flow cytometry analysis and gating strategy used to determine monocytes and their subsets. (B) Effect of G-CSF on monocyte subtypes in patients with HBV-ACLF (n=12). Non-parametric (Wilcoxon’s matched-pair test) statistical analysis was used. Data presented as median with interquartile range. ns represents P >0.05; G-CSF, Granulocyte-colony stimulating factor; HBV-ACLF, hepatitis B virus-related acute-on -chronic liver failure.





G-CSF Therapy Induces an Anti-Inflammatory/Pro-Restorative (M2-Like) Monocyte Phenotype in HBV-ACLF Patients

To fully evaluate the effect of G-CSF on monocytes in HBV-ACLF, we designed detailed immunophenotypic analyses to detect the levels of activation/inflammation markers (HLA-DR, CD86, MerTK, and CD163) and tissue-homing markers (CCR2 and CX3CR1) before (day 0) and after the administration of G-CSF (n = 12). As shown in Figure 4, after treatment with G-CSF, the expression of M1-like markers (HLA-DR and CD86) in monocytes decreased (HLA-DR: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 94.9% vs. 78.5% vs. 80.1% vs. 82.1% vs. 92.6%, respectively; P = 0.0148; CD86: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 57.1% vs. 30.5% vs. 28.6% vs. 43% vs. 40.3%, respectively; P = 0.0764), whereas the expression of M2-like marker (MerTK) increased (day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 39.3% vs. 71.5% vs. 56.3% vs. 55.4% vs. 37.5%, respectively; P = 0.0002). There was no significant change in the expression of CCR2 and CX3CR1 in monocytes according to MFI before and after G-CSF treatment (P = 0.1074 and 0.8889, respectively). The above results indicate that circulating monocytes after G-CSF therapy showed an anti-inflammatory/pro-restorative phenotype in patients with HBV-ACLF.




Figure 4 | Phenotype of circulating monocytes in HBV-ACLF patients (n=12) before (day 0) and after G-CSF treatment. (A) Expression of CD86、HLA-DR、MerTK, and CD163 on monocytes in HBV-ACLF before and after G-CSF treatment. (B) Phenotypic alterations on monocytes after treated with G-CSF. (C) Expression of tissue-homing receptors on monocytes after treated with G-CSF. Non-parametric (Wilcoxon’s matched-pair test) statistical analysis was used. Data presented as median with interquartile range. Compared with day 0, *P < 0.05, **P < 0.01, ***P < 0.001. ns represents P >0.05. G-CSF, Granulocyte-colony stimulating factor; HBV-ACLF, hepatitis B virus-related acute-on -chronic liver failure; FSC, forward scatter.





G-CSF Therapy Attenuated Cytokine Secretion in Monocytes Obtained From HBV-ACLF Patients With or Without LPS Stimulation

We evaluated whether G-CSF treatment in patients with HBV-ACLF modulated the ability of monocytes to produce IL-6, TNF-α, and IL-10 following LPS challenge or not. As shown in Figure 5, the secretion of TNF-α, IL-6, and IL-10 by monocytes decreased after G-CSF therapy without LPS stimulation (TNF-α: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 6.6% vs. 1.6% vs. 2.0% vs. 1.6% vs. 12.5%, respectively; P < 0.0001; IL-6: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 24.0% vs. 7.5% vs. 10.9% vs. 8.4% vs. 44.6%, respectively; P = 0.0025; IL-10: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 0.9% vs. 0.5% vs. 0.2% vs. 0.5% vs. 1.6%, respectively; P = 0.0004). In contrast to pre-treatment (day 0), cytokine secretion in monocytes showed a decreased response to LPS stimulation after G-CSF treatment (TNF-α: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 30.8% vs. 18.8% vs. 21.0% vs. 23.6% vs. 26.3%, respectively; P = 0.0439; IL-6: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 69.4% vs. 64.5% vs. 61.8% vs. 72.3% vs. 74.7%, respectively; P = 0.0611; IL-10: day 0 vs. day 3 vs. day 7 vs. day 14 vs. day 28 = 4.2% vs. 2.7% vs. 3.0% vs. 4.5% vs. 4.6%, respectively; P = 0.0099). Hence, G-CSF reduces the inflammatory response of monocytes in HBV-ACLF patients.




Figure 5 | G-CSF therapy attenuated cytokine secretion in monocytes with or without LPS stimulation in HBV-ACLF patients (n=12). (A) Cytokine secretion in monocytes without LPS stimulation. (B) Cytokine secretion in monocytes with LPS stimulation. Non-parametric (Wilcoxon’s matched-pair test) statistical analysis was used. Data presented as median with interquartile range. Compared with day 0, *P < 0.05, **P < 0.01, ***P < 0.001. G-CSF, Granulocyte-colony stimulating factor; HBV-ACLF, hepatitis B virus-related acute-on-chronic liver failure; LPS, lipopolysaccharide.





G-CSF Induces M2-Like Phenotype and Functional Transition of Monocytes From HBV-ACLF Patients In Vitro

We performed in vitro experiments to further clarify the effect of G-CSF on the phenotype and function of monocytes in patients with HBV-ACLF. As shown in Figure 6, after exogenous addition of G-CSF to monocytes from HBV-ACLF patients, the expression of M1-type markers (HLA-DR and CD86) decreased, whereas the expression of M2-type markers (CD163 and MerTK) increased (P < 0.01). There was no significant difference in the expression of homing receptors CCR2 and CX3CR1 between the two groups (P > 0.05; Figure 6C). Concurrently, although no statistically significant difference was detected, G-CSF decreased the secretion of pro-inflammatory factors (IL-6 and TNF-α) after LPS stimulation, whereas IL-10 secretion was slightly increased (Figure 6D). Except for the secretion of IL-10, these results were consistent with those observed in vivo. G-CSF tend to promote the transition of monocytes to M2 type in HBV-ACLF patient.




Figure 6 | G-CSF induces M2-like phenotype and functional transition of monocytes from HBV-ACLF patients in vitro. (A) G-CSF decreased the expression of pro-inflammatory markers on monocytes (n=9). (B) G-CSF elevated the expression of anti-inflammatory/pro-restorative markers on monocytes (n=9). (C) Effect of G-CSF on the expression of homing receptors on monocytes (n=9). (D) G-CSF attenuated pro-inflammatory cytokine secretion in monocytes (n=5). Non-parametric (Wilcoxon’s matched-pair test) statistical analysis was used. Data presented as median with interquartile range. ** represents compared with day 0, P<0.01; ns represents P >0.05; G-CSF, Granulocyte-colony stimulating factor; HBV-ACLF, hepatitis B virus-related acute-on -chronic liver failure.





Influence of G-CSF on Phagocytosis and Oxidative Burst Function of Monocytes in HBV-ACLF

We tested and compared phagocytosis (Figure 7A) and oxidative burst (Figure 7B) of monocytes freshly isolated from HBV-ACLF patients before (day 0) and after G-CSF treatment. It was observed that phagocytosis of monocytes showed an upward trend, whereas oxidative burst showed a downward trend after the administration of G-CSF; however, the discrepancies were not statistically significant in view of the small numbers (P all <0.05).




Figure 7 | Influence of G-CSF on phagocytosis and oxidative burst function of monocytes in HBV-ACLF. (A) Effect of G-CSF on phagocytosis function of monocytes (n=5). (B) Effect of G-CSF on oxidative burst function of monocytes (n=3). ns represents P >0.05; G-CSF, Granulocyte-colony stimulating factor; HBV-ACLF, hepatitis B virus-related acute-on -chronic liver failure.






Discussion

In the present study, we conducted a randomized clinical trial to treat HBV-ACLF patients with G-CSF. We showed that G-CSF significantly improved the survival of HBV-ACLF patients. In addition, Cox regression analysis showed that G-CSF treatment attenuated the positive correlation coefficient between monocyte count and 180-day mortality risk in patients with HBV-ACLF. Further analyses demonstrated that after treatment with G-CSF, the phenotype and function of monocytes in HBV-ACLF tended to an anti-inflammatory/pro-restorative (M2-like) phenotype, which may contribute to the attenuation of liver injury and promote recovery of ACLF. These novel findings expand our knowledge of the role of G-CSF in the treatment of liver failure and provide new evidence that G-CSF may contribute to protection against liver damage.

In the current study, we observed a survival benefit in patients with HBV-ACLF after G-CSF therapy. This result was in agreement with those of several previous studies (5, 6). A study performed by Garg et al. (6) showed that the 60-day survival rate was significantly higher in ACLF patients treated with G-CSF than in the placebo group (69.6% vs. 29.2%; P = 0.001). Another study also revealed superior 90-day survival (5) of HBV-ACLF patients treated with G-CSF compared to those treated with the placebo (64.3% vs. 28.6%; P = 0.04). In addition, these two studies showed improvement in liver function, as indicated by the MELD and Child-Turcotte-Pugh (CTP) scores. However, a European study by Engelmann et al. (10) failed to demonstrate better efficacy of G-CSF than standard medical therapy in ACLF patients (90-day transplant-free survival rates: 34.1% vs. 37.5%; P = 0.805). The liver function scores also did not improve in the G-CSF treatment group. The positive effect of G-CSF has only been confirmed in Asian studies, and not in the European study.

A major potential factor that may have contributed to this discrepancy is that the inclusion criteria were different. In the studies conducted by Gerg and Duan (5, 6), ACLF was defined according to the APASL criteria, in which patients with pre-exiting decompensated cirrhosis and sepsis were not included. The European study enrolled patients with acute decompensation of cirrhosis, utilizing the European Association for the Study of the Liver -Chronic Liver Failure (EASL-CLIF) criteria. APASL criteria focuses on liver failure, and severe liver necroinflammation is regarded as the core feature of ACLF. However, organ failure, whether hepatic or extrahepatic, was the predominant feature according to the EASL-CLIF criteria (31). ACLF patients, who meet EASL-CLIF criteria, are typically and more irreversibly at the “end-stage.” G-CSF is regarded as a growth factor in hepatic regeneration and an immunomodulatory agent in ACLF (2). Garg et al. (6) showed that the number of CD34+ cells markedly increased in the liver tissue after G-CSF therapy in patients with ACLF. Subsequently, they demonstrated that G-CSF enhanced the mobilization of bone marrow hematopoietic stem cells and promoted their homing in the hepatic parenchyma. G-CSF therapy was also shown to enhance dendritic cell recruitment to the liver and suppress interferon-γ secretion by CD8+ T cells to attenuate hepatocellular injury (13). The purpose of G-CSF in patients with ACLF is to enhance liver regeneration and regulate the immune and inflammatory responses. Hence, G-CSF should be used in patients with early stage ACLF, where it can offer excellent regenerative potential. However, in the study by Engelmann (10), all G-CSF-treated ACLF patients had a poor pre-existing liver base (liver cirrhosis), more than 65.9% suffered from extrahepatic organ failure, and up to 56.8% had bacterial infection at baseline. Thus, it may have been too late for G-CSF to exert a therapeutic effect. In a comment on this study, Sarin (32) offers a similar opinion. Therefore, the differences in the definition of ACLF between the East and the West also directly led to the discrepancy in understanding the pathophysiological process, therapeutic strategies, and treatment effects in ACLF.

Our study also showed that the baseline monocyte count was positively associated with the 180-day mortality risk of HBV-ACLF patients, while the stratified analysis showed that this positive correlation was mainly contributed by the patients in the G-CSF group. Interestingly, after 6 days of continuous treatment, the control group did not demonstrate significant changes, whereas the positive association between monocyte count on day 7 and the risk of death was significantly weakened in the G-CSF-treated group. Therefore, we speculate that G-CSF may benefit HBV-ACLF patients by altering the number or function of monocytes.

Monocyte/macrophage dysfunction plays a core role in the progression of ACLF (17). These cells have plastic phenotypes and diverse roles in ACLF, from pro-inflammatory (M1-like) to anti-inflammatory/pro-restorative (M2-like), depending on the microenvironment. To better understand the mechanism of action of G-CSF, we investigated its effect on the phenotype and function of monocytes in ACLF patients. Our study demonstrated that after treatment with G-CSF, the expression of M1-like markers (HLA-DR and CD86) in monocytes decreased, whereas expression of MerTK (M2-like marker) increased. Weise et al. (33) detected a similar phenomenon in mouse models of ischemic stroke. After administration of G-CSF, the expression of Ly6c+ (M1-like marker) in monocytes was markedly suppressed (33). Similarly, in another study performed by Fadini, circulating M2-like phenotype monocytes were evaluated after G-CSF treatment (34). Our study also showed that the secretion of TNF-α, IL-6, and IL-10 by monocytes decreased after G-CSF therapy with or without LPS stimulation in patients with ACLF. This indicates that G-CSF could attenuate the monocyte immune response in the basal state in ACLF. Moreover, the response to further LPS stimuli was reduced, which indicated LPS tolerance. Interestingly, in vitro experiments, we found that the IL-10 level was slightly increased by G-CSF after LPS stimulation. Weise et al. also found that G-CSF may promote the production of IL-10 (an M2-like cytokine) in monocytes in animal models of ischemic stroke (33). This discrepancy may be related to the methodological limitations of the studies. The microenvironment is also different in vivo vs. in vitro, and monocytes in patients may also be affected by other stimuli. What is more, several studies have detected an anti-inflammatory effect of monocytes mediated by G-CSF, which is characterized by the reduction of LPS-induced TNF-α (M1-like cytokine) production (35, 36). These findings appear to be compatible with our results. It means that G-CSF appears to impair antimicrobial defenses while attenuating monocyte inflammatory responses in ACLF. However, our study also found that after G-CSF treatment, the phagocytic function of monocytes in patients tended to be elevated, while the oxidative burst capacity decreased. Due to the small sample size, these differences were not statistically significant. Therefore, further studies may be required to assess whether G-CSF has a negative effect on the antimicrobial defense capacity of monocytes. Collectively, these results indicate that G-CSF seems to induce monocytes to exert immunosuppressive effects. From this perspective, it supports the argument that G-CSF should be used in the early phase of ACLF, when the pro-inflammatory/injury response is dominant (37).

Our study had several limitations. Firstly, this was a single-center study, and a larger multicenter trial should be conducted. Secondly, the relatively small sample size in the experimental study may have led to statistical fluctuations. Finally, because liver tissues were unavailable, we only investigated the effect of G-CSF on circulating monocytes in ACLF patients, and lacked macrophages. This issue will be resolved in future animal experiments.

In summary, our study validated the efficacy of G-CSF in patients with HBV-ACLF. In addition, the effects of G-CSF on monocytes in ACLF were explored. G-CSF can promote the anti-inflammatory/pro-restorative phenotype (M2-like) transition of monocytes, which may contribute to the recovery of ACLF. However, owing to heterogeneity, monocytes play distinct roles in ACLF, from pro-inflammatory to pro-resolution, depending on the microenvironment. Therefore, a full understanding of the pathophysiological processes and developmental stages of ACLF may help to select the right patients for appropriate therapy.
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Objective

The monocyte–macrophage system is central to the host’s innate immune defense and in resolving injury. It is reported to be dysfunctional in acute-on-chronic liver failure (ACLF). The disease-associated alterations in ACLF monocytes are not fully understood. We investigated the mechanism of monocytes’ functional exhaustion and the role of umbilical cord mesenchymal stem cells (ucMSCs) in re-energizing monocytes in ACLF.



Design

Monocytes were isolated from the peripheral blood of ACLF patients (n = 34) and matched healthy controls (n = 7) and patients with compensated cirrhosis (n = 7); phagocytic function, oxidative burst, and bioenergetics were analyzed. In the ACLF mouse model, ucMSCs were infused intravenously, and animals were sacrificed at 24 h and day 11 to assess changes in monocyte function, liver injury, and regeneration.



Results

Patients with ACLF (alcohol 64%) compared with healthy controls and those with compensated cirrhosis had an increased number of peripheral blood monocytes (p < 0.0001) which displayed significant defects in phagocytic (p < 0.0001) and oxidative burst capacity (p < 0.0001). ACLF patients also showed a significant increase in the number of liver macrophages as compared with healthy controls (p < 0.001). Bioenergetic analysis showed markedly reduced oxidative phosphorylation (p < 0.0001) and glycolysis (p < 0.001) in ACLF monocytes. Patients with monocytes having maximum mitochondrial respiration of <37.9 pmol/min [AUC = 0.822, hazard ratio (HR) = 4.5] and baseline glycolysis of ≤42.7 mpH/min (AUC = 0.901, HR = 9.1) showed increased 28-day mortality (p < 0.001). Co-culturing ACLF monocytes with ucMSC showed improved mitochondrial respiration (p < 0.01) and phagocytosis (p < 0.0001). Furthermore, ucMSC therapy increased monocyte energy (p < 0.01) and phagocytosis (p < 0.001), reduced hepatic injury, and enhanced hepatocyte regeneration in ACLF animals.



Conclusion

Bioenergetic failure drives the functional exhaustion of monocytes in ACLF. ucMSCs resuscitate monocyte energy and prevent its exhaustion. Restoring monocyte function can ameliorate hepatic injury and promote liver regeneration in the animal model of ACLF.





Keywords: bioenergetics, ucMSC therapy, regeneration, acute-on-chronic liver failure (ACLF), monocyte



Introduction

Acute-on-chronic liver failure (ACLF) is a life-threatening condition caused by acute hepatic injury in patients with underlying chronic liver disease resulting in liver failure (1–6). Unresolved injury, poor infection control, and liver regeneration result in persistent systemic inflammation and cytokine storm, which subsequently lead to systemic inflammatory response syndrome (SIRS) resulting in multiple organ failure, septic shock, and death in ACLF (1, 4, 5, 7–9). Nearly 74% of ACLF patients initially diagnosed without SIRS or sepsis develop SIRS by day 7 which increases the onset of secondary organ failure and sepsis with high short-term mortality (9). About 25%–37% of these patients show the presence of infection/sepsis at the time of presentation and nearly 46% of the remaining patients develop infection/sepsis by day 28, which further increases secondary organ failure and lowers the 90-day probability of survival (9–12). The precise mechanism of poor resolution of infection and ongoing hepatic injury that accounts for SIRS and the subsequent onset of sepsis and secondary organ failure in ACLF is not clear.

Liver macrophages [Kupffer cells (KCs)] along with bone marrow (BM) monocytes play an important role in the host’s innate immune defense against pathogens and injury (13–16). Although the number of KCs increases in ACLF compared to healthy (8), they fail to clear the infection and resolve the injury. Previous studies have shown that monocytes in ACLF show a suppressive phenotype with reduced human leucocyte antigen-DR (HLA-DR) expression, antigen presentation, and impaired pro-inflammatory cytokine production in response to bacterial components (17–21). These cells also show significantly low expression of toll-like receptors 2/4 (TLR-2/TLR-4) and defects in their phagocytic and oxidative burst functions (22) necessary for the identification, engulfment, and killing of bacteria, respectively. The underlying cause for these defects is still not clear.

Functional heterogeneity of monocytes/macrophages is regulated at the transcriptional and metabolic levels (23). Monocytes/macrophages adopt a distinct metabolic pathway upon encountering pathogen/tissue damage and use a variety of carbon sources to fuel their diverse functions (24). In response to infection or necrotic stimuli, these cells mainly rely on glycolysis for ATP requirement (25) and execute their pro-inflammatory and bacterial killing function by remodeling the TCA cycle and electron transport chain (26–28). On the other hand, anti-inflammatory monocytes maintain basal levels of glycolysis for sustaining oxidative phosphorylation (OXPHOS) but prefer fatty acid oxidation for producing ATP and anti-inflammatory cytokines such as IL-10 (25, 29–31).

Monocyte functions such as phagocytosis, efferocytosis, and oxidative burst are highly energy-demanding processes. Infections are associated with broad defects in energy metabolism in a dose-dependent manner leading to immune paralysis as seen in sepsis (32, 33). ACLF patients have intestinal barrier failure which may increase the exposure of monocytes to bacteria and bacterial products (34–36). In ACLF, it is unclear whether there is metabolic dysfunction or metabolic exhaustion of monocytes, responsible for the poor response to infection. In this study, we aimed to analyze the changes in the energy metabolism of monocytes during ACLF progression and their impact on monocyte functions. We also investigated whether restoring ACLF monocyte bioenergetics by using mesenchymal stem cells (MSCs) could resuscitate their phagocytic function. These results may provide new insights into the pathophysiology of innate immune dysfunction and the therapeutic use of MSCs for the management of ACLF.



Materials and Methods


Patients

We recruited ACLF patients (n = 34) from the Institute of Liver and Biliary Sciences, India, between July 2017 and January 2021. Patients were characterized according to the Asian Pacific Association for the Study of the Liver (APASL)-ACLF criteria (2). Patients were excluded based on the following criteria: were <18 years of age; had autoimmune hepatitis, septic shock, extrahepatic malignancies, or prior liver transplant; were pregnant; and did not provide consent. Patients with ACLF were stratified into ACLF-systemic inflammatory response syndrome (ACLF-SIRS) (SIRS is defined as the presence of any of the two criteria from the following: temperature >104.4 or <96.8°F, heart rate >90/min, respiratory rate >20/min, TLC >12), ACLF-sepsis (infection with or without SIRS), and ACLF (having no SIRS and infection). Baseline blood was collected at the time of admission before initiating therapy. In consenting patients, blood was also collected at 24 and 72 h to study the cellular kinetics. Blood and urine cultures were obtained, ascitic fluid was collected for analysis, and a chest X-ray was performed to confirm infections and pulmonary infiltrates as per standard care. The blood from age- and gender-matched healthy volunteers (n = 7) and patients with compensated cirrhosis (n = 7) was taken as the control for the analysis of monocyte energy and function.

Explant liver tissues from ACLF patients (n = 8) who had undergone live donor liver transplant (LDLT) and liver tissues of healthy controls [n = 5; cadaveric liver unfit for transplant = 1; discarded donor liver tissue after trimming during adult to pediatric (>2 months) LDLT = 4] were collected to analyze the distribution and function of liver macrophages.

Written informed consent was obtained from all patients or their designated family members. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in the a-priori approval by the appropriate institutional review committee. No donor organs were obtained from executed prisoners or other institutionalized persons.



Monocyte Isolation and Culture

Blood was collected from healthy donors and ACLF patients in EDTA-coated vacutainers (BD Biosciences, New Jersey, USA). Plasma was separated and collected for further analysis. CD14+ monocytes were isolated using a positive selection procedure according to the manufacturer’s specification (Miltenyi CD14 MicroBeads, human, Miltenyi Biotec, Bergisch Gladbach, Germany). For bioenergetic analysis, freshly isolated monocytes were used. Monocytes were cultured in RPMI medium (Gibco, USA) containing antibiotics (1% penicillin and streptomycin) and further supplemented with either plasma from healthy donors or plasma from patients with ACLF at a final concentration of 10% by volume with or without LPS (Sigma Aldrich, Missouri, USA) (100 ng/ml) to study the effect of ACLF plasma and endotoxins on the energy metabolism of healthy monocytes (22). Patient plasma used in these experiments represents a pool of six healthy donors or ACLF (without SIRS or sepsis). Plasma was heat-inactivated (56 C for 30 min) and passed through a 0.22-μM filter prior to use. Following a 6-h incubation time (37 C, 5% CO2), the cells were harvested and used for bioenergetic analysis. To study the effect of glycolysis and OXPHOS on monocyte phagocytic and oxidative burst function, cells were pre-incubated with RPMI medium containing 1.0 μM oligomycin, 0.75 μM FCCP, or 0.5 μM rotenone + antimycin A for the inhibition of OXPHOS or 50 mM 2-deoxy-2-glucose (2-DG) for the inhibition of glycolysis for 30 min (37 C, 5% CO2), and then monocytes were analyzed for phagocytic capacity (Cayman Chemicals, Michigan, USA) and ROS production (Sigma Aldrich, Missouri, USA). Pre- and post-treatment cells were stained with annexin V to analyze the effect of OXPHOS and glycolysis inhibitors on cell death using a flow cytometer.



Cellular Bioenergetic Studies

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using Seahorse XFe24 Extracellular Flux Analyzer (Agilent Technologies, California, USA) as readout for OXPHOS and glycolysis, respectively. An equal number (3 × 105/well) of viable CD14+ monocytes (as assessed by trypan blue dye exclusion assay) were seeded on CellTak (Corning)-coated plates in XF-Base Media (Agilent Technologies) containing 2.5 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine. OCR and ECAR were measured sequentially at the basal level and following the addition of 1.0 μM oligomycin, 0.75 μM FCCP (fluorocarbonyl cyanide phenylhydrazone), and 0.5 μM rotenone + antimycin to analyze changes in glycolysis and various mitochondrial respiratory parameters. The plate was read three times each at baseline and after the addition of drugs. Data were analyzed using Wave 2.6.1 and GraphPad Prism.



Monocyte–Mesenchymal Stem Cell Co-Culture

Prior to monocyte co-culture, MSCs were seeded in Transwell inserts at a ratio of 1:5 (MSCs to monocytes) and incubated in complete alpha-MEM (containing 10% FBS, 1% GlutaMAX, 1% non-essential amino acids, and 1% PSA) for 24 h. MSCs in Transwell were co-cultured with monocytes in TexMACS™ Medium (Miltenyi Biotec, California, USA) (without MCSF) for 24 h. After 24 h, monocytes were harvested and analyzed for mitochondrial bioenergetics using Seahorse XFe24 Extracellular Flux Analyzer (Agilent Technologies). Cells were also analyzed for mitochondrial biomass and mitochondrial membrane potential using MitoTracker dyes. To study the mitochondria transfer from MSC to monocyte, MSCs were pre-incubated with 300 nm MitoTracker Red CMXRos (Life Technologies, California, USA) for 2 h and washed three times with PBS to remove any unbound dye. MSCs were then co-cultured with monocytes for 24 h. The cells were then assayed for fluorescence by BD FACSAria and by confocal microscopy.



ACLF Murine Model and MSC Administration

Six- to 8-week-old male C57Bl6 mice (Liveon Biolabs Pvt. Ltd., Karnataka, India) were used to develop the animal model of ACLF as described previously (37). All the animals were housed in the institutional animal facility in a clean, temperature-controlled environment with a 12-h light and dark cycle and were provided with free access to regular laboratory chow diet and water. All animals received humane care according to the criteria outlined in the “Guide for the Care and Use of Laboratory Animals,” and all experimental procedures were approved by the Institutional Animal Ethics Committee (IAEC) under project approval (IAEC/ILB/17/03). To develop the ACLF animal model, 8–10-week-old male C57BL6/J mice (n = 24) were first subjected to carbon tetrachloride (CCl4)-induced chronic liver injury for 10 weeks. Following 10 weeks of chronic liver injury, a single dose of acetaminophen (350 mg/kg bw) and LPS (100 μg/kg bw) was given to induce ACLF. Sixteen hours post-ACLF injury, animals were divided into two groups. Group 1 received ucMSCs (1 × 106/kg wt), while group 2 received 200 μl PBS as a control. Mice were sacrificed by an overdose of ketamine post-24 h and day 11 of cell therapy, blood was collected through retro-orbital bleeding, and BM and liver were harvested for cell isolation and histology.



Statistical Analysis

Data were analyzed using SPSS version 22 (IBM Corp. Ltd., USA). Categorical data were compared using chi-square test and continuous data were compared by using one-way ANOVA/Kruskal–Wallis test, wherever applicable followed by post-hoc comparison by the Bonferroni method. Log transformation was applied wherever necessary. Univariate and multivariate analyses were carried out using multinomial logistic regression and expressed as odds ratio (OR, 95 CL). Diagnostic tests were applied to find out the area under the curve (AUROC) and Kaplan–Meier was used to find out the survival probabilities. Statistical analysis and graphical generation of data were done with GraphPad Prism software (San Diego, CA, USA). The exact values of n (the number of one sample or an individual animal) and statistical significance are depicted in the figures. Error bars represent standard deviation of the mean (SD). Significant difference in means is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Detailed methodology for the development of the ACLF animal model; isolation, culture, and characterization of umbilical cord mesenchymal stem cells; isolation of monocytes from peripheral blood and their phenotypic characterization; monocyte–MSC co-culture; phagocytic and oxidative burst assay; mitochondrial staining; estimation of plasma cytokines and endotoxin; and histopathology, immunohistochemistry, and TUNEL assay are provided in the Online Supplementary Methods.



Study Approval

All experiments were conducted in accordance with the National Ethical Guidelines for Biomedical and Health Research and the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) Govt. of India and were approved by the Ethics Committee of the Institute of Liver and Biliary Sciences, New Delhi, India (IEC/2017/50/NA02; IAEC/ILB/17/03; 9/ILBS/IC-SCR/2017).




Results


Patient Demographics

Of the 34 ACLF patients, 13 had SIRS (ACLF-SIRS), 13 had sepsis (ACLF-sepsis), and 8 had neither sepsis nor SIRS (ACLF). The clinical characteristics with circulating biochemical and immunological parameters of the ACLF cohort are summarized in Supplementary Table S1. Eight of the 34 ACLF patients underwent LDLT. While blood was obtained from all 34 patients, liver tissue could be obtained from those who underwent LDLT. Of the seven cirrhosis patients (median age 64 years), five patients had cirrhosis secondary to alcoholic liver disease (ALD; 71.4%), one secondary to non-alcoholic fatty liver disease (NAFLD; 14.3%), and one cryptogenic (14.3%) with a median model for end-stage liver disease prognostic score of 9.1 [interquartile range (IQR) 7.1–10.2].



Defective Phagocytic and Oxidative Burst Functions of Peripheral Blood Monocyte and Liver Macrophages in ACLF

To identify the underlying cause of monocyte dysfunction, we first evaluated the changes in peripheral blood monocyte distribution and their phagocytic and oxidative burst function with SIRS and sepsis. Flow cytometric analysis of monocyte distribution showed a significant increase in monocytes in ACLF compared with healthy monocytes (p < 0.0001) and compensated cirrhosis (p < 0.0001) (Figure 1A), which was mainly contributed by intermediate monocytes (Figures S1A, B). Within the ACLF cohort, the number of monocytes was comparable between ACLF and ACLF-SIRS but was significantly (p < 0.0001) decreased in ACLF-sepsis (Figure 1B).




Figure 1 | Distribution and function of peripheral blood monocytes and liver macrophages in healthy controls and acute-on-chronic liver failure (ACLF) patients. (A) Dot plot showing changes in the percentage of peripheral blood CD14+ monocytes in ACLF compared with healthy controls and those with cirrhosis. (B) Dot plot showing changes in the percentage of peripheral blood CD14+ monocytes between subgroups of ACLF (ACLF, ACLF-SIRS, and ACLF-sepsis). (C) Dot plot showing the percentage changes in phagocytosis (left) and oxidative burst (right) of peripheral blood CD14+ monocytes in ACLF compared with healthy controls and those with cirrhosis. (D) Dot plot showing the percentage changes in phagocytosis (left) and oxidative burst (right) of peripheral blood CD14+ monocytes between subgroups of ACLF (ACLF, ACLF-SIRS, and ACLF-sepsis). (E) Dot plot showing the percentage changes in the distribution of CD68+ macrophage (left) and CD14+ monocyte (right) in ACLF compared with healthy controls. (F) Dot plot showing the percentage changes in phagocytosis of CD68+ liver macrophages in ACLF compared with healthy controls (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). n.s. stands for non-significant.



Next, we assessed the phagocytic and oxidative burst capacity of these cells on exposure to Escherichia coli. ACLF monocytes featured a significantly impaired phagocytic (p < 0.0001) and oxidative burst (p < 0.0001) capacity compared with healthy monocytes (p < 0.0001) and compensated cirrhosis (p < 0.0001) (Figure 1C). In comparison to healthy monocytes, there was a significant decrease in monocyte phagocytosis in cirrhosis which further decreased in ACLF (Figure 1C). Within the ACLF cohort, in comparison to ACLF, the monocytes from ACLF-SIRS showed a significant decrease in their phagocytosis (p < 0.01) and oxidative burst (p < 0.001). Between ACLF-SIRS and ACLF-sepsis, while phagocytosis further decreased (p < 0.001) in ACLF-sepsis, oxidative burst was comparable (Figure 1D), suggesting the loss of monocyte phagocytic and oxidative burst function with the onset of SIRS and sepsis.

To further understand monocyte–macrophage dysfunction in ACLF, we compared the distribution and phagocytic function of liver macrophages/KCs in ACLF with healthy monocytes (n = 5). Flow cytometric analysis of liver cells showed a significant (p < 0.001) increase in the number of CD68+ KCs and CD14+ monocytes in ACLF (Figures 1E, S1C). Out of the total CD68+ KCs, while the number of yolk-sac KCs (YC-KC; CD68+Cd14−CD16−) significantly (p < 0.001) decreased, the number of BM-monocyte-derived KCs (BM-KC; CD68+CD14+/CD16+) was significantly (p < 0.01) increased in ACLF (Figure S1D). Furthermore, CD68+ KCs also showed significant (p < 0.0001) defects in phagocytosis (Figure 1F), suggesting that, though the number of macrophages increases in ACLF liver, these cells were defective in their phagocytic function.



Broad Defect in Energy Metabolism Drives the Loss of Phagocytic and Oxidative Burst Function in ACLF Monocytes

Phagocytosis and oxidative burst function are energy-demanding processes. To understand the metabolic processes required for these functions, we inhibited glycolysis using 2-DG and OXPHOS using rotenone/antimycin and oligomycin and studied their effect on phagocytosis and oxidative burst in healthy monocytes. Treatment with rotenone/antimycin (p < 0.01), oligomycin (p < 0.01), and 2-DG (p < 0.05) significantly reduced the phagocytic capacity of healthy monocytes (Figure 2A). However, reduction in phagocytosis in response to inhibitors of mitochondrial respiration and glycolysis was comparable, suggesting that oxidative phosphorylation of glucose facilitates phagocytosis. Oxidative burst in response to E. coli was comparable between control, rotenone/antimycin A, and oligomycin; however, it was significantly (p < 0.001) reduced in monocytes treated with 2-DG (Figure 2B). Treatment of healthy monocytes with rotenone/antimycin, oligomycin, or 2-DG did not affect cell death, as assessed by annexin V staining (Figure S2A), indicating that anaerobic glycolysis is required to facilitate the oxidative burst function of monocytes.




Figure 2 | Energy metabolism of healthy and ACLF monocytes. (A, B) Bar graph showing changes in median fluorescence intensity of (A) phagocytosis and (B) cellular ROS of healthy CD14+ monocytes in the presence of inhibitors of mitochondria and glycolysis. (C) Real-time changes in oxygen consumption rate (OCR) with subsequent treatment with oligomycin (Oligo.) FCCP and rotenone and antimycin A (Rot. + AA.) in ACLF, cirrhosis, and healthy monocytes (left). Dot plot showing changes in basal mitochondrial respiration (middle) and glycolysis (right) in ACLF monocytes compared with healthy controls and those with cirrhosis. (D) Real-time changes in OCR and dot plot showing changes in the given mitochondrial respiratory parameter of monocytes in the ACLF subgroups (ACLF, ACLF-SIRS, and ACLF-sepsis). (E) Dot plot showing changes in glycolysis (extracellular acidification rate) of monocytes in the ACLF subgroups (ACLF, ACLF-SIRS, and ACLF-sepsis). (F) MitoTracker Green staining and (G) mitochondrial functionality based on MitoTracker Red vs. MitoTracker Green percentage in ACLF monocytes compared with healthy controls (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



To check the status of energy metabolism, we analyzed ACLF and healthy and cirrhotic monocytes for changes in glycolysis and OXPHOS. In comparison to healthy monocytes, there was a significant decrease in both OXPHOS (p < 0.01) and glycolysis (p < 0.0001) in cirrhotic monocytes. In comparison to cirrhosis, while OXPHOS (p < 0.001) further decreases in ACLF, glycolysis was comparable (Figure 2C), suggesting a broad defect in ACLF monocyte energy metabolism which becomes evident even at the stage of cirrhosis. Further analysis of different OXPHOS parameters showed a significant decrease in maximum respiration (MR, p < 0.0001) and ATP production (ATP, p < 0.001) between healthy and cirrhotic monocytes and in proton leak (PL, p < 0.001) between healthy and ACLF monocytes (Figure S2B), suggesting loss of mitochondrial function in ACLF monocytes, which is independent of ACLF etiology (Figure S2C).

Within the ACLF cohort, in comparison to ACLF, both ACLF-SIRS and ACLF-sepsis monocytes showed a significant reduction in basal, maximal, ATP, PL-linked OXPHOS (Figures 2D, S2D, Table S2), and glycolysis (Figure 2E, Table S2). Between ACLF-SIRS and ACLF-sepsis, while there was further reduction of basal (p = 0.05) and ATP (p < 0.05)-linked OXPHOS (Figure 2D, Table S2) in ACLF-sepsis, glycolysis was comparable (Figure 2E, Table S2). In further nominal logistic regression analysis, a progressive decrease in various OXPHOS parameters and glycolysis of ACLF monocytes were significantly (p < 0.05) associated with the development of SIRS and sepsis (Table S3), explaining the changes observed in ACLF monocyte phagocytosis and oxidative burst with the onset of SIRS and sepsis. The AUROC and cutoff values of various OXPHOS parameters and glycolysis for the onset of SIRS and sepsis are summarized in Table S4.

To investigate whether the loss of OXPHOS in ACLF monocytes resulted from the loss of mitochondrial mass or accumulation of dysfunctional mitochondria, we stained cells with MitoTracker Green (MTR, ΔΨm-independent mitochondrial stain) and MitoTracker Red CMXRos (MTR, ΔΨm-dependent mitochondrial stain). In comparison to control, ACLF monocytes showed a significant decrease (p < 0.001) in total mitochondrial mass (Figure 2F) with accumulation (p < 0.001) of dysfunctional mitochondria (MTG+MTR−) (Figure 2G). Together, these observations suggest that the loss of functional mitochondria leads to an OXPHOS defect that drives the defect in ACLF monocyte phagocytosis.



Association of Systemic Inflammation and Endotoxemia With Defect in Monocyte OXPHOS

Systemic endotoxemia and cytokine surge have been associated with ACLF and have shown to dampen monocyte phagocytosis (22). Next, to check how the plasma level of cytokines and endotoxin changes with the development of SIRS and sepsis in ACLF, we measured the levels of 24 different pro- and anti-inflammatory cytokines and endotoxin in the same patients. Interestingly, we observed that the plasma levels of all 24 different cytokines were comparable in ACLF, ACLF-SIRS, and ACLF-sepsis (Figures 3A, S3), while endotoxin significantly increases from ACLF to ACLF-SIRS (p < 0.05) and ACLF-SIRS to ACLF-sepsis (p < 0.0001) (Figure 3B).




Figure 3 | Association of systemic inflammation and endotoxemia with monocyte mitochondrial respiration defects in patients with ACLF. (A) Dot plot showing changes in plasma level of pro-inflammatory and anti-inflammatory cytokines [tumor necrosis factor-alpha (TNF-α); interleukins (IL), 6, 12, 1β, 10, 1RA, 13, and 5] in the ACLF subgroups (ACLF, ACLF-SIRS, and ACLF-sepsis). (B) Dot plot showing changes in plasma endotoxin levels in the ACLF subgroups (ACLF, ACLF-SIRS, and ACLF-sepsis). (C) Real-time changes in oxygen consumption rate (OCR) with subsequent treatment with oligomycin (Oligo.) FCCP and rotenone and antimycin A (Rot. + AA.) in healthy monocytes treated with healthy plasma (hP), ACLF plasma (aP), and ACLF plasma with LPS (aP + LPS) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). n.s. stands for non-significant.



To explore the impact of these factors on monocyte OXPHOS, we devised an in-vitro model of ACLF-mimic by culturing the freshly isolated healthy monocytes with pooled ACLF (no-SIRS, no-sepsis) plasma alone or with LPS for 6 h. Monocytes treated with healthy plasma were taken as control. Exposure of ACLF plasma alone significantly (p < 0.001) decreased the OXPHOS of monocytes, which was further dampened (p < 0.0001) in the presence of LPS (Figure 3C). Taken together, these data suggest that during ACLF, circulating plasma-derived factors suppress monocyte OXPHOS which are further dampened by systemic endotoxemia.



Dynamic Assessment of Mitochondrial Function in ACLF Monocytes and Its Impact on Patient Outcome

We observed a significant decrease in monocyte OXPHOS from ACLF to ACLF-sepsis. To understand how it changes with the progression of ACLF, we followed the changes in monocyte OXPHOS till 72 h from the time of admission. Due to the limited availability of repeated blood samples, we were able to analyze kinetic changes (baseline, 24 h, and 72 h) in eight patients. Out of these eight ACLF patients, six had sepsis and two had no sepsis at the time of presentation. All patients received albumin; three patients also received plasma exchange together with albumin. With further therapeutic intervention, six (four with sepsis and two without sepsis) of eight patients showed improvement in monocyte OXPHOS, out of which one patient subsequently succumbed to COVID-19 and the remaining five recovered and were discharged. Two sepsis patients did not show any improvement in monocyte OXPHOS by 72 h and died within a week of admission (Figure S4).

Out of the 34 ACLF patients in which monocyte bioenergetics was done at the time of admission, 22 died or underwent transplant (non-survivors) and 12 were alive (survivors) at 28 days of follow-up. In comparison to survivors, the monocytes of non-survivors showed a significant reduction in both OXPHOS [BR−, p < 0.001; MR, p < 0.001 (Figure 4A)] and glycolysis [p < 0.001 (Figure 4B)]. In the univariate Cox regression analysis, both glycolysis [hazard ratio (HR) = 9.1] and OXPHOS (BR, HR = 4.9; MR, HR = 3.5) significantly correlated with short-term (28 days) mortality in ACLF patients (Table S5). ACLF patients with monocyte glycolysis of ≤42.7 mpH/min (AUROC = 0.901, sensitivity 86.9%, specificity 83.3%) and with OXPHOS [BR ≤ 22.5 pmol/min (AUROC = 0.81, sensitivity 75%, specificity 77.3%); MR ≤ 37.9 pmol/min (AUROC = 0.82, sensitivity 77.3%, specificity 75%)] showed a significant increase in short-term mortality (Figure 4C). Together, these data suggest that loss of monocyte bioenergy adversely affects the outcome of ACLF patients.




Figure 4 | Effect of monocyte energy metabolism on ACLF patients’ outcomes. (A) Real-time changes in oxygen consumption rate (OCR) with subsequent treatment with oligomycin (Oligo.) FCCP and rotenone and antimycin A (Rot. + AA.) (left). Dot plot showing changes in basal mitochondrial respiration (middle) and maximum mitochondrial respiration (right) of monocytes in ACLF survivors and non-survivors. (B) Dot plot showing changes in glycolysis (extracellular acidification rate) of monocytes in ACLF survivors and non-survivors. (C) Kaplan–Meyer survivorship graph showing changes in monocyte maximal respiration, basal respiration, and glycolysis (extracellular acidification rate) in ACLF survivors vs. non-survivors (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





Umbilical Cord Mesenchymal Stem Cells and Monocyte Co-Culture Restore ACLF Monocyte Bioenergetics and Function

Our data showed that OXPHOS fuels monocyte phagocytosis and loss of total and functional mitochondria is associated with defective OXPHOS in ACLF monocytes. Recently, a number of studies have shown that mitochondrial transfer from MSCs improves the energy metabolism of various cells (38–40). We hypothesized that mitochondrial transfer from MSCs could restore ACLF monocyte OXPHOS and their phagocytosis. MSCs isolated from the umbilical cord showed characteristic fibroblast-like spindle-shaped morphology with >90% positive expression of MSC surface markers CD90, CD73, and CD105 and <1% expression of CD14/20/34/45 (Figures S5A, B). Passage 3 ucMSCs were labeled with MTR and co-cultured with ACLF monocytes. Using immunofluorescence imaging, we observed that after an overnight co-culture with ucMSCs, most of the ACLF monocytes acquire MTR+ MSC mitochondria (Figure 5A). Flow cytometry analysis showed that >70% (p < 0.01) of CD14+ ACLF monocytes were positive for MTR+ ucMSC mitochondria (Figure 5B), suggesting the transfer of mitochondria from ucMSC to ACLF monocytes. Post-ucMSC co-culture, there was a significant increase in both total (MTG+) (p < 0.01) and functional (MTG+MTR+) (p < 0.001) mitochondrial mass in ACLF monocytes (Figure 5C). Next, to evaluate whether this increase in functional mitochondrial mass can translate to an increase in ACLF monocyte energy and function, we determine the changes in monocyte OXPHOS and phagocytosis with and without ucMSCs. In-vitro overnight co-culture with ucMSCs significantly improved OXPHOS (p < 0.001; Figure 5D) and phagocytosis (p < 0.0001; Figure 5E) of ACLF monocytes. Together, these data showed that mitochondrial transfer from ucMSC restores ACLF monocyte OXPHOS and phagocytic function.




Figure 5 | Effect of umbilical cord mesenchymal stem cells (ucMSCs) on ACLF monocyte bioenergy and function. (A) Representative immunofluorescence confocal image of MSC donating its mitochondria to the ACLF monocyte (×60). (B) Representative histogram (left) and dot plot (right) showing mitochondrial uptake by ACLF monocytes measured through flow cytometry. (C) Representative histograms and dot plot showing changes in MitoTracker Green (total mitochondria) and MitoTracker Red (functional mitochondria) intensity in ACLF monocytes co-cultured with ucMSCs. (D) Real-time changes in oxygen consumption rate (OCR) with subsequent treatment with oligomycin (Oligo.) FCCP and rotenone and antimycin A (Rot. + AA.) in ACLF patients’ monocytes co-cultured with ucMSC, compared with control. (E) Dot plot showing changes in phagocytic activity of ACLF monocytes co-cultured with ucMSCs compared with control (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





ucMSC Therapy Resuscitates Monocyte Bioenergetics, Decreases Hepatocyte Injury, and Potentiates Regeneration in the ACLF Animal

To check whether MSCs could restore monocyte energy and function in vivo, we analyzed the effect of MSC therapy on the change in monocyte phagocytosis, bioenergetics, and its impact on liver injury and regeneration in the animal model of ACLF. Firstly, we showed that human ucMSC infusion was well tolerated by healthy C57BL/6J mice, showing no changes in body weight (Figure S6A), AST, ALT (Figure S6B), and blood circulating lymphocytes (Figure S6C) and no histological change in the liver, kidney, and lung at 24 h or day 7 post-injection (Figure S6D). Next, we tested the therapeutic efficacy of ucMSC for restoring monocyte function in ACLF animals (Figure 6A). ucMSC-treated animals showed a significant increase in monocyte phagocytosis [24 h, p < 0.001; day 11, p < 0.0001 (Figure 6B)] and OXPHOS [24 h, p < 0.001 (Figure 6C)] compared with control. ucMSC-treated animals also showed a significant increase in the number of F4/80+ liver macrophages (24 h, p < 0.001; day 11, p < 0.001) and their phagocytosis (day 11, p < 0.01) compared with control (Figure 6D). This suggests that ucMSCs can resuscitate monocyte bioenergetics and prevent their dysfunction in ACLF. Further analysis of liver tissue showed a significant reduction in hepatocyte ballooning at 24 h, TUNEL+ hepatocyte, and fibrosis at day 11 in ucMSC-treated animals compared with control (Figures 6E, S7). They also showed a significant increase in the number of PCNA+ hepatocytes both at 24 h (p < 0.01) and day 11 (p < 0.001) in comparison with control. From 24 h to day 11 while control animals showed significant (p < 0.0001) loss of hepatocyte proliferation, animals with ucMSC therapy showed further increase in PCNA positivity (Figure 6F). These combined data suggest that ucMSC therapy not only rejuvenates monocyte bioenergetics and function but also reduces liver injury and potentiates native liver regeneration in the animal model of ACLF.




Figure 6 | Effect of ucMSC therapy on monocyte energy and function, liver injury, and regeneration in the animal model of ACLF. (A) Schematic diagram of MSC therapy in the ACLF animal model. (B) Dot plot showing changes in CD115+ bone marrow monocyte phagocytosis at 24 h and day 11 in control and ucMSC-treated animals. (C) Real-time changes in oxygen consumption rate (OCR) with subsequent treatment with oligomycin (Oligo.) FCCP and rotenone and antimycin A (Rot. + AA.) in CD115+ bone marrow monocytes in control and ucMSC-treated animals. (D) Representative images showing F4/80+ liver macrophages in liver tissue sections (left) and bar graphs showing changes in the number of F4/80+ cells (middle) and F4/80+ liver macrophage phagocytosis (right) in control and ucMSC-treated animals at the given time points. (E) Representative images showing hematoxylin and eosin staining of liver tissue and TUNEL+ hepatocytes (left). Dot plot showing the number of ballooned hepatocytes and TUNEL+ hepatocytes (right) in control and ucMSC-treated animals at the given time points. (F) Representative images showing PCNA+ hepatocytes in liver tissue sections (left). Bar graph showing changes in the number of PCNA+ hepatocytes (right) in control and ucMSC-treated animals at the given time points (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). n.s. stands for non-significant.






Discussion

Aggravated systemic inflammatory and oxidative stresses due to uncontrolled liver injury and poor infection control are associated with regeneration failure, multi-organ dysfunction, septic shock, and death in ACLF (34, 36, 41). The underlying mechanisms of the host’s innate immune failure to resolve liver injury and infection in ACLF are partially understood. Here, we demonstrate that bioenergetic failure drives the functional exhaustion of monocytes in ACLF. We further demonstrate the importance of monocyte bioenergetics in the spontaneous recovery of ACLF and show that rejuvenating monocyte bioenergetics by ucMSC improves monocyte phagocytic function, prevents liver injury, and potentiates regeneration in ACLF (Figure 7).




Figure 7 | Diagram showing the proposed mechanism of ucMSC therapy in ACLF. Increased systemic accumulation of DAMPS, PAMPS, and inflammatory mediators in response to acute liver injury in cirrhosis (a condition called ACLF) induces mitochondrial damage and bioenergy failure in monocytes. A broad defect in energy metabolism drives the exhaustion of phagocytic and oxidative burst function of monocytes in ACLF, required for the effective clearance of pathogens and cellular debris. This may account for the poor resolution of liver injury and infection, leading to regeneration failure, sepsis, shock, and death in ACLF. ucMSCs rejuvenate monocyte energy and function, prevent liver injury, and potentiate regeneration in ACLF animals.



Liver macrophages together with monocytes play an important role in the host’s innate immune defense (13–16). In our study, we observed that while the number of monocytes–macrophages in the liver and peripheral blood increased in ACLF, they displayed profound defects in ex-vivo phagocytic and oxidative burst capacity. To understand the underlying defects, we focused on the energy metabolism of monocytes and showed that while OXPHOS fuels the phagocytosis, glycolysis fuels the oxidative burst function of monocytes. In comparison to healthy monocytes, ACLF monocytes showed significant defects in glycolysis and OXPHOS with loss of total and functional mitochondria, suggesting that broad defects in monocyte energy metabolism drive the loss of monocyte phagocytic and oxidative burst function in ACLF.

During ACLF, acute insult in chronic liver injury leads to the development of SIRS and the subsequent progression of secondary organ dysfunction and/or sepsis (9). In comparison to healthy and cirrhotic monocytes, ACLF showed a marked increase in plasma levels of various inflammatory and anti-inflammatory cytokines (8, 42), which is thought to induce innate immune dysfunction in ACLF. However, in ACLF, it is unclear whether patients succumb to infection due to failure of monocytes/macrophages to effectively clear the invading pathogen leading to sepsis and organ failure or whether prolonged anti-inflammatory response renders the patient incapable to respond to secondary infections. Our data showed a significant reduction in monocyte bioenergetics and its phagocytic and oxidative burst function in cirrhosis which were further compromised in ACLF and worsened with the onset of SIRS and sepsis. In this study, we observed that while the plasma levels of pro- and anti-inflammatory cytokines were comparable, there was a significant increase in endotoxin from ACLF to ACLF-SIRS and ACLF-SIRS to ACLF-sepsis. We further demonstrated that treatment of healthy monocytes with ACLF plasma significantly reduced OXPHOS which was further dampened with LPS, suggesting the potential role of systemic inflammation and endotoxemia in bioenergetic suppression of monocytes in ACLF. Previous studies showed that increased prostaglandin E2 (PGE2) and EP2-mediated signaling in response to acute injury dampened the monocyte–macrophage function (43, 44) and drove the immunosuppression in ACLF (20). Recently, PGE2–EP2 signaling has been shown to dampen both glycolysis and OXPHOS of macrophages by reducing the glucose flux and mitochondrial respiration (45). Indeed, patients with ACLF have shown an increase in glucose flux to pentose and D-glucuronate pathways (46). Similarly, LPS-induced suppression of de-novo NAD synthesis dampens the macrophage OXPHOS and phagocytosis in a dose-dependent manner (47), leading to immune paralysis in sepsis (33). Taken together, it is tempting to speculate that a profound increase in plasma inflammatory mediators like PGE2 in response to acute liver injury may lead to bioenergetic suppression of ACLF monocytes. This results in the maladaptive immune response against infection and a rise in systemic endotoxemia which further drives the loss of monocyte bioenergy and function during the course of ACLF. This may account for the poor resolution of injury and infection, leading to sepsis, secondary organ failure, shock, and death in ACLF. Indeed, our data showed that the loss of monocyte bioenergetics adversely affects the ACLF outcome. There was a progressive improvement in monocyte OXPHOS in patients with spontaneous recovery; however, patients who failed to improve showed early mortality. Recently, we have shown that ACLF patients that fail to improve monocyte energy and function do not respond to plasma exchange therapy even with the dampening of cytokines and endotoxin (48). This further highlights the clinical importance of monocyte energy metabolism and the need for a therapeutic strategy that can rejuvenate the monocyte energy metabolism in ACLF.

MSCs have been shown to improve the energy metabolism of various cells including monocytes–macrophages by donating their mitochondria (38–40). ACLF patients showed a significant loss of mitochondrial mass and function; hence, we investigated whether ucMSCs could resuscitate ACLF monocyte bioenergetics and phagocytosis. In-vitro co-culture with ucMSCs significantly improved the monocyte OXPHOS and phagocytic function. ucMSCs transferred their mitochondria and resuscitated the functional mitochondrial mass of monocytes. Further ucMSC therapy in ACLF animals showed improvement of monocyte energy and phagocytosis. Hence, ucMSCs can be used to resuscitate monocyte energy and phagocytic function in ACLF. Interestingly, similar to ACLF, patients with late-stage sepsis also show defects in mitochondrial energy metabolism in monocytes (33), and the use of MSCs has shown promising results in the practical model of sepsis (49). MSC therapy has also been shown to be safe and improves the outcome in ACLF (50, 51). Our data also showed significant reduction in liver injury and improvement of hepatocyte regeneration with ucMSC therapy. However, our data do not explain whether improvement in liver injury and regeneration in ACLF animals are due to improved monocyte energy and function or other immunomodulatory and paracrine functions of MSCs. Supplementing and resolving macrophage function in acute liver injury have recently been shown to improve the resolution of liver injury and regeneration (52), and we observed a significant increase in liver macrophage number and their phagocytic function with ucMSC therapy. Hence, improved monocyte energy and function may contribute to the observed reduction of liver injury and improvement of regeneration in ACLF animals.

In conclusion, broad defects in energy metabolism drive the exhaustion of phagocytic and oxidative burst function of ACLF monocytes. Our study provides new insight into the pathophysiology of innate immune dysfunction in ACLF along with evidence that approaches like MSC therapy can correct this problem. This also highlights the importance of bioenergetic rejuvenating therapeutic strategies in the treatment of ACLF. It will be intriguing for future work to further fine-tune and develop this approach as a potential interventional strategy to treat and/or prevent immune dysfunction in ACLF.
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Acute liver injury (ALI) is a disease that seriously threatens human health and life, and a dysregulated inflammation response is one of the main mechanisms of ALI induced by various factors. Phosphatidylethanolamine binding protein 4 (PEBP4) is a secreted protein with multiple biological functions. At present, studies on PEBP4 exist mainly in the field of tumors and rarely in inflammation. This study aimed to explore the potential roles and mechanisms of PEBP4 on lipopolysaccharide (LPS)/D-galactosamine (D-GalN)-induced ALI. PEBP4 was downregulated after treatment with LPS/D-GalN in wild-type mice. PEBP4 hepatocyte-conditional knockout (CKO) aggravated liver damage and repressed liver functions, including hepatocellular edema, red blood cell infiltration, and increased aspartate aminotransferase (AST)/alanine aminotrans-ferase (ALT) activities. The inflammatory response was promoted through increased neutrophil infiltration, myeloperoxidase (MPO) activities, and cytokine secretions (interleukin-1β, IL-1β; tumor necrosis factor alpha, TNF-α; and cyclooxygenase-2, COX-2) in PEBP4 CKO mice. PEBP4 CKO also induced an apoptotic effect, including increasing the degree of apoptotic hepatocytes, the expressions and activities of caspases, and pro-apoptotic factor Bax while decreasing anti-apoptotic factor Bcl-2. Furthermore, the data demonstrated the levels of Toll-like receptor 4 (TLR4), phosphorylation-inhibitor of nuclear factor kappaB Alpha (p-IκB-α), and nuclear factor kappaB (NF-κB) p65 were upregulated, while the expressions of cytoplasmic IκB-α and NF-κB p65 were downregulated after PEBP4 CKO. More importantly, both the NF-κB inhibitor (Ammonium pyrrolidinedithiocarbamate, PDTC) and a small-molecule inhibitor of TLR4 (TAK-242) could inhibit TLR4/NF-κB signaling activation and reverse the effects of PEBP4 CKO. In summary, the data suggested that hepatocyte-conditional knockout of PEBP4 aggravated LPS/D-GalN-induced ALI, and the effect is partly mediated by activation of the TLR4/NF-κB signaling pathway.




Keywords: PEBP4, acute liver injury, TLR4, NF-κB, inflammation, apoptosis



Introduction

Acute liver injury (ALI) is a disease characterized by the destruction of liver defense function and the induction of uncontrolled inflammation (1). Following severe or persistent liver injury will ultimately provoke acute liver failure (ALF). Once ALI or ALF occurs, the affected individual’s life and health become seriously threatened (2, 3). So far, no specific drugs for ALI or ALF exist for use as clinical treatments. Therefore, it is vital to explore specific intervention targets and design more effective therapeutic drugs.

Inflammation and apoptosis are the main pathological manifestations of ALI (4, 5). The injection of LPS/D-GalN can induce the most classic and common model of ALI (6–8). The TLR4/NF-κB signaling pathway plays the most important role in the inflammatory response (9–11). TLR4, a member of the Toll-like protein family, could bind to LPS on the cell membrane, then activate NF-κB (12). The activation of NF-κB promotes the expression of pro-inflammatory cytokines and further aggravates the inflammatory process (13). Moreover, NF-κB can also regulate apoptosis-related hydrolytic protein caspases along with apoptosis-related genes, such as Bax and Bcl-2 (14, 15). Uncontrollable inflammatory and apoptotic responses ultimately lead to liver injury (16, 17).

PEBP4, a member of the PEBP family, is a secreted protein widely expressed in multiple organs of the human body (18). At present, studies on PEBP4 have mostly focused on cancers (19–23). In addition, members of the PEBP family, such as Raf kinase inhibitor protein (RKIP) and PEBP1, can regulate microglia inflammation by inhibiting the NF-κB signaling pathway (24, 25), and RKIP is known to be closely associated with ALF (26). Furthermore, PEBP4 can also regulate the apoptotic process (27, 28). Based on these prior studies, we speculated about PEBP4 may exacerbate liver injury by facilitating the inflammation release and apoptosis, and the effect was achieved through TLR4/NF-κB signaling pathway. To explore the effects and mechanism of PEBP4 in ALI hepatocyte-conditional knockout of PEBP4 mice were established, and the mouse model of ALI was built via the administration of D-GalN combined with LPS. Our research is the first to focus PEBP4 on the field of inflammatory diseases, which will provide a new experimental basis for clinical treatment.



Materials and Methods


Reagents

LPS (Escherichia coli, O55: B5), D-GalN and PDTC were obtained from Sigma-Aldrich (St. Louis, MO, USA). TAK-242 was acquired from Abmole Bioscience Inc (Houston, TX, USA). Kits for the detection of AST, ALT and MPO detection kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Enzyme-linked immunosorbent assay (ELISA) kits for IL-1β and TNF-α were provided by Invitrogen (Carlsbad, CA, USA). Trizol reagents, EasyScript One-Step gDNA Removal, and cDNA Synthesis Super Mix, and PerfectStart Green qPCR Super Mix were produced by TransGen Biotech (Beijing, China). Kits for the detection of caspase-3 and -9 activity came from Abcam (Cambridge, England). A caspase-8 activity detection kit was sourced from BioVision (San Francisco, CA, USA). A transferase-mediated dUTP-biotin nick end labeling assay (TUNEL) kit was acquired from Servicebio Biotech (Wuhan, China). PEBP4 antibody was obtained from RayBiotech (Atlanta, USA). The antibodies of IκB-α and p-IκB-α were produced by Cell Signaling Technology (Boston, MA, USA). Finally, the antibodies of NF-κB p65; caspases-3, -8, and -9; lamin B1; ATP1A1; and GAPDH were provided by Proteintech (Chicago, IL, USA).



Animals and ALI Model

C57BL/6N WT mice were purchased from Jiangsu Jicui Yaokang Biotechnology Co., Ltd (Jiangsu, China). PEBP4flox/+ mice, and Alb-Cre+ mice were supplied by Saiye Biotechnology Co., Ltd (Jiangsu, China) (The loxP sequences with the PEBP4 gene were introduced by CRISPR/Cas9 technology to allow for the conditional deletion of exon 3, which would result in a null allele upon Cre recombinase-mediated excision. Mutant PEBP4-floxed offspring were generated on a C57BL/6N background and identified by genotyping. All mice were maintained under 25°C and 12h day/night rhythm with sufficient food and sterile water, and the research was approved by the Animal Protection Committee of Jiangxi Medical College of Nanchang University.

After one week of adaptive feeding, PEBP4flox/flox mice were obtained from the offspring of male and female mice with the PEBP4flox/+ gene, and Alb-Cre+ mice were intercrossed with PEBP4flox/flox mice to obtain PEBP4flox/+;Alb-Cre+ mice. The PEBP4flox/flox;Alb-Cre+ (PEBP4 CKO) mice were generated by breeding male and female PEBP4flox/+;Alb-Cre+ mice together. Finally, PEBP4 CKO mice were used in this experiment. The genotype was identified by polymerase chain reaction (PCR). Sequences of forward and reverse primers are list in the Table 1. When enough WT and PEBP4 CKO mice were obtained, each type of mouse was randomly divided into the following four groups(n=12 per group): (1) a control group, which received an intraperitoneal injection with normal saline, (2) an LPS/D-GalN group, which received an intraperitoneal injection with 5 μg/kg of LPS and 300 mg/kg of D-GalN, (3) an LPS/D-GalN+PDTC (NF-κB inhibitor) group, which received 60 mg/kg of PDTC by intraperitoneal injection 30 min prior to receiving 5 μg/kg of LPS and 300 mg/kg of D-GalN; and (4) an LPS/D-GalN+TAK-242 (TLR4 inhibitor) group, which received 3 mg/kg of TAK-242 by intraperitoneal injection 30 min prior to receiving 5 μg/kg of LPS and 300 mg/kg of D-GalN. Half of the mice in each group were sacrificed at 6 h, and their blood and liver tissues were collected (10); the other half were sacrificed at 1.5 h, and their serum was harvested for TNF-α detection.


Table 1 | Sequence used for PCR.





Hematoxylin and Eosin (H&E) Staining

H&E staining was performed according to Yan at el. (7). In a word, liver tissue blocks (approximately 0.5 × 0.5 cm size) were selected at the same position on the right lobe, then steeped in 4% paraformaldehyde for fixation for 24 h. The 4-6μm tissue sections were stained with H&E using a common protocol. To evaluate the degree of acute liver injury, each sample was independently observed by 3 pathologists under a light microscope (Olympus Corporation, Tokyo, Japan) and made an injury score according to hepatocellular edema, red blood cell infiltration, neutrophil infiltration, and liver structural disorders.



Western Blotting

Western blot was performed according to the standard protocol. Briefly, the total protein, membrane protein, and nuclear protein from tissues were extracted according to the protein extraction kit instructions, then the protein concentrations were detected with a BCA kit (Solarbio, China). Protein extracts (40μg) were fractionated on 12% polyacrylamide-sodium dodecyl sulfate gel, then transferred to nitrocellulose membranes. Non-specific binding to the membrane was blocked by incubation in 5% (w/v) fat-free milk in TBST buffer, followed by incubation with a rabbit or mouse primary polyclonal antibody (1:1000, except for PEBP4 at 1:750) at 4°C overnight. The next day, the membranes were treated with horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse secondary antibody (1:5000). Finally, the protein expressions were observed in a gel imaging system (BioRad Laboratories, Hercules, CA, USA) and performed quantitative analysis using the ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA).



Real-Time Quantitative PCR Analysis

Total RNA was extracted from liver tissue using Trizol reagents according to the manufacturer’s instructions. The expressions of gene messenger RNA were measured by real-time PCR using the PerfectStart Green qPCR Master Mix. The gene expressions were calculated by using the comparative 2−ΔΔCT method and GAPDH as a reference gene. The primer sequences of GAPDH (as the reference gene) and candidate genes were listed in Table 2.


Table 2 | The primers sequence used for real-time quantitative PCR.





ALT/AST Measurement

After the mice were sacrificed, the blood was placed on ice for 1 h, and then the supernatant was acquired by a cryogenic ultracentrifuge run at 3,000 rpm, 4°C for 10 min. The supernatant was used to detect the activity of ALT and AST according to the manufacturer’s recommendations.



MPO Activity Measurement

100 mg of liver tissues were accurately weighed out, added a homogenate medium at a weight-to-volume ratio of 1:19, and obtained 5% tissue homogenate. MPO activities were measured by following the instructions of the activity detection kits.



ELISA

According to the manufacturer’s instructions, standards were serially diluted at 1:1 dilution and the serum was diluted 10-fold by the sample diluent; then 100 µL of various concentrations of standards (0-2000 pg/mL) and serum were pipetted into the 96-well ELISA plate in duplicate. The plates were incubated at room temperature (18°C-25°C) for 2 h with 50 μL of biotin-conjugate. After that, the microwell strips were washed 6 times with approximately 400 μL of wash buffer per well, then added 100 μL of diluted streptavidin-horseradish peroxidase for 1 h at room temperature. Then, the plates were washed again and treated them with 100 μL of TMB substrate solution for 30 min without intense light. The enzymatic reaction was terminated with 100 μL of stop solution, and the absorbance at 450 nm was recorded with a microplate reader (Molecular Devices, American).



TUNEL

TUNEL was performed using an apoptosis detection kit according to the manufacturer’s instruction. First, the paraffin sections were placed in xylene and gradient alcohol for dehydration, and washed in distilled water. Secondly, proteinase K repair solution was dropped for antigen retrieval and then 0.1% Triton for permeabilization. Subsequently, reaction solution (TDT enzyme:dUTP:buffer, 1:5:50) was added and incubated sections for 2h at 37°C. Finally, nuclei ware stained with DAPI and coverslip covered sections with anti-fade mounting medium. All images were acquired using a fluorescence microscope (Olympus, Japan).



Measurement of Caspase-3, -8, and -9 Activities

In according with the kit instructions, the kits were taken out of the refrigerator at -20°C and slowly melted. At the same time, the liver tissues were taken out of the refrigerator at -80°C, 400 μL of pre-cooled cell lysate was added and repeatedly ground, and then placed in a 4°C centrifuge at 10,000 g for 1 min. Subsequently, the supernatant was acquired, and the protein concentrations was immediately detected. Next, 50 μL (50-200 μg) sample or 2× reaction buffers was added to the well, respectively, and 50 μL of reaction mix and 5 μL of DEVD-p-NA substrate were added successively. The mixture was shook horizontally and then placed in a constant-temperature water bath at 37°C for 2 h. Finally, the OD value of each well was detected with a microplate reader (Molecular Devices, American) at a wavelength of 405 nm.



Statistical Analysis

All data were expressed as mean ± standard deviation (SD) values. GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA, USA) was used for mapping, and the results were statistically analyzed by one-way analysis of variance using SPSS version 26.0 (IBM Corporation, Armonk, NY, USA). P < 0.05 indicated that the difference was statistically significant.




Results


Constructed and Identified the PEBP4 Hepatocyte-Conditional Knockout (CKO) Mice

To explore the relationship of PEBP4 with ALI, LPS/D-GalN was used to establish an ALI model among WT mice, and then the protein expressions of PEBP4 were detected by western blotting. The results showed PEBP4 was decreased in ALI (P < 0.01, Figure 1A). Based on the results of Figure 1A, we designed PEBP4 CKO mice to explore the role of PEBP4 in ALI. In this study, we used CRISPR/Cas9 technology to construct PEBP4flox/+ mice, which were maintained with a C57BL/6N background, and then bred PEBP4flox/flox mice with Alb-Cre mice to obtain PEBP4 CKO mice (Figure 1B). Agarose gel electrophoresis and western blotting during the experiment both suggested that the PEBP4 CKO mice were successfully created (Figures 1C–E).




Figure 1 | PEBP4 hepatocyte-conditional knockout (CKO) mice were constructed and identified. (A): Western blotting was used to detect the expression of PEBP4. (B): The undisturbed PEBP4 gene in WT mice (top panel), schematic of loxP sites introduced into exon 3 of the PEBP4 locus for the generation of PEBP4flox/flox mice (middle panel), and schematic for the generation of PEBP4CKO mice (bottom panel). (C): The LoxP sites flanking the PEBP4 gene, the Cre transgene and PEBP4 allele were detected by PCR analysis of tail DNA and liver DNA. (D): Agarose gel electrophoresis was employed to examine the gene expression of PEBP4 in the heart, liver, lungs, spleen, and kidneys of WT and CKO mice. (E): PEBP4 protein expression was tested by western blotting in the heart, liver, lungs, spleen, and kidneys of WT and CKO mice. Data are presented as mean ± SD values (n = 3). **P < 0.01 compared to WT mice in the control group.





PEBP4 CKO Could Aggravate LPS/D-GalN-Induced ALI

According to Figure 1, PEBP4 CKO mice were successfully acquired. The liver tissue sections and the results of biochemical kits suggested that there were no significant changes in liver tissue and functions after PEBP4 CKO (NSP > 0.05, Figures 2A, B). To explore the potential influence of PEBP4 on ALI, the model was induced by injections of LPS/D-GalN in WT mice and PEBP4 CKO mice. Histological changes were detected by H&E staining, and the results showed that, compared with WT mice, LPS/D-GalN aggravated hepatocellular edema, red blood cell infiltration, neutrophil infiltration, and liver structural disorders in the PEBP4 CKO mice (Figure 2A). ALT/AST activities were also tested, and data were consistent with the changes in liver pathological damage (Figure 2B). Inflammation and apoptosis are two of the most important features in LPS/D-GalN-induced ALI. To assess the degree of the inflammatory response, the levels of MPO, IL-1β, TNF-α, and cyclooxygenase-2 (COX-2) were examined. The results demonstrated the activities of MPO and the expressions of IL-1β, TNF-α, and COX-2 were improved in the LPS/D-GalN groups, although the changes were more obvious in the PEBP4 CKO mice (Figures 2C–F). Subsequently, the degree of apoptotic response was evaluated through TUNEL; the expressions and activities of cleaved caspase-3, -8, and -9; and the apoptotic regulatory proteins (Bax and Bcl-2). The results suggested that LPS/D-GalN could induce hepatocyte apoptosis, and a more severe apoptosis response could be observed in PEBP4 CKO mice too (Figures 2G–I). Meanwhile, real-time PCR indicated that the expression of Bax was higher and that of Bcl-2 was lower in the PEBP4 CKO mice (Figure 2J).




Figure 2 | PEBP4 CKO could aggravate LPS/D-GalN–induced ALI. (A): Histological changes of liver tissue (H&E staining, ×400) and the injury scores of HE were quantifies, ↑ for inflammatory cell infiltration, □ for hepatocyte degeneration and red blood cell infiltration. (B): We detected the activities of AST and ALT in serum (n = 6). (C): MPO activities were tested in liver tissue (n = 6). (D, E): The levels of IL-1β and TNF-α in serum were detected by ELISA (n = 6); (F): Western blot was used to examine the expression of COX-2 (n = 3). (G): The apoptotic level of hepatocytes was detected with a TUNEL fluorescence detection kit (the DAPI-stained nuclei were blue and apoptotic nuclei were green, ×400) and positive cells of TUNEL were quantified, ↑ for TUNEL (+) cells. ( H, I). The activities and protein expression of caspase-3, -8, and -9 were detected by the activity test kit (n = 6) and western blotting (n = 3), respectively; (J). The mRNA expression levels of Bax and Bcl-2 were detected by real-time PCR. Data are presented as mean ± SD values. NSP > 0.05, **P < 0.01, and ***P < 0.001 compared to the WT control group; ###P < 0.001 compared to the CKO control group; and ΔP < 0.05 and ΔΔP < 0.01 compared to the WT LPS/D-GalN group.





PEBP4 CKO Activated the TLR4/NF-κB Signaling Pathway

The TLR4/NF-κB signaling pathway is one of the important signaling pathways in the regulation of inflammation. In this study, the protein expressions of TLR4, p-IκB-α, and NF-κB p65 were examined. As shown in Figure 3, compared to WT mice, LPS/D-GalN could more significantly increase TLR4, p-IκB-α, and nuclear protein NF-κB p65 expressions (P < 0.01), and the cytoplasmic protein of IκB-α and NF-κB p65 expression were decreased more obviously in CKO mice (P < 0.01). These data indicated that PEBP4 CKO might activate the TLR4/NF-κB signaling pathway.




Figure 3 | PEBP4 CKO could activate the TLR4/NF-κB signaling pathway. Western blotting was employed to examine the expressions of TLR4, IκB-α, p-IκB-α, nuclear protein NF-κB p65, and cytoplasmic protein NF-κB p65. Data are presented as mean ± SD values (n = 3). NSP > 0.05, **P < 0.01, and ***P < 0.001 compared to the WT control group; ###P < 0.001 compared to the CKO control group; and ΔP < 0.05 and ΔΔP < 0.01 compared to the WT LPS/D-GalN group.





TLR4/NF-κB Signaling Pathway Inhibitor Could Partially Reverse the Effects of PEBP4 CKO on LPS/D-GalN-Induced ALI

To further clarify the effects and mechanisms of PEBP4, PDTC and TAK-242 were utilized, and the results showed that both could partially reverse the effects of PEBP4 CKO on ALI, including liver pathological changes (Figure 4A); the activities of ALT/AST and MPO (Figures 4B, C); the expression levels of inflammatory factors (Figures 4D, E); hepatocyte apoptosis (Figure 4F); and the expressions and activities of caspases-3, -8, and -9 (Figures 4G, H). To provide further evidence regarding the regulatory effect on TLR4/NF-κB signaling, the levels of TLR4, IκB-α, p-IκB-α, and NF-κB p65 were also examined after treatment with PDTC and TAK-242, and the results proved that the phosphorylation and degradation of levels of IκB-α and the nuclear translocation of NF-κB were decreased in the PDTC and TAK-242 intervention groups (Figure 4I).




Figure 4 | PDTC and TAK-242 could partially counteract TLR4/NF-κB signaling activation induced by PEBP4 CKO in ALI. (A): Histological changes of liver tissue (H&E staining, ×400) and the injury scores of HE was quantifies, ↑ for inflammatory cell infiltration, □ for hepatocyte degeneration and red blood cell infiltration. (B): Serum ALT/AST activities (n = 6). (C): Liver MPO activities (n = 6). (D, E): The contents of serum TNF-α and IL-1β (n = 6). (F): TUNEL staining results of liver tissue (×400) and positive cells of TUNEL were quantified, ↑ for TUNEL (+) cells. (G): The expressions of cleaved caspase-3/pro–caspase-3 (n = 3); (H): The activities of caspase-3, -8, and -9 in liver tissue (n = 6). (I): The expression levels of TLR4, IκB-α, p-IκB-α, NF-κB p65, and nuclear protein NF-κB p65 were detected by western blotting, and the gray levels were analyzed (n = 3). Data are presented as mean ± SD values. ΔP < 0.05, ΔΔP < 0.01, and ΔΔΔP < 0.001 compared to the WT LPS/D-GalN group, +P < 0.05, ++P < 0.01, and +++P < 0.001 compared to CKO LPS/D-GalN group. NS, no significance.






Discussion

The combined administration of LPS and D-GalN to induce ALI has been widely considered as a model given the pathological changes are similar to endotoxin-induced ALI in humans, and this approach could be utilized to explore the exact pathogenesis of ALI (6, 29). In this study, we first established the model in WT mice and found that PEBP4 expression was significantly inhibited in ALI. The results suggested PEBP4 may be a possible intervention target for ALI. PEBP4 is a secreted protein with a variety of biological functions. Available studies on PEBP4 have mainly focused on cancers, and PEBP4 is highly expressed in cancer tissues (19–23), but the effects of PEBP4 expression on tissue damage have not been reported, which attracted our attention. To investigate the effects of PEBP4 on ALI and the potential mechanisms, PEBP4 CKO mice were established and liver damage was observed after LPS/D-GalN treatment. The results of pathological changes showed that the LPS/D-GalN group of PEBP4 CKO mice had more red blood cell infiltration in liver tissues and more serious hepatocellular edema than that in WT mice. In addition, the activities of ALT and AST were higher in PEBP4 CKO mice. These results indicated that PEBP4 CKO aggravated liver damage and reduced liver function.

The inflammatory response is the major contributing factor in the development of LPS/D-GalN-induced ALI. Various pro-inflammatory cytokines, such as TNF-α and IL-1β, are secreted, and then neutrophil activation and infiltration are elicited by TNF-α, which has been considered an important hinge in the progress of LPS/D-GalN-induced ALI (30–33). The results in this research coincided with this point. In this study, the activity of MPO, which reflected the degree of neutrophil infiltration, and the expressions of inflammatory factors (IL-1β, TNF-α, and COX-2) were all increased in PEBP4 CKO mice. Some studies have reported that PEBP family member PEBP1 and RIPK have anti-inflammatory roles, but little is known about the impact of PEBP4 in inflammation (24, 25). In this experiment, the data demonstrated that, after hepatocyte-conditional knockout of PEBP4, all the inflammatory indicators (pathological changes, MPO activity, IL-1β, TNF-α, and COX-2) were more significantly serious in CKO mice, suggesting PEBP4 CKO could promote inflammation and PEBP4 may be a target to control ALI. On the other hand, hepatocyte apoptosis is a common phenomenon in LPS/D-GalN-induced ALI models, and it is also the cause of liver function decrease and even death. Therefore, controlling apoptosis is also a key target for mitigating liver damage (34, 35). TNF-α initiated the death receptor-dependent apoptosis pathway through its receptors, leading to the activation of the caspase cascade (36–38). The results in this research indicated that PEBP4 CKO increased TNF-α secretion. In addition, it has been reported that PEBP4 could enhance cell resistance to TNF-α-induced apoptosis (39). So, we also speculate that PEBP4 is involved in the regulation of apoptosis in LPS/D-GalN-induced ALI in this investigation. TUNEL staining and the activities and expressions of apoptosis-related factors were examined in this study. The data suggested the number of TUNEL (+) cells in hepatic tissues; the expression levels of cleaved caspase-3, -8, and -9; and the activities of caspase-3, -8, and -9 were increased in PEBP4 CKO mice after treatment with LPS/D-GalN. Meanwhile, the expression of pro-apoptotic Bax was upregulated, while that of anti-apoptotic factor Bcl-2 was downregulated. This suggested that PEBP4 CKO could facilitate LPS/D-GalN-induced hepatocyte apoptosis and PEBP4 may be a target to resist ALI also.

A large number of studies have shown that the TLR4/NF-κB signaling pathway plays an important role in the development of ALI induced by LPS/D-GalN (10, 40, 41). TLR4 is a transmembrane receptor existing in Kupffer cells whose natural ligand is LPS. When TLR4 combines with LPS, the innate immune and inflammatory responses of liver tissue are initiated (42–44). NF-κB, an important transcription factor, could be activated by TLR4, and then NF-κB p65 is transferred from the cytoplasm to the nucleus to regulate the expression of inflammatory cytokines, such as IL-1β, IL-6, TNF-α, caspases, Bax, and Bcl-2 (14, 15, 45, 46). In this study, TLR4/NF-κB signaling pathway-related proteins were detected, and it was found that TLR4 and nuclear NF-κB p65 protein expression increased and IκB-α and cytoplasm NF-κB p65 expression decreased in PEBP4 CKO mice, suggesting that PEBP4 deficiency may activate the TLR4/NF-κB signaling pathway. To further clarify the effects and mechanisms of PEBP4, PDTC and TAK-242 were used. Subsequently, the data hinted that phosphorylation and degradation of IκB were inhibited and the level of NF-κB translocation into the nucleus was reduced. More importantly, the activities of MPO and ALT/AST decreased, the secretion levels of TNF-α and IL-1β reduced, the number of TUNEL (+) cells fell, and the level of cleaved caspase-3 dropped in the two inhibitor groups. All these data suggest that both inhibitors could partially reverse PEBP4 CKO induced activation of the TLR4/NF-κB signaling pathway and then restrain inflammation and apoptosis.

In this study, we found that PEBP4 expression was decreased in ALI and PEBP4 CKO aggravated ALI, contrasting with the increased expressions of PEBP4 in tumor tissues and PEBP4’s promotion of tumor development. The different effects may be mainly related to the expression levels. PEBP4 could have a protective effect at a low or normal expression level. However, once PEBP4 was overexpressed, it would adopt different or even completely opposite biological effects, and the specific mechanisms, including the interaction between PEBP4 and TLR4, need to be further investigated and explored. Furthermore, the defect of this article is that the cell experiment is not completed synchronously, which will be further improved in the later stage.

In conclusion, this research demonstrated that PEBP4 CKO aggravated LPS/D-GalN-induced ALI by promoting inflammatory mediators release and apoptosis. Mechanistically, the effect achieves through activation of the TLR4/NF-κB signaling pathway (Figure 5).




Figure 5 | Schematic of PEBP4-driven TLR4/NF-κB signaling pathway-associated inflammatory and apoptotic talk in LPS/D-GalN-induced ALI. PEBP4 CKO could activate the TLR4/NF-κB signaling pathway, promote NF-κB translocation into the nucleus, and then regulate the transcription of inflammatory factors and apoptotic genes to mediate acute liver injury (ALI) from both inflammation and apoptosis. TLR4 inhibitor (TAK-242) and NF-κB inhibitor (PDTC) could partially reverse these effects.
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Acute-on-chronic liver failure (ACLF) is a group of clinical syndromes related to severe acute liver function impairment and multiple-organ failure caused by various acute triggering factors on the basis of chronic liver disease. Due to its severe condition, rapid progression, and high mortality, it has received increasing attention. Recent studies have shown that the pathogenesis of ACLF mainly includes direct injury and immune injury. In immune injury, cytotoxic T lymphocytes (CTLs), dendritic cells (DCs), and CD4+ T cells accumulate in the liver tissue, secrete a variety of proinflammatory cytokines and chemokines, and recruit more immune cells to the liver, resulting in immune damage to the liver tissue, massive hepatocyte necrosis, and liver failure, but the key molecules and signaling pathways remain unclear. The “danger hypothesis” holds that in addition to the need for antigens, damage-associated molecular patterns (DAMPs) also play a very important role in the occurrence of the immune response, and this hypothesis is related to the pathogenesis of ACLF. Here, the research status and development trend of ACLF, as well as the mechanism of action and research progress on various DAMPs in ACLF, are summarized to identify biomarkers that can predict the occurrence and development of diseases or the prognosis of patients at an early stage.
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Highlights

	Immune damage is an important factor in the occurrence of ACLF, but the immune mechanism is unclear.

	The DAMP cycle and immune damage are important factors leading to cytokine storms.

	According to the “danger hypothesis,” DAMP release, inflammatory cytokine storms, and the occurrence of ACLF are closely related.

	Intrahepatic infiltration and hyperfunction of immune cells caused by DAMPs are important factors leading to the occurrence of ACLF.

	DAMPs can be biological target molecules for the early diagnosis and treatment of ACLF.



As a group of complex clinical syndromes related to severe acute liver function impairment and multiple-organ failure caused by various acute triggering factors on the basis of chronic liver disease, ACLF is characterized by severe disease, rapid progression, and high mortality. Currently, there are four categories of liver failure worldwide, namely, acute liver failure (ALF) (1), subacute liver failure (SALF) (2), ACLF (3), and chronic liver failure (CLF) (4), among which ACLF is a common type of liver failure. Additionally, chronic viral hepatitis, drug-induced hepatitis, and alcoholic hepatitis are major diseases induced by ACLF.

Immune damage is an important mechanism for the occurrence of ACLF. Recent studies have shown that intrahepatic immune cell infiltration and cytokine storms are important factors, but the key molecules involved in immune hyperfunction in ACLF remain unclear. “The danger hypothesis” holds that in addition to the antigens that the immune system responds to when detected, the DAMP-mediated injury-hyperimmunity cycle coincides with the mechanism of ACLF; thus, DAMPs may be closely related to the occurrence of ACLF. This paper summarizes the research status and development trends related to ACLF, as well as the mechanism of action and research progress on various DAMPs in ACLF.



1 The definition, inducement, treatment, research status, and development trends of ACLF


1.1 The Controversial Definition of ACLF

Liver failure is a group of clinical syndromes in which severe liver damage caused by many factors results in severe dysfunction or decompensation of synthesis, detoxification, metabolism, and biotransformation, with jaundice, coagulation disorders, hepatorenal syndrome, hepatic encephalopathy (HE), and ascites as the main manifestations (5). ACLF, as the most common severe liver disease syndrome in clinical practice, has various causes, complex clinical manifestations, and high mortality.

Currently, the definitions of ACLF in different areas of research are controversial, which mainly results from differences in patients in Europe, America, Asia Pacific, and other regions, as well as medical histories, diagnostic criteria, and acute inducing factors. The European Association for the Study of the Liver-Chronic Liver Failure (EASL-CLIF) defines ACLF as a severe syndrome in patients with liver cirrhosis that has three typical characteristics: acute liver decompensation, organ failure, and short-term high mortality. This definition not only includes intrahepatic symptoms but also reflects the damage caused by ACLF to multiple organs or systems including the liver and other tissues (6). The North American Consortium for the Study of End-Stage Liver Disease (NACSELD) defines ACLF as involving two or more extrahepatic organ failures, excluding changes in liver function and the coagulation system (7). The definition of ACLF by the Asian Pacific Association for the Study of the Liver (APASL) was published in 2009 (8) and updated in 2014 (9) and 2019 (10), including patients with liver cirrhosis (compensatory period) or chronic liver disease who have or not been diagnosed in the past, acute liver injury complicated with jaundice (serum bilirubin ≥ 5 mg/dl (85 μmol/l), and coagulation disorders (international normalized ratio ≥ 1.5 or prothrombin activity < 40%), ascites and/or HE within 4 weeks; no history of decompensation and extrahepatic sediment, renal failure, and circulatory or respiratory failure are excluded from the definition, and the mortality rate within 28 days is usually high.



1.2 Inducement and Treatment Status of ACLF

According to recent clinical studies, the main causes of death in ACLF patients include hepatitis virus reactivation, sepsis caused by bacterial infection, severe alcoholic liver disease, and drug toxicity and side effects.

Currently, the treatment of ACLF generally includes medical support treatment, artificial liver treatment, and liver transplantation treatment, but ACLF is still characterized by severe illness, rapid progression, and high mortality in the clinic (5). Treatment studies of liver failure have been continuously developed to further clarify the pathogenesis of ACLF, explore related factors of its prognosis, find early diagnosis and treatment targets, predict patient outcomes such that clinical intervention treatment can be carried out in a timely manner, improve prognosis, and reduce mortality.



1.3 Research Status and Development Trends of the Immune Pathogenesis of ACLF

At present, the pathogenesis of ACLF remains unclear, although recent studies have shown that the pathogenesis of ACLF mainly includes direct injury and immune injury. Pathogen-associated molecular patterns (PAMPs) released by pathogens themselves or DAMPs induced by various factors bind to receptors and stimulate the release of proinflammatory cytokines such as interleukin (IL)-1β, IL-6, and IL-8, leading to immune disorders and thus causing a “cytokine inflammatory storm,” sepsis, tissue hypoperfusion, and mitochondrial dysfunction, all of which can culminate in multiple-organ failure and ACLF (11–13).

From the perspective of immune cell function, cellular immunity mediated by CTLs is the main factor causing massive hepatocyte necrosis (14). Studies have shown that IFN-γ and TNF-α expression in the liver of ACLF patients is markedly upregulated, which is significantly related to accumulation of CD4+ and CD8+ T cells (15). Some studies have found that the expression level of programmed cell death protein 1 (PD-1) on CD8+ T cells decreases significantly in the early stage of ACLF, which diminishes the negative regulation of CTL immune activity and promotes disease aggravation (16). In addition, some studies have found that DCs migrate from the blood to the liver in ACLF patients, inhibiting IFN-γ secretion by CD8+ T cells and reducing liver damage (17). CD4+ T cells are also an important factor in the occurrence of ACLF. Compared with healthy people and chronic hepatitis B (CHB) patients, regulatory T cells (Tregs) in the peripheral blood of ACLF patients are significantly increased, which correlates positively with the viral nucleic acid load, suggesting that it may be related to disease severity (18). Other studies have observed immune imbalance between Th17 and Treg cells in ACLF patients. When ACLF occurs, there are asynchronous increases in Th17 cells and decreases in Treg cells, and prognosis is poor when the ratio of Treg/Th17 cells is low (19, 20). Some scholars have studied the number and function of peripheral blood mononuclear cells in the course of ACLF, with human leukocyte antigen–DR isotype (HLA-DR) showing a downward trend with disease aggravation; the proinflammatory factors IL-1β and TNF-α secreted by monocytes are also increased in the early stage and decreased in the late stage. The immune state of the body changes from a severe proinflammatory reaction at the beginning of the disease to an anti-inflammatory reaction stage, which enhances the risk of infection and further aggravates the disease (21). Moreover, some scholars have put forward the “triple attack theory,” which suggests that the occurrence of liver failure includes a triple attack of immune injury, ischemia, and hypoxia injury and endotoxemia. On this basis, it is proposed that immunotherapy for ACLF should be carried out in stages, that is, immunosuppressive therapy should be given at the initial stage and immune enhancement therapy should be given at the middle and late stages (22).

In addition to various immune cells, many cytokines are involved in the occurrence and development of ACLF. Compared with acute hepatitis B patients, CHB patients, and healthy controls, the serum IL-1Rα level in HBV-ACLF patients is significantly increased, although the ratio of IL-1Rα/IL-1β is significantly decreased. Further follow-up has shown that the level of IL-1Rα and the IL-1Rα/IL-1β ratio are closely related to survival time, and many proinflammatory cytokines, such as IL-6, IL-8, and IL-23, are significantly related to the occurrence and prognosis of ACLF (14, 20, 21).

In summary, a variety of immune cells and cytokines are involved in the pathogenesis of ACLF. In the early stage, CTLs, DCs, and CD4+ T cells accumulate in the liver tissue, secrete a variety of proinflammatory cytokines and chemokines, and recruit more immune cells to the liver, resulting in immune damage to the liver and leading to massive hepatocyte necrosis and liver failure. In general, the key factors leading to aggravation of immune injury can be identified by further understanding the immune mechanism of ACLF, which will provide an important theoretical basis for early treatment of liver failure and curb its further development.




2 Types and functions of inflammatory factors related to the danger hypothesis

Dr. Matzinger first put forward the “danger hypothesis” in 1994, which holds that the immune system will respond only when it detects danger; otherwise, it is immune tolerant (23). Subsequently, Dr. Matzinger put forward the “danger model” in 2002, which shows that the immune system is more concerned about the danger signals generated by cell damage or stress, than with unconditionally recognizing and removing foreign substances. Regardless of whether danger signals are exogenous pathogens released from necrotic cells or chemicals synthesized or modified by endogenous cells themselves, they can trigger immune responses through tissue damage or cell stress and are not emitted by healthy cells or cells in a normal physiological death state (24). Necrosis of cells can result in the generation of danger signals, which will promote secretion of cytokines by immune cells, further aggravate immune damage to cells, form a cycle of tissue damage, and lead to the generation of a cytokine storm and massive tissue necrosis (Figure 1).




Figure 1 | Danger signal cycle: relationships among cell necrosis, DAMPs, and cytokine storms.



There is no clear definition of the properties of danger signaling molecules, which can be divided into physical, chemical, and biological molecular forms according to different inducements. A large class of danger signaling molecules, DAMPs belong to the immune stimulation molecular model in aseptic inflammation, which is different from the microbial model and is usually related to injury (25). DAMPs are produced by necrotic and stressed cells or tissues and can bind to host pattern recognition receptors (PRRs) and other receptors, transmitting proinflammatory signals and promoting secretion of inflammatory factors and the inflammatory response. DAMPs are mainly derived from the nucleus, cytoplasm, organelles, or extracellular matrix and include uric acid, mitochondrial DNA (mtDNA), ATP, heat shock proteins (HSPs), amyloid β, S100 protein, high-mobility group box chromosomal protein 1 (HMGB1), ECM protein, IL-1α, IL-33, genomic DNA, cyclophilic protein A, fibrous actin (F-actin), and calreticulin (26, 27). DAMPs are associated with LF occurrence and development. All studies of IL-33, IL-1α, S100 protein, and mitochondrial DNA and 75% of those of histones have shown that DAMP expression is elevated during ACLF and correlates positively with disease severity. Studies of HSPs and 25% of studies of histones found that expression is decreased, which might prevent the occurrence of ACLF (Table 1). Therefore, analysis of the relationship between DAMPs and ACLF may be of great significance to elucidate the pathogenesis of ACLF.


Table 1 | DAMPs associated with ALF.





3 Types and functions of DAMPs related to ACLF


3.1 Interleukin-1 Family Cytokines

In recent years, increasing attention has been given to the relationship between the function of IL-1 superfamily members and the occurrence of ACLF. IL-1 superfamily members are involved in many inflammatory diseases, such as obesity, cardiovascular diseases, cancer, viral or parasitic infections, autoinflammatory syndrome, and liver diseases (102). The role of the IL-1 superfamily in liver diseases can be protective or proinflammatory, and two members, namely, IL-33 and IL-1α, which have been studied the most, are considered bifunctional cytokines. In addition to their functions as classical cytokines, as part of the DAMP process, IL-33 and IL-1α are early warning signals of cell injury (102). The IL-33/ST2 pathway has a bidirectional regulatory role in acute hepatocyte injury and chronic liver fibrosis, and the IL-1α/IL-1R1 axis promotes massive necrosis of hepatocytes and infiltration of inflammatory cells into liver tissue, leading to organ failure. Such enhanced immune cell tissue infiltration and cytokine secretion abilities may play an important role in liver immune injury.

Knowledge of effects of the IL-33/ST2 axis and IL-1α/IL-1R1 axis on ACLF will be helpful to reveal the pathogenesis of ACLF to provide a new target for early diagnosis and treatment of ACLF.


3.1.1 Interleukin-33

IL-33 is a member of the IL-1 superfamily. As a tissue-derived nuclear cytokine, it is mainly derived from endothelial cells, epithelial cells, and fibroblasts during inflammation. Its receptor ST2 is a member of the Toll-like receptor superfamily and is expressed on the surface of many immune cells, such as mast cells, type II intrinsic lymphocytes (ILC2s), Tregs, helper T cells, CD8+ T cells, natural killer cells, B cells, and macrophages (103).

Kotsiou et al. summarized previous studies and found that acute large-scale liver injury could result in release of IL-33 from cells, which might be an activator of tissue self-protection and repair (35) or an anti-inflammatory factor marker of M2 macrophages (36). However, IL-33 acts as a liver fibrosis factor to aggravate liver deterioration in chronic liver injury (36). Rickard et al. found that IL-33 released from mouse liver necrosis tissue into the microenvironment forms a coupling complex with myeloid differentiation factor 88 (MyD88), IL-1, and a subset of Toll-like receptors; this process might be regulated by the RIPK1–RIPK3–MLKL axis and drive inflammation (39). Arshad et al. reported that the expression of IL-33 in hepatocytes is partly controlled by perforin and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) under the regulation of natural killer T cells but that is not controlled by tumor necrosis factor α (TNF-α) or Fas ligand (FasL). IL-33-deficient mice exhibit more severe liver injury than WT mice, suggesting that IL-33 has a protective effect against acute liver injury (37). According to Volarevic et al., acute liver injury induced by concanavalin A can be reduced by activating the IL-33/ST2 axis. ST2-deficient mice developed more severe hepatitis and more liver inflammatory cell infiltration, suggesting the potential of the IL-33/ST2 axis as a therapeutic target (38).

Nevertheless, some studies have shown that the IL-33/ST2 axis has a role in promoting the development of acute liver injury. Kim et al. (40) and Seo et al. (41) found serum levels of HMGB1 and IL-33 to be significantly increased in ALF animal models induced by D-galactosamine (GalN) and lipopolysaccharide (LPS) and that blocking the pathway with inhibitors (such as necrostatin-1) could reduce liver injury. IL-33/ST2 promotes activation of the nuclear factor (NF)-κB, mitogen-activated protein kinase (MAPK), or extracellular signal-regulated kinase (ERK)/p38-MAPK pathways to produce proinflammatory cytokines (IL-6, IL-8) and T helper type 2 (Th2)-related cytokines (IL-4, IL-5, IL-9, IL-13) (104, 105).

At present, there are few studies on the IL-33/ST2 axis in ACLF. Roth et al. found through serological experiments that compared with healthy people, the concentrations of IL-33 and soluble ST2 (sST2) in ALF and ACLF patients are significantly increased, which is helpful for distinguishing acute and chronic liver failure or for monitoring the progression and severity of the disease (28). Subsequently, immunohistochemistry by Lei et al. showed a weak IL-33 expression and high sST2 expression in liver slices of HBV-ACLF patients, suggesting that sST2 can be used as a predictor of disease severity (29). Jiang et al. found no significant difference in serum IL-33 among HBV-ACLF, CHB, and HC groups, even though serum sST2 levels were higher in HBV-ACLF patients, correlated with the survival rate, and decreased after treatment. It was suggested that sST2 can be used as a marker for evaluating disease severity and early recognition (30). In the study of Du et al., the expression level of IL-33/ST2 was significantly increased in the serum and liver tissue of ACLF patients, and the level of serum IL-33 was found to be related to the severity of liver disease. In vitro experiments proved that IL-33 enhanced the LPS-stimulated inflammatory storm of monocytes through ERK1/2 activation but not p38 and JNK activation (31). Regarding the course of ACLF caused by CHB, Yuan et al. showed that compared with levels in the CHB group and the pre-ACLF group, serum IL-33 and sST2 were highest in the ACLF group, which could be used to evaluate progression and mortality in patients with multiple biological indicators (32). Gao et al. showed that serum IL-33 and sST2 were highly expressed in HBV-ACLF and that sST2 may be used as a prognostic marker (106).

In conclusion, abundant clinical evidence and experimental data show that the IL-33/ST2 pathway is related to the occurrence and development of various acute liver diseases, but the role of the IL-33/ST2 axis in ALF/ACLF is still controversial. As a DAMP, IL-33 stimulates the immune system to respond to virus invasion through its receptor ST2, drives immune cell infiltration into the liver, increases secretion of cytokines, and causes toxic damage to liver cells. However, some studies have found that the IL-33/ST2 axis can also promote Th2-type responses and hepatic stellate cell activity, promoting the progression of liver fibrosis due to chronic damage, which is a protective mechanism.



3.1.2 Interleukin 1α

IL-1α, a member of the IL-1 superfamily, is released by RIPK3/caspase-8 apoptosis signal transduction in a caspase-1-dependent manner during cell injury or apoptosis, from macrophages undergoing TNF-induced necroptotic death or from apoptotic bodies. IL-1α can trigger an inflammatory response regardless of cell damage or apoptosis (107). The receptors, the IL-1 receptor (IL-1R) family including more than 10 structurally related members such as IL-1R1, IL-1R2, and IL-1R3, which transmit inflammatory signals downstream, induce the accumulation of immune cells and promote the secretion of inflammatory cytokines. IL-1Rs are alert receptors that play a central role in sensing maladaptive tissue changes from both outside and within the body (108). One study found that IL-1R-/- mice had a higher survival rate than wild-type mice during chronic infection, which was due to the attenuated inflammatory response in the former, allowing them to recover from cachexia (109). As a common proinflammatory factor, IL-1α has been intensely studied in liver injury, mainly with regard to ALF and less so ACLF. In addition, many studies on the IL-1α/IL-1R axis in liver disease have high patient numbers.

Romics et al. used LPS to induce liver injury in mice and found that various serum proinflammatory cytokines (including IL-1α) were significantly increased and that mRNA expression levels of various proinflammatory cytokines in the liver also increased (44). Gehrke et al. showed that inhibiting IL-1R1 by blocking it with IL-1ra can alleviate the severity of ALF but that administration of IL-1α aggravates the degree of liver injury (45). Xiao et al. found that IL-1α can obviously induce and maximize a reduction in the liver inflammatory state (46). Lactobacillus reuteri DSM 17938 is a potential probiotic for preventing or treating liver failure. In one study, the serum IL-1α level, the inflammatory state, and acute liver injury decreased significantly in a rat model treated with Lactobacillus reuteri DSM 17938 (47). Sultan et al. reported that IL-1α plays a central role in the pathogenesis of fulminant liver failure in mice; the symptoms of ALF in IL-1α-/-mice were obviously alleviated, and secretion of inflammatory factors was obviously reduced (48).

Systemic inflammation can easily lead to ACLF, which may be related to activation of inflammatory corpuscles. The research of Monteiro and studies of other animal models have confirmed that development of ACLF in compensated cirrhosis is related to increases in IL-1α and IL-1β (42). Recently, a genetic study found two kinds of gene cluster polymorphisms belonging to the IL-1 superfamily, in which expression of IL-1α-related genes significantly reduced the occurrence of ACLF (43).

In conclusion, it may be a possible approach to treat ALF/ACLF by blocking the IL-1α/IL-1R axis.




3.2 Heat Shock Proteins

HSPs, which are produced by heat shock, ischemia, hypoxia, and other stress factors, participate in the correct folding, modification, and maturation of proteins; assist in the degradation of aging proteins; are expressed during cell stress; and play an important role in regulating antigen presentation, inflammatory signal transduction, and apoptosis (110). HSPs are classified according to their molecular weights as HSP25, HSP27, HSP60, HSP70, HSP90, HSP110, and glucose-regulated protein (GRP), among others. HSPs play an important role in the proliferation, invasion, metastasis, and apoptosis evasion of cancer cells and promote the development of diseases. As a new cancer diagnostic marker and therapeutic target, HSPs play an important role in evaluating the molecular mechanism of cancer development and metastasis (111). Overall, HSPs are very important for cell survival under unfavorable environmental conditions.

HSP27 overexpression is closely related to the tumorigenesis, metastasis, and invasiveness of cancer. For example, the elevated expression of HSP27 increases Salvador–Warts–Hippo pathway (Hippo pathway) nuclear localization, activates related oncogenic and metastatic pathways, including the TGF-B/SMAD, WNT/B-Catenin, and ILK signaling pathways, and leads to increased tumor cell expansion in local tissues (112). HSP70 induces cell proliferation, inhibits apoptosis and oncogene-induced senescence, and is a poor prognostic marker for various cancers (112). HSP70 promotes tumor metastasis and infiltration by upregulating the expression of molecules such as N-cadherin, MMP2, SNAIL, and vimentin (113). To date, there are few studies on the mechanisms of HSPs in ACLF, and those that have been conducted are mainly related to ALI and ALF.

HSPs have been considered to be protective factors in the occurrence of acute liver injury or liver failure. Oda et al. found in 2002 that geranylgeranylacetone (GGA) could prevent ALF after large-scale hepatectomy by inducing and enhancing HSP70 expression in residual liver (78). Subsequently, Kanemura et al. (79) and Kawashima et al. (80) reported that GGA initiated strong cell protection by inhibiting the CXC chemokine GRO1 and inducing HSP27 and HSP70. Sepsis causes acute inflammatory reactions in the liver, which can lead to organ failure and death. According to Peppler et al., exercise has anti-inflammatory and hepatoprotective effects; regular exercise increases liver protein levels, including HSP70, prevents the inflammatory cascade reaction induced by LPS, and weakens the severe inflammatory reaction of the liver caused by sepsis (81). Sumioka et al. showed that HSP25 and HSP70i have protective effects on acute liver injury induced by acetaminophen (APAP) in mice, and their levels might be key in determining the fate of APAP-injured mice (82). ALF induced by APAP damages the mitochondria and activates HSP70 expression, whereas diphenyl diselenide prevents ALF induced by APAP and plays a key role in regulating the cell protection response (83). Excessive production of HSP70 in the liver protects hepatocytes under various pathological conditions. It has been found that prostaglandin E1, a non-toxic HSP inducer, prevents ALF after large-scale hepatectomy by enhancing the production of HSP70 in residual liver (84). Bicyclic alcohol is a new type of hepatoprotective agent that induces the production of heat shock transcription factor 1 (HSF1) and promotes synthesis of HSP70 and the stress response, inducing sex-specific liver protection to prevent liver injury or failure (85). Dai et al. found that bicyclol induces the overexpression of HSP27 in the liver, which significantly enhances the protection of an animal model of acute liver injury induced by D-galactosamine/lipopolysaccharide (86). In the study of Vidyasagar et al., serum HSP25 and HSP27 had antioxidant effects in ALF and CLF patients and reduced the damage caused by reactive oxygen species (ROS) and prevented the occurrence of HE (69). El-Baz et al. showed that D. salina hydrochloride increased HSP25 and improved brain histopathological changes in HE patients, benefiting ALF prognosis (70).

Most scholars believe that HSPs are important protective factors in the repair of liver tissue damage and that increases in their levels are helpful for the prognosis of patients and predicting efficacy, but the mechanism of some remains controversial. Ye et al. found that HSP27 accelerated the early acute liver injury induced by ischemia–reperfusion injury in rats by reducing the number of Treg cells, reducing levels of the stress-protective factors superoxide dismutase (SOD) and glutathione, increasing the level of proinflammatory factors, and aggravating inflammation (73). Wright et al. conducted ACLF-related animal experiments and showed increased HSP25 in the corpus callosum of the bile duct ligation (BDL) rat model, suggesting a cell stress state (such as inflammation and apoptosis) (87).

Other members of the HSP family also play important roles in the development of acute liver injury or liver failure. Some studies have found that GRP78 combined with other preparations can significantly improve the incidence of ALF or prevent aggravation of acute liver injury. GRP78, a member of the HSP70 family, is a molecular chaperone for endoplasmic reticulum stress and stress-induced autophagy. Win et al. showed that Japanese miso extract prepared from rice yeast can enhance the expression of GRP78, inhibiting hepatitis A virus (HAV) replication and reducing ALF (88). Nwe et al. reported that free fatty acids or high concentrations of glucose enhance HAV replication and reduce GRP78 expression but that thapsigargin has the opposite effects, reducing the occurrence of ALF (71). The protective effect of kaempferol in the ALF mouse model occurs through inhibition of hepatocyte apoptosis by increasing the expression of GRP78 (89). Ren et al. found that compared with healthy people and patients with CHB, the expression of GRP78 and GRP94 in ACLF patients decreases gradually, indicating that HSP-mediated stress protection is decreased in ACLF patients and correlates negatively with the degree of liver injury (72).

However, some studies have reported that GRP78 and GRP94 are important factors for acute liver injury or liver failure. Baudi et al. found that acute liver injury induced by IFN-α-mediated virus infection could be alleviated by inhibiting GRP78 through a mechanism that involves IFN-α induction of ER stress-related cell death by reducing the unfolded protein response (UPR), with GRP78 promoting high UPR expression and reducing IFN-α-mediated liver injury in mice (74). Zhang et al. found that peroxisome proliferator-activated receptor α (PPARα) can improve liver injury caused by ALF; the mechanism is mainly to reduce hepatocyte apoptosis by regulating endoplasmic reticulum stress and reducing the expression of GRP78, GRP94, and other proteins (75). According to Blas-Valdivia et al., hypothyroidism reduces cell damage caused by endoplasmic reticulum stress and redox environment changes in an ALF rat model, which might be due to inhibition or decreased protein activation pathways, such as GRP78 (76).

Finally, there are two common HSPs, HSP40 and HSP60, that act as injury factors during acute liver injury or liver failure and play an important role in regulating the acute inflammatory response of the liver. A long-term treatment with isoniazid leads to severe liver injury and ALF. Verma et al. reported the following: the mechanism is that isoniazid prevents Nrf2 translocation and induces oxidative stress and apoptosis by inhibiting ERK1 phosphorylation, thus increasing levels of the stress proteins HSP40 and HSP60 (114). Hu et al. found that chlorogenic acid (CGA) reduces the infiltration of immune cells in the liver, prevents increases in HMGB1 and HSP60, and regulates the Nrf2-mediated HSP60 pathway to alleviate acute liver injury induced by acetaminophen in mice (77).

Studies of the HSP family in ALF/ACLF are relatively scarce, and the role of HSPs in the process of liver tissue injury remains unclear. Due to the lack of basic experiments, more research on HSPs is needed to clarify the mechanism.



3.3 Histones

Histones are an important structural component of eukaryotic chromatin that help regulate gene transcription. Histones are considered key mediators of systemic inflammatory diseases; induce endothelial injury and platelet aggregation and activate coagulation and cytokine production; and may cause sepsis, severe trauma, vasculitis, and acute liver, kidney, brain, and lung injury (115). Silvestre-Roig et al. found that the extracellular histone H4-mediated membrane lysis of smooth muscle cells (SMCs) triggers arterial tissue damage in atherosclerotic mice and attracts neutrophils to exacerbate the inflammatory response and that neutralizing histone H4 can prevent SMC death and stabilize atherosclerotic lesions (116). Ray-Gallet et al. summarized the potential oncogenic roles of histones H3 and H4 and their chaperones in several cancers, indicating that they stimulate the epithelial–mesenchymal transition (EMT) in various ways or the alternative lengthening of telomeres (ALT) pathway to promote tumor progression, illustrating their potential clinical application as biomarkers (117). Despite increasing attention on histone H3, only a few studies have explored the importance of H4 and its chaperones or ways to inhibit their action as a new therapeutic strategy (118).

In recent years, increasing attention has been given to the role of histones as DAMP molecules in acute liver injury, ALF, and ACLF to find potential new biomarkers and therapeutic targets. Extracellular histones, especially H4, have been recognized as important mediators of cell injury under various inflammatory conditions. High expression of extracellular histones is closely related to the development of inflammation in acute liver injury and acute liver failure.

In the ALF mouse model of Ferriero et al., pyruvate dehydrogenase complex (PDHC) and lactate dehydrogenase (LDH) are transferred to the nucleus, which leads to an increase in acetyl coenzyme A and lactic acid concentrations in the nucleus and promotes acetylation of histone H3 and expression of injury-related genes. However, liver injury in ALF mice can be reduced and the survival rate improved by the enzyme inhibitors gamboge and galloflavin (54). Wen et al. (49) and Yang et al. (50) both showed that extracellular histones increase to different degrees in ALF patients and ALF mice, demonstrating that extracellular histones are the main mediator inducing systemic inflammation, cell damage, and multiple-organ failure. Clinical studies by Li et al. highlighted that compared to levels in chronic hepatitis B (CHB), liver cirrhosis, and healthy control groups, plasma histone H4 levels in HBV-ACLF patients are significantly increased, aggravating cell injury and systemic inflammation, and are significantly related to disease severity, systemic inflammation, and outcomes (51). Ding et al. found that the Qing Chang Li Gan formula (QCLGF) is a good traditional Chinese medicine for treating ACLF, which may be due to its ability to interfere with extracellular histone-mediated cell damage and systemic inflammation. In one study, extracellular histones and proinflammatory cytokines in ACLF patients (conventional drugs + QCLGF) were lower than those in the conventional drug treatment group. In vivo experiments have revealed that QCLGF significantly improves the survival rate of concanavalin A-induced liver fibrosis mice, improves hepatotoxicity, and reduces extracellular histone levels and proinflammatory reactions (55).

Histone methylation, phosphorylation, and acetylation are markers of gene transcriptional status in several diseases, and different posttranslational modification patterns are related to some inflammatory diseases (119). Jin et al. found that the whole-genome histone H3 lysine 9 acetylation analysis of CD4+ T cells indicated endoplasmic reticulum stress defects in ACLF patients, which provided a useful clue for further study of the pathogenesis of ACLF (52). Zhang et al.’s research showed that trichostatin A (TSA) reduces the activity of histone deacetylase inhibitors (HDACs) in liver tissue, promotes histone acetylation, inhibits release of various proinflammatory cytokines (TNF-α, IFN-γ, IL-10, and IL-18), and improves the survival rate of ACLF model rats (53).

Although studies of extracellular H3 and H4 in ALF and ACLF are rare and the mechanism is still unclear, some experiments have shown that extracellular histones play an irreplaceable role in liver injury. The importance of histones as proinflammatory proteins in ALF and ACLF should be further explored.



3.4 High-Mobility Group Box Chromosomal Protein 1

HMGB1 is a non-histone chromatin-related protein that is widely distributed in eukaryotic cells. A DAMP, HMGB1 is actively secreted by immunocompetent cells or passively released from apoptotic necrotic cells, which activates the immune response and promotes inflammation and cancer development (120). HMGB1 transmits danger signals by binding with various receptors, thus intensifying a series of cellular reactions that are closely related to inflammatory diseases, autoimmune diseases, and cancer (121). Extracellular HMGB1 transmits danger signals to surrounding cells by interacting with its classical receptors. For example, HMGB1 can bind to the receptor for advanced glycation end products (RAGE) (122) and induce inflammation together with Toll-like receptor 2/4/9 (TLR-2/4/9) (25, 123, 124). HMGB1 is released from damaged host cells and activates PRRs (such as RAGE), which upregulates the expression of NLRP3 and IL-1β precursors, activating the NLRP3 inflammasome and binding with IL-1β to exacerbate immune cell-induced inflammation and cellular damage, which then accelerates cancer progression (125, 126).

In recent years, HMGB1 has been studied in ALF, ALI, ACLF, and CLI, although only the relationship between HMGB1 and ACLF is summarized here. HMGB1 is an important proinflammatory molecule in many inflammatory diseases, but its role in ACLF is not completely clear. The existence of HMGB1 is strongly associated with early liver injury, immune activation, and further immune injury during ACLF.

Some clinical experiments showed that increases in serum or tissue HMGB1 levels correlate positively with the occurrence and development of ACLF inflammation. A meta-analysis of 16 studies by Hu et al. revealed that the serum level of HMGB1 in patients with severe HBV and HBV-ACLF is higher than that in patients with mild and moderate hepatitis, and it was speculated that HMGB1 might be an important diagnostic target for ACLF (56). Jhun et al. showed that the expression of HMGB1, RAGE, and IL-17 increased in the liver tissue of severe HBV patients. IL-17 expression induced by the HMGB1/RAGE axis further aggravates the inflammatory reaction of peripheral blood cells in HBV patients, and downregulation of the HMGB1/RAGE axis may effectively reduce the inflammatory reaction (57). According to Cai et al., compared with levels in the healthy control, liver fibrosis, and CHB groups, the serum HMGB1 levels of ACLF patients are significantly increased, suggesting that HMGB1 can provide diagnostic or prognostic information for HBV-related ACLF (58). However, Wu et al. found levels of proinflammatory cytokines to be significantly increased in ACLF patients, whereas serum HMGB1 levels did not change (67).

The mechanism by which HMGB1 participates in the occurrence of ACLF has been partially confirmed. Xu et al. found that HMGB1 mainly exists in bile duct cells. HMGB1 begins to increase gradually at 4 h after stimulation with LPS or TNF-α in cholangiocarcinoma cell TFK-1 culture until the end of stimulation. Due to ischemia and hypoxia, inflammatory stimulation leads to the death of initial hepatocytes and release of HMGB1, demonstrating that HMGB1 plays a key role in the systemic inflammation related to ACLF (59). Gao et al. reported that the protective effect of the recombinant Ad-HGF-HIL-6 adenovirus with hyper-IL-6 and hepatocyte growth factor can significantly reduce serum HMGB1 and other proteins in ACLF rats as well as liver injury and apoptosis activity (61). Xu et al. found that levels of the serum proinflammatory cytokines IL-22, IL-6, and HMGB1 are significantly decreased in ACLF mice treated with a lncRNA-rich transcript-1 (NEAT1)-related adenovirus because NEAT1 blocks TRAF6 ubiquitination in an ACLF rat model to inhibit the inflammatory response (62). Wang et al. reported that ethyl pyruvate significantly improves liver histopathology and reduces levels of serum endotoxin, inflammatory cytokines, and HMGB1 in liver tissue (63); Fang et al. reported that quercetin reduces oxidative stress and apoptosis by inhibiting HMGB1 and its translocation, thus alleviating liver injury in ACLF rats (64); and Yang et al. reported that plasma-soluble T-cell immunoglobulin and mucin-domain-containing molecule-3 (sTim-3) are significantly increased in ACLF and inhibit the release of HMGB1, alleviating inflammatory reactions and liver injury by promoting autophagy and regulating monocyte/macrophage function (65). The latest research results of Hou et al. (2021) revealed that the thermal apoptosis of hepatocytes induced by HMGB1 enhances the inflammatory reaction to aggravate ACLF and that inhibiting HMGB1 in vivo obviously improves liver function and coagulation function in ACLF rats, indicating that it is a potential therapeutic target for ACLF treatment (66).

In conclusion, the mechanism of action of HMGB1 in ACLF is not yet fully understood. Blocking the production of HMGB1 with certain drugs or small-molecule preparations can reduce the inflammatory response in the process of ACLF, which may be a new targeted therapeutic strategy for ACLF.



3.5 S100 Protein

The S100 protein family is the key mediator for initiating and maintaining inflammation, not only amplifying the initial inflammatory signal and inducing inflammatory reactions but also slowing inflammation, promoting tissue repair, and regulating inflammation, cell proliferation and differentiation, energy metabolism, apoptosis, calcium homeostasis, cytoskeletal functions, and microbial resistance under certain conditions. This family is also becoming a new diagnostic marker for identifying and monitoring various diseases (108). The S100 protein is released by a variety of cells in the inflammatory state to promote the expression of inflammation-related genes and cell damage effects, among which S100A12 was the first S100 protein identified as a RAGE ligand (34). ACLF research has mainly focused on serological experiments, and the mechanism involved remains to be further elucidated.

Early studies revealed that serum S100b levels in fulminant hepatitis patients and ACLF patients are higher than those in cirrhosis patients and normal controls and unrelated to survival time (95). Another study showed that compared with 13 cirrhosis patients without HE and 8 healthy subjects, blood levels of S100b in most of the 35 ALF patients studied were increased but unrelated to the survival rate (93). Later, some scholars found that serum S100b is a useful marker of HE in fulminant hepatitis patients (96). Serum S100A12 may reflect the oxidative stress and inflammation levels of HBV-ACLF patients, and an increase in S100A12 may be an important biological index of poor prognosis (58). Others have found that M2 macrophages can alleviate liver injury and play a protective role in ACLF mice by inhibiting the S100A9 protein-related necrotic inflammation axis, which provides new insight for the treatment of ACLF patients (98). In addition, in children with pediatric acute liver failure (PALF), the serum S100 β level may correlate positively with the severity of the disease (94). Researchers have also found that the serum S100 β level is increased at an early stage in animal ALF models and may be used as a marker of HE (97).

On the basis of clinical experiments, S100 proteins can be used as new potential inflammatory markers of ACLF to assist in the diagnosis or assess the prognosis of ACLF.



3.6 Mitochondrial DNA

In recent years, mtDNA, as a DAMP molecule, has been increasingly studied in the context of cell damage. As a proinflammatory mediator, its mechanism in many inflammatory diseases has also been discussed. For example, Tumburu et al. found that mtDNA is a proinflammatory DAMP molecule in sickle cell disease (127) and Todkar et al. reported that mtDNA can enhance the proinflammatory effect in vesicles (116). Zhang et al. reported that mtDNA is greatly increased in systemic inflammatory response syndrome (SIRS), promoting MAPK activity, increasing Ca2+ flux and phosphorylation, inducing neutrophil-mediated organ damage, and leading to death in patients by binding with TLR9 and activating human polymorphonuclear neutrophils (PMNs) (117). mtDNA is of concern in genetic diseases and systemic diseases, and its level is related to the severity of inflammation. However, there are few studies on the role of mtDNA in ALF or ACLF.

When hepatocyte damage leads to mitochondrial dysfunction, mtDNA is damaged, consumed, and released into the blood circulation from cells and triggers an inflammatory reaction through TLR9, the inflammatory corpuscle, and the stimulator of interferon genes (STING) pathways, which aggravates hepatocyte damage and even multiple-organ dysfunction (128). McGill et al. reported that compared with survivors, the group of APAP-induced ALF patients who died had higher serum mtDNA levels and that mtDNA could be used as a good biomarker to predict prognosis (99). The mtDNA of DAMPs can be released into the tissue environment by necrotic hepatocytes during liver injury, and free mtDNA can promote the development of inflammation and lead to ACLF by interacting with cyclic GMP-AMP synthase (cGAS) to induce IFN (100). He et al. found that APAP can significantly increase serum mtDNA levels in ALF mice and that mtDNA in necrotic hepatocytes triggers TLR9 on neutrophils, induces expression and infiltration of proinflammatory mediators, and aggravates liver injury (101).

As an inflammatory mediator in the process of hepatocyte injury, mtDNA has received significant attention, but further research is needed to find a stable inflammatory marker for the early diagnosis of ALF or ACLF.




4 Summary and perspectives

Currently, liver transplantation is the most effective treatment for ACLF, but its use is limited by the number of donors. Therefore, finding a treatment that limits excessive systemic inflammation without inducing immunosuppression is important for ACLF treatment. The danger signal theory states that the death of tissue cells causes immune cell activation and release of a large number of cytokines, increases immune damage to organs, and eventually leads to systemic inflammation. Early inflammatory mediators such as TNF-α, IL-1β, IL-17, and IFN-γ are important cytokines leading to ACLF, and DAMPs such as HMGB1 and IL-33 have been shown to regulate early inflammatory mediators through the NF-kB signaling pathway. IL-33 enhances the ability of Tc cells to secrete IFN-γ, NK cells to secrete IL-12, and DCs to secrete TNF-α and IL-1β by binding to ST2 on the surface of immune cells. TNF-α and HMGB1 synergistically promote D-galactosamine/LPS-induced acute lethal liver injury, and blocking TNF-α and HMGB1 synergistically improves liver injury (129) while promoting histone acetylation, inhibiting release of a variety of proinflammatory cytokines (TNF-α, IFN-γ, IL-10, IL-18) (53). DAMP-related molecules have been confirmed to be expressed abnormally in ACLF patients, and IL-33, sST2 (28, 30, 32, 106), and HMGB1 (58) have also been found to be single biomarkers that predict the prognosis of ACLF. There is currently no ACLF therapy targeting DAMPs, but neutralization of IL-33 (130) using sST2, HMGB1, and IL-33-blocking antibodies (131–133) and TSA-acetylated histones (53) can effectively reduce the inflammatory cytokine storm caused by DAMPs, which shows the potential of ACLF precision immune diagnosis and treatment targeting DAMPs.

In this paper, the relationship between DAMPs and ACLF in the danger hypothesis is systematically analyzed, the possible mechanism of DAMPs participating in the immune mechanism of ACLF is explored, and the role of DAMPs in the occurrence of ACLF is studied systematically and deeply by summarizing various methods related to ACLF research. DAMPs mainly result in the occurrence of ACLF by increasing the infiltration of immune cells into the liver and causing a cytokine storm (Figure 2). However, the mechanism of these pathways remains unclear, and research is still in the stages of in vivo and in vitro experiments. Regarding some of the research results, there are still disputes, and the safety and effectiveness need to be further studied. Therefore, it is necessary to further explore the mechanism of the involvement of DAMPs in ACLF.




Figure 2 | Relationships among cell necrosis, DAMPs, and ACLF.



ACLF is a disease model of systemic inflammation, and studies on the interaction between DAMPs and ACLF will add value to the study of innate immunology and adaptive immune responses that can be extended to other inflammatory diseases beyond ACLF. Furthermore, ACLF serves as a suitable disease model to study the mechanisms of systemic inflammation and tissue damage, as the relationship of each immune cell to DAMPs during ACLF development is poorly understood. With the development of new research tools, such as single-cell RNA-seq and other cutting-edge technologies, the immunological characteristics of ACLF development will be further determined, and how DAMPs affect immune cell polarization and their subsequent effects on ACLF will be revealed. In conclusion, we conducted a literature review of DAMPs and their interactions in ACLF to increase, updating our understanding of this research area and providing new ideas for finding an appropriate immune intervention for ACLF.
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Background

Acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) are the two most common subtypes of liver failure. They are both life-threatening clinical problems with high short-term mortality. Although liver transplantation is an effective therapeutic, its application is limited due to the shortage of donor organs. Given that both ACLF and ALF are driven by excessive inflammation in the initial stage, molecules targeting inflammation may benefit the two conditions. MicroRNAs (miRNAs) are a group of small endogenous noncoding interfering RNA molecules. Regulation of miRNAs related to inflammation may serve as promising interventions for the treatment of liver failure.



Aims

To explore the role and mechanism of miR-125b-5p in the development of liver failure.



Methods

Six human liver tissues were categorized into HBV-non-ACLF and HBV-ACLF groups. Differentially expressed miRNAs (DE-miRNAs) were screened and identified through high-throughput sequencing analysis. Among these DE-miRNAs, miR-125b-5p was selected for further study of its role and mechanism in lipopolysaccharide (LPS)/D-galactosamine (D-GalN) -challenged Huh7 cells and mice in vitro and in vivo.



Results

A total of 75 DE-miRNAs were obtained. Of these DE-miRNAs, miR-125b-5p was the focus of further investigation based on our previous findings and preliminary results. We preliminarily observed that the levels of miR-125b-5p were lower in the HBV-ACLF group than in the HBV-non-ACLF group. Meanwhile, LPS/D-GalN-challenged mice and Huh7 cells both showed decreased miR-125b-5p levels when compared to their untreated control group, suggesting that miR-125b-5p may have a protective role against liver injury, regardless of ACLF or ALF. Subsequent results revealed that miR-125b-5p not only inhibited Huh7 cell apoptosis in vitro but also relieved mouse ALF in vivo with evidence of improved liver histology, decreased alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, and reduced tumor necrosis factor-α (TNF-α) and IL-1β levels. Based on the results of a biological prediction website, microRNA.org, Kelch-like ECH-associated protein 1 (Keap1) was predicted to be one of the target genes of miR-125b-5p, which was verified by a dual-luciferase reporter gene assay. Western blot results in vitro and in vivo showed that miR-125b-5p could decrease the expression of Keap1 and cleaved caspase-3 while upregulating the expression of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and heme oxygenase-1(HO-1).



Conclusion

Upregulation of miR-125b-5p can alleviate acute liver failure by regulating the Keap1/Nrf2/HO-1 pathway, and regulation of miR-125b-5p may serve as an alternative intervention for liver failure.
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Introduction

Liver failure is a life-threatening clinical problem with high short-term mortality. It can present as acute liver failure (ALF, without pre-existing chronic liver disease), acute-on-chronic liver failure (ACLF, an acute deterioration of underlying chronic liver disease) or an acute decompensation of an end-stage liver disease (1). Liver transplantation is an effective therapeutic option, irrespective of the etiology of liver failure. However, the application of liver transplantation is limited due to the shortage of donor organs (2). Thus, liver failure is still a severe clinical challenge, and other interventions assisting alleviating liver injury are being explored.

ALF and ACLF are the most widely discussed owing to their high incidence worldwide. Better knowledge of the pathophysiology of these diseases can provide insights into novel therapies. It has been reported that the development of both ALF and ACLF is driven by immune dysfunction and inflammatory imbalance, although the conditions are distinct clinical entities (3–5). The immune and inflammatory status of the diseases is dynamic, progressing from intensive inflammation to the development of immunoparalysis (3, 4, 6). In the initial phase of ALF, immune cells participating in the innate response are activated to produce proinflammatory mediators, which can stimulate a systemic inflammatory response. Patients with ACLF display an excessive innate immune response, which is characterized by leukocytosis, neutrophilia and lymphopenia, together with high levels of inflammatory mediators (7, 8). Initial systemic inflammatory response syndrome (SIRS) due to acute insult and/or subsequent secondary infection due to immunoparalysis can lead to extrahepatic organ failure (4, 9, 10). Thus, strategies modulating immune and proinflammatory mediators can be potential targets to alleviate liver failure.

MicroRNAs (miRNAs) are a class of small endogenous noncoding interfering RNA molecules and can induce gene silencing and translational repression by binding specific sequences in target mRNAs, thereby playing key roles in biological processes and in the development of various diseases (11). Accumulating studies have demonstrated that miRNAs are involved in the modulation of immunity and inflammation, and regulation of these miRNAs may be potential therapeutics for clinical problems (12–14). For instance, inhibition of miR-34b-5p could attenuate inflammation and apoptosis in acute lung injury, and thus miR‐34b‐5p and its target progranulin might be a potential intervention pathway for the treatment of acute lung injury (15). Thus, the regulation of miRNAs and their target genes may improve the outcome of various diseases by regulating immunity and inflammation.

In the present study, we identified miRNAs that were differentially expressed in human HBV-ACLF tissues compared to HBV-non-ACLF tissues. Then, we further explored the role of a certain miRNA in the development of liver failure, aiming to determine whether the miRNA may improve liver failure by regulating intensive inflammation, hoping to pave the way for miRNA-targeting therapies for liver failure.



Materials and methods


Study population

Six patients with chronic HBV infection were enrolled. They all received antiviral therapy with nucleos(t)ide analogs. They were divided into HBV-non-ACLF (n=3) and HBV-ACLF (n=3) groups based on their liver histopathology and liver function. The histological assessments were performed using the METAVIR scoring system. Briefly, the degree of inflammation in the liver biopsies was assessed with the standard METAVIR histology activity index scoring system, defined as A0, no inflammation; A1, mild inflammation; A2, moderate inflammation, and A3, severe inflammation. The histological appearance of fibrosis was classified as F0 to F4, ranging from no fibrosis to cirrhosis (16).

HBV-non-ACLF referred to patients with chronic hepatitis B (CHB) who had abnormal liver function and mild-to-moderate inflammatory activity (≤A2) in the liver tissue due to HBV infection, but did not meet the diagnostic criteria of ACLF.

ACLF is diagnosed according to the recommendations of the Asian Pacific Association for the Study of the Liver (APASL) (1). Herein, patients who were previously diagnosed with CHB or cirrhosis belonged to the HBV-ACLF group if they manifested with jaundice (bilirubin>5 mg/dL), coagulopathy [prolonged international normalized ratio (INR)>1.5], encephalopathy, and ascites within 4 weeks. The histopathological findings of the HBV-ACLF group showed evident infiltration of inflammatory cells (A3), accompanied by the formation of pseudolobuli (F4). All HBV-ACLF patients later received liver transplantation.

Patients were excluded if they had any of the following conditions: (1) infections with other hepatitis viruses (including A, C, D, and E) or human immunodeficiency virus (HIV); (2) evidence of drug-induced liver injury, alcoholic liver disease, autoimmune liver diseases, severe systemic illnesses; (3) malignancies, such as hepatocellular carcinoma.

This study was carried out in accordance with the Declaration of Helsinki. All patients provided verbal informed consent. Detailed information about the study cohort is described in Table 1.


Table 1 | Clinical characteristics of the two groups of patients.





High-throughput sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The quantity and purity of total RNA were analyzed with an Agilent 2100 Bioanalyzer (Agilent, USA) with RIN> 6.5. Small RNAs of different length were separated using denaturing polyacrylamide gel electrophoresis (PAGE). Fragments between 18 and 30 nt in length were gel-purified and ligated to adaptors at both the 3′- and 5′-ends. The ligation products were subsequently reverse- transcribed into cDNA, and PCR amplification was performed using an Illumina sequencing kit (Illumina, USA) to generate a cDNA library according to previous studies (17, 18).

High-throughput sequencing was performed by Chengdu Life Baseline Technology Co., Ltd. As shown in Supplement 1, the raw read sequences were filtered to remove low-quality reads, 5′ adaptor contaminant reads, reads without 3’ adaptor sequences, reads containing poly (A) and adapter sequences, sequences <18 nt and sequences >32 nt. The clean reads were obtained and their length distributions were calculated using Fastx-Toolkit (19). Then, the clean reads were mapped and aligned to the human reference genome group and other small RNA databases using Bowtie2 software (20). The known miRNAs and novel miRNAs were identified and predicted using miRbase and miRDeep2, respectively (21, 22).

The miRNA expression levels between the two groups were compared to identify differentially expressed (DE)-miRNAs. The expression of miRNA was normalized using transcripts per million (TPM) as the following formula: TPM = (mapped read count/total clean read count) ×106 (23). DE-miRNAs were defined as |log2 (fold change)| >1 between two groups with a false discovery rate (FDR) of <0.05.



Bioinformatics analysis for DE-miRNAs

To understand the functions of these DE-miRNAs, their potential target genes were predicted by RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) and miRanda (http://www.microrna.org/microrna/home.do) (24, 25). Only the target genes predicted by both methods were considered reliable targets for further analysis. Gene ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed on these target genes (26, 27). GO analysis was conducted to provide functional annotation for predicted target genes of miRNAs by analyzing the classifications of Biological Process, Cellular Component and Molecular Function. Pathway analysis was based on KEGG, which is a database resource for understanding the high-level functions and utilities of biological systems. p<0.05 was regarded as the cutoff to select significantly enriched terms.



Cell culture and transfection

The human HCC cell line Huh7 was preserved in our laboratory. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, D6429, Sigma, USA) containing 10% fetal bovine serum (12103C, Sigma, USA) and 1% penicillin/streptomycin under standard culture conditions (a humidified 5% carbon dioxide incubator at 37°C).

The miR-125b-5p overexpression vector and negative control (NC) vector were designed and provided by Heyuan Biotechnology (OBIO, Shanghai, China). After growth to 60%-70% confluence in six-well plates, Huh7 cells were transfected with miR-125b-5p vector or NC vector using Lipofectamine™ 2000 (11668019, Invitrogen, USA). On the following day, the cells were incubated with normal medium.



Flow cytometric analysis

Apoptotic cells were assessed using an Annexin V- Fluorescein isothiocyanate (FITC) apoptosis detection kit (APOAF, Sigma, USA) according to the manufacturer’s protocol. Huh7 cells were collected and washed twice with PBS. Then, the cells were resuspended in 500 μL of 1× binding buffer and stained with 5 μL of Annexin V-FITC conjugate and 10 μL of PI solution. After incubation for 15 min in the dark at room temperature, stained cells were analyzed by flow cytometry (BD Accuri™ C6 flow cytometer).



Real−time quantitative PCR analysis

Total RNA was extracted from Huh7 cells and liver tissues using TRIzol Reagent (15596026, Invitrogen, USA) according to the manufacturer’s instructions. Reverse transcription was performed using a First Strand cDNA Synthesis Kit (B300537, Sangon Biotech, China). The expression of miR-125b-5p was determined by quantitative real-time PCR using a miRNA qPCR detection kit (B532461, Sangon Biotech, China), as previously reported (28). The forward primer sequence for miR-125b-5p was CGTCCCTGAGA- CCCTAACTTGTGA. The reverse primers for miR-125b-5p were universal adaptor primers designed and provided by Sangon Biotech Company (Shanghai, China). The level of miR-125b-5p was calculated using the relative quantification 2-ΔΔCT method and normalized to the U6 transcript (Bio-Rad CFX Manager software), as previously described (29, 30)



Animals

Male C57BL/6J mice (6-8 weeks old, weighing 20-25 g) were purchased from Huaxi Laboratory Animal Center of Sichuan University (Chengdu, China). All mice were maintained under controlled conditions (24°C, 55% humidity and 12-h day/night rhythm) and given free access to water and food. The mice received humane care under guidance from the Institutional Review Board in accordance with the Animal Protection Art of Sichuan University. After 1 week of acclimation, the mice were prepared for further study.



Mouse model of acute liver failure

The mouse model of ALF was established using lipopolysaccharide (LPS) and D-galactosamine (D-GalN) as previously described (31). In brief, C57BL/6J mice were given 700 mg/kg D-GalN (G0500, Sigma, USA) and 10 μg/kg LPS (Escherichia coli, 0111:B4, L2630, Sigma, USA) by intraperitoneal injection. Mice in the present study were randomly divided into four groups (n = 8/group): a normal control group, an LPS/D-GalN group, an LPS/D-GalN+ negative control (NC) group and an LPS/D-GalN+ miR-125b-5p group.

The miR-125b-5p overexpression vector or negative control vector was administered to mice via tail vein prior to the establishment of ALF as previously reported (32, 33). Seven hours after ALF model establishment, all mice were sacrificed, and serum and liver samples were harvested and stored for further analysis.



H&E staining

Liver tissue was obtained and fixed with 4% paraformaldehyde at 4°C for 48 h and then embedded in paraffin. After immobilization, samples were cut into sections and then stained with hematoxylin-eosin (HE) using a standard protocol. The sections were visualized under a light microscope, and representative images are presented.



Biochemical detection of aminotransferase

Serum samples were collected from mice to detect alanine aminotransferase (ALT) and aspartate aminotransferase (AST) by an automatic biochemical analyzer.



Enzyme-linked immunosorbent assay (ELISA)

The levels of serum tumor necrosis factor -α (TNF-α, EMC102a, NeoBioscience, China) and IL-1β (EMC001b, NeoBioscience, China) were detected using ELISA kits according to the manufacturer’s instructions.



Western blotting

Protein was extracted from Huh7 cells and liver tissues. The isolated proteins were separated by polyacrylamide gel electrophoresis and then transferred onto polyvinylidene fluoride (PVDF) membranes. Subsequently, the blots were exposed to primary antibodies against Kelch-like ECH-associated protein 1 (Keap1, #8047, CST, USA), nuclear factor (erythroid-derived 2)-like 2 (Nrf2, sc-365949, Santa Cruz, USA), heme oxygenase-1 (HO-1, #43966, CST, USA), and cleaved caspase-3 (#9661, CST, USA). Anti-GAPDH (TA-08), anti-β-tubulin (TA-10) and anti-β-actin (TA-09) were used as internal references, and were purchased from Beijing Zhong Shan-Golden Bridge Biological Technology Co., Ltd. The images of the gels were captured in a Bio-Rad Image Lab (ChemiDoc™ MP Imaging System, Bio-Rad, California, USA).



Dual-luciferase reporter gene assay

A biological prediction website, microRNA.org, was used to analyze the target genes of miR-125b-5p, and a dual-luciferase reporter gene assay was performed to detect whether miR-125b-5p extensively targeted Keap1. The full length of the 3′-untranslated region (3′UTR) (forward primer: GAGGAGTTGTGTTTGTGGAC; reverse primer: TGTAAAACGACGGCCAGT) of the Keap1 gene was amplified clonally. The wild-type (WT) vector of Keap1 (Keap1-WT) and a mutant type vector (Keap1-MUT) were constructed. Bioinformatics software was used to predict the binding sites between miR-125b-5p and Keap1. The vectors were cotransfected with miR-125b-5p mimic and mimic negative control into 293T cells according to the following groups: Keap1-WT+ miR-125b-5p mimic negative control (miR-NC), Keap1-WT+ miR-125b-5p mimic, Keap1-MUT+ miR-NC, and Keap1-MUT+ miR-125b-5p mimic. Firefly and Renilla luciferase activities were measured using a dual luciferase reporter gene detection kit. The experiment was repeated three times in each group.



Statistical analysis

Statistical analysis was performed using SPSS 20.0 software. Data are presented as the mean± deviation (SD) determined from a minimum of three independent experiments each performed with triplicate cultures. One-way ANOVA was performed to evaluate the level of significance, and the results were considered statistically significant if p<0.05.




Results


Sequence analysis of small RNAs and identification of DE-miRNAs

Six liver tissues were obtained and categorized into HBV-non-ACLF and HBV-ACLF groups based on the severity of liver injury (Table 1, Figure 1A). The sequences of small RNAs ranged from 18-30 nt in length, of which the majority were 21-23 nt long, and the 22-nt small RNAs were the most abundant (Figure 1B). After removal of the adaptor, insert, poly (A) tail and short RNAs of <18 nt, a total of 59,160,359 and 49,723,211 clean reads were obtained for the two groups, respectively (Supplement 2). Small RNA sequences were searched against the GenBank, Rfam, and Repbase databases by Bowtie2 software, rRNA, snRNA, snoRNA, tRNA, sRNA, etc., were annotated and removed, and the unannotated RNAs were subjected to further analyses for miRNA identification (Figure 1C). We used the software miRbase and miRDeep2 to map the retained sequence reads to identify candidate miRNAs.




Figure 1 | Results of high-throughput sequencing and identification of DE-miRNAs. (A) H&E staining of liver tissues from HBV-non-ACLF and HBV-ACLF groups; (B) Length distribution of the small RNA library; (C) Distribution of small RNAs among different categories; (D) Heatmap of DE-miRNAs constructed by comparing the levels of miRNAs between the two groups.



DE-miRNAs were obtained when they met the criteria of |log2 (fold change)|>1 between the two groups and FDR<0.05, and these DE-miRNAs are presented in a heatmap (Figure 1D). Compared with the HBV-non-ACLF group, the levels of 28 miRNAs were increased, while the levels of 47 miRNAs were decreased in the HBV-ACLF group. Some of the upregulated and downregulated miRNAs are shown in Tables 2 and 3, respectively.


Table 2 | Ten of the upregulated DE-miRNAs in the HBV-ACLF group compared to the HBV-non-ACLF group.




Table 3 | Twenty of the downregulated DE-miRNAs in the HBV-ACLF group compared to the HBV-non-ACLF group.





GO and KEGG enrichment analysis

To further understand the roles of miRNAs in the progression of liver injury, GO and KEGG analyses of putative target genes of these DE-miRNAs were performed. GO describes genes from three aspects, namely molecular function (MF), cellular component (CC) and biological process (BP).

Among the DE-miRNA target genes, “binding” was the most represented in the MF category, followed by “catalytic activity”, “nucleic acid binding transcription factor activity”, “antioxidant activity” and “transporter activity”. For the CC category, target genes mostly participated in the “cell”, “cell part”, “organelle”, “organelle part” and “membrane”. Genes involved in the “cellular process”, “single-organism process”, “biological process”, “metabolic process” and “regulation of biological process” were notably represented in the BP category (Figure 2A). In the KEGG analysis, target genes were primarily enriched in the “pathways in cancer”, “toxoplasmosis”, “pertussis”, “leishmaniasis” and “microRNAs in cancer” (Figure 2B).




Figure 2 | GO functional enrichment analysis (A) and KEGG pathway analysis (B) for DE-miRNAs obtained from the comparsion between HBV-non-ACLF and HBV-ACLF groups. Rich actor is the ratio of the DE gene number to the total gene number in a certain pathway. The size and color of the dots represent the gene number and range of the p value, respectively.





Protective action of miR-125b-5p against ALF both in vitro and in vivo

We previously proved that serum miR-125b-5p was associated with the severity of HBV-related liver damage, and high serum miR-125b-5p might serve as a predictor for poor outcomes in HBV-ACLF cases (28). In the present study, we observed that the levels of hepatic miR-125b-5p were decreased with the aggravation of HBV-induced liver injury based on miRNA array data. Meanwhile, we verified the expression of miR-125b-5p using 20 pairs of liver tissues from patients with HBV-non-ACLF and HBV-ACLF and confirmed that the levels of hepatic miR-125b-5p were lower in HBV-ACLF patients than in HBV-non-ACLF patients (p<0.001, Supplement 3A). In addition, the levels of miR-125b-5p were decreased in LPS/D-GalN-challenged Huh7 cells (p<0.01, Supplement 3B) and mice (p<0.001, Supplement 3C) compared to those in untreated control groups. Thus, it was well-founded to speculate that miR-125b-5p might play an important role in the development of liver failure, regardless of ACLF or ALF, and we focused on this miRNA for further study.

To determine the role of miR-125b-5p, Huh7 cells were transfected with miR-125b-5p overexpression vector or negative control vector. The expression of miR-125b-5p was significantly increased in the cells of the experimental group compared with the control group (p<0.001, Supplement 3D). Twenty-four hours after transfection with the vector, Huh7 cells were treated with LPS (20 ng/mL)/D-GalN (3 mol/mL) for 36 hours. Cell apoptosis was analyzed using annexin-V flow cytometry. As shown in Figures 3A, B, the apoptosis rates were significantly lower in cells transfected with miR-125b-5p vector before LPS/D-GalN addition than in cells only treated with LPS/D-GalN (29.41% ± 2.61% vs. 44.63% ± 5.45%, p<0.05) and in cells transfected with negative control vector (29.41% ± 2.61% vs. 50.39% ± 6.71%, p<0.01), demonstrating that miR-125b-5p may help to alleviate acute liver injury in vitro by inhibiting cell apoptosis.




Figure 3 | Role and mechanism of miR-125b-5p in injured Huh7 cells in vitro. (A) The cell apoptosis rate was calculated by flow cytometry. a: Normal control; b: LPS/D-GalN; c: LPS/D-GalN+ Negative control vector; d: LPS/D-GalN+ miR-125b-5p. (B) The cell apoptosis rate was calculated and compared. (C) A luciferase reporter assay was performed to identify the binding sites between human Keap1 and hsa-miR-125b-5p. (D) The expression levels of Keap1, Nrf2, HO-1 and cleaved caspase-3 were evaluated by western blotting. NS, no significance. *p< 0.05, **p < 0.01.



To further identify the protective role of miR-125b-5p in ALF in vivo, we established mouse ALF through intraperitoneal injection of LPS/D-GalN and assessed the improvements in liver histopathology and serum biochemical indicators after administration of the miR-125b-5p overexpression vector. The liver histopathological characteristics of the negative control groups showed no significant differences from those of the LPS/D-GalN-induced ALF groups, whereas administration of the miR-125b-5p vector improved the liver histopathology based on the retained liver structure, decreased inflammatory cell infiltration and reduced hemorrhage (Figure 4A). In addition, miR-125b-5p also reduced ALT and AST levels in mice treated with LPS/D-GalN (p<0.001, Figure 4B). Serum TNF-α and IL-1β levels were enhanced in the LPS/D-GalN-induced ALF group. In contrast, significant decreases in the two proinflammatory cytokines were observed in the miR-125b-5p treated group (p<0.001, Figure 4C).




Figure 4 | Role and mechanism of miR-125b-5p in LPS/D-GalN- induced ALF in vivo. (A) H&E staining of liver tissue. (B) Detection of serum ALF and AST. (C) Detection of two serum proinflammtory mediators, TNF-α and IL-1 β, using ELISA. (D) A luciferase reporter assay was performed to identify the binding sites between mouse Keap1 and mmu-miR-125b-5p. (E) The expression levels of Keap1, Nrf2, HO-1 and cleaved caspase-3 were evaluated by western blotting. NC, negative control. NS, no significance. *p<0.05, **p <0.01, ***p <0.001.





MiR-125b-5p alleviated ALF by regulating the Keap1/Nrf2 signaling pathway

A dual-luciferase reporter gene assay was performed to detect whether miR-125b-5p targeted Keap1 through the potential binding site predicted by TargetScan. The luciferase assay activity levels were reduced in the miRNA-125b-5p group compared with the miR-NC group, demonstrating that the 3’−UTR of human Keap1 mRNA was the binding site of miRNA-125b-5p, and unchanged levels of luciferase activity in the presence of the mutated 3’−UTR of Keap1 further confirmed that Keap1 is the target of miR-125b-5p (Figure 3C). We then investigated whether the Keap1 protein and its involved signaling pathway were regulated by miR-125b-5p in vitro. Overexpression of miRNA-125b-5p significantly suppressed the protein expression of Keap1. The Keap1/Nrf2 pathway plays a key role in mitigating acute liver injury (34). Our study found that the expression levels of Nrf2 and one of its downstream proteins, HO-1, were upregulated, whereas cleaved caspase-3 was decreased in miRNA-125b-5p- overexpressing cells compared to the control groups (Figure 3D).

We further explored whether miR-125b-5p could improve ALF in vivo by targeting Keap1 and its downstream proteins. The dual-luciferase reporter gene assay confirmed the direct binding of miR-125b-5p with the 3’-UTR of mouse Keap1 but not with the mutated 3’-UTR (Figure 4D). Subsequently, we found elevated levels of Nrf2 and HO-1 in miR-125b-5p-treated mice (Figure 4E). The expression of cleaved caspase-3 was significantly decreased in mice administered the miR-125b-5p overexpression vector. Thus, miR-125b-5p can regulate Keap1, which leads to the activation of Nrf2 signaling and hence alleviates LPS/D-GalN-induced ALF.




Discussion

Liver failure is a challenging condition with high mortality; thus, the development of novel therapeutic agents for liver failure is crucial. Both ACLF and ALF are driven by dysfunctional immunity and excessive inflammation. Hence, strategies targeting immunity and inflammation may provide new insight into the treatment of liver failure.

In the present study, we screened DE-miRNAs in human liver tissues from patients with HBV-non-ACLF and HBV-ACLF using high-throughput sequencing. To the best of our knowledge, this is the first study that systematically quantifies the expression features of miRNAs by high-throughput sequencing analysis in human HBV-related liver tissue.

A total of 75 DE-miRNAs were ultimately obtained, and subsequent GO analysis revealed that most target genes of these DE-miRNAs were involved in “binding”, “cell part”, “cellular process” and related categories. KEGG analysis showed that target genes predominantly participated in the “pathways in cancer”, “toxoplasmosis”, and “microRNAs in cancer”. Although the functions of these DE-miRNAs in the development of liver failure remain unclear, several lines of evidence from previous findings suggest that our results are biologically reasonable. For instance, in the present study, the level of hepatic miR-122-5p was downregulated with the aggravation of liver injury. Previous study proved that circulating miR-122-5p might function as a new biomarker for CHB patients with normal or nearly normal ALT levels (35), and miR-122-5p knockdown protected against acetaminophen-induced liver injury (36). Likewise, miR-192-5p was downregulated when liver injury worsened in the present study, while a previous study proved that mR-192-5p was upregulated in serum during liver injury, and downregulation of miR-192-5p might protect against liver cell death (37). Overall, it seems that DE-miRNAs may participate in the development of liver injury, and some of them may be potential targets for the treatment of liver failure.

Of these DE-miRNAs, miR-125b-5p was the focus of further investigation based on our previous findings and preliminary results. We previously documented that circulating miR-125b-5p might be a novel biomarker for liver injury, and high serum miR-125b-5p levels might predict a poor outcome in HBV-ACLF patients (28). In the present study, we preliminarily observed that the hepatic miR-125b-5p levels were lower in the HBV-ACLF group than in the HBV-non-ACLF group. Meanwhile, LPS/D-GalN-challenged mice and Huh7 cells both showed decreased miR-125b-5p levels compared to their untreated control groups. Therefore, it is reasonable to speculate that miR-125b-5p may have a protective role against liver injury, regardless of the presence of ACLF or ALF.

Subsequent experiments were performed to determine the role of miR-125b-5p in acute liver injury both in vitro and in vivo. We found a reduced apoptosis rate of injured Huh7 cells after transfection with the miR-125b-5p vector, demonstrating that miR-125b-5p was able to ameliorate acute liver injury. Later, using a mouse ALF model induced by LPS/D-GalN, we observed severely damaged liver histology and elevated ALT/AST levels in ALF mice, whereas upregulation of miR-125b-5p reversed the impacts of liver failure, in line with a previous study in which miR-125b-5p was proven to protect against paracetamol- and FAS-induced toxicity in hepatocytes (38).

We next explored the underlying mechanism of miR-125b-5p in relieving ALF. Patients with liver failure, either ALF or ACLF, display evidence of a proinflammatory state in the initial stage. Targeting factors that are involved in the inflammatory response may be an alternative therapeutic for liver failure. Immune dysfunction in ALF and ACLF shares many features with sepsis (3, 4, 39). During sepsis, miRNAs are crucial regulators of immune cell function and participate in the inflammatory response by regulating the production of inflammatory factors, the vascular barrier and endothelial function (40–42). Thus, dysregulated miRNAs may also be involved in the inflammatory response during liver failure. It has been reported that miR-125b-5p may directly or indirectly participate in inflammation (43–45). MiRNA-125b-5p elevation can restrain the inflammatory response and protect against sepsis-induced acute lung injury (43). Correspondingly, dramatic decreases in the levels of serum TNF-α and IL-1β in mice treated with miR-125b-5p were observed in our study; thus, we speculated that miR-125b-5p may alleviate ALF by suppressing inflammation.

Keap1, as a putative target of miR-125b-5p, was verified using a luciferase activity assay in the present study. There was a negative correlation between miR-125b-5p and Keap1 expression in Huh7 cells and liver tissues; thus, miR-125b-5p targeted and negatively regulated Keap1. The Keap1/Nrf2 signaling pathway plays a pivotal role in the maintenance of intracellular redox homeostasis and the regulation of inflammation. Under homeostatic conditions, Nrf2 is mainly retained by Keap1 in the cytoplasm. Upon oxidative stress, Keap1 is inactivated, and Nrf2 dissociates from Keap1. Nrf2 then translocates to the nucleus and binds to antioxidant response elements (AREs), leading to the expression of diverse antioxidant and metabolic genes, such as glutathione S-transferase (GST) and heme oxygenase 1 (HO-1) (46). HO-1 is a critical protective enzyme that inhibits the release of proinflammatory cytokines and activates the anti-inflammatory cytokines (47). The Nrf2/HO-1 axis has been found to reduce the levels of TNF-α, IL-6 and IL-1-β and play a major role in anti-inflammatory function (48).

In the present study, we found that LPS/D-GalN decreased hepatic miR-125b-5p levels to target Keap1 and inhibit the Nrf2 pathway, triggering liver inflammation and cell apoptosis. In contrast, upregulation of miR-125b-5p decreased the level of Keap1 and promoted the expression of Nrf2 and its target HO-1. Hence, miR-125b-5p protects against LPS/D-GalN- induced ALF by targeting Keap1 and disrupting the interaction between Nrf2 and Keap1, followed by the activation of the Nrf2/HO-1 axis, thereby decreasing the levels of TNF-α and IL-1-β and inhibiting cell apoptosis, which was in accordance with previous evidence that regulation of the Keap1/Nrf2/HO-1 signaling pathway could alleviate acute liver injury (34, 49, 50).

However, only miR-125b-5p was investigated herein, and further studies are needed to disclose the molecular mechanisms by which other miRNAs, individually or cooperatively, contribute to the development of liver injury. Moreover, it may be better to establish a miRNA-network diagram targeting inflammation in the development of liver failure, which may provide new insight into the pathophysiology of liver failure and lay a basis for the study of new therapeutics.

In conclusion, our study provides evidence that miR-125b-5p can alleviate LPS/D-GalN-induced ALF by regulating the Keap1/Nrf2/HO-1 signaling pathway, and therefore, regulation of miR-125b-5p and its downstream target Keap1 may serve as an alternative intervention for liver failure.
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Background

Anti-tuberculosis drug-induced liver injury (ATB-DILI) is one of the most common adverse reactions that brings great difficulties to the treatment of tuberculosis. Thus, early identification of individuals at risk for ATB-DILI is urgent. We conducted a prospective cohort study to analyze the urinary metabolic and microbial profiles of patients with ATB-DILI before drug administration. And machine learning method was used to perform prediction model for ATB-DILI based on metabolomics, microbiome and clinical data.



Methods

A total of 74 new TB patients treated with standard first-line anti-TB treatment regimens were enrolled from West China Hospital of Sichuan University. Only patients with an updated RUCAM score of 6 or more were accepted in this study. Nontargeted metabolomics and microbiome analyses were performed on urine samples prior to anti-tuberculosis drug ingestion to screen the differential metabolites and microbes between the ATB-DILI group and the non-ATB-DILI group. Integrating electronic medical records, metabolomics, and microbiome data, four machine learning methods was used, including random forest algorithm, artificial neural network, support vector machine with the linear kernel and radial basis function kernel.



Results

Of all included patients, 69 patients completed follow-up, with 16 (23.19%) patients developing ATB-DILI after antituberculosis treatment. Finally, 14 ATB-DILI patients and 30 age- and sex-matched non-ATB-DILI patients were subjected to urinary metabolomic and microbiome analysis. A total of 28 major differential metabolites were screened out, involving bile secretion, nicotinate and nicotinamide metabolism, tryptophan metabolism, ABC transporters, etc. Negativicoccus and Actinotignum were upregulated in the ATB-DILI group. Multivariate analysis also showed significant metabolic and microbial differences between the non-ATB-DILI and severe ATB-DILI groups. Finally, the four models showed high accuracy in predicting ATB-DILI, with the area under the curve of more than 0.85 for the training set and 1 for the validation set.



Conclusion

This study characterized the metabolic and microbial profile of ATB-DILI risk individuals before drug ingestion for the first time. Metabolomic and microbiome characteristics in patient urine before anti-tuberculosis drug ingestion may predict the risk of liver injury after ingesting anti-tuberculosis drugs. Machine learning algorithms provides a new way to predict the occurrence of ATB-DILI among tuberculosis patients.





Keywords: metabolomic, microbiome, anti-tuberculosis drug-induced liver injury (ATB-DILI), machine learning, cohort, updated RUCAM



Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis infection, which is an infectious disease with the highest mortality before the novel coronavirus pneumonia pandemic (1). According to the report of the World Health Organization, there were 9.9 million new cases of tuberculosis worldwide, and approximately 1.3 million patients died in 2020 (1). After treatment with a first-line anti-tuberculosis regimen containing isoniazid and rifampicin, 86% of patients were treated successfully (1–3). However, it is often accompanied by various adverse drug reactions, such as gastrointestinal reaction, drug-induced liver injury (DILI), hyperuricemia, leucopenia, allergy, peripheral neuritis and so on (3–7). Anti-tuberculosis drug-induced liver injury (ATB-DILI) is one of the most common adverse reactions in the treatment of tuberculosis (4–6) and may lead to treatment interruption, prolonged treatment time, decreased treatment success rate and increased hospitalization rat (8–10). Early identification and evaluation of ATB-DILI will provide new ideas for the precise treatment of tuberculosis patients.

Currently, the identification of biomarkers by metabolomics has been widely used in pathophysiological mechanisms in many scientific fields, such as plant biology (11), toxicology (12) and disease diagnosis and prognosis (13–16). Ultrahigh performance liquid chromatography tandem mass spectrometry (UPLC‒MS) is one of the most effective means of metabolomics research (17). Through metabolomics research, Xie et al. found that 31 metabolites were related to DILI and were closely related to the severity of DILI (18). Prospective studies show that there are significant differences in serum metabolites between the DILI group and the non-DILI group prior to polygonum multiflorum ingestion, and the unique metabolic characteristics may be used to predict the risk of DILI after taking polygonum multiflorum (19). This suggests that metabolomics can be used to evaluate and predict DILI. There are a few clinical and animal experiments using metabolomics to explore the toxic mechanism and biomarkers of ATB-DILI (20–25). Nontargeted metabolomics found that 28 metabolites can be used as important distinguishing factors between ATB-DILI and non-ATB-DILI patients, and ATB-DILI affects the tricarboxylic acid cycle, arginine and proline metabolism, purine metabolism and pentose phosphate pathway (24). In our previous study, 11 urine differential metabolites were identified between ATB-DILI patients and non-ATB-DILI patients by gas chromatography-mass spectrometry (GC‒MS) (26). These studies indicate that metabolomics is helpful for a new understanding of the pathophysiological process of ATB-DILI and for screening new markers of ATB-DILI. Moreover, no study has evaluated the metabolic characteristics of ATB-DILI patients and non-ATB-DILI patients before taking anti-tuberculosis drugs.

There are thousands of microbial species in the human microbial ecosystem that play a key role in maintaining host immunity, metabolism, drug metabolism, vitamin production and carbohydrate metabolism (27–29). Research interest has been focused on the interaction between the microbiota and the host, and how the composition of the human microbiota may have a potential impact on the development of certain diseases, such as metabolic syndrome, obesity (30), diabetes (31) and liver injury (26, 32, 33). Previous studies have shown that the quantities of the urine microbiota differ significantly between patients with ATB-DILI and without ATB-DILI (26).

At present, the data on metabolomic or microbiota changes related to ATB-DILI are limited, especially premedication data. In addition, a model for the prediction of ATB-DILI is lacking. In this study, we hypothesized that the metabolome and microbiome are related to ATB-DILI. Therefore, we performed urine metabolomic and microbiota analyses of ATB-DILI prior to medication. Meanwhile, four machine learning methods was used to establish a clinical prediction model of ATB-DILI based on metabolomics, microbiome and clinical data.



Methods


Study population and sample collection

This prospective cohort study included patients with tuberculosis who visited the tuberculosis clinic of West China Hospital of Sichuan University from March 2021 to December 2021. The study was approved by the Ethics Committee of West China Hospital of Sichuan University. All research subjects were required to sign a written informed consent form by themselves or their representatives before being included in the study. Demographic datasets of patients with laboratory test data were obtained through electronic medical records and questionnaires.

Inclusion criteria are as follows: 1) age≥16 years and <80 years old; 2) newly diagnosed TB patients, including etiologically confirmed, pathologically confirmed and clinically diagnosed cases; 3) standard first-line anti-TB treatment regimens (including 2-month HRZE intensive treatment and at least 4 months of HRE consolidation therapy), and can be followed up regularly; 4) Han nationality in Southwest China; 5) voluntarily participate in this study and sign the informed consent form when included in the study. Those who do not meet the above diagnostic criteria are referred to as non-ATB-DILI.

The exclusion criteria were as follows: 1) abnormal liver function at baseline; 2) concomitant liver diseases such as alcoholic hepatitis, viral hepatitis or liver cirrhosis; 3) taking immunosuppressive drugs, antitumor drugs, and acetaminophen and other drugs that may cause liver damage; 4) patients with diabetes, autoimmune diseases, malignant tumors, or tuberculosis with severe heart, lung, and renal insufficiency; and 5) patients with HIV infection or who died during follow-up from causes other than adverse drug reactions.

The diagnostic criteria for ATB-DILI used in this study are (9, 34–36) as follows: alanine aminotransferase (ALT)≥3 normal upper limit of normal value (ULN) and/or total bilirubin (TBil)≥ 2ULN; or aspartate aminotransferase (AST) or alkaline phosphatase (ALP) and TBil are elevated at the same time, and at least one of them is ≥2 ULN. In addition, considering that the updated Roussel Uclaf Causality Assessment Method (RUCAM) was the recognized standard for the diagnosis of DILI, no matter what drug was used (37). Here, for patients who met the DILI diagnostic criteria (ALT≥5ULN or ALP≥2ULN) in the updated RUCAM, we conducted a subgroup analysis. All patients diagnosed with ATB-DILI completed a causality assessment using the updated RUCAM scale (37). Only patients with a RUCAM score of 6 or more were accepted in this study.

Urine nontargeted metabolomics and microbiome analyses were performed in ATB-DILI and gender and age-matched non-DILI patients, and patients with urinary system diseases were excluded. Urine samples were self-collected from the subjects according to the provided instructions prior to antituberculosis treatment and immediately sent to the laboratory. Once in the laboratory, samples were stored at −80°C until metabolomic and microbiome analysis.



Sample preparation

Urine is the common sample type used to perform metabolomics studies (38, 39). Compared to other samples, urine has easy sampling, low protein levels and less complexity (38). Also the urine metabolites are products of normal and abnormal cellular biological processes and can reflect a wide range of phenotypes including genetic modifications (38). Therefore, urine is more advantageous compared to other sample types and was used as a study sample in this study.

Clean midstream urine from patients before medication was collected, divided into three 1 ml aliquots, and immediately stored at −80°C. We discarded samples that were at room temperature for >2 hours.

Metabolite extraction was primarily performed according to previously reported methods (40, 41). In short, 100 µL samples were extracted by directly adding 300 µL of precooled methanol and acetonitrile (2:1, v/v), and internal standards mix (contains: L-Leucine-d3, L-Phenylalanine (13C9, 99%), L-Tryptophan-d5, Progesterone-2,3,4-13C3) were added for quality control of sample preparation. After vortexing for 1 min and incubating at -20°C for 2 h, the samples were centrifuged for 20 min at 4000 rpm, and the supernatant was then transferred for vacuum freeze drying. The metabolites were resuspended in 150 µL of 50% methanol and centrifuged for 30 min at 4000 rpm, and the supernatants were transferred to autosampler vials for LC‒MS analysis. A quality control (QC) sample was prepared by pooling the same volume of each sample to evaluate the reproducibility of the whole LC‒MS analysis.



Metabolite detection and comments

This experiment used a Waters 2D UPLC (Waters, USA) tandem Q Exactive HF high resolution mass spectrometer (Thermo Fisher Scientific, USA) for separation and detection of metabolites. To provide more reliable experimental results during instrument testing, the samples are randomly ordered to reduce system errors. A QC sample was interspersed for every 10 samples.

The samples were analyzed on a Waters 2D UPLC (Waters, USA), coupled to a Q-Exactive mass spectrometer (Thermo Fisher Scientific, USA) with a heated electrospray ionization (HESI) source and controlled by the Xcalibur 2.3 software program (Thermo Fisher Scientific, Waltham, MA, USA). Chromatographic separation was performed on a Waters ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 100 mm, Waters, USA), and the column temperature was maintained at 45°C. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile (B) in the positive mode, and in the negative mode, the mobile phase consisted of 10 mM ammonium formate (A) and acetonitrile (B). The gradient conditions were as follows: 0-1 min, 2% B; 1-9 min, 2%-98% B; 9-12 min, 98% B; 12-12.1 min, 98% B to 2% B; and 12.1-15 min, 2% B. The flow rate was 0.35 mL/min and the injection volume was 5 μL.

The mass spectrometric settings for positive/negative ionization modes (ESI+/-) were as follows: spray voltage, 3.8/−3.2 kV; sheath gas flow rate, 40 arbitrary units (arb); aux gas flow rate, 10 arb; aux gas heater temperature, 350°C; capillary temperature, 320°C. The full scan range was 70–1050 m/z with a resolution of 70000, and the automatic gain control (AGC) target for MS acquisitions was set to 3e6 with a maximum ion injection time of 100 ms. The top 3 precursors were selected for subsequent MSMS fragmentation with a maximum ion injection time of 50 ms and resolution of 30,000, and the AGC was 1e5. The stepped normalized collision energy was set to 20, 40 and 60 eV.



LC‒MS/MS analysis

The original data (raw file) collected byLC‒MS/MS were imported into Compound Discoverer 3.1 (Thermo Fisher Scientific, USA) for data processing, including peak extraction, retention time correction, background peak labeling, and metabolite identification. We calculate the coefficient of variation of the relative peak area in all QC samples, and delete the compounds with coefficient of variation greater than 30%. The identification of metabolites was a combined result of the BGI Metabolome Database (BMDB), mzCloud and ChemSpider (Human Metabolome Database (HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG), LipidMaps) databases. Main parameters of metabolite identification: Precursor Mass Tolerance <5 ppm, Fragment Mass Tolerance <10 ppm, RT Tolerance <0.2 min. The identification level of metabolites was divided into five confidence levels, and the credibility of Level 1 to Level 5 decreased in order. The original data exported by LipidSearch were imported into metaX for data preprocessing and subsequent analysis (42). Multivariate statistical analysis (principal component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA)), and univariate analysis (fold-change, FC and Student’s t test) were combined to screen for differential metabolites between groups. Differential metabolite screening conditions: 1) variable projected importance (VIP) ≥ 1, 2) fold-change ≥ 1.2 or ≤ 0.83, 3) p-value <0.05. Metabolic pathway enrichment analysis of differential metabolites was performed based on the KEGG database.



Urine DNA extraction and 16S sequencing

Microbial genomic DNA extraction was performed as described previously (43). Urine microbial DNA was extracted using a Qiagen Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. Primers targeting the hypervariable V3+V4 region of the 16S gene were used to amplify the extracted DNA samples (the forward primer was 5ʹ- ACTCCTACGGGAGGCAGCA -3ʹ, and the reverse primer was 5ʹ- GGACTACHVGGGTWTCTAAT -3ʹ). All samples were sequenced via Illumina HiSeq 2500.



Sequencing data analysis

Cutadapt v2.6 software was used to process the raw data to obtain fragments of the target region. FLASH (Fast Length Adjustment of Short reads, v1.2.11) was used for sequence splicing, and UCHIME (v4.2.40) software was used to remove chimeras. Sequences were clustered with a 97% similarity level by using USEARCH (v7.0.1090_i86linux32) to cluster the spliced tags into OTUs. The OTU representative sequences were aligned with the database for species annotation by RDP classifier (1.9.1) software, and the confidence threshold was set to 0.6. The VennDiagram package of R (v3.1.1) software was used to display the number of common and unique OTUs for each group. Principal coordinate analysis was performed using QIIME (v1.80) software to present similarities or differences in data. Line Discriminant Analysis (LDA) Effect Size (LEFSE) was used to calculate the differences in species abundance between the two groups and then to research the biomarkers related to ATB-DILI.



Statistical analysis

Differences between two groups were compared by using Student’s t test for normal continuous variables and χ2-test for categorical variables. Differences with a p value <0.05 (two-sided) were considered statistically significant. Statistical analyses were performed using SPSS V.21.0 for Windows (SPSS, Chicago, Illinois, USA). Moreover, correlations between the microbiota and metabolites and between the metabolites and clinical parameters were analyzed. Integrating electronic medical records, metabolomic and microbiome data, and machine learning methods was used to establish a clinical prediction model of ATLI. We used four machine learning algorithms: random forest, artificial neural network, support vector machine (SVM) with the linear kernel (SVM-linear), and SVM with radial basis function kernel (SVM-rbf) (44). The stratified sampling method was used to divide the training set (80%) and the validation set (20%), and the R4.1.2 software (R Foundation for Statistical Computing, Vienna, Austria) was used for data screening and model building. The importance of each feature in the occurrence of ATB-DILI was scored, and area under receiver operating characteristic (ROC) curves were employed to assess the accuracy of the models.




Results


Baseline characteristics

A total of 74 patients diagnosed with TB were recruited for this study from March 2021 to December 2021 at West China Hospital of Sichuan University (Sichuan Province, China). Finally, 5 patients were lost to follow-up. Of the remaining 69 patients, 16 (23.19%) developed ATB-DILI after antituberculosis treatment (Supplementary Figure 1). The general clinical characteristics of the two groups and the results of liver function tests when DILI occurred are shown in Table 1. Compared with the non-ATB-DILI group, the levels of albumin (43.2(40.1-44.4)g/L vs. 44.9(42.2-46.8)g/L, P: 0.033) and hemoglobin (125.5(118.5-135.8)g/L vs. 137.0(128.5-145.5)g/L, P: 0.019) were significantly lower in the ATB-DILI group. No significant differences were observed in other baseline characteristics between the two groups of patients (P>0.05). The median time to DILI occurred on day 29 after taking anti-TB drugs (Table 1).


Table 1 | Clinical characteristics of 69 tuberculosis patients.



After excluding patients with urinary system diseases, 14 ATB-DILI patients and 30 age- and sex- matched non-ATB-DILI patients were included for urinary metabolomics and microbiome analysis (Supplementary Figure 1). It is important to note that of these 14 patients, 8 met the definition of liver adaptation (45). The other 6 patients with ALT≥5 times the upper limit of normal were stopped using antituberculosis drugs according to Chinese guidelines, so it was hard to distinguish which were liver adaptation (36).

As shown in Table 2, there were no significant differences in sex, age, body weight, BMI, body mass index (BMI), smoking, drinking or tuberculosis site between the two groups of patients who underwent urine nontargeted metabolome and microbiome analysis (P>0.05). All participants had normal liver function before anti-tuberculosis drug ingestion. It was suggested that the general conditions of the two groups were consistent and comparable.


Table 2 | Clinical characteristics of the two groups of matched patients.





Metabonomic analysis of urine

PCA and OPLS-DA were performed for both positive ion mode (ESI+) and negative ion mode (ESI−). As shown in the figure (Figures 1A, B), the QC samples (blue circles) were significantly aggregated, indicating that the instrument was stable and that the reproducibility of the acquired data was good. The ATB-DILI (n=14, red circles) and tolerance groups (n=30, green circles) were not well separated in PCA. As shown (Figures 1C, D), the PLS-DA model clearly separated the ATB-DILI and non-ATB-DILI groups in both ionization modes. Differential metabolites between the two groups were screened according to multivariate and univariate statistical significance criteria (VIP≥1, FC≥1.2 or ≤ 0.83, and P<0.05). In general, there were 1256 urine differential metabolites screened in the positive ion mode and 334 in the negative ion mode (Figure 2). Finally, 28 differential metabolites with secondary classification names and reliable identification results (Level 1-3) were selected (Table 3), including choline, cherry base, N-acetyl, pseudohadine, N8-acetyl spermamine, glycolic acid, etc. As shown in Table 4, a total of 7 significant enrichment pathways for differential metabolites were found in both positive and negative ion modes. The differential metabolites were mainly involved in the metabolism of bile secretion, nicotinate and nicotinamide metabolism, tryptophan metabolism, ABC transporters, neuroactive ligand‒receptor interaction, arginine and proline metabolism, and porphyrin and chlorophyll metabolism (P<0.05, Count≥2) (Table 4).




Figure 1 | Multivariate statistical analysis. (A, B) principal component analysis scores scatter plots of the two groups. (C, D) partial least squares-discriminant analysis score scatter plots of the two groups. QC (blue circles), control group (n = 30, green circles), ATB-DILI group (n =14, red circles).






Figure 2 | Volcano map of differential metabolites. Green is the down-regulated differential metabolite (labeled green), red is the up-regulated differential metabolite (labeled red), and metabolites without difference are labeled purple-gray. (A) positive ion mode, (B) negative ion mode.




Table 3 | Identified differential metabolites between two groups.




Table 4 | Differential metabolite pathway analysis.





Correlation analysis of metabolic and clinical data

Correlation analysis was conducted between urine differential metabolites and clinical data, including baseline ALT, AST, TBIL, Alkaline phosphatase, hemoglobin, uric acid and albumin. We found that many different metabolites were significantly correlated with clinical data (Supplementary Table 1). The urine differential metabolite 11 dehydrothromboxane B2 was positively correlated with the baseline total bilirubin concentration, while the urine differential metabolite N8-acetylspermidine was negatively correlated with the hemoglobin content, and uric acid was also negatively correlated with the baseline serum uric acid level (Supplementary Table 2).



Microbiome analysis of urine

As shown in the Figure (Figure 3A), 1079 OTUs were shared between the ATB-DILI group and the non-ATB-DILI group, 607 OTUs were unique to the non-ATB-DILI group, and the other 189 OTUs were unique to the ATB-DILI group. The Shannon curve (Figure 3B) shows that the amount of sequencing data in this study was large enough to reflect the vast majority of microbial information in the sample. The top 10 key species between the two groups are shown in Figure 3C. Weighted UniFrac principal coordinate analysis (PCoA) was applied to detect the changes in microbial community structures (Supplementary Figure 3). The results indicate that the ATB-DILI group and the control group were significantly separated along the PC2 axis, which explained 19.79% of the total variation. LEFSE analysis was used to determine the key attribute differences between the two groups. The differential microbiota (LDA score>2) screened between the two groups were Negativicoccus and Actinotignum, which were all upregulated in the ATB-DILI group (Figure 3D).




Figure 3 | Comparison between 16S sequencing data of urine samples from non-ATB-DILI patients (n = 30) and ATB-DILI patients (n = 14). (A) Venn diagram. The left is the ATB-DILI group, the right is the control group. (B) α-diversity (Shannon curve). (C) Difference comparison of key species. (D) LEfSe analysis. Species with LDA greater than the set value of 2 are presented. The length of the bar indicates the magnitude of LDA influence.





Correlation of the urine microbiota and metabolism

We further investigated the correlation of urinary differential metabolites with altered urinary microbiota. Significant correlations were found between some differential metabolites and microbial groups by calculating rank correlation coefficients (Figure 4 and Supplementary Table 2). Carbendazim was positively correlated with synergistia but negatively correlated with mollicutes (p<0.05) (Supplementary Table 2). D-(-)-lyxose was positively correlated with four microbial groups, including synergistia, ktedonobacteria, fibrobacteria and fusobacteriia (p<0.05) (Supplementary Table 2). Altogether, these results showed that distinctive metabolites were closely related to urinary microbiome variation, and distinctive metabolites and microbiomes were closely related to the occurrence of ATB-DILI.




Figure 4 | Correlation analysis of differential metabolites and microbiota.





Subgroup analysis

According to RUCAM criteria, metabolome and microbiome analysis were performed between the ALT≥5 ULN group and normal patients. Significant metabolic differences were observed between the two groups, there were 1122 different metabolites were screened in positive ion mode and 386 in negative ion mode (Supplementary Figure 3). Finally, 26 different metabolites were selected, including choline, 11-dehydrothromboxane b2, and N8-acetylspermidine. (Supplementary Table 3). Consistent with our results in Section 3.2, 8 common different metabolites were found in the subgroup analysis to be related to liver injury after medication, especially when ALT>5ULN occurred (Table 3 and Supplementary Table 3). The eight differential metabolites were choline, N8-acetylspermidine, carbendazim, N-acetylputrescine, 1-methylnicotinamide, creatine, porphobilinogen, and nonanoic acid (Table 3 and Supplementary Table 3). And these different metabolites had the same label direction in the two groups of patients with liver injury (Table 3 and Supplementary Table 3).

There were 795 OTUs shared between the DILI patients with ALT ≥ 5 ULN and normal patients, 68 OTUs were unique to the DILI group, and the other 891 OTUs were unique to the control group (Supplementary Figure 4-A). The top 10 key species between the two groups are shown in Supplementary Figure 4-B. Finally, 3 differential microbiotas (LDA score>2) were found between the two groups (Supplementary Figure 4-B). The Actinotignum was down regulated in DILI group, while the Bradyrhizobiaceae, and Bradyrhizobium were upregulated in the non-DILI group (Supplementary Figures 4-C). Combined with the results in Section 3.4, we have sufficient evidence to show that Actinotignum was closely related to the occurrence of liver injury after medication, regardless of the DILI standards.



Comparison of the models for the prediction of ATB-DILI

Random forest analysis was performed on the screened differential metabolites (Table 3), differential microbiota (Figure 2), and relevant clinical data of 44 patients. For clinical characteristics, we included albumin and hemoglobin, which were significantly different between the two groups, as well as other factors that may be associated with the occurrence of ATB-DILI (including age, sex, BMI, baseline ALT, AST, and TBil). A total of 38 variables are included. When ntree=500 and mtry=6, the model reaches the optimum. The score of the 38 variables was shown in Figure 5A. The larger the absolute value is, the greater the importance of the indicator. After sorting the variables from high to low according to the absolute value, the cross-validation curve was obtained by performing tenfold cross-validation repeated 5 times (Supplementary Figure 5). The top 10 variables were selected for model building with the lowest error (Supplementary Figure 5). The area under the ROC curve of the four models were shown in Table 5. At training set, the random forest model performed significantly better than the remaining three models (area under the curve 0.98 vs. 0.87 (ANN), 0.89 (SVM-linear) and 0.89 (SVM-rbf) (Table 5). Overall, random forest model, artificial neural network model and two support vector machine models (both SVM-linear and SVM-rbf) all have excellent prediction value for the validation set (Figure 5B and Table 5). The consistent results between the training set and the validation set indicate that those models have high accuracy for predicting the occurrence of ATB-DILI.




Figure 5 | Machine learning models. (A) Score the importance of variables. The larger the value, the more important the variable is. (B) Receiver operating characteristic curve for the models developed with the top 10 important variables as inputs. ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin; ALB, albumin; BMI, body mass index; HB, hemoglobin.




Table 5 | The area under the curve of machine learning models.






Discussion

Evidence that the human urine microbiome and metabolome contribute to the development of ATB-DILI is accumulating. Thus, characterization of the urinary microbiota and metabolites in ATB-DILI is highly warranted, especially before medication. Herein, we first reported the characterization of urine metabolomics and the microbiome in patients with ATB-DILI before medication and identified key metabolites and bacteria that may be involved in the development of ATB-DILI. Meanwhile, we first proposed and successfully built four ATB-DILI clinical prediction models using our metabolomics, microbiome and clinical data.

In this study, the levels of ALT, AST, TBil or ALP were within the normal range in all enrolled patients before ingestion of anti-tuberculosis drugs. Approximately 23.2% of the patients had markedly elevated ALT and AST after ingesting anti-tuberculosis drugs. According to China’s 2019 guidelines for the diagnosis and treatment of ATB-DILI (36), for DILI caused by anti-tuberculosis drugs, when ALT≥3ULN or TBil≥2ULN, the relevant anti-tuberculosis drugs need to be discontinued, and when ALT≥5ULN or TBil≥3ULN, it is necessary to stop all anti-tuberculosis drugs. Indicates that DILI needs to be taken seriously in TB patients. Therefore, we first analyzed the characteristics of the metabolomics and microbiome of DILI patients with ALT≥3 ULN. As a large number of domestic and foreign studies both recommend the use of RUCAM to assess DIL (46–48), we did a subgroup analysis for those DILI was defined as serum ALT level ≥5ULN. What was exciting was that no matter which DILI standard, we have found the same differential metabolites and microorganisms.

Metabolomics and the microbiome were used to analyze the urine of the ATB-DILI susceptible group and normal liver function control group, and the two groups could be distinguished significantly on the PLS-DA scatter plot. Consistent with those of a previous study (23, 24, 26), our results also indicated that ATB-DILI susceptible individuals may have specific metabolomic and microbiological patterns. We identified 28 major differential metabolites between the two groups in urine, including choline, trigonelline, N-acetylputrescine, uric acid, etc. The biological properties of each metabolite were searched from the human metabolome database (https://hmdb.ca/), and summarized in Supplementary Table 4. The differential metabolites selected in this study were consistent with the biospecimen locations in the database. This process involves bile secretion, nicotinate and nicotinamide metabolism, tryptophan, ABC transporters, neuroactive ligand-receptor interaction, arginine and proline metabolism, porphyrin and chlorophyll metabolism. Two major differential microbial, Negativicoccus and Actinotignum, were identified between the two groups.

As an essential nutrient, choline in the urine of patients with overactive bladder was 34.8% lower in urine metabolomic analysis than patients without overactive bladder (P = 0.014) (49). The urinary excretion of choline metabolites in term breast-fed infants was significantly higher than that in term formula-fed infants (P < 0.05) (50). This study found that urinary choline levels may be a noninvasive biomarker for predicting ATB-DILI. For the first time, upregulated trigonelline in urine before medication was found to be associated with ATB-DILI in TB patients. This may be related to the possible inhibition of key enzymes in lipid metabolism and absorption by trigonelline (51). Previous studies have found that glycocholic acid levels were significantly increased in DILI (52, 53), and the increased levels were positively correlated with the severity of DILI (52). Combined with the results of this study, glycocholic acid may have a role as a biomarker for DILI. As a proinflammatory and proapoptotic molecule, uric acid plays an intermediary role in the process of liver and kidney injury (54, 55), and animal experiments have shown that the elevation of uric acid may lead to alcohol-induced steatosis, endoplasmic reticulum stress, and cell apoptosis. death and liver damage (56). Cao et al. found that uric acid levels in urine can be used to differentiate ATB-DILI from non-ATB-DILI patients (24). In this study, we found that uric acid in urine generation before medication could be used as a biomarker to predict the occurrence of ATB-DILI after medication, indicating that uric acid in urine metabolism may have great potential in predicting and identifying ATLI.

Additionally, differential metabolite enrichment analysis showed that metabolic pathways, including bile secretion, niacin and nicotinamide metabolism, ABC transporters, and etc., were involved in the occurrence of ATB-DILI after medication. Impaired bile secretion has been observed in mouse models of liver injury (57), which leads to intrahepatic bile accumulation (58). Studies have found that the bile secretion pathway is involved in psoralen (59) and liver injury induced by baklavaine (60). Our study found that abnormalities in the bile secretion pathway existed before liver injury occurred and before drug administration. It has also been shown that liver damage can be alleviated by improving bile secretion (61). Therefore, this pathway may provide a new target for the prevention and treatment of ATB-DILI. Consistent with our earlier study, niacin and nicotinamide metabolism were involved in the occurrence of ATB-DILI in this study (26). The difference is that a previous study found that the niacin and nicotinamide metabolism pathways were significantly altered when liver injury occurred, and this study found that this pathway abnormality existed long before liver injury occurred. Herein, the niacin and nicotinamide metabolic pathways play an important role in the development and progression of ATLI. The specific mechanism needs further study.

Each disease has its own unique microbial alterations (29, 62). Microorganisms in the gut originate from the digestive system, while urine microorganisms reflect the entire body including the intestinal tract, oral system, respiratory system, etc (63). Studies have shown that the urinary microbiota is associated with diseases outside the urinary system (64, 65). Previous studies have indicated that microbiota alterations are associated with drug-induced liver injury (26, 32, 33). Our previous study found that six microbiota including o_Bacteroidales, f_Prevotellaceae, etc., were associated with ATB-DILI (26). Compared with control group, this prospective study found that the Negativicoccus and Actinotignum were upregulated in the ATB-DILI group before medication. Negativicoccus was found to be significantly increased in the oral cavity of hamsters using smokeless tobacco products (66). Among patients with nonmuscle-invasive bladder cancer, BCG-vaccinated patients had significantly more negativicoccus in their urine than nonvaccinated BCG patients (67). Negativicoccus was also found to be one of the core flora in all ground glass nodules and normal tissue samples (68). However, studies have proven that Negativicoccus and Actinotignum are associated with ATB-DILI.

Furthermore, our results also suggested that there may be specific metabolomic and microbiological patterns in individuals susceptible to severe ATB-DILI when compared with the mild ATB-DILI group. The discovery of these biomarkers may help with the early identification of TB patients at risk of developing severe DILI, thus providing new ideas for the individualized treatment of TB. However, due to the limited sample size, the results of this study cannot be directly generalized to other populations.

This study is the first to establish the early prediction models of ATB-DILI by combining clinical data and metabolomics and microbiology data using a machine learning method. The random forest algorithm was used to analyze multiple variables, the importance of each variable was scored, and the optimal variable (top 10) combination was obtained by adjusting the parameters to form the ATB-DILI prediction models. The results of the training set and the validation set were consistent (all ROC ≥ 0.85) (Table 5). Based on clinical and genomic data, researchers from Taipei Medical University compared the accuracy of multiple machine learning methods in predicting ATB-DILI, among which the artificial neural network showed the best prediction performance (69). In their study, the area under the ROC curve of the training set in the random forest algorithm was 0.724 and 0.718 for the validation set (69). Combined with our study, machine learning techniques show great potential in predicting ATB-DILI and may provide new opportunities for the diagnosis and treatment of ATB-DILI.

This study has some limitations. First, the number of participants was limited. However, this was a prospective study, which enhanced reliability of the results. Further validation in more centers with more patients needs to be verified in the future. Second, even though this study adds to the understanding of metabolome and microbiological patterns on the progress of ATD-DILI, this study only analyzed predose characteristics and lacked data at multiple time points after drug use. There is much work yet to be performed to understand these changes entirely. Finally, the current study obtained good predictive value in both the training set and the validation set, but limited by the limited sample size and geographical limitations, further verification is required in studies with more regions and larger samples in the future.



Conclusion

In conclusion, our findings extend our knowledge of the relationship between urinary metabolites and microbiota and host ATB-DILI susceptibility, indicating that certain metabolomic and microbiome changes from the host can be used to identify and predict an individual’s susceptibility to ATB-DILI. In the future, prospective cohorts with a larger number of subjects are needed to investigate the potential clinical utility of metabolic markers in the identification of susceptible individuals. Prospective cohorts with more subjects and more time points are needed to investigate the potential clinical utility of metabolic markers and key microbiota in identifying susceptible individuals.



Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/, PRJNA870240.



Ethics statement

The studies involving human participants were reviewed and approved by West China Hospital of Sichuan University [Approval No.: 761 (2019)]. The patients/participants provided their written informed consent to participate in this study.



Author contributions

All authors contributed substantially to the study design, data interpretation, and the writing of the manuscript. J-QH contributed to the study design. M-GW and S-QW contributed to data collection and analysis and completed the full text. M-MZ contributed to data collection. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Grant No. 81870015).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1002126/full#supplementary-material

Supplementary Figure 1 | Flow chart.

Supplementary Figure 2 | Volcano map of differential metabolites in subgroup analysis. 

Supplementary Figure 3 | Principal co-ordinates analysis. 

Supplementary Figure 4 | Subgroup analysis of 16S sequencing data of urine samples. (A) Venn diagram. The left is the severe DILI group, the right is the non-DILI group. (B) Difference comparison of the top 10 key species. (C) LEfSe analysis. Species with LDA greater than the set value of 2 are presented. The length of the bar indicates the magnitude of LDA influence.

Supplementary Figure 5 | Cross validation curve. The abscissa is the number of variables, and the ordinate is the cross-validation error rate.
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Model AUC

Training set Test set
RF 0.98 1
ANN 0.87 1
SVM_linear 0.89 1
SVM_rbf 0.89 1

AUG, area under the curve; RF, random forest; ANN, artificial neural network; SVM,
support vector machine; SVM_rbf, support vector machine with radial basis function
kernel
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Characteristic

Age, years, median(IQR)
Females, n(%)

Weight, kg, median(IQR)
BMI, kg/m2, median(IQR)
Smoking, n(%)

Drinking, n(%)

Extrapulmonary tuberculosis, n(%)

Baseline laboratory examination, median(IQR)

TBil umol/L

ALT IU/L

AST IU/L

Alkaline phosphatase, TU/L
Glutamyltranspeptidase, IU/L
Albumin, g/L

Creatinine, tmol/L

Uric acid, mmol/L
Hemoglobin, g/L

White blood cell x10712/L
Plateletx1079/

ESR mm/h

C-reactive protein, mg/L
Triglyceride, mmol/L
Circumstances of DILI, median (IQR)
Onset time, days

ALT, TU/L

AST, IU/L

TBil, umol/L

Alkaline phosphatase, TU/L

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; ESR, erythrocyte sedimentation rate; BMI, body mass index; IQR, Interquartile distance.

ATB-DILI (n=16)

39.0(24.0-53.8)
11(68.75)
51.0(50.0-55.0)
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0(0.00)
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125.5(118.5-135.8)
6.8(5.4-8.5)
242.5(182.0-417.3)
20.0(10.8-83.3)
3.8(2.8-27.1)
1.1(0.7-1.5)

)
)
)
)
)
)

29.0(14.0-44.3)
168.0(129.0-331.0)
155.0(122.0-362.0)
14.1(9.5-17.9)
90.0(74.0-122.0)

Non-ATB-DILI (n=53)

33.0(27.0-52.0)
30(56.60)

55.0(49.0-60.0)

20.0(18.6-21.9)
7(13.21)
7(13.21)
14(26.42)

9.2(7.0-12.1)
14.0(10.0-20.5)
19.0(16.0-23.0)
75.0(66.5-107.0)
19.5(11.3-32.3)
44.9(42.2-46.8)
67.0(58.5-76.0)
314.0(265.5-370.0)
137.0(128.5-145.5)
6.0(4.9-7.5)
249.5(202.0-282.5)
14.0(9.3-29.3)
34(2.1-8.6)
1.1(0.8-1.5)

0.717
0.386
0.289
0.771
0.527
0.210
0.704

0.495
0.499
0.339
0.518
0.750
0.033
0915
0.191
0.019
0.060
0.937
0.098
0.359
0.889
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Characteristic

Age, years, median(IQR)
Females, n(%)

Weight, kg, median(IQR)
BMI, kg/m2, median(IQR))
Smoking, n(%)

Drinking, n(%)

Extrapulmonary tuberculosis, n(%)

IQR, Interquartile distance.

Non-ATB-DILI group (n=30)

33.0 (27.0-52.0)
16(53.3)
52.8(48.0-58.8)
19.9(18.6-22.0)
2(6.7)
2(6.7)
23(76.7)

ATB-DILI group (n=14)

43.5 (22.8-55.5)
9(64.3)
50.0(49.9-55.0)
19.5(18.7-20.1)
1(7.1)
0(0.0)
11(78.6)

0.772
0.495
0.495
0473
0.976
0314
0.888
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Name

Choline

Trigonelline
N-acetylputrescine
Pseudoephedrine
N8-acetylspermidine
Glycocholate

Uric acid

Ecgonine
1-methylnicotinamide
6-methylquinoline
Sebacic acid

Picolinic acid
3-hydroxyanthranilic acid
Mannitol
Carbendazim
Lipoamide
Ophthalmic acid
Valerophenone
D-(-)-lyxose

Creatine

L-glutamic acid
Methylmalonic acid
Porphobilinogen
Epinephrine
Heptanoic acid
11-dehydrothromboxane b2

Nonanoic acid

Taurolithocholic acid 3-sulfate

103.1
137.0
130.1
165.1
1872
4653
168.0
185.1
136.1
143.1
202.1
1230
153.0
182.1
1911
205.1
289.1
162.1
150.1
131.1
147.1
118.0
226.1
183.1
130.1
368.2
158.1
563.3

0.7
0.7
0.7
33
0.7
8.0
1.0
49
0.8
35
6.4
35
28
0.7
0.7
4.0
24
55
0.7
0.7
0.7
0.7
0.7
39
54
6.8
6.9
7.8

vIP

33
21
1.8
25
24
22
19
18
1.8
1.6
1.6
15
L1
19
1.6
14
14
12
1.0
1.6
1.1
19
15
22
14
L1
15
22

VIP, variable important for the projection; FC, fold-change; MW, molecular weight; RT, retention time.

179
3.19
123
0.01
1.43
4.06
1.66
1.96
2.09
0.63
1.97
0.64
126
1.57
0.15
178
0.47
0.71
0.77
0.32
0.71
0.46
0.49
244
0.50
140
0.51
1.53

0.003
0.016
0.009
0.009
0.004
0.013
0.021
0.028
0.012
0.035
0.049
0.012
0.049
0.022
0.023
0.033
0.041
0.030
0.030
0.030
0.029
0.014
0.001
0.008
0.047
0.040
0.004
0.017

Label

Up
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up.
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Pathway

Bile secretion

Nicotinate and nicotinamide metabolism
Tryptophan metabolism

ABC transporters

Neuroactive ligand-receptor interaction
Arginine and proline metabolism

Porphyrin and chlorophyll metabolism

Ion modes

positive
positive
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positive
negative
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Count
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Count All
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55
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78
142

<0.001
0.001
0.002
0.005

<0.001

<0.001
0.003





OPS/images/fimmu.2022.1002126/fimmu-13-1002126-g004.jpg
class
[} - W

2 0 2 4 6 8

correlation metabolite
-0.5 05 -2
correlatlon

|

gt

|
. m]
I

4 WET
.il:"'!l a

y

HE N m
==

-
= - - -

=
= -
— - o -
-
= — = control
- =
-
- o -

— -





OPS/images/fimmu.2022.1002126/fimmu-13-1002126-g005.jpg
<

ariable

0.2

04

0.6

False positive

T8IL-
Man:ggrl- . Lipoamide . L_glutamic_acid
Carbendazim- Bl scuccepnearine [l nydroxyanthraniic_aciaa
ric_acid -
o ol-;o- . methylnicotinamide 1 - Methylmalonic_acid
yxose -
Ecgonine - . Actinotignum . Valerophenone
dehydro_l]uomboxg:‘el = = . .
) Trigonefine Sex
Heptanoic_acid - g
Epinephrine - . Porphobilinogen . ALB
N_acelylputrescine -
‘;‘ﬁ: i . Negativicoccus - N_acetylputrescine
Valerophenone -
@ g MeDimalonic_acld- Il croine B epncpnine
= hydroxyanihraniic_acid3 - "
@ Y L_glulnmlc_r';zl g: . methylquinoline6 . Heptanoic_acid
g NG Opmllmlmlc_acud- . Plcolinkc_scid - Ml
acelylspermidine -
- Tau’,o"gocnohc_ Bl ~ononoic_acia [T dohydro_thromboxane
reatine -
Sebncl:_uclg- . Glycocholate . Ecgonine
ALT - ==
NGlycocholalg' . . ALT . Diyxose
onanoic_acid - ’
Picolinic_acid - - Sebacic_acid HB
“"“'""‘"'8‘,:2’,‘,?,2. . Creatine Uric_acid
Negat T =
puﬁgﬁ;‘,’,’.ﬁﬁlﬁ;‘.fﬁ. . Taurolithocholic Carbendazim
Trigoneline = —
Aclinolignum = NB_acetylspermidine AST
methyinicotinamide 1 -
Pseudoephednne = - Ophthaimic_acid Mannitol
Lipoamide - — - N ToIL
0005 0000 0005 g8
score
=
-
d
o
©
o
g
[=
a2
g o
[
3
- o RF
< ANN
svm _linear
o svm _rbf
o

1.0






OPS/images/fimmu.2022.846091/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.846091/table1.jpg
Reference Year Nation  Etiology  Type/  Numbers of patients Intervention Duration of Outcome
Stage  (total/GC treatment) therapy
Gregory et . (6) 1976 USA HBY ALF 29/14 Methyiprednisolone (32-40 mg/day) 2 wesks Do not improve prognosis
Greenber etal. (/) 1981 USA HBY ALF 16/8 Methyiprednisolone (48 mg/day) 4 wesks Do not improve progosis
Ware et al. (8) 1981 USA HBV AE 77/37 Prednisone (40 mg/day) 1 week Do not improve prognosis and liver
function
Rakela et al. (9) 1991 USAand Drughepatis ALF 64/46 Hydrocortisone (400-800 mg/day) Within 38 months Do ot improve prognosis
Canada  virus(A/B)
Kotoh et al. (64) 2006 Japan  HBV ALF 3417 Methyiprednisolone (1000mg/day) 3 days Prevent the ALF progression
lchai et al. (69) 2007 France  AH ALF 16/8 Prednisone (1 mg/kg/d) median of 2.5 days  Little benefit in severe and fulminant
forms of AIH
Fuiwaraetal (0) 2010 Japan  HBV ALF 1010 Methylprednisolone (1000mg/day) or Prednisone 21-183 days Required in the early stage
(40-60 mg/diay)
Zhang et al. (62) 2011 China  HBV PLF 170/56 Dexamethasone (10 mg/day) 5 days Improve prognosis and liver
function
Wree et al. (80) 2011 UK Drug ALF 15/6 Prednisone (low dose) 3days Improve liver function (combined
with ursodesoxycholic acid)
Zhao et al. (59) 2012 China  HBV ACLF 56/30 Methylprednisolone (80 mg/day) 3days Improve prognosis
Karkhanis etal. (70) 2014 USA HBY ALF 361/62 Prechisone (40-60mg/c) 24-32.5 days Do ot improve prognosis
Zhu etal. (91) 2014 China  AH LF 227 Prednisolone (20-50 mg/d) 16-105 days Improve prognosis
Fuiwaraetal (65) ~ 2014 Japan  HBV ALF 31/9 Methyiprednisolone (1000mg/d) 3 days Improved prognosis and liver
regeneration
Chen et al. (61) 2014 China  HBV ACLF 134/31 Dexamethasone (10 mg/d/person) 3 days Do not improve prognosis and iver
function
Zhao et al. (14) 2016 China  HBV ALF 73/34 165/21 Dexamethasone (5-30mg/d) 1-10 days Improve prognosis
SALF
Yasui et al. (66) 2016 Japan  HBV ALF 110778 methylprednisolone (1,000 mg/d) 3 days Do not increase the incidence of
infection
Hu et al. (79) 2016 China  Drug ALF 203/53 Methyiprednisolone(60-120mg/d) or prednisolone 3-5 days Improve prognosis
(40-60mg/c)
Fuiwaraetal (67) ~ 2018 Japan  HBV ALF 1914 Methylprednisolone (1,000 mg/d) or prednisolone accordingtothe  Improve liver function (Combined
(60 mg/d) response with nuceoside analogs)
Anastasiou et al. (72) 2018 Germany A ALF 125/32 predhisone or prednisolone (60-500mg/c) Not mention Improve prognosis
Huang et al. (15) 2019 China  HBV ACLF 208/162 Prednisone (1mg/kg) or methylprednisolone or within 1 week Do not improve prognosis
dexamethasone (transplant free patients)
Zachouetal. (74) 2019 Greece  AH ALF 184/34 Prednisolone(1000mg/d) 3 days Safe and efficient
Wan et al. (81) 2019 China  Drug ALF 90/66 Prednisone (median 40mg/d) 7-86 days (median  Safe but not beneficial
21.5days)
Ja et al. (27) 2020 China  HBV ACLF 171/83 methyiprednisolone (1.5 mg/kg/day [day 1-8], 1 mg/kg/day 7 days Improve prognosis
[day 4-5, and 0.5 mg/kg/day [day 6-7])
Wu et al. (38) 2021 China  HBV PLF 125/62 Dexamethasone (10mg/day) 3 days Reduce the risk of progression
Xu et al. (58) 2021 China HBV ACLF 349/155 Methylprednisolone or Prednisone 28 days Do ot improve liver function, but

improve prognosis

ALF. acute liver failure; PLF, preliver failure; ACLF, acute-on-chronic liver failure; LF, liver failure; SALF, sub-acute liver fail.
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No Primer Primer sequence (5’-3’) Band size
name

1 loxpF GATCCTGGAGCTACTGAAAGCACTGAG  Flox=251 bp
loxp R GCTATTTACACCACCATGCCCTGC WT=188 bp

2 Ab-CreF GAAGCAGAAGCTTAGGAAGATGG Alb-Cre=390 bp
Alb-Cre R TTGGCCCCTTACCATAACTG

3 PEBP4 GATCCTGGAGCTACTGAAAGCACTGAG PEBP4 KO=277
dellele F bp
PEBP4 ACAACCAGAAGGATGAAATCGGAAAC

dellele R
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Name Primer

GAPDH F:5'-AGGTCGGTGTGAACGGATTTG-3'
R:5"-TGTAGACCATGTAGTTGAGGTCA-3'

Bcl-2 F:5’-CCGGGAGAACAGGGTATGATAA-3'
R:5'-CCCACTCGTAGCCCCTCTG-3'

Bax F:5'-AGGATGCGTCCACCAAGAAGCT-3’

R:5’-TCCGTGTCCACGTCAGCAATCA-3'
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Gene ID HBV-non-ACLF vs. HBV-ACLF

Log2(HBV-ACLF/HBV-non-ACLF)

hsa-miR-378i -5.58567
novel_mir3 -5.16057
hsa-miR-6130 -5.13246
novel_mir143 -4.98430
hsa-miR-216a-5p -4.80066
novel_mir211 -4.73787
hsa-miR-216b-5p -4.73061
hsa-miR-216b-3p -4.3374
hsa-miR-483-3p -4.17394
hsa-miR-4686 -4.08130
hsa-miR-3591-3p -3.93922
hsa-miR-3591-5p -3.93449
hsa-miR-375 -3.88737
hsa-miR-505-5p -3.56423
hsa-miR-122-5p -3.33444
hsa-miR-483-5p -3.30266
hsa-miR-338-5p -3.20726
hsa-miR-1295a -3.12447
hsa-miR-192-3p -2.85876
hsa-miR-125b-5p -2.58513

EDR, false discovery rate.

FDR

1.40E-06
2.09E-07
3.08E-06
6.36E-17
0.00012
7.88E-05
8.89E-07
1.11E-05
1.89E-09
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Groups  Patients Gender Age ALT AST  TBil(umoL/ INR HBV-DNA (logl0 Inflammation Fibrosis

(year) (IU/L)  (IU/L) mL) 1U/mL) activity index score
HBV-non-  Patient 1 male 39 50 44 99 124 4,049 Al o
ACLF Patient 2 male 40 59 56 149 110 3328 A2 Fl
Patient3  male 46 114 93 140 105 3755 A2 Fl
HBV- ACLF Patient4  male 47 559 353 3266 207 2538 A3 F4
Patient 5 male 52 442 293 3963 195 2661 A3 F4
Patient 6 male 46 417 356 4026 223 3326 A3 F4

Upper limit of normal (ULN) of ALT: 50 IU/mL for male; ULN of TB: 28 umol/L. HBV DNA<100 IU/mL is defined as undetectable serum HBV DNA.
ALT, Alanine aminotransferase; TBil, total bilirubin. INR, International Normalized Ratio.
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Gene ID

hsa-miR-1827
hsa-miR-3934-5p
novel_mir70
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hsa-miR-3690
hsa-miR-147b
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hsa-miR-143-5p
hsa-miR-155-3p

EDR, false discovery rate.

HBV-non-ACLF vs. HBV-ACLF

Log2(HBV-ACLF/HBV-non-ACLF)
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Model Total G-CSF group Control group

Monocytes on day O (x10%L)

Crude model 2.42 (1.38, 4.24) 0.0020 5.19 (2.10, 12.82) 0.0004 1.72 (0.81, 3.65) 0.1599
Model 1 2.83 (1.58, 5.07) 0.0005 5.41 (2.10, 13.89) 0.0005 2.13 (0.94, 4.83) 0.0690
Model 2 2.86 (1.59, 5.12) 0.0004 5.25 (2.05, 13.46) 0.0006 2.32(1.05, 5.12) 0.0365
Model 3 2.90 (1.41, 5.93) 0.0036 15.48 (3.60, 66.66) 0.0002 2.43 (0.72, 8.20) 0.1531
Monocytes on day 7 (x10%L)
Crude model 1.79 (1.11, 2.90) 0.0180 1.30 (0.69, 2.45) 0.4117 3.09 (1.42, 6.71) 0.0044
Model 1 1.93 (1.17, 3.19) 0.0106 1.27 (0.64, 2.51) 0.4972 3.36 (1.44, 7.85) 0.0051
Model 2 1.96 (1.17, 3.26) 0.0102 1.25(0.63, 2.47) 0.5177 3.73 (1.58, 8.82) 0.0027
Model 3 1.42(0.77, 2.61) 0.25690 1.10 (0.50, 2.43) 0.8080 2.57 (0.79, 8.44) 0.1184

Data are presented as HR (95% Cl) and P value. Model 1 was adjusted for age and sex; Model 2 was adjusted for Model 1+ liver cirrhosis; Model 3 was adjusted for Model 2+ total bilirubin
and international normalized ratio, and infection, acute kidney injury, and hepatic encephalopathy presence. G-CSF, Granulocyte-colony stimulating factor.
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Variable

No. of patients

Age (year)

Male, n (%)

Liver Cirrhosis, n (%)

White Blood Cells (10%L)
Neutrophile (10%L)

Monocyte (10%L)
Platelets(10%/L)

Albumin (g/L)

Alanine aminotransferase (IU/L)
Aspartate transaminase (IU/L)
Total bilirubin (umol/L)
Creatinine (wmol/L)
Triglycerides (mmol/L)
Sodium (mmol/L)
Prothrombin activity (%)
International normalized ratio
C- reactive protein (mg/L)
HBV DNA (Log10 IU/mL)
Ascites, n (%)

Infection, n (%)

Acute kidney injury, n (%)
Hepatic encephalopathy, n (%)
MELD

MELD Na

CLIF-SOFA

Total

111
439 +10.4
91 (82.0%)
70 (63.1%)
6.0 (4.3-83)
36 (2.5-5.6)
06 (0.4-09)
85.0 (63.0-123.5)

29.0 (26.0-31.0)
125.0 (64.0-314.5)
149.5 (90.2-285.8)
291.0 (214.5-391.2)

84.0 (72.0-97.5)

1.0 (0.6-1.4)
135.1 £ 4.3
37.2(30.5-43.3)
1.9 (1.6-2.1)

12 8 (8.0-20.6)
0(2.0-52)
98 (88.3%)
41 (36.9%)
3(11.7%)

18 (16.2%)
23.7 (21.0-26.4)
22,9 (17.6-29.2)

72£10

G-CSF group

54
42.5+10.2
44 (81.5%)

33 (61.1%)

5.9 (4.1-8.3)
3.5(2.5-4.9)
0.5 (0.4-0.9)
90.0 (65.2-133.5)
29.0 (27.0-33.0)
111.0 (62.5-300.0)
150.0 (94.0-250.0)
324.4 (244.9-395.1)
83.0 (69.2-92.0)
1.2(0.7-1.6)
1356.4 +4.3
38.0 (29.3-43.3)
1.8(1.6-2.1)
15.6 (8.6-22.5)
3.8(1.9-5.5)
45 (83.3%)
18 (33.3%)
5 (9.3%)

8 (14.8%)
22.8 (20.7-26.0)
21.8 (16.8-25.6)

71 £09

Control group

57
453106
47 (82.5%)
37 (64.9%)
6.4 (4.5-8.3)
4.0(2.6-5.9)

0.6 (0.4-0.8)
85.0 (46.0-121.0)
28.0 (26.0-31.0)
143.0 (75.0-316.0)
149.0 (89.0-288.0)
273.0 (190.3-377.5)
85.0 (74.0-108.0)
0.8 (0.6-13)
1347 £ 43
36.4 (30.9-43.9)
1.9 (1.7-2.2)

10 0(8.1-14.2)

0 (2.4-49)
53 (93.0%)
23 (40.4%)

8 (14.0%)
10 (17.5%)
24.1 (21.6-27.1)
23.7 (17.8-31.2)
7311

p-value

0.154
0.894
0.678
0.439
0.221
0.779
0.362
0.123
0.440
0.928
0.066
0.090
0.124
0.373
0.786
0.263
0.051
0.674
0.114
0.444
0.434
0.697
0.261
0.1562
0.335

All data were present as mean + SD, median (IQR) or number (%). G-CSF, Granulocyte-colony stimulating factor; MELD, model for end-stage liver disease; MELD-Na, MELD-sodium;
CLIF-SOFA, chronic liver failure-sequential organ failure assessment.
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Cell type Advantage Disadvantage Ref.
Endothelial progenitor cells (EPCs)  Anti-fibrotic and pro-regenerative properties Complicated isolation process, unclear clinical efficacy (24, 25)
Hematopoietic stem cells 1. Pluripotency 1. Requires bone marrow aspiration (26, 27)
2. Potential to self-renew 2. Linage derivation (such as derivation to
macrophages)
Hepatoblasts (Fetal liver Stem Cells) 1. these cells are bipotent, being able to give rise to both 1. Rarity of hepatoblasts 0.1% of fetal liver mass (28-30)
hepatocytes and bile duct cells 2. Presence of oval cells in adult liver (make isolation
an expansion difficult)
Hepatocytes 1. Key metabolic and synthetic cells of the liver 1. Donor shortages (31,32
2. Suitable for replacing enzyme deficiency 2. Limited engraftment and proliferation
3. Suitable for replacing metabolic disorders 3. Infection risk
Immune cells Relatively easy to isolate and culture Potential ability to induce inflammatory storms (33)
Induced pluripotent stem cells (iPS) 1. an unlimited source to produce hepatocytes-like cells In 1. Ethical concemn (34, 35)
vitro 2. Malignancy potential
2. Lack of potential issues of allogenic rejection 3. Low production efficiency
MSCs 1. Relatively easy to isolate and culture 1. Pro-tumor potential (36-38)
2. pluripotency 2. Risks of isolation procedures
3. immunomodulatory and anti-inflammatory properties 3. Malignancy potential
4. Anti-fibrotic function 4. Risk of undesired migration to other organs such
5. Extracellular signaling as lung and kidney
6. Allograft potential
7. Diffreniatonal ability
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Type of Inducing factors Mechanism Ref.
disease

HCC Hepatitis, Alcoholic liver diseases, and NASH 1. contribute to the formation of tumor microenvironment favorable for tumor growth 87)
2. Activated HSCs in the tumor stroma continuously produce ECM
3. production of soluble factors favoring tumor growth, such as hepatocyte growth factor
and TGF-B
4. production of proangiogenic factors such as vascular endothelial growth factor-A
(VEGF-A) and MMP9

I/R liver injury  Ischemia and reperfusion in liver transplantation, 1. interaction of CD4* T cells with HSCs before entering the hepatic parenchyma (88-90)
imbalances in pH and electrolytes 2. induce the expansion of regulatory T cells (Protective)

Immune- Concanavalin A (ConA) and LPS 1. control CD4* T cell trafficking to liver parenchyma (91-93)

induced 2. contribution of HSCs to massive production of inflammatory cytokines and

hepatitis chemokines by intra- and extrahepatic immune cells in a paracrine manner

NASH Increased intestinal permeability 1. The activation of HSCs by TLR4 (the production of chemokines and the expression of (94)

adhesion molecules ICAM-1 and VCAM-1
2. incensement in the interaction between HSCs and Kupffer cells
. inflammatory and fibrogenic responses by HSCs (95)
2. cell proliferation and nonstructural proteins augment ICAM-1 expression and
chemokine production through the NF-kB
3. induction cell migration and activation of several inflammatory pathways in response to
CCL21 secreted by activated dendritic cells

Viral hepatitis Hepatitis B and C virus

HCC, Hepatocellular carcinoma; ECM, extracellular matrix; HSCs, hepatic stellate cells; MMPs, Matrix metalloproteinase; MSCs, Mesenchymal stromal/stem cells; I/R, Ischemia/
reperfusion; NF-kB, Nuclear factor kappa-B; LPS, Lipopolysaccharide; TGF-B, Transforming growth factor-beta; NASH, Non-alcoholic steatohepatitis; TLR, Toll-like receptor.
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Liver diseases
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Patients With Pioglitazone
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Cirrhosis

Decompensated Hepatitis B
Cirrhosis

Decompensated liver
Cirrhosis

Decompensated Liver
Cirrhosis

End-stage Liver Disease
(Cirrhosis)

HBV-Related Acute-on-
Chronic Liver Failure
HBV-related Liver Cirrhosis
Hepatitis B mediated Liver
Cirrhosis

Liver Cirrhosis

Liver Cirrhosis

Liver Cirrhosis

Liver Cirrhosis

Liver Cirrhosis

Liver Cirrhosis

Intervention
Model

Parallel
Assignment

Parallel
Assignment
Single Group
Assignment
Single Group
Assignment
Sequential
Assignment
Single Group
Assignment
Parallel
Assignment
Parallel
Assignment

Single Group
Assignment

Parallel
Assignment

Parallel
Assignment

Single Group
Assignment

Single Group
Assignment

Single Group
Assignment

Parallel
Assignment
Single Group
Assignment

Parallel
Assignment

Single Group
Assignment

Estimated
Enroliment

45

200

10

36

30

240

45

30

261

240

12

30

50

200

20

266

Source of
MSCs

N/A

N/A

Bone
Marrow
Bone
Marrow
Umbilical
Cord
Umbilical
Cord
Umbilical
Cord
Umbilical
Cord

N/A

Umbilical
Cord Blood

Umbilical
cord

Umbilical
Cord

Bone
marrow

Menstrual
Blood

Umbilical
Cord
bone
marrow

Umbilical
Cord

Adipose
tissue

Route
Intravenous (peripheral
vein)

Intravenous (peripheral
vein)

Hepatic Artery
injection

Intravenous (portal
vein)

Intravenous
Intravenous

Intravenous

Intravenous

Intravenous

Intravenous (peripheral

vein)

Intravenous

Intravenous

Intravenous (peripheral

or the portal vein)

Intravenous

Intravenous

Intravenous

Intravenous

Intrahepatic Arterial
Administration

Phase

Phase 1
and Phase
2

N/A

Phase 1

Phase 1

Phase 1

N/A

Phase 2

Phase 1
and Phase
2

Phase 1
and Phase
2

Phase 2

Phase 1
and Phase
2

Phase 1
and Phase
2

Phase 1
and Phase
2

Phase 1
and Phase
2

Phase 2

Phase 1
and Phase
2

Phase 1
and Phase
2

N/A

Dose

once a week for 4 weeks, 1-
10 x 10° cellkg

3 times at week 0, 4 and 8,
1 x 10° cel’kg

A single dose of 4.5-5.5 x
107 cell

2 doses at with week
intervals

0.5-2 x 10° cellkg

2 doses with 24 week
intervals, 1 x 108 cell

3 doses at week 0, week 4,
week 8, 6 x 107 cell/kg

3 doses with 4 week
intervals, 0.5 x 10° cell/kg

N/A

1. 1.once a week for

4 weeks
2. once a week for 8 weeks
1 x 10° cell/kg

A single dose of 1 x 10° cell
3-4x 107

4 time in 2 week 1 x 10°
cell’kg

3 doses with 3 week
intervals, 1 x 10° cell’kg

A single dose of 0.5 - 1x10°
cell’kg

3 doses with 4 week
intervals, 0.5 x 10° cell/kg

N/A

Date

2019

2018

2019

2014

2021

2021

2021

2011

2018

2016

2012

2020

2007

2012

2019

2018

2018

2010

NTC number

NCT03863002

NCT03668171

NCT03838250

NCT01454336

NCT05155657

NCT05106972

NCT05121870

NCT01342250

NCT03460795

NCTO2812121

NCTO01728727

NCT04357600

NCT00420134

NCT01483248

NCT03945487

NCT03626090
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OPS/images/fimmu.2022.865888/table4.jpg
Injury model

CCl4-induced acute
liver injury(mouse)

Hepatic ischemia-
reperfusion (mouse)

In vitro ischemia/
reperfusion Partial
hepatectomy (mouse)

Thioacetamide induced
(rat)

CCl4-induced acute
liver injury(mouse)

S.japonicum-infected
mice

Source of
MSCs

huG-
MSCs

mBM-
MSC

mAD-MSC

Human
embryonic
MSC

huC-
MSCs

huC-
MSCs

Acute Or
chronic
phase

Chronic

Acute

Acute

Chronic

Acute

Chronic

EVs type Route of Dosage
administration (vesicles/
animal)
Exosome Intrahepatic 250 pg
EVs Intravenous 2x 10"
Secretome (EVs  Intravenous N/A
+ other soluble
factors)
EVs Intrahepatic 350 ug
Exosome Intravenous Or 8, 16, and
intragastric 32 mg/kg
EVs intravenous 3x 10°

1.

1.

T

1.

1.

. Increased

. suppress

Effect(s)

Inhibited
hepatocyte
apoptosis

. Reduce liver

fibrosis

. Reduce the

serum levels of HA
Reduction of
inflammatory
mediators

. inhibition of

Apoptosis

. Increase the

number of F4/80
positive cells

. Reduce serum IL-6

and TNF-a levels

. Reduce serum

transaminases

. Accelerate liver

regeneration

. Increase the

hepatocyte
proliferation
Reduction of
fibrosis

. Reduction

inflammation

Reduction of
oxidative stress

. inhibition of

Apoptosis

cell
viability
Reduce
fibrosis

liver

HSCs
function

. Reduction

inflammation

1

2.

3.

%

2.

Mechanism(s)

. Suppressed TGF-b

signaling and inhibited
EMT

. Reduced collagen-1 and

3 expression

. Suppress NF-kB activity
. increased CXCL1 release

from AML12 hepatocytes
in vitro

Increased p-STAT3 and
PCNA expression
Decreased hepatic
expression of SOCS3
increased SIRT1 Increase
in survival genes (e.g.,
Bel-xL and Mcl-1)

. upregulation in MMP9

and MMP13

. upregulation of BCL-2
. upregulation of TGF-B1

and IL-10

. downregulation of Col1a,

oSMA and TIMP1

. downregulation BAX,

TNFo and IL-2

. Reduced levels of ROS
2.

Upregulated Bcl2
expression

Reduced collagen-1 and
3 expression

Reduced o.-SMA
expression

. significantly decrease

TNF-o.and IL-1B
expression

Year

2013

2017

2017

2018

2017

2020

Ref.

(169)

(170)

(71)

(172)

(173)

(174)

MSCs, Mesenchymal stromal/stem cells; EVs, Extracellular vesicles; TGF-B, Transforming growth factor-beta; NF-kB, Nuclear factor kappa-B; MMPs, Matrix metalloproteinase; NLRP,
Nucleotide-binding oligomerization domain; ALT, alanine aminotransferase; AST, Aspartate transaminase; ALP, Alkaline Phosphatase; BM, Bone marrow; UC, umbilical cord; AD, adipose

tissue; N/A, Not Applicable.





OPS/images/fimmu.2022.865888/fimmu-13-865888-g001.jpg
Drug-

induced
\ — /// p
\\ Y. R C
) Disturb liver
Toxins Sepsis intracellular
\ - homeostasis
| 4 Acute liver A\ A © Multiorgan
- failure failure and
al cerebral
edema
)
liver cell death,
~_ e z apoptosis, Necrosis,
£ \ / \ necroptosis, and
Hepatitis ! 4 . autophagy
Hepatic
and other ischemia
viruses
'///"' //"
\
Alcoholic
; Liver
Y 9 Disease / - \\\
\ N\ Non-
Drugs and \\/ - alcoholic
Toxins ( )

Persistent
inflammation

@lange in liver cells

Chronic liver

y \ f morphology and
failure Chronic metabolism
Autoimmune Viral
epatits Hepatitis Hscs activation

4

-

Primary Primary
Sclerosing biliary
Cholangitis cirrhosis

/ 4 N //'

\
D ; .
Acute Acute liver
Inflammation  failure

iver
Liver fibrosis cirrhosis
scar formation

tissue architectural distortion





OPS/images/fimmu.2022.865888/fimmu-13-865888-g002.jpg
Q
O
®
N
a§
&S
L

T ECM production
T ECM deposition
1 ECM degradatio
| TIMP production

Fibrosis

T CRP 1 SAP

T Inflammatory cytokines
1Clotting factors

T NKT17 and TH17 function
T HSCs activation

Pathogens
Alcohol
Autoimmunity
Unhealthy life
style

KCs

HSCs

LSECs

1+ TXA2 | KLF2 | eNOS
1 CXCL16 1 CXCL10
1 ICAM-1

SIso)do

de ‘563

A

T DCs Activation

T HSCs Activation

T NKT and TH17

T Tumor metastasis

T Angiogenesis
T Inflammatory
cytokines

NS

P
®
@

©
7
@

Q
S
<
R
N
"





OPS/images/fimmu.2022.865888/fimmu-13-865888-g003.jpg





OPS/images/fimmu.2022.865888/fimmu-13-865888-g004.jpg
1 Proliferation
1 Angiogenic
activity

| Apoptosis

1 Stem cell markers

TProliferation T Activity
| Apoptosis T Apoptosis
1 Viability 1 Proliferation

1 Autophagy

| IL1-B
| IL-4, IL-6

| IL-17, TNF-a
| CXCL-1

| T CD4 Diff

| F4/80+ MQ
| NLRP12

signaling
Pathway





OPS/images/cover.jpg
& frontiers | Research Topics.

Acute-on-chronic liver
failure: Systemic
inflammation and
immunosuppression,
2nd Edition






OPS/images/fimmu.2022.885829/fimmu-13-885829-g002.jpg
100

—— G-CSF group
—— Control group

80

60

Survival probability (%)

40 Log-rank P=0.0242

0 30 60 90 120 150 180
Follow up(d)
Number at risk
G-CSF group
54 46 39 36 36 36 0

Control group
i 38 31 30 30 30 0





OPS/images/fimmu.2022.859231/fimmu-13-859231-g007.jpg





OPS/images/fimmu.2022.859231/fimmu-13-859231-g008.jpg





OPS/images/fimmu.2022.885829/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.885829/fimmu-13-885829-g001.jpg
Patients extracted according
to inclusion criteria (n=223)

Patients excluded (n=109):
Refused to participate (n=47)

Alcoholic and autoimmune liver failure (n=39)
Match to the exclusion criteria (n=23)

Patients recruited
(n=114)

Randomized assignment

G-CSF group Control group
(n=56) (n=58)

Liver transplantation (n=1)

Liver transplantation (n=1)
Treatment interruption (n=1)

Patients finished Patients finished
180-day follow up (n=54) 180-day follow up (n=57)





OPS/images/fimmu.2022.859231/fimmu-13-859231-g003.jpg





OPS/images/fimmu.2022.859231/fimmu-13-859231-g004.jpg





OPS/images/fimmu.2022.859231/fimmu-13-859231-g005.jpg





OPS/images/fimmu.2022.859231/fimmu-13-859231-g006.jpg





OPS/images/fimmu.2022.859231/fimmu-13-859231-g002.jpg





