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Exosomes are small discoid extracellular vesicles (EVs) originating from endosomes that are 30–150 nm in diameter and have a double lipid layer. They participate in the immune response, cell migration, cell differentiation, and tumor invasion and mediate intercellular communication, regulating the biological activity of receptor cells through the proteins, nucleic acids, and lipids that they carry. Exosomes also play vital roles in the diagnosis and treatment of liver diseases. Macrophages, which show unique phenotypes and functions in complex microenvironments, can be divided into M1 and M2 subtypes. M1 macrophages function in immune surveillance, and M2 macrophages downregulate the immune response. Recent studies have shown that macrophages are involved in non-alcoholic fatty liver disease, liver fibrosis, and hepatocellular carcinoma. Moreover, several studies have demonstrated that liver diseases are associated with exosomes derived from or transferred to macrophages. This review focuses on the participation of macrophages and exosomes in liver diseases.
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INTRODUCTION

Exosomes are small discoid extracellular vesicles (EVs) originating from endosomes that are 30–150 nm in diameter and have a double lipid layer (1). The exosome formation process involves invagination of the cell membrane to form an endosome, which then develops into a multivesicular body (MVB) that subsequently fuses with the cell membrane, releases the particles outside of the cell, and forms the exosome (2). A variety of cells can secrete exosomes under normal and pathological conditions (3). In addition, exosomes are also widely found in bodily fluids, including blood, saliva, urine, ascites, and cerebrospinal fluid (4, 5). The function of an exosome depends on the type of cell from which it originates. In general, exosomes can participate in processes such as immune response, cell migration, cell differentiation, and tumor invasion (6). Exosomes mediate intercellular communication, regulating the biological activity of receptor cells through the proteins, nucleic acids, and lipids they carry (7, 8). Exosomes also play a vital role in the diagnosis and treatment of liver diseases (9).

Macrophages are a heterogeneous population of cells that exhibit a unique phenotype and function in the complex microenvironment in vivo. According to differences in their activation state and function, macrophages can be divided into classically activated macrophages (CAMs or M1) and alternatively activated macrophages (AAMs or M2). M1 macrophages participate in the immune response and in immune surveillance by presenting antigens and secreting pro-inflammatory cytokines such as IL-6 and tumor necrosis factor-α (TNF-α). M2 macrophages have a weak antigen presentation ability and play an important role in immune regulation by downregulating the immune response via the secretion of the inhibitory cytokines IL-10, transforming growth factor-β (TGF-β) and mannose receptor (Mrc) (10–12). It has been suggested that macrophages have a series of continuous functional states, and M1 and M2 macrophages are the two extremes of this continuous state (13). Moreover, recent studies have found that macrophages are involved in non-alcoholic fatty liver disease (NAFLD) (14, 15), liver fibrosis (16), and hepatocellular carcinoma (HCC) (17).

Exosomes secreted by hepatocytes exposed to alcohol can be ingested by macrophages, thereby promoting the secretion of cytokines (18). In cholestatic liver disease, exosomal long non-coding RNA (lncRNA) H19 from bile duct cells promotes the M1 polarization of Kupffer cells and the production of chemokine ligand 2 and interleukin 6 (19). In melatonin-treated HCC cells, exosomes change the immunosuppression status of macrophages (20). In this review, we summarize the effects and interaction of macrophages and exosomes in liver diseases (Table 1).


Table 1. Summary of exosome and macrophage participation in liver diseases.
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CHARACTERISTICS OF EXOSOMES

Cells release bilayer membranous vesicles called EVs, which can be divided into exosomes, microvesicles (MVs), ectosomes, migrasomes, apoptotic bodies, and oncosomes according to their size and origin (37). Exosomes are the smallest EVs, with a diameter of 30–150 nm. Further, exosomes can be divided into small exosomes (60–80 nm) and large exosomes (90–120 nm). Proteomic analyses have shown that small exosomes carry proteins that are associated with endosomes, MVBs, and phagocytic vesicles, indicating that small exosomes are classical exosomes from the endosomal compartment. In contrast, large exosomes include plasma membrane proteins, cellular connexins, and late endosomal proteins and may be atypical exosomes from plasma membrane germination (38). Medium-sized EVs, 100–1,000 nm in diameter, include MVs, ectosomes, and microparticles (39). Ectosomes depend on the plasma membrane, while exosomes depend on endocytic membranes. These two distinct types of EVs differ in size, composition, and release regulation mechanisms. For ectosomes and exosomes, the goods on the surface and in the lumen differ when EVs are released by different cell types or individual cells in different functional conditions. After release, the two types of EVs move through the extracellular fluid at different times and for different distances (40). Migrasomes, apoptotic bodies, and oncosomes are large EVs (a few thousand nanometers) that have been found to be associated with migration, phagocytosis, and cancer, respectively. Migrasomes are newly identified organelles that depend on migration, leaving long retractable fibers upon cell migration, and vesicles grow atop the tips and intersections of fibers. Eventually, the fibers that connect the vesicles to the main cell body break apart, and the vesicles are released into the extracellular space or absorbed directly by the surrounding cells (41). Apoptotic bodies, small bodies released by programmed cell death, can be formed in two ways: the sprouting and shedding mechanism and the autophagosome mechanism (42). The term “oncosomes” was originally used to describe abnormally large EVs, although it is often used to refer to EVs released by cancer cells (43). Oncosomes derived from prostate cancer cells strongly promote the establishment of a tumor-supporting environment by inducing new interstitial reprogramming (44). In fact, EVs should not be classified into subtypes according to their sizes because their diameters overlap; for example, some MVs, whose size range is very large (100–1,000 nm), can be easily confused with large exosomes (45). At present, the origin is the only basis for distinguishing exosomes from other EVs. Other EVs are formed by the protrusion and shedding of cell membranes, whereas exosomes are derived from intracellular endosomes, which can form MVBs that are then degraded by lysosomes or fused with the cytoplasmic membrane, released and enter the receiving cell through fusion, endocytosis or receptors (46). According to the MISEV2018 guidelines, exploring the biogenesis of EVs remains a challenge without the use of live imaging techniques. Therefore, operational terms are still recommended for the description of EV subtypes according to their size, density, biochemical composition, and cell or organ origin (47).

The exosome formation process involves invagination of the cell membrane to form an endosome, which then develops into MVBs. Some of these MVBs directly fuse with lysosomes and degrade, some are transported to the Golgi for recovery, and some fuse with the cell membrane to release small vesicles outside of the cell and form exosomes. Regarding the mechanisms associated with exosome biogenesis and abscission, many molecules play an important role. First, the endosomal sorting complex required for transport (ESCRT) and other proteins, such as tumor susceptibility gene 101 protein (TSG101) and ALG-2 interacting protein X (ALIX), are involved in cargo sorting into exosomes (3). Apart from ESCRT, other ESCRT-independent mechanisms, including lipid rafts and tetraspanins CD63 and CD81, are conducive to exosome biogenesis (48). Finally, the Rab-GTPase family contributes to the intracellular trafficking and fusion of MVBs with the cell membrane to release exosomes. Some studies clarified that sphingomyelinase, protein kinase D family, and argonaute-2 are involved in the formation of exosomes (49) (Figure 1).
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FIGURE 1. Exosome biogenesis and abscission. The cell membrane invaginates to form an endosome, which then develops into a late endosome or multivesicular body (MVB) with processing of the rough endoplasmic reticulum and Golgi. Some of these MVBs directly fuse with lysosomes and degrade, some are transported to the Golgi for recovery, and some fuse with the cell membrane to release small vesicles outside of the cell and form exosomes. Many molecules play an important role in exosome biogenesis and abscission. First, the endosomal sorting complex required for transport (ESCRT) and other proteins, such as tumor susceptibility gene 101 protein (TSG101) and ALG-2 interacting protein X (ALIX), are involved in cargo sorting into exosomes. In addition, other ESCRT-independent mechanisms, including lipid rafts and tetraspanins CD63 and CD81, are conducive to exosome biogenesis. Finally, the Rab-GTPase family contributes to the intracellular trafficking and fusion of MVBs with the cell membrane to release exosomes.


Exosomes are composed of nucleic acids (including DNA and RNA), proteins, and lipids. Exosomal RNAs mainly play key roles in the target cell and mainly include mRNAs, microRNAs, lncRNAs, circRNAs, etc. (50). MicroRNAs are now the most widely and deeply studied type of RNA in exosomes, often due to their relationship with the occurrence and development of diseases (51). Exosomal proteins can be divided into membrane proteins and intramembrane proteins. Membrane proteins, including tetraspanins (CD63, CD81, and CD9) and some cell-specific proteins, such as A33 (colon epithelial cell source), MHC-II, and CD86 (antigen-presenting cell sources), participate in exosome transport. Intracellular exosomal proteins include the heat shock protein family (HSP60, HSP70, HSP90, HSPA5, and CCT2), a variety of metabolic enzymes (GAPDH, PKM2, PGK1, PDIA3, antioxidant proteins), ribosomal proteins (RPS3), signal transduction factors (melanoma differentiation-related factors, ARF1, CDC42), adhesion factors (MFGE8, integrin), cytoskeletal proteins, and ubiquitin (52, 53). Lipids are important components of the exosomal membrane, and exosomes contain more specific lipids than parent cells. Several studies have found that the percentages of different lipid categories in cells and exosomes vary among several cell types, such as human B cells and dendritic cells. Specifically, in human B cells, cholesterol, and sphingomyelins have been found to be enriched from cells to exosomes (54) (Figure 2).
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FIGURE 2. Exosome components. Exosomes carry proteins, nucleic acids, and lipids. Proteins include tetraspanins (CD63, CD81, and CD9), some cell-specific proteins such as MHC-II (antigen-presenting cell source), heat-shock protein family (HSP60, HSP70, HSP90), a variety of metabolic enzymes (GAPDH, PKM2, PGK1, PDIA3, antioxidant proteins), signal transduction factors (ARF1, CDC42), adhesion factors (MFGE8, integrin), cytoskeletal proteins (Actin, Tubulin, Vimentin), and MVB-producing proteins (Alixs, Tsg101, Clathrin). Nucleic acids include DNA, mRNA, microRNA, lncRNA, and circRNA.


Exosomes have several functions. First, they function as a shuttle bus between cells, mediate cell-cell communication and play a role in immunity. Exosomes have been identified as important mediators of intercellular communication through the transfer of encapsulated cargo, such as bioactive lipids, non-coding RNAs, mRNAs, and proteins (55). These bioactive molecules are stable because they are covered with a biofilm capable of avoiding degradation. In addition, due to the characteristics of their surface proteins, exosomes also show relatively high target specificity to receptor cells. All these characteristics make exosomes important mediators of communication between cells, especially between organs. Second, the occurrence and progression of diseases [e.g., tumor metastasis (56–58), cardiovascular disease risk (59, 60), neurological diseases (61, 62)] can be predicted by studying the relationship among the exosome type, number, size, and content. Finally, several recent studies have reported on targeted drugs for exosomes. Exosomes can be used as carriers to deliver drugs to target areas, providing hope for the treatment of many diseases (63, 64).



HEPATITIS VIRUS

Hepatitis B virus (HBV) infection is characterized by long-term chronic infection accompanied by hepatocyte injury due to the complicated interaction between HBV and the immune system. In addition, according to the World Health Organization, more than 185 million people are infected with hepatitis C virus (HCV) (65). In the process of HCV infection, the interaction between macrophages and hepatocytes is an important part of liver innate immunity.

HBV encodes a microRNA (HBV-miR-3) that inhibits HBV replication by impeding transcription. Type I interferons (IFNs) constitute important immune responses to viral infection and can thus be used to treat some infectious viruses, including HBV and HCV. IFN-I interacts with its receptor to activate the Janus kinase (JAK)/STAT pathway, and STAT1/2 is then phosphorylated and transferred to the nucleus to bind to the IFN-stimulating response element, initiating the transcription of IFN-stimulated genes. SOCS5, an E3 ubiquitin ligase, negatively regulates the mechanism described above; specifically, it inhibits JAK kinase activity by interacting with JAKs through its JAK interaction region. Exosomal HBV-miR-3 promotes macrophage differentiation into the M1 phenotype and IL-6 secretion through the SOCS5/STAT1 pathway (21). Macrophage exosomes rely on T cell immunoglobulin and the hepatitis A virus receptor mucin receptor 1 to enter liver cells and then promote anti-HBV activity induced by IFN-α. In addition, the two main endocytic pathways for viral infection, namely, reticular protein-mediated endocytosis and macrophage phagocytosis, cooperate to allow exosome entry into liver cells and transfer of this activity (66). HBV-infected hepatocyte exosomes carry viral nucleic acids and prompt the expression of NKG2D ligands in macrophages. Compared to normal hepatocytes, HBV-infected hepatocyte exosomes show higher expression levels of immunoregulatory microRNAs, which are transported to macrophages and then restrict IL-12p35 mRNA expression in macrophages, leading to resistance to the host's inherent immune response (22).

Exosomes derived from macrophages play a key role in inhibiting the replication of HCV. TLR3-activated macrophages release exosomes containing anti-HCV microRNA (miRNA)-29 family members (23). Further studies show that interferon-stimulated macrophage-derived EVs inhibit HCV replication and participate in antiviral immune responses, while polyunsaturated fatty acids weaken this process (67). On the other hand, exosomes can also affect macrophages. Concretely, monocytes tend to differentiate into macrophages that show high expression of M2 surface markers and produce pro- and anti-inflammatory cytokines when cocultured with exosome-packaged HCV, which is mediated by TLR7/8 (24).



ALCOHOLIC LIVER DISEASE

Alcoholic liver disease (ALD) or alcoholic hepatitis (AH) is a liver disease caused by long-term heavy drinking. The effects of alcohol, alcohol metabolites, and gut-derived endotoxins cause liver damage in patients with ALD (68, 69). The initial manifestation is usually fatty liver, which can develop into AH, liver fibrosis, and liver cirrhosis (70). Approximately 3.3 million people die each year from excessive drinking, accounting for almost 5.9% of all global deaths. According to the World Health Organization, Europe has the highest amount of alcohol consumption per adult. In EU countries, 41% of all liver deaths are attributed to alcohol. Since ALD patients have not shown any clinical symptoms or abnormal laboratory indicators in the past, screening should be carried out in high-risk groups (71).

A recent study focused on the potential correlation between autophagy and exosomes since autophagosome and exosome biogenesis involve the same components. The researchers found autophagy damage in ALD and AH mouse models and in the livers of patients with ALD. Moreover, this autophagy occurs at the lysosome level by reducing the expression of lysosome-associated membrane protein 1 (LAMP1) and lysosome-associated membrane protein 2 (LAMP2). The expression of microRNA 155 (miR-155) is increased by alcohol, and its action targets are LAMP1, LAMP2, mechanistic target of rapamycin, and Ras homolog enriched in the brain. In line with this, miR-155 gene-deficient mice exhibited less alcohol-induced autophagic damage and less exosome production than control mice. Downregulation of LAMP1 or LAMP2 increases the number of exosomes released by hepatocytes and macrophages. These results reveal that the increased exosome content induced by alcohol is related to the destruction of autophagy and the impaired function of autophagosomes and lysosomes (25). Another study clarified that atypical exosomes can eliminate lysosomal waste to combat lysosomal dysfunction, thus maintaining dynamic equilibrium (72). In addition, researchers have found that EVs in patients with ALD carry a unique protein cargo and induce macrophage activation by heat shock protein 90 (73). Another study found that alcohol increases the EV (mainly exosomes) production of primary human monocytes and THP-1 monocytes, and monocytes exposed to alcohol communicate with primitive monocytes through EVs. Furthermore, miR-27A in exosomes polarizes primitive monocytes into M2 macrophages (26). Similarly, patients with AH and alcohol-fed mice produced more EVs than normal controls. Exosomal miRNA-192, miRNA-122, and miRNA-30a secreted into the blood could be used as diagnostic biomarkers of ALD (74). In addition, a previous study in mice demonstrated that ethanol promotes the secretion of EVs via CYP2E1 and revealed for the first time that the caspase-3 pathway is involved in this process. EVs contain CD40L (TNFSF5) and can activate pro-inflammatory macrophages (27). Liver cells exposed to alcohol secrete exosomes containing increased concentrations of miR-122, which is absorbed by macrophages and makes them sensitive to lipopolysaccharide (LPS), thereby enhancing cytokine secretion (18). In addition, mitochondria have also attracted much attention. Ethanol exposure can activate toll-like receptor 3 in Kupffer cells by hepatic mitochondrial double-stranded RNA (MtdsRNA) through exosomal delivery, resulting in increased IL-1β levels, which promotes the production of IL-17A. MtdsRNA and TLR3 can be used as therapeutic targets for ALD (28, 75). Hence, blocking these pathways may protect against alcohol-induced liver injury.



NON-ALCOHOLIC FATTY LIVER DISEASE

NAFLD is characterized by the excessive accumulation of liver fat and insulin resistance, which is defined by histological analysis as >5% hepatocyte steatosis or by proton density as a fat content of >5.6%. NAFLD includes two kinds of pathological diagnoses with different prognoses: non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH). The latter is more severe than the former and includes fibrosis, liver cirrhosis, and HCC (76). High-calorie diets, excessive intake of saturated fats, refined carbohydrates, sugary drinks, and fructose and Western diets are all associated with increased body mass, obesity, and especially NAFLD (77). High-fructose intake increases the risk of NASH and advanced liver fibrosis (78, 79). In addition, it is generally recognized that monocyte-derived macrophages recruited in the liver are involved in the inflammatory response of NASH.

The pathological features of NASH are lipid-induced hepatocyte apoptosis (apoptosis induced by toxic lipid mediators) and infiltration by inflammatory cells, some of which are activated macrophages (80). The latest research indicates that the number and miR-192-5p level of serum exosomes in NASH patients, and NASH model rats are significantly higher than those in their respective control groups. Furthermore, the exosomes released by lipotoxic hepatocytes can be ingested by macrophages, resulting in activation of M1 macrophages and hepatic inflammation by regulating the Rictor/Akt/FoxO1 signaling pathway (29). Another study showed that in a mouse model of NASH, EVs derived from lipotoxic hepatocytes are rich in active integrin β1 (ITGβ1), mediating the adhesion of monocytes to hepatic sinusoidal endothelial cells, which is a necessary step in hepatic inflammation. ITGβ1 inhibition reduces liver injury (31). In addition, it has been reported that exosomes isolated from melatonin-treated adipocytes significantly attenuate liver steatosis induced by a high-fat diet and resistin-mediated ER stress. Further research has shown that melatonin reduces the level of exosomal resistin derived from adipocytes through Bmal1 transcription inhibition and M6A RNA demethylation in adipocytes (81). Several studies have observed that macrophage-derived exosomes contribute to insulin resistance through paracrine or endocrine mechanisms (55, 82, 83). Another study found elevated levels of exosomes derived from natural killer T cells and macrophages among patients with NAFLD or NASH (84). Moreover, lipids have been shown to stimulate death receptor 5, promoting the release of EVs from hepatocytes; subsequently, these EVs activate the inflammatory phenotype in macrophages, which ultimately causes NASH (30). Cholesterol damages the lysosomal function of hepatocytes, leading to the secretion of hepatocyte-derived exosomal miR122-5p, which enters macrophages to promote M1 polarization and the occurrence of inflammation (32). Hepatocytes treated with ezetimibe can inhibit inflammasome formation in macrophages and IL-1 secretion as well as alleviate NASH liver inflammation through exosomes (85).



ACUTE LIVER FAILURE

Acute liver failure (ALF), a clinical syndrome characterized by jaundice, ascites, hepatic encephalopathy, and coagulation dysfunction, refers to the extensive necrosis of hepatocytes or severe liver function damage caused by various factors, such as viruses, drugs, and toxins. The treatments for ALF are liver transplantation and artificial liver therapy. However, there are limitations associated with liver transplantation due to a lack of appropriate donor livers and a variety of complications. Additionally, the efficacy of artificial liver therapy is relatively limited (86).

The transplantation of mesenchymal stem cells (MSCs) might become a potential approach for treating liver disease (87). Researchers administered human umbilical cord MSC-derived exosomes (hucMSC-Ex) to mice via their tail vein or oral gavage. The hucMSC-Exs exhibited antioxidant functions and antiapoptotic effects and rescued the mice from liver failure induced by CCl4 (88). Another study further explored the role of macrophages in this process. The researchers treated mice with LPS and D-galactosamine (LPS/GalN) and immediately injected adipose MSC (AMSC)-derived exosomes (AMSC-Exos) intravenously. AMSC-Exos colocalized with hepatic macrophages and reduced the secretion of inflammatory factors by inhibiting the activation of inflammatory factors in macrophages. Exosome-encapsulated miR-17 plays an important role in the treatment of ALF by targeting TXNIP and inhibiting the activation of inflammatory factors in hepatic macrophages (33). Exosomes secreted by MSCs may improve the therapeutic efficacy of MSCs by mediating intercellular communication and transporting paracrine factors (89).



HCC

The incidence of liver cancer is on the rise worldwide, with the number of newly diagnosed cases increasing by 75% between 1990 and 2015 (90). It is predicted that liver cancer will be the sixth most common cancer in the world and the fourth-largest cause of cancer-related death. According to statistics by the International Agency for Research on Cancer, there were approximately 842,080 new cases of liver cancer and 781,631 deaths in 2018. Liver cancer includes HCC (75–85% of cases), intrahepatic cholangiocarcinoma (10–15% of cases) and other rare types (91). Because patients with early HCC exhibit no obvious clinical symptoms, early diagnosis is quite difficult. Currently, screening methods for HCC rely on mainly serum tumor markers and imaging tests. Clinical serological tests include α-fetoprotein (AFP), des-γ-carboxy prothrombin, and the AFP-L3 fraction. Imaging-based diagnostic methods include computed tomography and magnetic resonance imaging. If necessary, pathological examination may be used, but this method is not ideal in early HCC monitoring (92–94). Surgical resection is suggested as the first choice for the treatment of HCC patients with non-cirrhosis. However, those who undergo surgery have a recurrence rate of 70% (95). Therefore, a need exists for improved diagnostic and treatment methods for liver cancer.

Recent studies have shown that tumor-derived exosomes can be absorbed by fibroblasts and macrophages in the tumor microenvironment, change their phenotype, and ultimately promote tumor progression and metastasis (96). Several studies have noted that HCC-derived exosomes can be ingested by macrophages and thereby promote tumor progression. A recent study showed that exosomes derived from HCC contain a large amount of the lncRNA TUC339, which is taken up along with exosomes by macrophages in the tumor microenvironment, reducing the secretion of pro-inflammatory cytokines from these macrophages, increasing the secretion of anti-inflammatory cytokines, and causing the phenotypic conversion of macrophages. These phenotypically transformed macrophages can inhibit immune-mediated tumor cell death and promote tumor immune escape, thus facilitating rapid tumor growth progression (34). The exosomes secreted by hepatoma cells and released by melatonin-induced hepatoma cells can be phagocytosed and ingested by macrophages. The immune response is affected by regulating the expression of PD-L1 and the inflammatory factors IL-6, IL-10, and TNF-α. The melatonin-induced release of exosomes from HCC cells downregulates the expression of PD-L1 in macrophages by downregulating the protein expression of STAT3 (20). Another HCC study showed that endoplasmic reticulum (ER)-stressed HCC cells release exosomes, upregulate PD-L1 expression in macrophages, and then inhibit T cell function through the exosomal miR-23a-PTEN-AKT pathway. These results provide new insights into how tumor cells escape antitumor immunity (35). Hepatoma cells transmit miRNA-21 to hepatic stellate cells and activate the tumor suppressor gene PTEN through exosomes to activate the transition of hepatic stellate cells into cancer-associated fibroblasts (CAFs) via the PDK1/AKT signaling pathway. Activated CAFs further secrete angiogenic cytokines, including vascular endothelial growth factor (VEGF), MMP2, and MMP9, increasing the number of blood vessels and promoting the development of HCC (97). In contrast, the expression of miR-122 in serum or circulating exosomes is lower in HCC patients than in healthy subjects (98, 99). In tumor-bearing mice, propofol inhibits the invasion of HCC cells by stimulating the transfer of microvesicular miR-142-3p from tumor-associated macrophages to HCC cells (36). ER stress induces the release of exosomes from HCC cells, and by regulating the expression of programmed death ligand 1 in macrophages, the mir-23a-PTEN-AKT pathway inhibits T cell function and weakens antitumor immunity (35). Macrophages and exosomes also play an important role in tumor metastasis. Some scholars have found that in pancreatic ductal adenocarcinoma cells, tumor-derived exosomes can recruit bone marrow-derived macrophages to form a preliver metastatic environment and promote tumor metastasis (100).



EXOSOME ROLES IN PROGNOSIS AND TREATMENT

In the process of HCV infection, the interaction between retained macrophages and hepatocytes is an important part of liver innate immunity. Exosomes derived from macrophages play a key role in inhibiting the replication of HCV. Further study shows that TLR3-activated macrophages release exosomes containing anti-HCV miRNA-29 family members (23). Virus entry mechanisms and pathways have also been applied to study the exosome-mediated transfer of antiviral activity between cells. In HBV infection, macrophage-derived exosomes can use hepatitis A virus receptors to enter liver cells. Subsequently, exosomes utilize clathrin-mediated endocytosis and macrophage phagocytosis and then fuse with endosomes to effectively transmit the anti-HBV activity induced by IFN-α (66). Together, these studies suggest that exosomes have great potential as delivery vehicles for disease treatment. Exosomes can also be used for prognostic analyses. Circulating EV concentrations and sphingolipid carrier characteristics can be used not only for the diagnosis and differentiation of AH, decompensated alcoholic cirrhosis, and other end-stage liver diseases but also for the prediction of the 90-day survival time (101).



CONCLUSIONS AND PERSPECTIVES

Macrophage activation is an important force driving liver injury. Exosomes are important vesicles that are released by almost all cell types and play an important role in intercellular communication. Increasing evidence indicates that exosomes have outstanding functions, suggesting their potential use for future applications. In all liver diseases, studies on the effects and connections between macrophages and exosomes have concentrated on ALD, NAFLD, and HCC areas and have provided ideas for the non-invasive diagnosis and treatment of these diseases (Table 1). Generally, exosomes from damaged hepatocytes or tumors can promote the activation and differentiation of macrophages, thereby promoting inflammation. On the other hand, macrophage-derived exosomes also play a role in target hepatocytes (Figure 3). Nevertheless, the identification of novel specific biomarkers is required. In addition, it is worth investigating macrophages and exosomes in other liver diseases.


[image: Figure 3]
FIGURE 3. Roles of exosomes and macrophages in liver diseases. Exosomal miRNAs, lncRNAs, and MtdsRNAs released from injured hepatocytes promote the differentiation of macrophages into the M1 or M2 phenotype and the secretion of cytokines, thereby promoting inflammation.
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Background and Aim: Liver test abnormalities are common in COVID-19 patients. The aim of our study was to determine risk factors for different liver injury patterns and to evaluate the relationship between liver injury patterns and prognosis in patients with COVID-19.

Methods: We retrospectively analyzed patients admitted between January 1st to March 10th, with laboratory-confirmed COVID-19 and followed them up to April 20th, 2020. Information of clinical features of patients was collected for analysis.

Results: As a result, a total of 838 hospitalized patients with confirmed COVID-19, including 48.8% (409/838) patients with normal liver function and 51.2% (429/838) patients with liver injury were analyzed. Abnormal liver function tests are associated with organ injuries, hypoxia, inflammation, and the use of antiviral drugs. Hepatocellular injury pattern was associated with hypoxia. The mortality of the hepatocellular injury pattern, cholestatic pattern and mixed pattern were 25, 28.2, and 22.3%, respectively, while the death rate was only 6.1% in the patients without liver injury. Multivariate analyses showed that liver injury with cholestatic pattern and mixed pattern were associated with increased mortality risk.

Conclusions: Our study confirmed that hepatocellular injury pattern that may be induced by hypoxia was not risk factor for mortality in SARS-COV-2 infection, while liver injury with mixed pattern and cholestatic pattern that might be induced by SARS-CoV-2 directly might be potential risk factors for increased mortality in COVID-19 patients.

Keywords: liver impairment, hepatocellular pattern, cholestatic pattern, mixed pattern, prognosis


INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) disease, which is also called Corona Virus Disease 2019 (COVID-19), has been considered as a public health emergency of international concern by World Health Organization (WHO). Currently, SARS-CoV-2 has spread to over 200 countries and areas with 11, 327, 790 confirmed cases, including 532, 340 deaths globally until July 6 (1). Although COVID-19 mainly affects the lower respiratory tract and manifests as pneumonia in humans, a subset of COVID-19 patients present with different degrees of liver injury (2–4).

On the basis of previous reports from China, 15–26% of COVID-19 patients develop severe pneumonia with increased mortality (5). Organ dysfunction including acute kidney injury and liver injury is common in patients with severe pneumonia (5–8). 16–53% of COVID-19 patients had liver injury with abnormal levels of alanine aminotransferase (ALT) and/or aspartate aminotransferase (AST) accompanied by slightly elevated bilirubin levels during disease progression (2–4). The incidence of liver injury in COVID-19 patients with severe disease (62%) was significantly higher than that in patients with mild disease (25%) (4, 9). In addition, hepatic steatosis and liver injury were also confirmed by liver biopsy from a deceased patient infected with COVID-19 (10), and 78% of deceased COVID-19 patients had liver injury (11). However, whether liver injury is related with the progression of COVID-19 remains controversial (12–14). Besides, liver injury with hepatocyte pattern or mixed pattern had significantly higher risks of developing severe pneumonia in a single-center study of 148 patients (13), while the risk factors for different liver injury patterns remain unclear and a large-scale, multicenter study on the detailed relationships between different liver injury patterns and progression of COVID-19 was absent. In this study, we analyzed data from 838 hospitalized COVID-19 patients in multiple centers, explored the risk factors of liver injury among COVID-19 patients and evaluated the relationship between different patterns of liver injury and the progression of COVID-19. We found that liver injury was closely related with organ injuries, hypoxia, inflammation and the utilization of antiviral drugs, hepatocellular injury pattern that was associated with hypoxia was not risk factor for increased mortality, while liver injury with cholestatic pattern and mixed pattern that may be induced by SARS-CoV-2 directly increased mortality risk for COVID-19 patients.



METHODS


Study Design and Participants

This study was conducted in accordance with the principles of the Declaration of Helsinki and approved by the Institutional Ethics Board of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, and Jinyintan Hospital in China. We obtained the clinical and laboratory data at admission of confirmed COVID-19 patients from two centers including Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, and Jinyintan Hospital that were designated hospitals in Wuhan to manage patients with COVID-19. We retrospectively analyzed patients admitted between January 1st to March 10th, 2020, and followed them up to April 20th, 2020, with laboratory-confirmed COVID-19 based on real-time reverse-transcriptase polymerase-chain-reaction (RT-PCR) assay for nasal and pharyngeal swab specimens (9). The inclusion criteria were: 1. Patients confirmed with COVID-19; 2. Adult patients aged >18 years; 3. Patients had definite clinical outcome (cured or died) before April 20th. Exclusion criteria were: 1. Patients had pre-existing liver disease; 2. Patients aged <18 years. All patients with COVID-19 enrolled in this study were diagnosed according to The World Health Organization Interim Guidance.



Data Collection

The medical records of patients were collected and analyzed by the search team from Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, and Jinyintan Hospital. The clinical symptoms on admission, vital signs, and the pre-existing comorbidities of the patients were obtained from the electronic medical records. The results of the laboratory and imaging examinations on admission were obtained from the electronic system of laboratory and imaging examination. Diagnoses of acute kidney injuries and cardiac injuries were defined according to the Berlin Definition, improving global outcome definition and elevated cardiac biomarker, respectively (10, 15, 16). The degree of severity of COVID-19 (severe vs. non-severe) was defined using the American Thoracic Society guidelines for community-acquired pneumonia (17). For the diagnosis of three patterns of liver injury, initially ALT activity [patients ALT/upper limit of normal (ULN) of ALT] and alkaline phosphatase (ALP) activity (patients ALP/ULN of ALP) is calculated. Then ALT/ALP ratio (R) is determined. Hepatocellular pattern: If ALT alone is elevated ≥5-fold above ULN or R ≥5. Cholestatic pattern: ALP alone is elevated ≥2-fold above ULN or R ≤ 2. Mixed pattern: R >2 to <5 (18, 19).



Statistical Analysis

Categorical variables were presented as numbers and percentages. Chi-square tests with Bonferoni corrections for intragroup comparisons and Fisher's exact tests were used for categorical variables. Continuous values were expressed as means (standard deviations), and were calculated using the Student's t-test or one-way ANOVA for parametric data. Continuous values were expressed as median [interquartile range (IQR)], and were calculated using the Mann–Whitney U or Kruskal-Wallis H test with Bonferoni corrections for intragroup comparisons for non-parametric data. The correlation of hypoxia/inflammation and abnormal liver function test was examined using Spearman Rho's (ρ) correlation. To identify the risk factors for poor outcomes, univariate and multivariate Cox regression analyses were performed and reported as hazard ratios (HRs) and 95% confidence intervals (95% CIs). All statistical analyses were performed using SPSS (Statistical Package for the Social Sciences) (version 13.0, IBM Corp, Armonk, NY, USA). A significance level of P ≤ 0.05 was used for all models (two-sided).




RESULTS


Clinical Characteristics of Patients

As shown in Figure 1 and Table 1, a total of 838 hospitalized patients with confirmed COVID-19, including 48.8% (409/838) patients with normal liver function and 51.2% (429/838) patients with liver injury were analyzed. A total of 65.3% (280/429) male patients had liver injury, while in female patients, this proportion was significantly lower. The average age for patients with liver injury was 61, which is older than that in patients with normal liver function. In addition, more patients with liver injury had severe COVID-19. These results indicated that male and older patients and patients with more severe disease were more susceptible to liver injury.


[image: Figure 1]
FIGURE 1. Selection diagram of included patients.



Table 1. Clinical and laboratory characteristics of patients with COVID-19.
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Among them, 31.8% (267/838) had hypertension, 15.3% (128/838) had diabetes, and 7.8% (65/838) had coronary heart diseases (Table 1). A higher proportion of COVID-19 patients with liver injury had pre-existing hypertension, coronary heart diseases and malignant tumor, while there was no difference in pre-existing diabetes or chronic renal diseases between the subgroups with normal liver function and liver injury (Table 1).



Liver Biochemical Abnormalities Were Related With Organ Injuries

We evaluated the relationship between liver biochemical abnormalities and other laboratory results in COVID-19 patients. Patients with liver biochemical abnormalities showed more severe lymphocytopenia with lower counts of lymphocytes, more inflammation as indicated by elevated level of serum white blood cells, C-reactive protein (CRP) and procalcitonin (PCT), higher level of D-dimers, kidney injury as indicated by elevated level of serum creatinine, and higher level of serum ferritin. Importantly, patients with liver biochemical abnormalities had a higher incidence of cardiac injury, kidney injury, and systemic inflammatory response syndrome (SIRS) (Table 1). These results indicated that liver biochemical abnormalities were closely associated with cardiac injury, kidney injury and systemic inflammatory response that play important roles in COVID-19 patients.



Liver Biochemical Abnormalities Were Closely Associated With Hypoxia/Inflammation

Hypoxia and inflammatory cytokine storm are considered as risk factor for liver biochemical abnormalities in patients with COVID-19 (20). Therefore, we analyzed the relationship between liver biochemical abnormalities and hypoxia or inflammatory cytokines. As shown in Table 1, patients with liver injury had much lower blood oxygen saturation. Correlation analysis showed that blood oxygen saturation was negatively related with ALT, AST, TBIL, ALP, and GGT indicating that hypoxia might contribute to liver injury (Table 2).


Table 2. Correlation between hypoxia/inflammation and liver biochemical abnormalities in COVID-19.
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To determine which inflammatory cytokine is associated with liver injury, we measured serum level of Interleukin (IL)-2, IL-4, IL-6, IL-8, IL-10, and tumor necrosis factor-α (TNF-α) in patients with normal liver function and with liver injury. As shown in Supplementary Table 1, serum IL-6 and TNF-α were significantly increased in the liver injury group. IL-6 was positively correlated with the increased AST, TBIL, and ALP. IL-8 was positively correlated with increased AST, and TNF-α was positively correlated with increased ALT, AST, and GGT (Table 2). These results indicate that inflammatory cytokines might contribute to liver injury in patients with COVID-19.



Lopinavir/Litonavir and Ribavirin Increased the Risk of Liver Biochemical Abnormalities

Antiviral drugs recommended to treat COVID-19 include umifenovir (arbidol hydrochloride), lopinavir/litonavir, ribavirin and interferon, which are metabolized in liver and can induce hepatotoxicity. We tested an association of antiviral drug use and liver injury in COVID-19 patients. As shown in Table 3, the level of ALT, AST, ALP, GGT, and TBil showed no significant difference between patients with and without umifenovir treatment. Patients treated with lopinavir/litonavir had higher levels of AST and GGT (Table 3). In addition, use of ribavirin slightly increased the level of ALP (Table 3). These results indicate that there is an association between the use of lopinavir /litonavir and ribavirin as the antiviral drugs and increased liver injury in COVID-19 patients.


Table 3. The association of anti-viral treatment and abnormal liver function test in COVID-19.
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Hepatocellular Injury Pattern Was Closely Related With Hypoxia

To further understand the characteristic of liver injury in patients with COVID-19, we classified the liver biochemical abnormalities as hepatocellular pattern, cholestatic pattern and mixed pattern according to the ALT/ALP ratio. Most patients (49.2%) manifested with a mixed liver injury pattern (211/429), and 39.6% of patients presented with cholestatic pattern (170/429). Hepatocellular pattern only accounted for 11.2% of patients (48/429). There was no difference between these three liver injury patterns in terms of gender, age, severity of COVID-19 and pre-existing diseases (Supplementary Table 2).

We further evaluated the relationship between different liver injury patterns and laboratory parameters (Supplementary Table 2). Patients with a hepatocellular injury pattern had lower blood oxygen saturation, higher ferritin level and increased kidney injury (Supplementary Table 2). These results indicated that hypoxia might play a critical role in hepatocytes death in COVID-19 patients.



The Association Between Liver Injury and COVID-19 Severity

We finally evaluated the relationship between different patterns of liver injury and COVID-19 outcome (Table 4). It was worth noting that 47.9, 29.4, and 32.2% of COVID-19 patients with hepatocellular pattern, cholestatic pattern and mixed pattern, respectively, were severe cases compared with 11% of patients with normal liver function (Table 4). The death rates of the COVID-19 patients with hepatocellular pattern, cholestatic pattern, and mixed pattern were 25, 28.2, and 22.3%, respectively, compared with 6.1% of patients with normal liver function (Table 4).


Table 4. Relationship between liver injury pattern and disease progress.
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Multivariate analyses showed that the liver injury was associated with increased mortality risk in patients with COVID-19, with an adjusted hazard ratio of 2.65 (1.22–5.76) compared with normal liver function (Table 5). In addition, other factors such as platelet count and coagulation factors that represent the state of liver's ability to function were also associated with increased mortality risk in patients with COVID-19 (Supplementary Tables 3, 4). The levels of platelet count decreased in deceased patients with COVID-19, while prothrombin time, D-dimer and international normalized ratio increased in deceased patients with COVID-19 (Supplementary Table 3). Further analysis showed that liver injury with cholestatic pattern and mixed pattern were associated with increased mortality risks in patients with COVID-19 (Table 5). These results indicate that liver injury with cholestatic pattern and mixed pattern are associated with worse prognosis in patients with COVID-19.


Table 5. Multivariate Cox regression analyses of liver injury association with mortality.
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DISCUSSION

Severe respiratory failure is more likely to be the main cause of mortality in COVID-19 patients (21). Other potential factors such as older age, high Sequential Organ Failure Assessment (SOFA) score, and d-dimer > 1 μg/mL were also associated with poor prognosis (22). On the basis of previous reports from China, some COVID-19 patients present with liver injury (7, 8, 23). Since subtypes of liver injury include hepatocellular pattern, cholestatic pattern, and mixed pattern, we mainly evaluated the incidence of three subtypes in COVID-19 patients and assessed their relationship with prognosis of COVID-19. In this study, we found that liver injury with cholestatic and mixed pattern were associated with worse prognosis of patients with COVID-19.

Our data indicate that SARS-CoV-2 associated liver injury correlates with hypoxia/ inflammation. The mechanism by which COVID-19 patients present with liver injury is still unclear. It was reported that SARS-CoV-2 uses angiotensin converting enzyme II (ACE2) for cell entry (24). Apart from the lung alveolar epithelial cells, liver cholangiocytes also express of ACE2 (24, 25). Besides, coronavirus particles were also identified in the liver of two deceased SARS-CoV-2 patients (26). These suggest that SARS-CoV-2 may damage cholangiocytes directly and lead to cholestatic and mixed pattern liver injury in COVID-19 patients. Interestingly, viral inclusions were not observed in the liver biopsy specimens of some COVID-19 patient with liver injury (10), indicating that SARS-CoV-2 may induce liver injury through other mechanisms. Inflammation may also contribute to liver injury as patients with liver injury had higher level of inflammatory markers, such as CRP and PCT (9, 27). Wang et al. (28) confirmed that the inflammatory storm is closely related to multiple organ damage or death in COVID-19 patients. Our data also confirmed that liver injury correlates with inflammatory cytokines. In addition, hypoxia presenting as one of the common symptoms in COVID-19 patients, may be also related with liver injury (29). Our data show that liver injury is negatively correlated with blood oxygen saturation. Adverse effect of some drugs may be another factor to cause liver injury (30, 31). The use of lopinavir/ritonavir before admission was significantly higher in patients with emerging liver injury than that in patients with normal liver functions, suggesting that application of antiviral drugs may lead to liver injury during the process of COVID-19 treatment (27). Our data confirmed that liver injury for COVID-19 patients was associated with the use of certain antiviral drugs, such as lopinavir /litonavir and ribavirin.

Our data show that patients with liver injury had higher level of serum ferritin and more severe hypoxia especially for patients with hepatocellular injury pattern. It was reported that SARS-CoV-2 destroys hemoglobin in red blood cells, dissociating iron and deoxyhemoglobin, causing less hemoglobin that can carry oxygen, and producing symptoms of respiratory distress and hypoxia (32). Besides, iron dissociated from heme will be stored in ferritin, thus the level of ferritin in serum will be increased (32). In addition, hypoxia may also induce liver injury (29), and damage hepatocytes. Therefore, we propose that the elevated level of serum ferritin and hypoxia are related with hepatocyte injury.

Similar to other reports (6, 33), our study showed that liver injury in COVID-19 patients was frequent but mild in nature. The patterns of liver injury were mostly cholestatic and mixed pattern, which maybe induced by SARS-CoV-2 directly. Besides, liver injury with cholestatic and mixed patterns were associated with the worse prognosis of COVID-19. Thus, clinical physicians should pay more attention to COVID-19 patients with cholestatic and mixed pattern liver injury and give effective treatment method.

Our study has some limitations. Liver injury in COVID-19 is associated with hepatotoxic drug intake and tissue hypoxia. Therefore, increased liver injury induced by hypoxia, or hepatotoxic drug intake may not be reflective of risk factors for mortality in SARS-COV-2 infection. Although large enough to conduct valid comparisons among groups, the sample size remains limited. Larger studies should be performed to further evaluate the predictive value of liver injury for prognosis of COVID-19. In addition, this was a retrospective study, and an unknown bias may exist.

In summary, our study demonstrates that liver injury is closely related with organ injuries, hypoxia, inflammation, and the use of antiviral drugs. Hepatocellular injury pattern is associated with hypoxia, and increased hepatocellular injury may not be risk factor for mortality in SARS-COV-2 infection, while liver injury with cholestatic, and mixed patterns that may be induced by SARS-CoV-2 directly may be potential risk factors for increased mortality in patients with COVID-19. COVID-19 patients with liver injury especially for cholestatic and mixed patterns should be monitored and evaluated frequently and performed effective treatment.
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Intratumoral neovascularization has intricate effects on tumor growth, metastasis, and treatment. Over the last 30 years, Microvessel density (MVD) has been the standard method for laboratory and clinical evaluation of angiogenesis. Hepatocellular carcinoma (HCC) is a typical hypervascularized tumor, and the predictive value of MVD for prognosis is still controversial. According to previous viewpoints, this has been attributed to the determination of hotspot, counting methods, vascular endothelial markers, and different definitions of high and low vascular density; however, the heterogeneity of tumor angiogenesis patterns should be factored. The breakthroughs in artificial intelligence and algorithm can improve the objectivity and repeatability of MVD measurement, thus saving a lot of manpower. Presently, anti-angiogenesis therapy is the only effective systematic treatment for liver cancer, and the use of imaging technology-assisted MVD measurement is expected to be a reliable index for evaluating the curative effect. MVD in multinodular hepatocellular carcinoma represents a subject area with huge understudied potential, and exploring it might advance our understanding of tumor heterogeneity.
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INTRODUCTION

Liver cancer is the fourth leading cause of cancer-related death with a 5-year overall survival rate of 18% globally (1). Hepatocellular carcinoma (HCC) is the most prevalent primary liver cancer, and its incidence is increasing in different populations in recent decades, specifically in Asian countries due to hepatitis B virus infection. Whilst acknowledging the continuous progress in the treatment of HCC, its prognosis remains poor (2). This is attributed to the fact that only a small part of HCC patients are diagnosed in early stages and receive curative treatments like hepatectomy and liver transplantation. However, the recurrence rate after surgical resection is high, and the application of liver transplantation is limited by the shortage of grafts.

Angiogenesis, a process that facilitates oxygen and nutrient delivery to the tumor cells, is the hallmark of cancer (3). Generally, it is believed that the absence of neovascularization causes the size of the solid tumor to remain in a dormant state of only 2–3 mm3 (4). Neovascularization supports tumor cell proliferation and provides a pathway for metastasis (5). Therefore, a tumor with rich blood supply is considered to have a growth advantage and early metastasis compared to poorly vascularized tumors. Liver cancer is a hypervascularized tumor, and angiogenesis regulates disease recurrence, progression, and metastasis. Thus, anti-angiogenesis strategies are developed for liver cancer and are particularly attractive. Currently, sorafenib and lenvatinib, two multi-kinase inhibitors with potent anti-angiogenic capacity, are first-line therapy for hepatocellular carcinoma (HCC) that accounts for 80% of primary liver cancer (6, 7). In addition, evaluation of vascularization might be valuable for predicting prognosis and decision-making for clinical practice (8). For instance, postoperative transcatheter arterial chemoembolization is recommended for patients with microvascular invasion of tumor cells (9). The abundance of micro-vessels is associated with poor outcomes; however, the quantification of micro-vessel abundance is challenging and several methods have been developed (10). As a classical and most widely used measurement of angiogenic activity, microvascular density (MVD) has an effective predictive value in the clinical behavior of many kinds of tumors since it was first proposed by Weidner in 1991 (11). Therefore, it is considered that the measurement of angiogenesis in liver cancer tissue might be of great significance for the prognosis and treatment of liver cancer (12). Herein, we review the progress, agreements, and controversies of microvascular quantification in liver cancer, and its roles in the prognosis and treatment of HCC.



BIOLOGICAL CHARACTERISTICS OF MICROVASCULAR DENSITY

Although highly vascularized tumor is supposed to obtain better blood perfusion and more oxygen supply, in practice, the relationship between tumor MVD and local hypoxia is complicated. Vascular endothelial growth factor (VEGF) is a hexose-modified multifunctional protein, which has a specific binding site of hypoxia-inducible factor-1α (HIF-1α), and can act on vascular endothelial cells and induce micro-angiogenesis. In the development of HCC, hypoxia enhances the transcriptional activity of VEGF, and increases the stability of VEGF mRNA in a HIF-1α-dependent manner (13–15). However, high MVD is prone to but does not always represent a satisfactory blood supply of tumors. Because of the compression by overproliferated tumor cells and the immature vascular structure, tumor neovascularization is structurally abnormal with compromised functions, which will still cause acidosis and hypoxia within the tumor (16). Hypoxia enhances the malignant characteristics of tumor cells by inducing epithelial-to-mesenchymal transition and consequently causing drug resistance and metastasis (17, 18). Certainly, reversing microenvironmental hypoxia in tumor by direct delivery of oxygen or improvement of angiogenesis stimulate the effectiveness of chemotherapy and radiotherapy (19–22). Nevertheless, abundant neovascularization in tumor does promote distant metastasis of tumor cells (23). Therefore, precise evaluation of tumor vascularization and methods for regulation of vascularization in HCC are vital for clinical practice.

However, quantification of both vascular abundance and maturity is formidable. Currently, reliable in vivo methods to evaluate vascularization of tumors are unavailable, and ex vivo methods are based on two-dimensional analysis, which is not the case in real tumors. So far, MVD is still the most applied and accepted index for the measurement of tumor vascularization. Neovascularization in tumors with high MVD has been confirmed to be positively related to distant metastasis and increased number of circulating tumor cells (24–26). However, debate exists about the association between MVD and the differentiation degree of HCC. Studies by Wada et al. and Hisai et al. found that angiopoietin-2 expression was positively correlated with MVD and that MVD of well-differentiated HCCs is significantly lower than that of moderately and poorly differentiated HCCs (14, 27), whereas other reports showed that there was no correlation between the two groups (28). Regarding drug perfusion and distribution, it is not intuitive that tumors with high MVD can exhibit better drug perfusion. Immature vessels and interstitial fluid pressure can severely hinder the penetration and distribution of drugs, although this feature can be also utilized by nanomaterials to boost drug delivery through the enhanced permeability and retention effect (29). In contrast, the elaborate use of anti-angiogenesis strategy might promote tumor vascular normalization and enhance blood perfusion and drug delivery (16, 30, 31).



ADVANCES IN THE METHODOLOGY OF MVD MEASUREMENT

The quantitation method of MVD in the tumor was first proposed by Weidner in 1991 (32). This technique means counting the outline of the blood vessel wall stained by routine immunohistochemistry in tissue slide, and eventually obtaining the number of micro-vessels per square millimeter. Briefly, this method begins from scanning the whole section under a low-power microscope field to identify several “hot spots” with the highest blood vessel density, followed by counting single new micro-vessels under a high-power microscope field (33). The obscurity of whether it was a neovascularization was resolved by an agreement between two researchers using a double-ended microscope, and each procedure took 7–10 min. In our experience, the selection of hot spots should be spaced at an appropriate distance and reflects the overall situation of the whole slice. Neovascularization is distinguished if single new micro-vessels, which are defined as any stained epithelial cells (EC) or clusters separated from adjacent blood vessels, with or without lumen or red blood cells, are observed. Blood vessels containing muscle walls and vessels in the tumor sclerosis area are not counted. In this earliest work, Weidner found that the MVD in breast tumors with poor prognosis and metastasis was twice as high as that in breast tumors with good prognosis and no metastasis. Despite being revolutionary, this method has inherent shortcomings. First, the subjective definition of hotspot causes poor repeatability, thus the inter-observer and intra-observer heterogeneity are significant. For example, de Jong and colleagues reported that the average inter-observer coefficient of variation was about 24% (34). Second, the judgment of neovascularization is subjective with no objective parameters for quality control. Last, manual calculation is time-consuming, particularly for tumors with hypervascularization and size larger than 10 cm. In addition, the cut-off values between high and low MVD in different trials ranged from 4 to 106.3. This may be due to the wide range of antibodies, patient groups, treatments, and data interpretations. Therefore, cross-sectional comparisons of cut-off values are meaningless.

The Chalkley method, also called point-overlap morphometry, is based on the systematic random sampling theory to approximate the relative area of neovascularization in a limited area (35). Like the Weidner method, it requires the subjective selection of several hotspots with the highest neovascularization density, but does not need to calculate all micro-vessels. A special attachment called “Chalkley point array graticule” installed on the eyepiece of the microscope was used (Figure 1), there are 25 randomly distributed fixed points on the Chalkley graticule, and the direction of the grid points can be changed by moving clockwise or counterclockwise (36). The observer can find a unique location where there is the highest grid point overlap with the micro-vessels, and record the total number of intersections as a Chalkley count, where Chalkley count is a unitless parameter. Since there is no need for observers to frequently determine whether the stained microvessels conform to the principles of neovascularization, the Chalkley method is relatively more objective and time-saving than the Weidner method.


[image: Figure 1]
FIGURE 1. A demonstration diagram of the Chalkley method. The vertical lines that are intersected in the circular eyepiece form a grid, and the vessels were counted when collided with the grid point.


To improve the reproducibility of measurement and reduce inter-observer and intra-observer variations, computer-aided technology has been applied to microvessel counting. Unfortunately, no computer software that can automatically analyze and measure MVD is up to date, primarily because manual intervention is necessary to select vascular hotspots. Some investigators have attempted automated image analysis algorithms to generate geographical microvessel maps by calculating entire tumor slices, which can be more objective in counting microvessels (37). Although they conquer the subjectivity of previous methods, the excessive time consumption limits its application, and hence it is worth investigating whether MVD in the whole section represents the real angiogenic activity of the tumor. In recent years, Marien et al. developed a semi-automatic system based on systematic uniform random sampling, i.e., AutoTag and AutoSnap as a substitute for the classical method of identifying hotspots manually by pathologists to confirm areas of interest (ROI). Then, a self-written Photoshop automatically integrates the digital grid with the ROI captured by the system to produce a new image for computer microvascular counting (38). Due to the automatic nature of AutoSnap, workforce hours can be saved, and each image has a tag corresponding to it, making the result traceable. In addition, the random sampling method can reflect the overall vascular growth in the tumor and minimize the variation caused by the experience of the observer at the time of sampling. This technique was further validated by Marien and colleagues in colorectal cancer, glioblastoma multiforme, ovarian carcinoma, and renal cell carcinoma (39), despite being not verified by other investigators. The measurement method of MVD is currently immature and will keep evolving toward being more standard, objective, repeatable, and efficient. With the emergence of computer algorithm and artificial intelligence technology, it is believed that real automatic vascular technology analysis will emerge in the near future. But it must be noted that due to the heterogeneity of tumor vascular growth patterns, certain methods of sampling or measurement might not be suitable for all tumors. Also, the identification of vascular growth patterns and their clinical significance are critical in different types of tumors as well as in different patients with the same types of tumor.



ENDOTHELIAL CELL MARKERS USED TO MEASURE MVD

Many pan-endothelial and special endothelial cell markers are used for vascular labeling in HCC. Among all these markers, the widely used ones include vWF (factor VIII-related antigen), CD31, CD34, and CD105. vWF is a glycoprotein primarily found in endothelial cell Weibel-Palade bodies, and it mediates platelet adhesion to endothelial cells at the sites of vascular injury (40). vWF is probably the most specific endothelial marker, which can well distinguish endothelial cells from other surrounding tissues, due to its exclusive expression on vascular endothelial cells despite a small part of it being stored in megakaryocytes (41). In normal liver, only scattered positive reactions are observed in vascular endothelial cells in the portal area, and vWF is not expressed in normal hepatic sinusoidal endothelial cells. However, positive staining may be found in the background of chronic hepatitis and cirrhosis, whereas strong positive staining is often detected in HCCs (42). These characteristics make vWF one of the most reliable endothelial markers in measuring the MVD of HCC.

CD31, which belongs to the immunoglobulin superfamily, is a component of endothelial cell junction and also appears on the surface of platelets, monocytes, macrophages, plasma cells, neutrophils, as well as other inflammatory cells (43, 44). The expression of CD31 is homogeneous and strongly expressed relative to the vascular type-specific expression of VWF and CD34, and it often cross-reacts with plasma cells (41). However, CD31 is rarely used for MVD study in HCC.

CD34, a transmembrane glycoprotein of 110 kDa, is another endothelial marker broadly used in HCC. Like the vWF and CD31, CD34 is a pan-endothelial marker and is usually located in vascular endothelial cells and hematopoietic progenitor cells (45). In normal liver, CD34 is only expressed in the area around the portal vein, and most of the sinusoids in the central lobule are negative for CD34 (43). A study by Ohmori et al. discovered that there were CD34-positive but vWF-negative sinusoidal endothelial cells in the liver of patients with hepatitis C virus-related chronic liver disease, and the high expression of these CD34-positive sinusoidal endothelial cells was a risk factor for HCC carcinogenesis in these patients (46). This implies that CD34 might be a preferable endothelial marker rather than vWF for the study of HCC.

None of the pan-vascular endothelial markers mentioned above can distinguish between resting and proliferating blood vessels, while CD105 is a transmembrane glycoprotein highly and precisely expressed on activated endothelial cells (47). CD105, also known as endoglin, is a co-receptor of transforming growth factor β (TGF-β). It is involved in the development and remodeling of blood vessels, and its expression is up-regulated when resting endothelial cells become proliferative, thus representing the proliferation of hepatic sinusoidal endothelial cells in the liver (48). However, in practical application, it did not meet the expectations. Elsewhere, Qian et al. compared CD31 and CD105 in the determination of a more stable endothelial marker. The results showed that in 90 HCCs, all tumor vessels showed CD31 expression, 39 cases (43.3%) showed weak or no CD105 expression in tumors and their vessels, of which 29 cases (74.4%) were poorly differentiated HCCs, indicating that CD105 might not be expressed in poorly differentiated HCC cells (49). Evidence from Yu et al. found that CD105 was expressed in neovessels of HCC and sinusoidal endothelial cells in cirrhotic liver (50). Furthermore, given that CD105 can be expressed in tumor cells (49, 51, 52), contamination with CD105-positive tumor cells is inevitable. Therefore, the application of CD105 in the measurement of MVD in HCC is limited. CD34 is still the most widely applied endothelial marker in calculating MVD in HCC (Table 1).


Table 1. Measurement and prognosis of MVD in different trials.
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VASCULAR PATTERNS THAT INFLUENCE MVD

Pathological angiogenesis of HCC is often referred to as capillarization, in which normal sinusoids turn into thicker and continuous endothelial cells with fewer fenestrations (68). Two classic morphologies can ordinarily be observed in the immunohistochemical staining of HCC tissues (Figure 2). One is capillary-like microvessels, and the other is sinusoid-like microvessels (also known as vessels that encapsulate tumor clusters, VETC) (66). Generally, the former has small, scattered capillaries with no or a narrow lumen, whereas the latter has continuous branches and an apparent lumen. However, the clinicopathological differences between these two distinct vascular patterns have scarcely been observed.


[image: Figure 2]
FIGURE 2. Patterns of microvessels in hepatocellular carcinoma. (a) Capillary-like microvessels have discrete, disconnected blood vessels with small or no lumen; (b) Sinusoid-like microvessels, in which the endothelial cells are interconnected, can entirely encapsulate the cancer nest to form a cobweb-like structure.


The latter vascular pattern presents a hurdle to the counting of MVD in HCC. It becomes impossible to count vascular endothelial cells connected using the conventional counting principle. Therefore, Tanigawa proposed a modified counting method by defining every 40-μm lumen length as one point (53). Nonetheless, the efficacy and clinical significance of this method have not been thoroughly verified, and no one proposed a better solution after that. In addition to the measurement method being different from the conventional microvascular evaluation, sinusoidal-like vessels have a great impact on the clinical outcomes of HCC patients. An investigation by Sugino et al. checked immunohistochemical slices on 80 autopsy HCC cases and speculated that this special vascular pattern could encircle multiple tumor cells to spread in the form of multicellular tumor emboli, rather than cancer cells invading the blood vessel wall alone (69). This observation suggested an invasion-independent metastasis phenomenon in HCC. The clinical significance of this conjecture was validated by later studies. Dingand and colleagues revealed that the sinusoidal-like vascular patterns were associated with a low overall survival rate and high early recurrence rate (70). Additionally, Fang et al. unprecedentedly used three-dimensional reconstruction to confirm that sinus vessels formed an interconnected network around a single HCC nodule, while capillaries showed discrete and disorganized patterns (71, 72). They suggested that this vascular pattern was an effective mode of HCC metastasis independent of epithelial-to-mesenchymal transition. In 2019, Renne et al. demonstrated that it was an independent risk factor for early recurrence and decreased overall survival in a large multi-institutional cohort containing 541 resected HCCs from Italy, South Korea, and Japan (73). Seemingly, it reminds us that the MVD influence the clinical outcomes of HCC, and the heterogeneity of vascular patterns might regulate HCC progression.



PROGNOSTIC VALUE OF MVD IN HCC

Tanigawa, one of the pioneers exploring the association between MVD and prognosis of HCC patients, demonstrated that patients with MVD <290 showed a better overall survival and were more likely to remain tumor-free (53). The negative correlation between MVD and prognosis of patients was confirmed in several subsequent studies and summarized in a meta-analysis (54, 55, 57–61, 64, 65, 67, 74). However, an ambiguous connection and even a positive correlation between MVD and survival in HCC patients were also observed by other investigators (28, 56, 62, 63, 66). For instance, in a retrospective study of 136 HCC patients reported by Murakami et al., low MVD was identified as an independent predictor of poor 2-year DFS and OS, which contrasted with previous findings (66). Further, other researchers tried to combine MVD with other factors in predicting the prognosis of HCC patients. Qiu and colleagues used Beclin-1 and MVD to predict survival (65), and Murakami suggested that the 10-year OS rate and 2-year DFS rate in the low vasohibin1/MVD group (vasohibin1/CD34-MVD ≤ 0.459) were significantly higher than those in the high vasohibin1/CD34-MVD group (75). These conflicting results were partly due to the influence of methodological factors including endothelial markers, hotspot selection, counting methods, microvascular patterns, and patients. For example, in the study by Murakami, sinusoidal-like microvessels were identified in about 15% of cases. This special microvascular pattern, which ranges from 18.9 to 45.2% in HCC (70, 71, 73), ordinarily has a lower blood vessel density than ordinary capillary-like pattern and tends to form a large vessel lumen (76). Importantly, it has independent negative effects on OS and DFS (69–73). Neglecting the possible impacts of microvascular pattern on prognosis will cause unpredictable interference for the judgment of the actual role of MVD. Unfortunately, the importance of microvascular patterns has been underestimated in the studies reported so far, and its subgroup analysis is largely understudied. This kind of sinus vessel occurs frequently only in HCC, thyroid carcinoma, and clear cell renal carcinoma, but it is rare in malignant tumors originating from stomach, colon, breast, pancreas, lung, uterus, and esophagus (77). Also, this might partially explain why MVD is less controversial as a prognostic factor in tumors that significantly induce angiogenesis, such as breast, prostate, and hematologic malignancies. Therefore, in analyzing the effect of MVD on tumor prognosis, the heterogeneity of microvascular patterns should be factored. In addition, differences of inclusion criteria in these trials might also have a significant impact; in particular, some subjects received preoperative radiofrequency ablation and transhepatic artery catheterization chemotherapy, while others did not. Since necrosis has a great impact on tumor angiogenesis, under the influence of such confounding factors, whether such a research could reflect the impact of MVD on tumor prognosis was highly susceptible. Therefore, it is essential to conduct a rigorously designed study where the samples are relatively uniform or with suitable layers.

Microvascular invasion (MVI) is defined as the presence of tumor cells in the endothelium-lined vascular lumen that is visible only under a microscope. Its diagnosis depends on the histological evaluation of the tumor and its surrounding liver tissue (78). In HCC, both MVI and MVD are considered to be positively correlated with earlier recurrence and shorter overall survival (79). High tumor neovascularization often represents high invasiveness. However, whether there is a correlation between MVI and high-MVD remains to be further studied. A few researchers have elaborated on this. For example, Franco et al. believed that there was a significant correlation between peri-tumor vessel invasion and MVD (80). However, the cause of invasiveness does not necessarily depend on blood vessel density. As mentioned earlier, the sinusoidal-like vascular in HCC is highly invasive. Fang et al. showed that endothelium-wrapped tumor emboli were always seen in adjacent non-tumor blood vessels (71); however, this vascular pattern is not necessarily associated with high-MVD.



THE PREDICTIVE ROLE OF MVD IN ANTI-ANGIOGENESIS THERAPIES

HCC tends to show vascular invasion because of its vascularization feature, and anti-angiogenic therapy is supposed to be a promising approach. Most advanced HCC treatments are currently approved in first- and second-line settings target angiogenic pathways (12). Although numerous anti-angiogenic agents have been tested or are under development, sorafenib, regorafenib, and lenvatinib are currently the only anti-angiogenic agents approved globally to enhance survival in patients with advanced HCC (81).

As the most direct indicator of angiogenesis in tumor tissue, MVD might play a vital role in regulating the efficacy of anti-angiogenic agents, but its performance was unsatisfactory. The traditional histological immunohistochemical method for measuring MVD failed in the acquisition of tumor samples greatly, which hinders its application in the evaluation of anti-angiogenic therapy. The development of a repeatable, accurate, and preferably non-invasive tumor angiogenesis evaluation technique has great clinical value in the follow-up of these targeted treatments. To overcome this, few investigators have tried to identify imaging indicators equivalent to traditional MVD for evaluating the efficacy of anti-angiogenic therapy. For example, Zhou et al. utilized contrast-enhanced ultrasound perfusion imaging to measure blood perfusion in a mouse HCC model and proved high consistency with MVD, which can be used to monitor perfusion alteration after anti-angiogenic therapy (82). Again, Song et al. used dynamic contrast-enhanced MRI to affirm if their evaluation function equals the traditional MVD (83). Recently, Lee et al. used intra-voxel incoherent motion imaging to confirm that the perfusion fraction was significantly correlated with MVD in HCC, which thus could be used to evaluate the anti-angiogenic effect of sorafenib (84). Yang and colleagues jointly introduced ultra-small superparamagnetic iron oxide enhanced susceptibility-weighted imaging (USPIO-enhanced SWI) and mean vessel density imaging into the evaluation of tumor vessels at the macro- and micro-vasculature levels, and revealed positive correlation between mean vessel density and traditional histological MVD (85). Specifically, the intra-tumoral susceptibility signal scoring in the sorafenib treatment group was significantly lower than that of control group at each time point (7 days, P = 0.006; 14 days, P = 0.013; 21 days, P = 0.012) (85). Previous studies could not directly demonstrate tumor microvessels, but evaluated the functional characteristics of tumor angiogenesis, while Yang's method directly reflected the changes of tumor neovascularization after treatment. This method may be useful for other anti-angiogenic chemicals in identifying those patients who might benefit from such a strategy. Despite these studies being young, clinical applications are promising. And perhaps with its advancement, MVD will guide clinical practice in a new perspective.



DRAWBACKS

In addition to the special microvascular pattern in HCC, there are several points worth mentioning. First, all existing studies on microvessel density in HCC focused on inter-tumoral heterogeneity (86), but little is known about the intra-tumoral heterogeneity of angiogenesis in HCC. Recently, intra-tumoral heterogeneity of HCC has been carried out with significant differences in genomics, transcriptomics, proteomics, metabolomics, and local immunity (87, 88), but the intra-tumoral heterogeneity of neovascularization in HCC has rarely been explored, specifically, in the case of multiple lesions in the liver, which could be intrahepatic metastases of a single tumor or multi-centric carcinogenesis of several independent tumors (89). In previous investigations, the investigators normally chose only one nodular as a representative MVD measurement (62) despite three to five regions with the highest MVD being selected. Understanding the intratumoral heterogeneity of angiogenesis in HCC might help us better classify HCC and improve prognosis and antiangiogenic therapy.

Second, current indicators for identification of MVD are endothelial cell markers, however, other components of blood vessels including vascular smooth muscle cells and pericytes are not well reflected and influence the integrity of microvessels (90). It is alleged that HCC with high MVD but poor vascular quality might have worse blood perfusion, drug penetration, and more likely to metastasize than patients with low MVD but better vascular quality. Reports suggest that α-SMA was used in reflecting the maturity of microvessels in HCC, and was proved to have a certain prognostic value (64). The understanding of microvascular quality needs to be further elucidated, and this can be resolved with the discovery of novel and effective pericyte markers and the progress of imaging technology.



CONCLUSIONS AND PROSPECT

We reviewed the previous literature on the measurement of MVD and its roles in predicting the prognosis and reflecting the underlying evaluation of HCC. Then, we introduced a particular but not rare microvasculature pattern. With the rapid development of computer-aided technology, the measurement of MVD could facilitate automation and standardization in future applications. CD34 is still the predominant marker, however, it has been applied for 20 years. Also, the sinusoidal-like vessels in HCC might suggest clinical significance such as survival and treatment response, and its underlying biological characteristics are impressive. The intra-tumoral heterogeneity and the maturity of microvessels should be reiterated in future clinical studies, which might be helpful for the advancement of anti-angiogenesis therapy. Finally, the combination of MVD with new imaging techniques is a potential strategy for the evaluation of the treatment efficacy.
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Non-alcoholic fatty liver disease (NAFLD) has become a common chronic disease in the world. NAFLD is not only a simple intrahepatic lesion, but also affects the occurrence of a variety of extrahepatic complications. In particular, cardiovascular complications are particularly serious, which is the main cause of death in patients with NAFLD. To study the relationship between NAFLD and AS may be a new way to improve the quality of life in patients with NAFLD. As we all known, inflammatory response plays an important role in the occurrence and development of NAFLD and AS. In this study, we found that the accumulation of Nε-carboxymethyllysine (CML) in the liver leads to hepatic steatosis. CML can induce the expression of interleukin (IL-1β), interleukin (IL-6), tumor necrosis factor (TNF-α), C-reactionprotein (CRP) by binding with advanced glycosylation end-product receptor (RAGE) and accelerate the development of AS. After silencing RAGE expression, the expression of pro-inflammatory cytokines was inhibited and liver and aorta pathological changes were relieved. In conclusion, CML/RAGE signal promotes the progression of non-alcoholic fatty liver disease and atherosclerosis. We hope to provide new ideas for the study of liver vascular dialogue in multi organ communication.

Keywords: atherosclerosis (AS), non-alcoholic fatty liver disease (NAFLD), Nε-carboxymethyllysine (CML), advanced glycosylation end-product receptor (RAGE), pro-inflammatory


INTRODUCTION

With economic development, improvement in living standards, the prevalence of a high-fat, high-calorie diet, the acceleration of life and the prevalence of a lifestyle of less movement and more sitting, the prevalence of non-alcoholic fatty liver disease (NAFLD) is increasing (1, 2). NAFLD refers to excessive fat deposition in the liver in the absence of ethanol and other clear causes. The main characteristics of this disease are accumulation and diffuse fatty degeneration of hepatocytes (3, 4). NAFLD is the most common chronic liver disease (4, 5), and NAFLD has become a worldwide public health problem that endangers human health. According to statistics, the global prevalence of NAFLD has reached 25.2% (6). NAFLD has no obvious symptoms in the early stage, and liver fat infiltration of 30% or more can be diagnosed by liver ultrasound (7–9). As NAFLD is difficult to diagnose and its prevalence is likely to be underestimated.

As early as 1950, researchers found that NAFLD is associated with Atherosclerosis (AS) (10). NAFLD and AS often share common pathogenic factors. Exploring its common pathogenic factors not only inhibits the occurrence of NAFLD, it may even protect NAFLD patients from AS (11, 12).

At present, the “second strike” hypothesis is widely accepted regarding the pathogenesis of NAFLD, which is mainly caused by excessive lipid accumulation in the liver and oxidative stress caused by lipid peroxidation (13). Lipid peroxidation induces inflammation in the liver and promotes the formation of advanced glycation end products (AGEs) (14–17). Once AGEs are formed, they are difficult to degrade and accumulate in the body with age. Nε-carboxymethyllysine (CML) is the most important active center of AGEs (18). By binding with its receptor for AGEs (RAGE), it destroys cell antioxidant defense and the production of ROS (19). CML activate the receptor RAGE to cause cell activation and increase the production of pro-inflammatory cytokines (such as IL-1β, IL-6, TNF-α, CRP), leading to the occurrence of various diseases (20–22). Our previous research found that CML/RAGE signaling plays an important role in the development of AS (23). CML-RAGE interaction can change the role of the endothelial barrier, increase the permeability of endothelial cells, and destroy the normal function of vascular endothelial cells (24). CML-RAGE also promotes smooth muscle cells to take up excessive cholesterol and induces the formation of vascular smooth muscle cell-derived foam cells (25). Eventually promote the formation and progression of AS.

Liver is an important metabolic center of AGEs in the body (26). Existing research shows that AGEs research has found that AGEs have a significant effect on liver cells, such as promoting the release of pro-inflammatory cytokines and participating in the formation of liver fibrosis. We hypothesized that CML/RAGE signaling may be a common risk factor for the development of NAFLD and AS.

In this study, we collected liver biopsies from atherosclerotic patients, and used an in vivo model to explored the role of CML/RAGE in the development of NAFLD and AS.



METHODS


Patients

Liver biopsy specimens of 80 individuals undergoing liver biopsy were collected from the affiliated hospital of Jiangsu University (The clinical baseline data in Supplementary Table 1). Liver biopsies were fixed in formalin and embedded in paraffin. We divided the patients into 4 groups according to the degree of steatosis:control group (no steatosis or steatotic liver cells <5%) the low steatosis group (steatotic liver cells 5–33%); the moderate steatosis group (steatotic liver cells 33–66%); and the severe steatosis group (steatotic liver cells> 66%).



Inclusion Criteria

1. Age: 40–75 years;

2. Voluntarily undergo liver biopsy and sign the consent form.



Exclusion Criteria

1. Drinking history (daily alcohol intake: female <20 g/d, male <30 g/d);

2. Viral hepatitis, drug-induced liver disease, total parenteral nutrition, hepatolenticular degeneration, autoimmune liver disease and other specific diseases that can cause fatty liver;

3. Excluded drugs (amiodarone, tamoxifen, sodium valproate, glucocorticoid, methotrexate, etc.), total parenteral nutrition, inflammatory bowel disease, hypothyroidism, etc. Special conditions of fatty liver;

4. History of infection or tissue damage in the last 1 month;

5. A history of malignant tumors or autoimmune diseases; and a history of liver transplant surgery.




ANIMALS

Six-week-old ApoE−/− mice on a C57BL/6J background were purchased fromurchased from Cavens (Changzhou, China), Animals are kept in the barrier system of Jiangsu University Laboratory Animal Research Center. All animal experiments were approved by Institutional Animal Care and Use Committee of Jiangsu University. 1012 DNAse-resistant particles of adeno-associated viral (AAV) vectors consisting of AAV-shscramble (as a control group), AAV-shRAGE (Han HengBiological Technology Co., Ltd. Shanghai China) solution was injected into mice via the tail vein. 3 weeks after AAV injection, the high-fat diet (HFD) was introduced. Inject CML (10 mg/kg/day) into the tail vein of mice. The mice were randomly divided into 5 groups: control group (normal diet); model group (high-fat diet); CML group (high-fat diet+CML 10 mg/kg/d), AAV-shscramble group (high-fat diet +CML 10 mg/kg/d+AAV-shscramble); AAV-shRAGE group (high-fat diet +CML 10 mg/kg/d+AAV-shRAGE). Observe the pathological changes of the liver and aorta at 4, 8, 16 weeks after CML injection. Blood samples were collected through the tail vein at 16 weeks. After the mice were euthanized, the abdominal cavity and chest cavity were opened, liver tissues were removed, and the liver wet weight was accurately weighed to calculate the liver index. The liver index was calculated as follows: liver index = wet liver weight (g)/body weight (g).


Biochemical Analysis

The levels of total cholesterol (TC), triglyceride (TG), low-density lipoprotein (LDL-C), high-density lipoprotein (HDL-C), alanine aminotransferase (ALT), aspartate aminotransferase (AST) were measured by automatic biochemical instrument.



Immunohistochemical Staining

Paraffin sections were dewaxed, rehydrated and boiled in citric acid buffer for 10 min for antigen repair. The sections were blocked with 5% goat serum at room temperature for 1 h. Human liver samples were incubated with CML antibody (Abcam, 1:200) and RAGE antibody (Abcam, 1:200). ApoE−/− mice liver and aorta samples were incubated with RAGE antibody (Abcam, 1:200) overnight at 4°C. Then, we used a rabbit and mouse HRP kit (Conway, China Century Biotechnology Co., Ltd.) sample was photographed under a microscope.



H&E Staining

The aorta and liver tissue were fixed in 4% formaldehyde buffer and then embedded in paraffin. Paraffin embedded tissue was cut into 5 μm thick sections and stained with hematoxylin and eosin. The stained samples were photographed under a microscope.



Oil Red O Staining

Frozen sections of mice liver were fixed with 4% paraformaldehyde for 1 h and washed with isopropanol 3 times (15 s each time). Then, the slices were dyed in oil red O working solution (3 oil red O stock solution: 2 distilled solution) for 30 min and washed in isopropanol 3 times. The stained samples were photographed under a microscope.



Detection of Gene Expression by Real-time Quantitative PCR

Total RNA was extracted from the mice liver and aorta using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA concentration was determined by measuring the optical density at 260 and 280 nm. Then, the RNA was reverse transcribed into cDNA. Real-time PCR was performed using primers for mice IL-1β, IL-6, TNF-α, CRP, and β-actin (synthesized by Sangon). The primer sequences are detailed in Supplementary Table 1. The RT-PCR reaction conditions were as follows: 94°C for 1 min, followed by 33 cycles at 94°C for 30 s, 63°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for 7 min.



Statistical Analysis

All data are expressed as mean ± SD.SPSS 25.0 was used for analysis. The multiple groups were compared using a one-way analysis of variance and between two groups by Student's t-test analysis. p < 0.05 was considered statistically significant.




RESULTS


CML Accumulation in Liver Tissue of Patients With Non-alcoholic Fatty Liver

We performed liver biopsies on 80 individuals in the affiliated hospital of Jiangsu University. The degree of fatty degeneration of the liver was divided into four groups according to H&E staining (Figure 1A). To investigate whether CML accumulates in the liver, we performed immunohistochemical staining. We observed no obvious CML staining in the liver tissue of the control group (Figures 1A,B). With steatosis of the liver, CML staining gradually increased. We detected the expression of the CML receptor RAGE by immunohistochemistry and found that RAGE was significantly expressed on the steatotic liver cell membrane (Figures 1A,C). We hypothesize that liver steatosis may be related to CML accumulation and CML may play a role in inducing liver inflammation by binding with RAGE.


[image: Figure 1]
FIGURE 1. CML accumulation in liver tissue of patients with non-alcoholic fatty liver (A). First row: Liver biopsy H&E (×200). Second and third row: immunohistochemistry shows the expression of CML (×200) and RAGE (×400) (B). Percentage of CML-positive immunohistochemical staining area (C). Percentage of RAGE-positive immunohistochemical staining area. The proportion of the positive area to the total liver area was calculated by ImageJ. All data are expressed as the means ± SEM. *P < 0.05, compared to control group.




CML Promotes High Fat-Induced Liver Steatosis and Intravascular Plaque Formation in ApoE-/- Mice

The pathological changes of liver and aorta of ApoE−/− mice were detected by H&E staining in 4 and 8 weeks (Figure 2). At the time of 4 weeks, the hepatocytes were arranged in a radial pattern, hepatocytes were uniform in size, the nucleus was centrally distributed, thickness of the vascular intima was uniform, and the endoplasm was neatly arranged in the control group. In the model group, hepatocytes showed balloon-like degeneration, hepatocytes were uneven in size, the nucleus shifted to one side, and the vascular endoplasmic arrangement was disordered, the thickness of intima and media was uneven. In the CML group, hepatocytes were larger in size, with obvious balloon-like degeneration of hepatocytes and the thickness of intima and media increased, and a large number of monocytes gathered (Figure 2A). At the time of 8 weeks (Figures 2B,C), the fatty degeneration of liver cells in mice was further aggravated, and foam cells and fibrous plaques can be seen under the vascular intima, which protrude into the lumen, and the basement membrane is destroyed. After CML intervention, the mice liver steatosis and severe changes in aortic plaque compared with the model group.


[image: Figure 2]
FIGURE 2. CML promotes high fat-induced liver steatosis and intravascular plaque formation in ApoE−/− mice (A,B). At the time of 4, 8 weeks, ApoE−/− mice liver (×200) and aorta H&E staining (×100) (C). Image J analyzes plaque area.*P < 0.05, compared to control group; #P < 0.05, compared to model group.


All ApoE−/− mice were euthanized after 16 weeks. By observing the general picture of mice liver (Figure 3A), we found that compared with the control group, the liver volume of the model group was significantly increased (P < 0.05), and the liver surface was greasy. Under CML stimulation, there was no significant change in liver volume (P > 0.05), but the liver color was pale, which we speculated may be related to lipid deposition. To prove this idea, we calculate the liver index (Figure 3B). We found that the liver indices of the mice under CML interventions significantly increased compared with the control group (P < 0.05), but there was no significant difference in body weights (P > 0.05) (Figure 3C). The formation of NAFLD is accompanied by disorders of lipid metabolism and liver damage. Therefore, we measured the levels of TC, TG, LDL-C, HDL-C, AST, and ALT in the serum (Figure 4). After CML intervention, the level of TC, TG, LDL-C, AST, and ALT were significantly higher (P < 0.05), But the level of HDL-C is obviously reduced compare with the control group (P < 0.05).


[image: Figure 3]
FIGURE 3. Effect of CML on liver lipid accumulation (A). Observation of overall liver morphology (B). Liver body mass indexin ApoE−/− mice (C). ApoE−/− mice body weight and wet liver weight. *P < 0.05 compared with control group; #P < 0.05 compared with model group.



[image: Figure 4]
FIGURE 4. Observe the effect of 16 weeks CML on related biochemical indexes of ApoE−/− mice (A). Total cholesterol (TC), Triglyceride (TG) (B). Low-density lipoprotein (LDL-C) and high-density lipoprotein (HDL-C) (C). Aspartate aminotransferase (AST) (D). Alanine aminotransferase (ALT) levels were measured using an automatic biochemical analyzer. All data are expressed as the means ± SEM. *P < 0.05, compared with control group; #P < 0.05, compared with model group.


H&E and Oil Red O staining were used to observe the liver pathological changes in the mice (Figures 5A,B). The control group showed normal structures in the liver, without obvious lipid droplet infiltration. After CML intervention, the liver tissue structure was unclear, and typical vacuole-like steatotic cells and red spherical lipid droplets formed. CML effectively induces the formation of NAFLD. Then observe the pathological changes of the aorta by H&E staining and Masson staining (Figures 5A,C). There was no obvious plaque formation in the control group. In the model group showed plaque protruding into the lumen. However, CML group had a significantly larger plaque area in the vascular lumen, a large amount of cholesterol crystals, a weak fiber cap, and poor plaque stability.


[image: Figure 5]
FIGURE 5. Pathological changes of liver and aorta after ApoE−/− mice at the time of 16 weeks (A). First row: H&E staining of ApoE−/− mice liver (×200). Second row: Oil Red O staining of ApoE−/− mice liver (×400). Third row: H&E staining of ApoE−/− mice aorta (×100). Fourth row: Masson staining of liver aorta in ApoE−/− mice (×100). (B). Total cholesterol content in ApoE−/− mice liver (C). Quantification of vascular plaque area by Image J. *P < 0.05, compared with control group; #P < 0.05, compared with model group.




CML Promotes the Expression of Pro-inflammatory Cytokines in the Liver and Blood Vessels of ApoE-/- Mice

To investigate whether the pathogenic role of CML in the liver and aorta is related to inflammation, we examined the expression of IL-1β, IL-6, TNF-α, CRP mRNA in the liver and aorta. We found that IL-1β, IL-6, TNF-α, CRP mRNA expression increased by 1.68, 2.0, 1.85, 2.51 times in liver tissues respectively compared with the control group (Figure 6), while IL-1β, IL-6,TNF-α CRP mRNA expression increased by 1.32, 1.87, 1.19,1.61 times in aorta (Figure 6).


[image: Figure 6]
FIGURE 6. CML promotes the expression of pro-inflammatory cytokines in liver and blood vessels of ApoE−/− mice (A–D) Detection of IL-1β, IL-6, TNF-α, CRP mRNA expression levels in liver and aorta by PCR. *P < 0.05, compared with control group; #P < 0.05, compared with model group.




CML Promotes the Expression of Pro-inflammatory Cytokines by RAGE

Inflammatory cell infiltration in liver and aorta were observed by H&E staining (Figure 7). There was no significant inflammatory cell infiltration in the control group. In the model group, infiltration of inflammatory cells in liver tissue and aortic plaques can be observed. However, after CML intervention, the inflammatory cell infiltration in the liver tissue and aortic plaques were significantly aggravated, focal necrosis of hepatocytes was observed. After silencing the expression of RAGE, the inflammatory cell infiltration in the liver tissue and aortic plaques were significantly reduced. To detect whether CML promotes the expression of pro-inflammatory cytokines by upregulating the expression of RAGE, we used CML combined with AAV treatment (AAV-shRAGE and AAV-shscramble). Immunohistochemistry and quantification showed that RAGE expression did not change significantly after the injection of AAV-shscramble. AAV-shRAGE significantly downregulated the expression of RAGE (Figures 8A,B,G,H). We measured the expression of IL-1β, IL-6, TNF-α, and CRP mRNA in the liver and aorta (Figures 8C–F). The results showed that the levels of IL-1β, IL-6, TNF-α, and CRP mRNA in liver and aorta were significantly lower in the AAV-shRAGE group compared with the CML group (P < 0.05). This may be related to silencing the expression of RAGE down-regulating the expression of pro-inflammatory cytokines.


[image: Figure 7]
FIGURE 7. CML increases the density of inflammatory cells infiltrating the plaque and liver (A) H&E staining of ApoE−/− mice liver (×200) (B) H&E staining of ApoE−/− mice aotra plaque (×200). The red arrow points to the location of inflammatory cell infiltration.



[image: Figure 8]
FIGURE 8. After AAV injection, the expression of RAGE in liver and aorta changed (A) and (B) Immunohistochemistry shows the expression of RAGE (×400). (C–F) Detection of IL-1β, IL-6, TNF-α, CRP mRNA expression levels in liver and aorta by PCR (G,H) Percentage of RAGE positive immunohistochemical staining area. The proportion of the positive area to the total Liver area was calculated by ImageJ. *P < 0.05, compared with normal control group; #P < 0.05, compared with model group;&P < 0.05, compared with CML group.





DISCUSSION

At present, there is a high prevalence of NAFLD in the world, which has attracted increasing attention. NAFLD includes a series of diseases, from simple fatty liver to non-alcoholic steatohepatitis (NASH), which may develop into liver cirrhosis or even liver cancer (27). Studies have shown that in the past 10 years, NAFLD has been associated with liver related incidence rate or mortality (28, 29). But most of NAFLD deaths are due to AS (30–33). In recent years, researchers have found that NAFLD may be the cause of AS, indicating that the relationship between NAFLD and AS is bidirectional or both diseases are caused by a common pathogenic link (34–37). Therefore, it is very important to find the common pathogenic factors between them.

Abnormal lipid metabolism is the basis for the occurrence of AS. Hyperlipidemia can directly cause endothelial cell dysfunction, increase the permeability of endothelial cells, and provide a basis for lipid deposition on the vascular inner membrane and platelet adhesion (38). Therefore, lipids Metabolic abnormalities are believed to be related to the acceleration of the progression of AS. As early as 1998, Professor ROSS proved that AS is a chronic persistent inflammatory disease (39). The development process of AS can be divided into lipid streak stage, fibrous plaque stage, atheroma stage, unstable plaque stage, plaque rupture and thrombosis stage. In the different development stages of AS, AS is always accompanied by inflammatory reactions (40). IL-1β, CRP, TNF-α, and IL-6 are commonly used indicators to assess the risk of cardiovascular events (41, 42). These pro-inflammatory cytokines are also closely related to the occurrence and prognosis of NAFLD disease (43, 44). Therefore, regulating lipids and inhibiting inflammation have become an important way to combat AS in recent years. Increased fatty liver inflammation is a sign of the progression of NAFLD, therefore, inhibiting inflammation damage is also an important way to prevent and treat NAFLD (45).

Studies have found that NAFLD is formed during the occurrence and development of AS and can promote the development of AS (46). The main mechanism may be that the formation of NAFLD causes the body to be in a chronic inflammatory state for a long time, promotes the release of pro-inflammatory cytokines, leads to damage to the endothelial cells of the vascular intima, and accelerates the formation of atherosclerosis (47–49). The blood lipid metabolism disorder of NAFLD patients is manifested by plasma hypertriglyceridemia, increased low-density lipoprotein and decreased high-density lipoprotein levels, which also contribute to the development of AS (50).

In our clinical study, we found that CML aggregation in liver tissue of NAFLD patients, with the progress of liver steatosis, the expression of CML significantly increased. Therefore, we hypothesized that CML participated in the development of NAFLD, to explore the relationship between CML and non-alcoholic fatty liver and atherosclerosis. We established an in vivo model of ApoE−/− mice and monitored the liver and vascular lesions at 4, 8, and 16 weeks respectively. It was found that the fatty degeneration of the liver and the change of the plaque in the aorta gradually increased with the change of time. Moreover, fatty degeneration of liver occurs earlier than atherosclerosis.

NAFLD is a disease characterized by dyslipidemia and impaired liver function (51). Hyperlipidemia is an important risk factor for fatty liver formation. 20–92% of patients with hyperlipidemia have fatty liver (52). NAFLD is not only the excessive deposition of liver fat, but also the damage of liver cell function. AST and ALT in serum were commonly used as indexes to measure the function of hepatocytes (53). After 16 weeks of experimental intervention, serum related biochemical indexes and morphological changes of liver were detected. We found that the serum TG, TC, LDL-C, ALT, AST levels increased and HDL-C levels decreased in the model group after 16 weeks of continuous high fat feeding. The model of mice NAFLD was established successfully, and obvious plaque formation was found in the vascular lumen. After CML stimulation, the lesions of mice non-alcoholic fatty liver were aggravated and the plaque was more unstable. This confirms our hypothesis that CML is the link of NAFLD and AS.

How CML mediates the pathogenesis of NAFLD and AS has attracted our attention. In clinical trials, we found that in the liver samples of NAFLD, RAGE staining was stronger and positively correlated with fatty liver degeneration. Studies have shown that RAGE is an important receptor for CML, which is difficult to clear after binding to its receptor and can activate multiple signal cascades, target genes that regulate the inflammatory response (54). Excessive inflammation is not only a sign of the progression of NAFLD to Non-alcoholic steatohepatitis (NASH) but also an important influencing factor of as progress (55–57). In vivo study, we found that after CML stimulation, significant infiltration of inflammatory cells and focal necrosis were observed in liver tissue. This may indicate that CML can promote the progression of NAFLD to NASH.

The expression levels of RAGE and pro-inflammatory cytokines IL-1β, IL-6, TNF-α, CRP in liver and aorta were significantly increased after CML stimulation. In this study, when RAGE was silenced, the expression level of pro-inflammatory cytokines was down regulated, which significantly alleviated the pathological changes of NAFLD and AS. This finding indicates that CML is responsible for the up-regulation of pro-inflammatory cytokines by up-regulating RAGE expression.

In this study, we confirmed that the activation of CML/RAGE signal leads to an imbalance in pro-inflammatory cytokine expression mediates the development of NAFLD and AS. Inhibition of CML/RAGE signal in liver can inhibit the occurrence of NAFLD and delay the progression of AS. It is hoped that our findings could provide a worthwhile intervention target for the treatment and prevention of AS in NAFLD.
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Background: Prognostic nutritional index (PNI) that was designed to assess the nutritional and immunological status of patients and albumin–bilirubin (ALBI) grades can be used as an assessment tool for hepatic function. Both nutritional and immunological statuses have been reported to be independent prognostic factors of patients with hepatocellular carcinoma (HCC). This study aimed to investigate whether PNI together with ALBI could be a better predictor in patients with early-stage HCC undergoing radiofrequency ablation (RFA).

Method: The information of 110 patients with newly diagnosed HCC within the Milan criteria receiving RFA as the initial therapy between 2014 and 2015 was retrospectively collected. Pretreatment PNI, ALBI, and PNI-ALBI grades were calculated. Overall survival (OS) and recurrence-free survival (RFS) were estimated by the Kaplan–Meier method, and multivariate analysis was used to identify prognostic factors.

Result: The 1-, 3-, and 5-years OS rates of patients were 80.0, 30.9, and 23.9%, respectively. Multivariate analysis showed that the tumor size [hazard ratio (HR) = 1.966, 95% confidence interval (CI) = 1.091–3.545, P = 0.025], PNI grade (H = 2.558, 95% CI = 1.289–5.078, P = 0.007), and PNI-ALBI grade (HR = 3.876, 95% CI = 1.729–8.690, P = 0.001) were independent risk factors for OS, whereas only the elevated α-fetoprotein (HR = 1.732, 95% CI = 1.003–2.991, P = 0.049) and the size of the tumor (HR = 1.640, 95% CI = 1.015–2.647, P = 0.43) were independent predictors for better RFS.

Conclusion: This study demonstrates that preoperative PNI-ALBI grade is a simple and useful predictor for OS in patients with early-stage HCC after RFA.

Keywords: hepatocellular carcinoma, radiofrequency ablation, prognostic nutritional index, albumin-bilirubin, overall survival


INTRODUCTION

Liver cancer is the sixth most frequent malignancy, ranked as the fifth most common in men, and ninth in women, respectively. It is the fourth leading cause of cancer-related deaths worldwide, next to lung, colorectal, and stomach cancers (1). Hepatocellular carcinoma (HCC) accounts for ~75% of all liver cancers and is the most common primary liver tumor (2).

The main risk factors for HCC include chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), aflatoxin exposure, etc. However, in most cases, particularly in high-risk areas, HCC develops as a sequela to protracted chronic infection with the HBV or HCV, with or without the development of liver cirrhosis (3).

Although there is a significant improvement in the clinical diagnosis and treatment of HCC, however, with the deterioration in the liver function, high recurrence rates, and distant metastasis, the rates of morbidity and mortality of HCC continue to increase (4).

Percutaneous radiofrequency ablation (RFA) is recognized as an important alternative treatment for small HCCs and cases where resection cannot be performed, due to location, tumor size, multimodality, or inadequate function. RFA can cause necrosis of the tissues of hepatic carcinoma by thermal coagulation (5). It was confirmed to be an effective therapy in patients with hepatic cirrhosis and in single HCC ≤ 5 cm in diameter or up to three HCCs each 3 cm or smaller, and there was no significant difference between the survival rate of RFA and surgical resection (6, 7). Thus, the good candidates for RFA are patients with early-stage HCC (single tumor ≤ 5 cm in diameter, or tumor number ≤ 3 with the maximum diameter of each ≤ 3 cm) (8). But if the HCC diameter is larger than 4 cm, it is not considered to be much effective (9). In RFA, a solitary inserted electrode can cause necrosis of an area with a diameter of ≤ 3 cm and ablate 2-cm tumor completely (10). Also, RFA has effects that are similar to the microwave ablation and cryoablation, but it has become more common because of the prevalence and convenience of the device. However, the methods for assessing the survival outcomes of the postoperative patients were limited.

The assessment of liver function and failure is vital in predicting overall survival (OS) of the patients with HCC. The Child–Pugh (C-P) grade has been widely used in the assessment of preoperative liver function in clinical practice, and it is based on a score derived from five parameters, including conventional liver function tests, extent of ascites, and degree of hepatic encephalopathy. However, the grading of ascites and encephalopathy can be highly subjective, which could introduce confounding evaluation (11, 12). A new model named the albumin–bilirubin (ALBI) grade was first defined by Johnson et al. (13), and it is one of the best indicators of liver function and showed better discriminative performance than C-P grade. A recent study found that the ALBI grade predicted recurrence-free survival (RFS) and OS more accurately than the CP grade in patients with HCC undergoing liver resection with curative intent (14, 15). ALBI was calculated by two objective variables (albumin and bilirubin), and it was used to stratify patients with HCC into three categories of liver function risk. The higher the ALBI grade, the poorer was the patient's outcome. For the ALBI grade, the following formula was used: ALBI = (log10 bilirubin (μmol/L) × 0.66) + (albumin (g/L) × −0.085) (13). ALBI values had three grades. The cutoff points were as follows: grade 0 (< −2.60), grade 1 (> −2.60 to ≤ −1.39), and grade 2 (> −1.39).

The prognostic nutritional index (PNI) was originally proposed to assess the nutritional status and predict the surgical risk in gastrointestinal surgery patients by Buzby et al. (16), and Onodera et al. corroborated this in 1984 (17). Since then, further function of PNI was investigated, and a large amount of recent studies found this index to be associated with the prognosis of patients with different types of solid tumors, such as lung cancer, gastric cancer, colorectal cancer, and esophageal carcinoma (18–21). In patients with early-stage HCC, increasing evidence shows that PNI is an effective independent factor of the OS after RFA (15). The following formula was used for PNI: serum albumin (g/L) + 0.005 × absolute lymphocyte count (per mm3) (17). However, the combination of ALBI and PNI, which can evaluate both the nutritional immunological status and hepatic function, has never been applied in the prognosis of the HCC patients. In this study, a new index, the PNI-ALBI grade, was put up, and its prognostic significance in HCC patients was assessed.



PATIENTS AND METHODS

The study was conducted in patients with HCC receiving RFA as initial therapy in the First Affiliated Hospital of Zhejiang University between January 2014 and December 2015.

All early-stage HCC patients during the same period who met the following criteria were included in this retrospective study: (1) early-stage HCC (single tumor ≤ 5 cm in diameter, or tumor number ≤ 3, a maximum diameter of each ≤ 3 cm), (2) no extrahepatic metastasis or major vascular invasion, (3) platelet count >50,000/mm3, (4) patients who refused surgical treatment, (5) the patients with a pathological diagnosis of HCC, and (6) patients who had not undergone chemotherapy or other preoperative antitumor treatment before. The patients were excluded if (1) the patient had an acute infection within 2 weeks, (2) presence of other hematological diseases, or (3) incomplete data. A total of 111 patients met the inclusion criteria, and 1 patient was excluded because of incomplete data. Finally, 110 patients were enrolled in this study (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of this study. RFA, radiofrequency ablation.


The subsequent clinical parameters recorded were gender; age at diagnosis; size of the tumor; conditions such as diabetes, hypertension, ascites, schistosomiasis, and cirrhosis; and HBV-DNA levels. Besides, the laboratory blood investigations were carried out before RFA, including white blood cell (WBC) count, platelet count, prothrombin time, absolute lymphocyte count, serum albumin, total bilirubin, and serum α-fetoprotein (AFP).

Authors have access to information that could identify individual participants during or after data collection. This study was provided by the Research Ethics Committee of the First Affiliated Hospital of Zhejiang University. Written informed consent was obtained from patients before treatment. The study was conducted in accordance with the ethical principles stated in the Declaration of Helsinki. All methods were performed in accordance with the relevant guidelines and regulations.


Statistical Analysis

All statistical analyses were performed using SPSS 21.0 (SPSS Company, Chicago, IL, USA) for Windows. Categorical variables were examined using Fisher exact test. All continuous variables were expressed as the mean ± standard deviation, and the comparison between them was analyzed using the t-test. Spearman correlation was determined to analyze the correlation between PNI and PNI-ALBI grade. A time-dependent receiver operating characteristic (ROC) curve analysis was used to determine the cutoff values of PNI. In order to assess the ability of different models in predicting postoperative prognosis, our analysis was performed using the c-statistic equivalent to the area under the ROC curve (AUC). The RFS and OS were determined using the Kaplan–Meier method, and comparisons were determined using the log-rank test. The independent risk factors for the RFS and OS were identified using Cox regression analysis. The variables found to be significant (P < 0.05) in the univariate analysis were included in the multivariate analysis. A P < 0.05 was considered statistically significant.




RESULTS

A total of 110 patients were included in this study. Among them, there were 18 (16.4%) females and 92 (83.6%) males. The average age was 57.38 ±10.10 years. Sixteen (14.5%) patients had similar cases in their families. According to tumor–node–metastasis (TNM) staging system, 112 of the cases were stage I, 8 were stage II, and none of them were stage III or IV. There were 21 patients (19.1%) who had hypertension, and 19 (17.3%) had diabetes mellitus. There were 14 (12.7%) patients with ascites and 29 with schistosomiasis. A total of 80 (72.7%) patients had cirrhosis, and 101 patients had a positive HBV-DNA load. The average tumor size was 2.25 ± 0.67 cm. The size of the tumor was between 0.8 and 4.1 cm. Only one patient had HCC ≤ 1 cm in diameter, and the nodule was 0.8 cm in diameter. There was one patient with HCC ≥4 cm, and the nodule was 4.1 cm. WBC, platelet count, prothrombin time, total bilirubin, and AFP of patients before RFA are shown in Table 1.


Table 1. Baseline characteristics of the patients.
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Based on ROC curves, the cutoff value of PNI was 47.2 (Figure 2). A PNI ≥47.2 was considered as a high PNI, and a PNI <47.2 was considered as a low PNI.


[image: Figure 2]
FIGURE 2. ROC analysis for sensitivity and specificity of PNI. HCC, hepatocellular carcinoma; RFA, radiofrequency ablation; PNI, prognostic nutritional index; ALBI, albumin-bilirubin.


Patients with a high PNI were allocated a score of 0; otherwise, the patients were allocated a score of 1. Patients with ALBI grade 0 were allocated a score of 0, grade 1 a score of 1, and grade 2 were allocated a score of 2.

The combination of the ALBI and PNI (PNI-ALBI) scores was the summation of the two scores. They ranged from 0 to 3. There were 47 patients with high PNI. The number of patients in ALBI grades 1 and 2 was 54 each. There was only one patient in ALBI grade 3. The PNI-ALBI scores ranged from 0 to 3. The patients with a score of 0 were considered to have a low PNI-ALBI grade (PNI-ALBI grade 0), and the patients with scores of more than 0 were defined as high PNI-ALBI grade (PNI-ALBI grade 1). Among all the patients in this study, 68 (61.8%) patients were reclassified into PNI-ALBI grade 1, and 42 (38.2%) were into PNI-ALBI grade 0. Spearman correlation was performed to find that PNI was highly correlated with PNI-ALBI grade (r = 0.814, P < 0.01).


Analyses for OS

The mean follow-up time was 47.5 ±14.8 months, and in between, 45 (40.9%) patients died. The 1-, 3-, and 5-years OS rates of patients were 80.0, 30.9, and 23.9%, respectively (Figure 3A).


[image: Figure 3]
FIGURE 3. The Kaplan-Meier overall (A) and recurrence-free (B) survival curves for early stage HCC patients undergoing RFA of this study. RFA, radiofrequency ablation.


As shown in Table 2, the univariate analysis showed potential association of OS with the following parameters: tumor size [HR = 2.524, 95% confidence interval (CI) = 1.387–4.593, P = 0.003], schistosomiasis (HR = 1.937, 95% CI = 0.902–4.161, P = 0. 0.040), high AFP level (HR = 1.924, 95% CI = 0.993–3.729, P = 0.050), ALBI grade (HR = 2.447, 95% CI = 1.301–4.604, P = 0.006), PNI grade (HR = 2.778, 95% CI = 1.406–5.488, P = 0.003), and PNI-ALBI grade (HR = 3.876, 95% CI = 1.792–8.690, P = 0.001). The result is shown in the CI chart (Figure 4A).


Table 2. Univariate and multivariate analyses of baseline prognosticators for overall survival in patients with early-stage hepatocellular carcinoma after radiofrequency ablation.
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FIGURE 4. Confidence interval charts of univariate and multivariate analyses. (A) The univariate analyses results for overall survival. (B) The multivariate analyses results for overall survival. (C) The univariate analyses results for recurrence-free survival. (D) The multivariate analyses results for recurrence-free survival. HR, hazard ratio; CI, confidence interval; TMN, tumor-node-metastasis; HBs Ag, hepatitis B surface antigen; AFP, α-fetoprotein; PNI, prognostic nutritional index; ALBI, albumin-bilirubin.


However, in the multivariate analysis, only tumor size (HR = 1.966, 95% CI = 1.091–3.545, P = 0.025), PNI (HR = 2.558, 95% CI = 1.289–5.078, P = 0.007), and PNI-ALBI grade (HR = 3.876, 95% CI = 1.729–8.690, P = 0.001) were independent risk factors for OS (Figure 4B). It confirmed that the PNI-ALBI grade was a strong predictor of OS. The predictive abilities for OS of PNI-ALBI, ALBI, and PNI were compared.

Based on the ROC curves, the AUC of PNI-ALBI grade was 0.676, PNI grade was 0.655, and ALBI grade was 0.652. The PNI-ALBI had the highest AUC, which indicated that the PNI-ALBI might be a better factor to predict the OS of the patients with HCC after RFA (Figure 5A).


[image: Figure 5]
FIGURE 5. Comparison of the AUC of PNI-ALBI grade, PNI, and ALBI in predicting survival (A) and postoperative recurrence (B). RFA, radiofrequency ablation; AUC, area under the receiver operating characteristic curve; PNI, prognostic nutritional index; ALBI, albumin-bilirubin.




Analyses for RFS

There were 82 (74.5%) patients who suffered from recurrence during the follow-up periods. The 1-, 3-, and 5-years RFS rates were 63.6, 53.2, and 35.0%, respectively (Figure 3B). The univariate Cox proportional hazards model showed that tumor size (HR = 1.808, 95% CI = 1.135–2.882, P = 0.013), schistosomiasis (HR = 1. 713, 95% CI = 1.014–2.895, P = 0.044), AFP (HR = 1.962, 95% CI = 1.152–3.342, P = 0.013), and PNI-ALBI grade (HR = 1.647, 95% CI = 1.043–2.600, P = 0.032) were independent risk factors for RFS, as shown in Table 3. But in multivariate Cox proportional hazards model, only the AFP (HR = 1.732, 95% CI = 1.003–2.991, P = 0.049) and the size of tumor (HR = 1.640, 95% CI = 1.015–2.647, P = 0.43) turned out to be independent predictors for better RFS (Figures 4C,D).


Table 3. Univariate and multivariate analyses of baseline prognosticators for recurrence-free survival in patients with early-stage HCC after RFA.
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Based on the ROC curves, the AUC of PNI-ALBI grade was 0.609, PNI was 0.590, and ALBI grade was 0.597 (Figure 5B). For predicting postoperative RFS, the PNI-ALBI grade had the highest AUC, followed by ALBI grade and PNI.



The Difference Between the Patients With Low and High PNI-ALBI Grade

As shown in Figure 6A, the 1-, 3-, and 5-years OS rates were 93.3, 82.8, and 79.9%, respectively, for patients with low PNI-ALBI grade. For patients with high PNI-ALBI grade, they were 71.1, 39.6, and 33.5%, respectively, and the difference was statistically significant (P < 0.001). As shown in Figure 6B, the 1-, 3-, and 5-years RFS rates for patients with low PNI-ALBI grade were 80.0, 52.2, and 41.4%, respectively; and 58.8, 23.1, and 17.3%, respectively, for patients with high PNI-ALBI grade (P < 0.001).


[image: Figure 6]
FIGURE 6. Comparison of Kaplan-Meier overall (A) and recurrence-free (B) survival curves for early stage HCC patients with different PNI-ALBI grade. PNI, prognostic nutritional index; ALBI, albumin-bilirubin; HCC, hepatocellular carcinoma.


We compared the clinicopathological characteristics of patients with different PNI-ALBI grades (Table 4). Patients with high PNI-ALBI grade had a higher incidence of larger tumor size (≥2.5 cm), ascites, splenomegaly, cirrhosis, AFP, lower albumin, and higher total bilirubin compared with low PNI-ALBI grade.


Table 4. Comparison of clinicopathologic characteristics between patients with low PNI-ALBI grade and high PNI-ALBI grade.
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DISCUSSION

HCC ranks third in the cancer-related causes of the deaths worldwide (22). Ablation is the recommended treatment for early HCC, and RFA is the most mature and widely used treatment among them (23). It is recommended as the first-line therapy for HCC <3 cm in diameter, as it has a similar survival outcome compared with surgical resection (24). Because of the metabolic function of the liver, the PNI, which was initially designed to evaluate the immunological and nutritional status of patients after surgery of the gastrointestinal tract, was applied in patients with HCC and turned out to be an independent predictor of OS (15, 25–27). Patients with a lower PNI tend to have a worse OS. Low PNI may be caused by hypoalbuminemia and/or lymphocytopenia. The question arises: How do hypoalbuminemia and lymphocytopenia contribute to tumor development and progression? Lymphocytes are important in the adaptive immune system that acts against cancer. They are the cellular foundation for cancer immunosurveillance and immunoediting, and a previous study had proven that a higher lymphocyte count could guarantee an effective antitumor cellular immune response. Likewise, a lower lymphocyte count might weaken the antitumor immune defense, indicating a poor prognosis (28). Hypoalbuminemia in patients with HCC is caused by an impaired liver function due to the underlying chronic liver disease and is also associated with a sustained systemic inflammatory response, either as a host reaction or from the tumor itself.

Rather than advanced-stage diseases, PNI was a better prognostic predictor in patients with an early stage (29), and all the patients in our study were in the early stage. A previous study found that ALBI grade, known as a new assessment method for the hepatic function, was proposed, which was reported to be better than CP and Model for End-stage Liver Disease (MELD) scale in the assessment ability for hepatic function (30). The MELD score was calculated by three objective variables, which were total bilirubin, creatinine, and international normalized ratio (INR). But INR was reported not to sufficiently reflect coagulopathy and consequently liver function in liver cirrhosis (31). The CP score was inferior in terms of stability, because two parameters in the score, namely, ascites and encephalopathy, were variable and were mostly subjective to the observer. In comparison, ALBI grade is a simple and more objective way to assess liver function and therefore could be a better tool in the evaluation of patients with HCC (32). HCC patients with relatively well-preserved hepatic function are more likely to receive appropriate therapy, and poor liver function is associated with increased treatment-related toxicity and inferior survival. Also, patients with better liver function can recover faster with fewer complications (33). More and more studies confirmed that ALBI grade is an independent predictor of OS in patients with HCC (34, 35).

It is hypothesized that the combination of PNI and ALBI would increase the accuracy of prognostic evaluation after RFA for HCC, as the combination could evaluate both the nutritional status and the hepatic function of patients with HCC. In this retrospective study, 110 patients with newly diagnosed HCC were included, and all the patients received the RFA. The multivariate analysis and univariate analysis results showed that the PNI-ALBI grade was an independent influencing factor for the OS of the patients with HCC after RFA. More importantly, the performance of PNI-ALBI grade in predicting OS of the HCC patients was better than PNI or ALBI alone. Patients with high PNI-ALBI grades were more likely to have a worse OS. But for RFS, the univariate analysis found that the AFP and PNI-ALBI grade seems to be a predictor; however, in multivariate analysis, the prognostic values of the ALBI and PNI for RFS are uncertain in patients with early-stage HCC receiving RFA as initial therapy. Okamura et al. found the PNI predicts only OS and not RFS in HCC patients after hepatectomy (36). Chu et al. also demonstrated that an elevated AFP level of ≥200 ng/mL was a significant factor associated with RFS by univariate and multivariate analyses, whereas PNI had limited prognostic value for RFS in early-stage HCC patients undergoing RFA (15). However, a study conducted by Chan et al. showed that the PNI could be an important prognostic parameter for HCC patients who underwent hepatectomy (37). Regarding ALBI, several studies have evidenced that it could have a predictive value in OS. But fewer studies were performed to evaluate the predictive role of ALBI in estimating HCC recurrence (38). No clear explanation for this difference is available at present. Further research with larger sample size and longer follow-up time on this issue may show the PNI and ALBI to be a significant predictor of both OS and RFS. A significant difference in the PNI-ALBI grade was identified in the current univariate analysis for RFS.

Our results indicated that the PNI-ALBI grade could better reflect the long-term survival for patients with HCC after RFA, compared with either score alone. The results of our study can help us to identify patients who had a potentially poor prognosis and take interventions before the RFA.

Although, to our best knowledge, this is the first study to combine PNI and ALBI to evaluate the prognostic value in patients with early-stage HCC after RFA, this study had several potential limitations. First, this was a retrospective study. Second, this was a single-center study, and patients involved were confined to the east of China. Third, the sample size of the study was limited, and a further larger sample size cohort is needed. Fourth, some other well-known indicators, including the platelet-to-lymphocyte ratio, C-reactive protein level, and Glasgow prognostic score, were not evaluated in our cohort, although they have been proposed earlier as prognostic factors for patients with HCC.

In conclusion, this study demonstrated that the PNI-ALBI grade was a more accurate marker for predicting the OS of patients with early-stage HCC treated with RFA in comparison to PNI or ALBI alone. Patients with high PNI-ALBI grade are more likely to have a worse outcome, which suggests that we should check out the patients' liver function and nutritional status before performing the RFA.
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Trapping of Schistosoma japonicum (S. japonicum) eggs in host tissue, mainly in the intestine and liver, causes severe gastrointestinal and hepatic granulomatous immune responses and irreversible fibrosis. Although the gut microbiota plays a central role in regulating pathological responses in several diseases, the effect of the gut microbiota on the pathologenesis progression of schistosomiasis remains largely unknown. In this study, we aimed to investigate the regulatory function of the gut microbiota in schistosomiasis japonica. We found that the depletion of the gut microbiota significantly ameliorated egg granulomas formation and fibrosis in the intestine of infected mice. This role of the gut microbiota in intestinal granuloma formation and fibrosis was reinforced when normal and infected mice were housed together in one cage. Notably, changes in the gut microbiota induced by S. japonicum infection were partly reversible with microbiota transfer in the cohousing experiment. Transfer of the gut microbiota from normal to infected mice attenuated the intestinal pathological responses. Depletion of the gut microbiota by antibiotics, or transfer of the gut microbiota from normal to infected mice decreased the levels of IL-4, IL-5, and IL-13 and promoted the production of cytokines and mRNA levels of IL-10 and TGF-β in infected mice. Our findings indicated a regulatory effect of the gut microbiota on intestinal pathological injury associated with schistosomiasis japonica in mice, and thus suggested a potential strategy for schistosomiasis treatment.

Keywords: schistosomiasis japonica, gut microbiota, intestinal pathological injury, immune response, regulatory effect


INTRODUCTION

Schistosomiasis japonica is a severe zoonotic disease that can lead to irreversible fibrosis and portal hypertension and eventually give rise to splenomegaly, ascites and, gastrointestinal varices (1). Schistosoma japonicum (S. japonicum) infection remains one of the most important public health problems in tropical and subtropical areas; by 2018, there are still 29,214 advanced schistosomiasis cases were documented in China (2). The infections are initiated by cercariae, the invasive larvae of Schistosoma spp., which enter the bodies of humans and other definitive hosts through the skin. Immature male and female schistosomula, then migrate downstream to the hepatic portal-mesenteric system via the circulatory system, in which females lay inside the groves of males, and release thousands of eggs. Some of the eggs are permanently intravenously trapped in the intestinal wall, or are deposited in the liver via the portal system (3). Mounting evidence has indicated that deposited eggs, which are the major pathogenic factors of these parasites, induce granuloma formation by stimulating dominant CD4+ Th2 immune responses accompanied by eosinophil, macrophage, hepatic stellate cell and lymphocyte recruitment (4). However, the exact immunopathological mechanisms that are involved in schistosomiasis japonica remain to be fully defined.

The mammalian gut harbors a vast number of microbes. These microbes play essential roles in regulating host immunity through their surface antigens or their small metabolic molecules (5). The composition of the gut microbiota is dynamic and can be influenced by drug treatment, infection, host nutritional status and genetic factors (6, 7). Microbial dysbiosis can induce a series of autoimmune intestinal diseases, including Crohn's disease and ulcerative colitis (8), and even extra-intestinal diseases such as obesity, asthma, alcoholic liver disease, and rheumatoid arthritis (9–11). Intestinal schistosomiasis is caused by trapping of schistosome eggs in the intestinal mucosa, which may lead to a granulomatous response (12). The disease presents as abdominal pain and loss of appetite commonly accompanied by diarrhea (13). Intestinal schistosomiasis may result in extensive fibrosis and even hepatosplenic disease if it cannot be controlled in a timely manner. Many researchers have attempted to clarify the pathogenesis and regulatory mechanism of intestinal schistosomiasis. For example, Zhao et al. reported that intestinal egg granulomas induce alterations in the gut microbiome (14). However, until now, it has remained unclear whether the gut microbiota participates in modulating the progression of intestinal pathological responses induced by S. japonicum infection.

To explore the regulatory function of the gut microbiota in intestinal schistosomiasis, we used antibiotics treatment and cohousing experiment to investigate the relationship between the alteration of gut microbiota and the pathological progression of S. japonicum infection. We found that S. japonicum infection influenced the gut microbial community in mice. Depletion of the gut microbiota by antibiotics or transfer of the gut microbiota from normal mice to infected mice through cohousing attenuated granuloma formation and fibrotic responses in the intestines of infected mice. The regulatory function of the gut microbiota was mediated by the modulation of the immune response in the intestine of mice.



MATERIALS AND METHODS


Mice, Infection, Antibiotic Treatment, and Cohousing Experiments

Six-week-old male Balb/c mice around 21 ± 1 g were purchased from the Experimental Animal Center of Southern Medical University and kept at the Biosafety Level-2 (BSL-2) laboratory of Sun Yat-sen University with a 12-h light and 12-h dark cycle. The temperature of the housing room was kept at 21–26°C and the humidity was 40–70%. The mice were fed sterile food and given water as needed. All the procedures of animal experiments and reporting follow to the ARRIVE guidelines.

All mice were acclimatized for 1 week before further processing. Mice were randomly divided into two groups (n = 5 per group). Each mouse was infected with 15 S. japonicum specimens in the infective form (cercariae) as described previously (15). In brief, S. japonicum cercariae were released from Oncomelania hupehensis, and each mouse was infected percutaneously with the cercariae. A broad-spectrum antibiotic cocktail was used to disturb the diversity and composition of the gut microbiota. In brief, mice were divided randomly into four groups (n = 4–5 per group): a normal group, an infected group; a group of normal mice receiving antibiotics, and a group of infected mice receiving antibiotics. The infected mice were percutaneously infected with 15 cercariae each. The antibiotic-treated mice received 0.2 g/l ampicillin (Dalian Meilun Biotech, Dalian, China), 0.2 g/l metronidazole (Dalian Meilun Biotech, Dalian, China), 0.1 g/l vancomycin (MDBio Inc., Qingdao, China), and 0.2 g/l neomycin (Dalian Meilun Biotech, China) in their water beginning on the first day of infection, and treatment continued for 7 weeks. For the cohousing experiment, normal mice and mice infected with 15 cercariae each were housed in one cage or housed separately beginning on the first day of infection (n = 4–5 per group). Before collecting samples, all mice were euthanized under deep anesthesia and unconsciousness via intraperitoneal injection with pentobarbital sodium at a dose of 150 mg/kg.



DNA Isolation and 16S rDNA Illumina Sequencing Analysis

After dissecting each mouse and exposing the sterile abdominal cavity, the contents of the colon were collected individually and stored in sterile tubes. All fecal samples were frozen at −80°C for genomic DNA isolation. For each sample, 100–200 mg of colonic fecal material was used for the extraction of genomic DNA. DNA isolation was conducted with a HiPure Stool DNA Kit (Magen, Guangzhou, China) according to the manufacturer's instructions. The V3-V4 region of 16S rDNA (approximately 500 bp) was amplified by PCR using specific bacterial primers (338F: 5′-ACTCCTACGGGAGGCAGCA-3′; 806R: 5′-GGACTACHVGGGTWTCTAAT-3′). Water was used as a template for negative control. An amplicon library was generated from the individual specimens and high-throughput sequencing was performed on an Illumina HiSeq platform. After demultiplexing, the raw paired-end reads from the original DNA fragments were merged in FLASH (version 1.2.11, minimum overlap of 10 bp, maximum mismatch rate of 0.2), and the high-quality sequences were filtered with Trimmomatic (version 0.33, minimum average quality score of 20, window size of 50 bp). The effective tags were obtained after chimera filtering with UCHIME (version 8.1) software. USEARCH (version 10.0) software was used for operational taxonomic unit (OTU) clustering with a 97% similarity cut-off. The OTUs were annotated based on the Silva database (http://www.arb-silva.de/) with UCLUST with a minimum similarity 80% OTUs accounting for more than 0.0005% of all the effective tags were retained for further analyses. The remaining OTUs were used for calculation of alpha diversity indexes with Mothur (version 1.30) software. Beta diversity analysis among the different groups was based on the thetaYC distance variance.



Sampling and Histopathological Analysis

Serum was collected for Alanine transaminase (ALT) and alanine transaminase (AST) measurements in KingMed Diagnostics. Left liver lobes and colons were harvested and immediately fixed in 4% paraformaldehyde. Paraffin sections were de-waxed for hamatoxylin and eosin (H&E) staining and Masson's trichrome staining. All images were captured under an inverted microscope (Olympus, Tokyo, Japan). For quantitative analysis of the percentage of the fibrotic area, each section stained with Masson's trichrome staining was examined under a ZEISS Axio Scan.Z1 automated slide scanner microscope (Carl Zeiss AG, Oberkochen, Germany), and an image of the whole tissue was obtained. Then, the area of the whole tissue and the blue positive region were analyzed with Image-Pro Plus 6.0 software (Media Cybernetics, Inc, Maryland, USA) as previously described (16). The percentage was calculated by dividing the area of the blue-labeled region by that of the whole tissue. For immunohistochemistry, de-waxed sections were washed three times in PBS and heated in boiling citrate solution for 30 min. After cooling for 2 h at room temperature and being washed three times in PBS, the slides were incubated in 3% hydrogen peroxide for 10 min at room temperature and washed. One percentage BSA was used to block the sections for 1 h at room temperature. The sections were then incubated overnight at 4°C with primary antibodies against IL-4 (GB11111, Wuhan Servicebio Technology CO., Ltd., Wuhan, China, used at a 1:200 dilution), IL-5 (AB41062, A Brand of Bioscience, Baltimore, USA, used at a 1:500 dilution), IL-13 (BA1208-1, BOSTER, Wuhan, China, used at a 1:1,000 dilution), IL-10 (BA1201-1, Boster, Wuhan, China, used at a 1:500 dilution), and TGF-β (21898-1-AP, Proteintech, Wuhan, China, used at a 1:500 dilution). After washing the sections three times with PBS, each section was incubated with one drop of ready-to-use HRP labeled anti-mouse or anti-rabbit general secondary antibodies (Dako, Copenhagen, Denmark) was used to incubate each section for 45 min at room temperature, respectively. Then, each section was monitored carefully after 50 μl of substrates were added. Finally, to study the nuclear structures, the sections were counterstained with hematoxylin, dehydrated and covered with neutral gum. Images were acquired using an inverted microscope (Olympus, Tokyo, Japan). For quantitative analysis of the positive area, the entire tissue was again imaged with a Zeiss Axio Scan.Z1 microscope, and the total area of the entire tissue and the area of the positive region were analyzed with Image-Pro Plus 6.0 software. The positivity is presented as the positive area vs. the total area.



Determination of Worm Length, Worm Burden, and Egg Burden

Male and female worms were obtained from the portal vein by cardiac perfusion 7 weeks post-infection. Then the numbers of male and female worms were recorded. The length of each worm was measured under a stereoscopic microscope (Leica, Wetzlar, Germany).

Egg burden was determined as previously described (17). Briefly, liver tissues and colons were removed, weighed and cut into pieces. Tissues were digested in 1 ml of 4% potassium hydroxide at 37°C in an orbital shaker for 6 h. Then, the eggs in 10 μl of the resulting suspension were counted under a microscope; counting was repeated six times for each sample. Finally, the total number of eggs per gram was calculated by multiplying the average number of eggs in 10 μl of suspension by 100 and dividing the resulting number by the weight of the tissue.



Acetic Red Staining

Worms were fixed in 4% paraformaldehyde, washed in 70% ethanol, and stained with 10 mg/ml acetic red (Sigma, St. Louis, USA) for 10 min. Subsequently, the worms were destained in 70% ethanol with 2% HCl, and dehydrated with graded ethanol. Fast Green (Sigma, St. Louis, USA) was used to stain the worm cuticles. The worms were isolated and mounted on glass slides. Photographs were taken using an inverted microscope (Olympus, Japan).



Real-Time qPCR Detection

The collected liver and intestine tissues were lysed with Trizol reagent (Qigen) for RNA extraction. We employed 3 μg total RNA to synthesize complementary DNA (cDNA). Specific primers for IL-4 (forward 5′-TTGTCATCCTGCTCTTCTTTCTCG-3′ and reverse 5′-CTCACTCTCTGTGGTGTTCTTCGTT-3′), IL-5 (forward 5′-AAAGAGAAGTGTGGCGAGGA-3′ and reverse 5′-ACCAAGGAACTCTTGCAGGT-3′), IL-13 (forward 5′-GCAGCATGGTATGGAGTGTG-3′ and reverse 5′-GGAATCCAGGGCTACACAGA-3′), IL-10 (forward 5′-GGAAGACAATAACTGCACCCACT-3′ and reverse 5′-GGAAGACAATAACTGCACCCACT-3′), TGF-β (forward 5′-CCACCTGCAAGACCATCGAC-3′ and reverse 5′-CTGGCGAGCCTTAGTTTGGAC-3′), and GAPDH (forward 5′-ACTCCACTCACGGCAAATTC-3′ and reverse 5′-TCTCCATGGTGGTGAAGACA-3′) were designed for Real-time qPCR analysis. The amplification was performed with 0.5 μl template according to the manufacturer's instruction (TaKaRa, Japan). Then, the reactions were started with LightCycler® 480 Real-time qPCR instrument (Roche, USA).



Statistical Analysis

All data are presented as the mean ± SEM. SPSS 19.0 software (SPSS, Inc., Chicago, USA) was used for statistical analysis. Comparisons between two groups were conducted with independent-sample t-tests, and significant differences among multiple groups were detected by one-way ANOVA followed by least significant difference (LSD) or Kruskal-Wallis H tests. P < 0.05 was considered to indicate statistical significance.




RESULTS


Changes in the Gut Microbiota in S. japonicum Infected Mice

To investigate whether gut microbiota homeostasis could be disturbed in mice with S. japonicum infection, mice were infected with 15 cercariae for 7 weeks. H&E staining revealed granuloma formation around the eggs in the livers of the infected mice (Supplementary Figure 1A). Granuloma formation contributed to the Pseudotuberculosis, microulceration, villus structural disorder, and intestinal wall perforation, which were the main pathological changes in the intestine (Supplementary Figure 1D). Fibrotic responses were detected by Masson's trichrome staining. The fibrotic area became extensive in both the liver and the intestine in infected mice (Supplementary Figures 1B,C,E,F).

16S rDNA high-throughput sequencing was performed to analyze the composition and diversity of the gut microbiota. The average OTU numbers were 372 and 302 in nromal group and infected group, respectively. For alpha diversity analysis, Shannon index (3.67) and ACE index (344.11) in the infected group were higher than those in normal group (Figures 1A–C). All the data indicated that the diversity of the gut microbiota was reduced in mice with S. japonicum infection compared to normal mice. Taxonomic analyses showed that the abundance of the phylum Firmicutes decreased, while that of the phylum Bacteroidetes increased with infection. Proteobacteria accounted for as little as 2.3% of all bacteria in normal mice but up to 9.2% in infected mice (Figure 1D). The abundances of the top 20 bacterial genera were analyzed (Figure 1E), and the relative abundances of Bacteroides, Helicobacter and Parabacteroides in the normal group were found to be 3.04, 0.65, and 0.47%, respectively. In contrast, the abundances of these bacteria in the infected group had increased to 23.8, 2.6, and 4%, respectively. The relative abundance of Alistipes was higher in the infected group (6.13%) than that in the normal group (2.13%). In contrast, the abundances of Lachnospiraceae_NK4A136_group and Ruminiclostridium decreased in infected mice. All these data suggested that the gut microbiota composition was disturbed in mice infected with S. japonicum.


[image: Figure 1]
FIGURE 1. Changes in the gut microbiota in S. japonicum infected mice. (A) OTU numbers. (B) Shannon index values. (C) ACE index values. The stacked bar chart indicates the species distributions at the phylum level (D) and the genus level (E). * = p < 0.05.




Depletion of the Gut Microbiota by Antibiotics Attenuated the Intestinal Pathological Injuries in S. japonicum-Infected Mice

Antibiotics were administered to explore the impact of the gut microbiota on pathological injuries associated with schistosomiasis. The numbers of OTUs in both normal and infected mice decreased dramatically with antibiotic treatment (p < 0.001) (Figure 2A). The Shannon index and the ACE index in the antibiotic treatment group were much lower than in the non-treatment group among infected mice (Figure 2B), indicating that antibiotic treatment depleted the gut microbiota and reduced species diversity successfully. In detail, the relative abundances of Bacteroidetes and Firmicutes among all bacteria decreased from >90% in untreated normal mice to <1% in antibiotic-treated normal mice. Only the phylum of Proteobacteria (up to 99.9%) could be detected after antibiotic treatment. In infected mice, Proteobacteria was also the dominant phylum after antibiotics treatment, with a relative abundance of 60%, much higher than that in infected mice not treated with antibiotics. The abundance of Bacteroidetes and Firmicutes decreased significantly with the antibiotic treatment (Figure 2C). Thus, antibiotic treatment effectively depleted gut microbiota.


[image: Figure 2]
FIGURE 2. The antibiotic treatment depleted the gut microbiota in mice. In the antibiotic-treated groups, normal and infected mice were given water with an antibiotic cocktail for 7 weeks. (A) OTU numbers in the four different groups. (B) Alpha diversity (Shannon and ACE index) analysis for the four groups. (C) Stacked bar chart showing the species distributions at the phylum level. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.


To elucidate the effects of antibiotics on the development and reproduction of S. japonicum, male worms from mice without and with the antibiotic treatment were stained with acetic red. Six to eight testicular lobes were in the testes, and no difference in the reproductive systems was observed between the two groups (Figure 3A). In addition, the lengths and numbers of adult worms from the mice did not differ significantly between the groups (Figure 3B). The burden of deposited eggs in the liver and intestine was also not influenced by antibiotic treatment. These results demonstrated that antibiotic treatment depleted the gut microbiota and reduced the species diversity in mice with S. japonicum infection but has no significant impact on the development or reproduction of adult worms.


[image: Figure 3]
FIGURE 3. Depletion of the gut microbiota attenuated pathological injuries of the intestine in S. japonicum infected mice. (A) Morphology of adult males. The arrows indicate the testes of the worms. (B) Worm lengths, worm counts, and egg counts per gram in the livers and intestines of infected mice. (C) Histopathological changes in the intestine were observed by H&E staining and arrows indicate the eggs granuloma. (D) Fibrosis was examined by Masson's trichrome staining. (E) The value of fibrotic area in the intestine was analyzed with Image-Pro Plus 6.0 software. ** = p < 0.01.


We also examined the effects of gut microbiota depletion on pathological injury in infected mice. Significant alleviation of granulomas was identified in the intestine upon depletion of the gut microbiota with antibiotic treatment (Figure 3C). Detection of fibrous collagen by Masson's trichrome staining revealed severe fibrosis in the intestines (p < 0.01) of infected mice; however, the fibrotic area decreased obviously with antibiotic treatment (p < 0.01) (Figures 3D,E). We also observed the pathological changes in the liver in infected mice, and found that these changes were slightly ameliorated with antibiotic treatment (Supplementary Figure 2A). Besides, there were no differences of ALT and AST between infected infected mice with the antibiotic treatment or not (Supplementary Figure 2C). Thus, we propose that the depletion of the gut microbiota ameliorated the intestinal pathological progress in S. japonicum-infected mice.



Gut Microbiota Depletion Modulated the Intestinal Immune Response in Infected Mice

In individuals with schistosomiasis, specific cytokines secreted by immune cells regulated the granulomas and fibrosis development (18). In this study, we examed the expression of IL-4, IL-5, IL-13, IL-10, and TGF-β by immunohistochemistry. All cytokines were expressed at basal levels in normal mice with and without the antibiotic treatment, and no visible differences were observed between treated and untreated mice (data was not shown.). Compared with non-antibiotic-treated infected mice, only IL-10 (p < 0.05) was increased in the livers of mice in the antibiotic treatment group; the levels of IL-4, IL-5, IL-13, and TGF-β remained unchanged (Supplementary Figure 3). However, antibiotic-treated infected mice exhibited significantly decreased production of cytokines IL-4 (p < 0.05), IL-5 (p < 0.05), and IL-13 (p < 0.05) in the intestine (Figures 4A,B). Production of IL-10 (p < 0.01) and TGF-β (p < 0.05) was increased in the intestines of antibiotic-treated infected mice compared to those of non-antibiotic-treated infected mice (Figures 4A,B). The mRNA expression profiles of these cytokines in intestine were also tested by Real-time qPCR and showed similar trends (Figure 4C) Thus, depletion of the gut microbiota might participate in the regulation of the intestinal inflammatory cytokines expression.
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FIGURE 4. Depletion of the gut microbiota regulated intestinal inflammatory cytokine production in infected mice. (A) The levels of IL-4, IL-5, IL-13, IL-10, and TGF-β in the intestine were detected by immunohistochemistry. Cell nuclei were counterstained with haematoxylin. (B) The area of the entire tissue and the positive area were analyzed with Image-Pro Plus 6.0 software. (C) The mRNA of IL-4, IL-5, IL-13, IL-10, and TGF-β in the intestine were detected by Real-time qPCR. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.




Transfer of the Gut Microbiota From Normal to Infected Mice Attenuated the Intestinal Pathological Injury in Infected Mice

Given that the depletion of the gut microbiota significantly impacts the microbial community on pathogenesis in infected mice, the regulatory role of the gut microbiota in mice was further explored by cohousing infected mice with normal mice for 7 weeks. To profile the microbiota, 16S rDNA high-throughput sequencing was performed on the colons of infected and normal littermate mice. Both the number of OTUs (p < 0.05) and the Shannon index (p < 0.05) were significantly lower in infected mice than in separately housed groups (p < 0.05), but no differences were observed cohoused infected mice and normal mice (Figures 5A,B). Taxonomic analyses showed that in the separately housed groups, the infected mice had a higher abundance of the phylum Proteobacteria (9.71%) than the normal mice (2.31%) (Figure 5C), however, the abundance in infected mice was only 8.03% in the cohousing groups. Bacteroidetes and Firmicutes were the most dominant bacterial phyla in normal mice. The ratio of Bacteroidetes to Firmicutes was 0.8 in normal mice and 1.87 in infected mice under separate housing conditions, while the ratio was 2.8 in normal mice and 2.18 in infected mice under cohousing conditions. This fluctuation indicated that the gut microbiota could be transferred between normal and infected littermate mice. The abundances of Bacteroides and Parabacteroides were significantly higher in infected mice than in normal mice under separate housing conditions, but they were nearly at normal levels in infected mice cohoused with normal mice (Figure 5D and Supplementary Figures 4A,D). Among separately housed mice, the abundances of Lachnospiraceae_NK4A136_group (p < 0.05) and Ruminiclostridium (p < 0.01) were significantly lower in infected mice than in normal mice. However, under cohousing conditions, the abundances of these two genera were slightly decreased in normal mice and increased in infected mice (Figure 5D and Supplementary Figures 4C,F). Interestingly, the abundances of Alistipes and Helicobacter were increased in infected mice under separate housing conditions, but remained unchanged in infected mice cohoused with normal mice (Figure 5D and Supplementary Figures 4B,E). These results suggested that the alteration in the microbiota induced by S. japonicum infection could be reversed through microbiota transfer by cohousing of normal and infected mice in the same cage.


[image: Figure 5]
FIGURE 5. Transfer of the gut microbiota from normal mice to infected mice. Normal mice and infected mice were cohoused or housed separately for 7 weeks. (A) OTU numbers in the four different groups. (B) Alpha diversity (Shannon and ACE index) analysis for each group. (C) Stacked bar chart showing the species-distribution at the phylum level. (D) Histogram showing the species distributions at the genus level. * = p < 0.05.


Next, we also found that the infected mice which co-housed with normal mice demonstrated attenuation of intestinal granuloma formation and fibrotic responses compared with infected mice housed separately from normal mice (Figures 6A–C). Such remission was not obvious in the liver (Supplementary Figure 2B). The hepatic function was showed no improvement in infected mice which co-housed with normal mice (Supplementary Figure 2D). In contrast, there were no significant differences in worm counts and the number of eggs deposited in the liver and the intestine between infected mice housed separately and cohoused (Figure 6D). Therefore, the transfer of gut microbiota from normal mice to infected mice attenuated the histopathology in infected mice but did not influence eggs release in tissues.


[image: Figure 6]
FIGURE 6. Transfer of the gut microbiota from normal mice to infected mice attenuated pathological injuries of the intestine in S. japonicum infected mice. Normal mice and infected mice were cohoused or housed separately for 7 weeks. (A) Histopathological changes in the liver were observed by H&E staining and arrows indicate the eggs granuloma. (B) Fibrosis formation was examined by Masson's trichrome staining. (C) The value of the fibrotic area in the liver was analyzed with Image-Pro Plus6 software. (D) Worm counts and egg counts in the livers and intestines of infected mice. *** = p < 0.001.




Transfer of the Gut Microbiota From Normal to Infected Mice Modulated the Intestinal Immune Responses in Infected Mice

The severity of schistosomiasis related cytokines was also detected by immunohistochemistry. Compared with infected mice housed separately, the liver level of IL-10 was increased (p < 0.01) in infected mice which cohoused with normal mice. However, IL-4, IL-5, IL-13, and TGF-β were unchanged (Supplementary Figure 5). But, in intestine, IL-4, IL-5, and IL-13 decreased significantly in cohoused infected mice (p < 0.01) (Figures 7A,B). With regard to anti-inflammatory factors, the intestinal levels of IL-10 (p < 0.01) and TGF-β (p < 0.05) were higher in the cohoused infected group than in the separately housed infected group. The mRNA levels of these cytokines in intestine exihibited the same trend (Figure 7C). Together, these data suggested that the transfer of the gut microbiota from normal to infected mice could modulate immune responses by regulating inflammatory cytokine production in infected mice.
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FIGURE 7. Transfer of the gut microbiota from normal mice to infected mice regulated intestinal inflammatory cytokine production in infected mice. (A) The levels of IL-4, IL-5, IL-13, IL-10, and TGF-β in the intestine were detected by immunohistochemistry. Cell nuclei were counterstained with haematoxylin. (B) The area of the entire tissue and the positive area were analyzed with Image-Pro Plus 6.0 software. (C) The mRNA of IL-4, IL-5, IL-13, IL-10, and TGF-β in the intestine were detected by Real-time qPCR. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.





DISCUSSION

Although increasing numbers of studies have tried to elucidate the mechanisms of S. japonicum-induced schistosomiasis (12, 18), the role of the gut microbiota has not previously been addressed. Our findings demonstrated that the depletion of the gut microbiota through antibiotics treatment alleviated granuloma formation and fibrotic responses in the intestine, but did not influence the development or fecundity of worms. Changes in the gut microbiota in infected mice upon cohousing with normal mice further suggested that the gut microbiota modulated histopathological injuries, and the intestinal immune response was probably get involved into this process.

In our study, mice infected with S. japonicum had a lower diversity of the gut microbiota than normal mice. The abundance of the phylum Firmicutes decreased, while that of the phylum Bacteroidetes and Proteobacteria increased with infection. These data are consistent with the findings of Zhao et al. (14). Schistosomiasis is characterized by inflammation, fibrosis, and chronic pathological injuries. The intestine tissue is the first defensive line to the microbiota (19, 20). In the context of some diseases, reduction or shifts in the composition of the gut microbiota induce pathological injuries in mammals, through the breakdown of the well-established interaction between the microbiota and the host (21–23). Gram-negative Bacteroidetes and gram-positive Firmicutes are the most dominant taxa in the mammal gut microbiota (24). Mixed broad-spectrum antibiotics depleted the majority of Firmicutes and Bacteroidetes, leaving only Parabacteroides at detectable levels. The depletion of the majority of gut microbes significantly attenuated the intestinal histopathology changes in infected mice. We found that the histopathological remission in the liver was less evident than that in the intestine, showing the depletion of the microbiota affected the liver to a lesser extent compared to the intestine, probably due to the filtering function of the liver (25).

Gut microbes can be transferred among mice that are cohoused. Changes in the microbiota induced by S. japonicum infection were partially reversed upon cohousing of normal and infected mice in one cage. Infected mice harbor more bacteria with associations with pro-inflammatory and pro-fibrotic effects. When the homeostatic microbiota in normal mice is transferred to infected mice, granulomas formation and fibrosis in intestinal tissue were both attenuated. This was contributed by the overall regulatory effect of the alterative microbiota. The differences in some phyla between separately housed and cohoused are worth noting. For example, the abundances of the genera Bacteroides and Parabacteroides in the phylum Bacteroidetes were significantly higher in infected mice than in normal mice under separate housing conditions. However, compared with infected mice housed separately, the levels of bacteria in these taxa were reduced in infected mice under cohousing conditions. Species in the genera of Bacteroides and Parabacteroides are frequently involved in infectious diseases such as bacteremia and in intra-abdominal processes (26, 27). Over-growth of genus Bacteroides has been reported to contribute to the inflammatory changes in patients with Crohn's disease (28). In addition, specific species of Bacteroides have been reported to be associated with inflammation and colorectal cancer (29, 30). However, another bacterium, Bacteroides acidifaciens, regulates energy metabolism and insulin resistance and thus might be a potential therapeutic agent for diabetes and obesity (31). The abundances of Lachnospiraceae_NK4A136 and Ruminiclostridium declined in S. japonicum-infected mice but slightly increased when the infected mice were cohoused with normal mice. The relative abundances of Lachnospiraceae species have been reported to be reduced in patients with cirrhosis, inflammatory bowel disease and Clostridium difficile-associated colitis compared to healthy individuals (29, 32). Loss of Lachnospiraceae might result in decreased production of short-chain fatty acids, which promotes inflammation in mice (32). Further understanding the exact functions of these taxa in schisosomiasis is important and will be beneficial for elucidating the detailed mechanisms of the progression of pathological injuries.

Several drugs, such as nitrofuran, niridazole, amoscanate, and traditional Chinese medicines have been used for the schistosomiasis treatment (33). Most of these drugs damage the ultrastructures of the worms or even kill them directly. However, the antibiotic cocktail used in this study had no effects on worm load, growth, reproductive systems or reproductive capacity. In addition, there were no significant differences in worm burden or deposited egg burden deposition in the liver or the intestine between separately housed and cohoused infected mice. These data indicated that the remission of intestinal histopathological injuries was majorly caused by changes in the gut microbiota rather than by direct killing of the worms or reductions in egg excretion.

Th2-associated cytokines including IL-4, IL-5, and IL-13, have been identified as important contributors to granulomatous immune responses and fibrosis (18). The immunoregulatory properties of Tregs are driven by IL-10 and TGF-β, to limit excessive Th1 and Th2 immune responses induced by Schistosoma infection (34–36). In our study, depletion of the gut microbiota in infected mice by antibiotics, or transfer of the microbiota from normal mice to infected mice, reduced the levels of the IL-4, IL-5, and IL-13 and increased the production of cytokines IL-10 and TGF-β. These effects suggested that the regulatory function of the gut microbiota in intestinal schisosomiasis was mediated by the modulation of the local immune response.

In conclusion, we identified the potential associations among the gut microbiota, immune responses, and pathological injuries in the context of intestinal schistosomiasis. S. japonicum infection altered the gut microbiota composition in mice, while changes in microbial composition in infected mice mediated by the antibiotic treatment or microbiota transfer from normal mice alleviated the intestinal pathological injuries. Our work supports a regulatory function of the gut microbiota in the pathogenesis of schistosomiasis and provides insights into the development of new strategies against schistosomiasis japonica.
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Background: Since a greater number of hepatitis C virus (HCV) patients have access to direct-acting antiviral (DAA) based therapies, the number of patients not properly responding to prior DAA regimens is increasing. The objective of this comprehensive analysis was to assess the efficacy and safety of glecaprevir/pibrentasvir (GLE/PIB) in HCV patients who experienced previous DAA therapy failures.

Methods: Bibliographic databases were systematically searched for relevant articles published by November 2020. The main endpoints were sustained viral response after 12 weeks (SVR12), adverse events (AEs; any grade) and severe adverse events (SAEs). Publication bias assessment was performed using funnel plots and the Egger's test.

Results: Fourteen studies consisting of a total of 1,294 subjects were included in this study and the pooled estimate of SVR12, AEs and SAEs rates were 96.8% (95%CI: 95.1–98.2), 47.1% (95%CI: 26.0–69.3), and 1.8% (95%CI: 0.7–3.4), respectively. Subgroup analysis showed that pooled SVR12 rates were 97.9% (95%CI: 96.7–98.9) for Japan and 91.1% (95%CI: 87.3–94.3) for the United States; 95.8% (95%CI: 93.9–97.4) for genotype (GT)1 and 100.0% (95%CI: 99.6–100.0) for GT2; 95.3% (95%CI: 92.4–97.2) for cirrhosis and 96.3% (95%CI: 94.2–97.7) for non-cirrhosis cases. There was no publication bias included this study.

Conclusion: This comprehensive analysis revealed that GLE/PIB is an effective and secure retreatment option for patients who did not optimally respond to DAA treatment, especially the Asian population with GT1-2.

Keywords: pibrentasvir, retreatment, DAAs therapy failures, meta-analysis, glecaprevir


INTRODUCTION

Hepatitis C virus infection is a common disease affecting ~180 million individuals worldwide (1, 2). According to the World Health Organization (WHO), ~71 million people develop chronic HCV infections that may lead to cirrhosis, hepatocellular carcinoma (HCC) and liver-related deaths (3, 4). In addition to prevention, effective regimens are critical to achieve the WHO goal of eliminating HCV as a major global public health threat by 2030 (5).

Treatment of HCV has evolved over the past decade. Before direct-acting antiviral, interferon (IFN)-based regimens were the main method of HCV, but the cure rate using this regimen was only 40–65% (6). In addition, the incidence of SAEs and discontinuation of these treatments were both frequent (7). Compared with IFN-based regimens, the efficacy and safety of DAA-based therapies for HCV resulted in dramatical improvements, including high sustained virologic response (SVR) rates, shorter treatment duration, better tolerability, and less SAEs. Despite excellent efficacy of DAA-based regimens, about 5% of patients still failed to achieve SVR and have just drawn public attention in recent years (8). Given the size of the HCV infected population, the absolute number of patients with DAA treatment failure is substantial and increasing as more patients have access to DAA-based therapies. Thus, effective and alternative treatment strategies for these individuals are particularly important.

In 2017, the combination of glecaprevir (GLE; a second-generation NS3/4 protease inhibitor) and pibrentasvir (PIB; a second-generation NS5A inhibitor) was approved and this combination shows high anti-HCV activity across genotypes 1–6 with a high in vitro barrier to resistance (9, 10). In clinical trials, GLE/PIB regimens showed high efficacy and favorable safety for all six major HCV genotypes (11, 12). In addition, GLE/PIB treatments were also effective and well-tolerated in patients with compensated cirrhosis or those with severe renal impairment (13, 14). Furthermore, recent studies uncovered that GLE/PIB regimens are highly effective in patients who failed to achieve SVR after prior DAA therapies (15, 16). However, the relevant researches were just conducted recently and there haven't been a lot of researches in this population. The European Association for the Study of the Liver (EASL) recommended the GLE/PIB regimen to treat treatment-experienced (pegylated IFN-a and ribavirin, pegylated IFN-a, ribavirin, and sofosbuvir, or sofosbuvir and ribavirin) HCV patients, but did not explicitly recommended this regimen to retreat patients with DAA treatment failure on account of insufficient supporting evidences.

Even though the latest guidelines from China recommended using GLE/PIB to retreat patients with prior DAA failure (17), further research is needed to increase the confidence of this recommendation. The aim of this systematic review was to assess the efficacy and safety of GLE/PIB regimens for patients who experienced DAA treatment failure.



METHOD


Search Strategy

Preferred reporting items for systematic review and meta-analyses (PRISMA) were followed to conduct this study (18). Two investigators independently performed a systematic and comprehensive literature search using multiple databases including PubMed, Embase, Web of Science, Cochrane Library, CNKI, and WanFang Data. Key search terms included (Hepacivirus OR Hepaciviruses OR Hepatitis C-Like Viruses OR Hepatitis C Like Viruses OR Hepatitis C virus OR Hepatitis C viruses OR HCV) AND (glecaprevir OR ABT-493) AND (pibrentasvir OR ABT-530). A manual search was also performed by checking related references and reviewing citations included in the selected publications. There were no language restrictions. The literature search was last updated in November 2020.



Selection Criteria

Studies were be included if they met all the following criteria: (1) HCV patients with previous DAA therapy failures (defined as failure to achieve SVR12 after DAA treatment); (2) retreatment with GLE/PIB; (3) the primary endpoint was SVR12.

Studies were excluded if they met any of the following criteria: (1) patients without a DAA treatment history; (2) patients with a DAA treatment history, but unclear information as to whether they experienced DAA therapy failure; (3) patients who were liver transplant recipients with recurrent hepatitis C; (4) a sample size <10; (5) reports that did not provide the primary endpoint (SVR12); (6) case reports, letters, meta-analysis, editorials or reviews; (7) pharmacokinetics or pharmacodynamics studies.



Outcome Measures

The primary outcome was the percentage of SVR12, which was defined as plasma HCV RNA below the lower limit of quantification (LLOQ) 12 weeks after end of treatment (EOT). Additional secondary primary outcomes included the percentage of patients with on-treatment breakthrough and post-treatment relapse. Breakthrough was defined as HCV RNA becoming detectable after HCV RNA below LLOQ during the treatment period. Relapse was defined as undetectable HCV RNA at EOT but became detectable within 12 weeks after. We assessed safety in terms of the incidence and intensity of AEs (any grade), common AEs (CAEs), SAEs, and discontinuation due to AEs. Analyses of secondary primary and safety outcomes included only studies reporting these data.



Study Selection and Data Extraction

Study selection and data extraction performed by two independent researchers (CS and HZF). Study selection followed the predetermined selection criteria. Records found through primary search were initially reviewed by title and abstract. The full texts of potentially eligible studies were reviewed and eligible studies were included.

Required data were extracted from eligible studies and respected the original description. The extracted data included study characteristics (the first author's name, year of publication, region, study design, setting, publication type, sample size, subgroup number of patients, regimen, and treatment duration); patient characteristics (age, sex, HCV genotype, treatment history, resistance-associated substitutions, and presence of cirrhosis) and study outcomes (SVR12, on-treatment breakthrough, post-treatment relapse, AEs, CAEs, SAEs, and discontinuation due to AEs).

During this process, any conflicts arising between the two reviewers were resolved by consensus with the help of a third researcher (ZQF).



Quality Assessment

The quality of studies included was assessed using the Newcastle-Ottawa quality assessment scale (NOS) for observational studies, including eight items with a total score of nine. Low quality was scored as 0–5 points, moderate quality as 6–7 points, and high quality as 8–9 points (19). The quality of randomized studies was assessed using the Cochrane Collaboration's tool. The Cochrane Collaboration's tool addresses seven specific domains including randomization, allocation concealment, blinding of subjects, blinding of outcome assessors, reporting of incomplete outcome data, selective outcome reporting, and other potential sources of bias. In each domain, every study took one of three categories: “low risk,” “high risk,” or “unclear risk” for bias (20). The quality of each included study was independently assessed by two investigators.



Statistical Analysis

Effect sizes were collected as pooled event incidences with corresponding 95% confidence intervals (95% CI) using the inverse variance method. Zero events were estimated using Freeman-Tukey double arcsine transformation. Heterogeneity between studies was assessed using Cochran Q-statistics and I2 statistics. An I2 <50% indicated little or no heterogeneity and then the fixed-effects model was used; When the I2 ≥ 50%, this indicated moderate or substantial heterogeneity and the random-effects model was used. To effectively evaluate the efficacy and safety of GLE/PIB, we conducted subgroup analyses of SVR12 by region, setting, duration of treatment, HCV genotype, treatment history, and presence of cirrhosis. Publication bias was explored using funnel plots and the Egger's test. All statistical tests were two-sided, with a p < 0.05 considered as statistically significant. All statistical analyses were conducted using R version 3.6.3.




RESULTS


Study Selection and Basic Information

Our initial search retrieved 1,500 records. After removing 770 overlapping studies, the titles and abstracts of 730 articles were screened. After assessing the full text of 63 articles, 49 articles were excluded for various reasons, and 14 articles (21–34) were eventually added to this study (Figure 1).


[image: Figure 1]
FIGURE 1. The flow diagram of literature screening and following the preferred reporting items of systematic reviews and meta-analyses (PRISMA).


The 14 studies were all published since 2018, including 12 full-articles and two conference abstracts. All studies came from two regions: 12 from Japan and two from the United States. Overall 1,294 subjects showed chronic HCV infection with GT1-3, DAA treatment experience and some were presented with cirrhosis. The treatment regimens were fixed-dose combinations of GLE (300 mg/d) and PIB (120 mg/d) with or without ribavirin (RBV). Treatment courses included 12 and 16 weeks, respectively. Details of study and patient characteristics are shown in Tables 1, 2.


Table 1. Characteristics of the studies included in this comprehensive analysis.
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Table 2. Patient characteristics of the studies enrolled in this comprehensive analysis.
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Quality of the Included Studies

Twelve observational studies were assessed by NOS. Among these studies, three were of high quality, six were of moderate quality and the others were of low quality. The quality assessment scores are shown in Supplementary Table 1.

Two clinical trials (26, 32) were assessed using the Cochrane Collaboration's tool. Among these assessed items, randomization, allocation concealment, reporting of incomplete outcome data, selective outcome reporting, and other potential sources of bias were reported in these two different studies. These results are represented in Supplementary Figure 1.



Efficacy of Outcomes
 
SVR12

Data on SVR12 rates of GLE/PIB retreatment for HCV infection were available in all studies (1,294 cases). The pooled estimation of the SVR12 rate from the random-effect model was 96.8% (95%CI: 95.1–98.2, I2 = 37.1%, P = 0.08) (Figure 2A).


[image: Figure 2]
FIGURE 2. (A) SVR12 rate following GLE/PIB treatment. (B) On-treatment breakthrough rate following GLE/PIB treatment. (C) Post-treatment relapse rate following GLE/PIB treatment. GLE/PIB, glecaprevir/pibrentasvir; CI, confidence interval.




Breakthroughs and Relapses

In nine studies (21–27, 29, 32), only 11 of the 503 HCV patients retreated with GLE/PIB showed an on-treatment breakthrough with a pooled rate being 0.92% (95%CI: 0.08–2.32, I2 = 13.1%, P = 0.33) (Figure 2B). Furthermore, 19 of the 617 patients from 10 studies (21–27, 29, 31, 32) showed a post-treatment relapse with a pooled rate being 1.96% (95%CI: 0.78–3.50, I2 = 0.0%, P = 0.55) (Figure 2C).




Subgroup Analysis of the SVR12 Rate

Based on settings, regions, genotypes, treatment history, treatment durations and the presence or absence of cirrhosis, we conducted subgroup analyses as detailed in Table 3. The rate of SVR12 was 96.0% (95%CI: 93.4–97.5) in multi-center and 96.1% (95%CI: 92.3–98.0) in single-center studies. Approximately 97.9% of patients (95%CI: 96.7–98.9) in Japan presented achieved SVR12 rate, while the SVR12 rate of the United States subgroup was 91.1% (95%CI: 87.3–94.3). As for genotypes, the pooled SVR12 rates in GT1, GT2, and GT3 were 95.8% (95%CI: 93.9–97.4), 100.0% (95%CI: 99.6–100.0), and 100.0% (95%CI:66.74–100.0). In subgenotype subgroups, GT1a, GT1b, GT2a, and GT2b were 90.3% (95%CI: 84.4–94.2), 94.8% (95%CI: 90.3–97.3), 100.0% (95%CI: 99.7–100.0), and 100.0% (95%CI: 98.3–100.0), respectively. Among the patients who had treatment history available for analysis, the SVR12 rates of sofosbuvir/ribavirin (SOF/RBV), daclatasvir/asunaprevir (DCV/ASV), ledipasvir/sofosbuvir (LDV/SOF), ombitasvir/paritaprevir/ritonavir (OBV/PTV/r), elbasvir/grazoprevir (EBV/GZR), and other DAAs were 100.0% (95%CI: 99.2–100.0), 97.6% (95%CI: 92.9–100.0), 99.3% (95%CI: 86.0–100.0), 100.0% (95%CI: 73.9–100.0), 97.4% (95%CI: 62.0–100.0), and 96.5% (95%CI: 95.1–97.7), respectively. Nine studies including 784 patients provided data for subgroup analysis with the presence or absence of cirrhosis. The SVR12 rates for patients with or without cirrhosis were 95.3% (95% CI: 92.4–97.2) and 96.3% (95% CI: 94.2–97.7), respectively.


Table 3. SVR12 by settings, regions, genotypes, treatment history, treatment durations, and the presence or absence of cirrhosis.

[image: Table 3]

Additionally, the SVR12 rate of the Japan subgroup was higher than the United States subgroup (P = 0.0003) and the GT1 was lower than the GT2-3 (P = 0.0064). However, there were no significant differences between the other subgroups analyzed.



Safety

Six studies reported numbers for AEs, CAEs, SAEs, and discontinuation due to AEs were 288, 273, 12, and 4, respectively. The pooled rates of AEs, CAEs, SAEs, and discontinuation due to AEs were 47.1% (95%CI: 26.0–69.3), 45.2% (95%CI: 25.3–66.7), 1.8% (95%CI: 0.7–3.4), and 0.1% (95%CI: 0.0–0.9), respectively (Table 4). The main CAEs were fatigue (6.8%), headache (8.1%), nausea (4.1%), pruritus (11.8%), and appetite loss (1.3%). Furthermore, three studies observed treatment-related laboratory abnormalities in seven patients, including elevation of total bilirubin (5/254) and serum ALT levels (2/254).


Table 4. Rate of safety outcomes GLE/PIB for patients with HCV.
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Publication Bias and Sensitivity Analysis

Funnel plots for the SVR12 rate are shown in Supplementary Figures 2, 3. The Egger's test for evaluating publication bias showed that no publication bias was identified in these studies (t = 1.72, P = 0.11). Furthermore, the results from the sensitivity analysis manifested that the pooled estimate of SVR12 did not depend on a single study (Supplementary Figure 4).




DISCUSSION

This study provided estimates regarding the efficacy and safety following GLE/PIB retreatment for patients who experienced prior DAA treatment failure. These results indicated that GLE/PIB for patients experiencing DAA therapy failure can achieve high SVR12 rates at 12 and 16 weeks, regardless of sex, age, genotype, the presence or absence of cirrhosis or other demographic factors. The rates of SAEs and discontinuation due to adverse events were minimal in GLE/PIB. Thus, GLE/PIB is an effective and secure retreatment option for patients who experience DAA treatment failure and this is critical information for global HCV treatment guidelines.

In this meta-analysis, the pooled SVR12, breakthrough, and relapse rates were 96.8% (95%CI: 95.1–98.2), 0.92% (95%CI: 0.08–2.32), and 1.96% (95%CI: 0.78–3.50), respectively. Compared with sofosbuvir/velpatasvir/voxilaprevir (35), and sofosbuvir/elbasvir/grazoprevirs ± ribavirin (36) retreatments, their SVR12 rates were similar. The incidence of failure of GLE/PIB was lower than other regimens, such as sofosbuvir/daclatasvir (5.7%) and sofosbuvir/velpatasvir (3.4%) (37). Although sofosbuvir/velpatasvir/ voxilaprevir was considered as a highly effective option for the re-treatment of HCV patients, the AEs (100%), SAEs (6.5%), and discontinuation due to AEs rates (5.2%) rates were higher than what was observed for GLE/PIB (AEs = 47.1%, SAEs = 1.8%, and discontinuation due to AEs = 0.1%) (35, 38), which explained an advantage for the GLE/PIB regimen.

Our findings revealed that the SVR12 rate among individuals in Japan was significantly higher than individuals in the United States. Only two studies (n = 268) were derived from the United States, so this analysis may be restricted by a finite sample size. Alternatively, a possible explanation was that therapy efficacy was related to race. Kanwal et al. reported differences among gender and race subgroups in the DAA treatment group (39). Most patients in Japan were Asians while most patients in the United States were White, Hispanic or Black. In addition, retreatment data from Asians were limited and available research showed that the SVR24 rate was 91.2% in patients with previous therapy failures (40). Therefore, our study suggested that GLE/PIB was of great significance for the retreatment of Asians with HCV therapy failures and more studies are needed for further evaluation in the United States.

In terms of genotype, there were significant differences among GTs 1-3 while no significant differences were in subgenotype subgroups (GT1a vs. GT1b; GT2a vs. GT2b). In previous studies, patients with GT3 infection showed lower SVR rates compared with other GTs. However, our data were inconsistent with previous studies since the SVR12 rates of GTs2-3 were 100% higher than GT1 (95.4%). On one hand, the sample size of GT3 was small (n = 6) which caused poor accuracy and reliability so more GT3 cases should be included to obtain enough evidence. We inferred that GLE/PIB still had a high efficacy for GT3 in patients with previous DAA therapy failures, considering that a systematic review demonstrated that GLE/PIB had distinct performance (SVR12 rate = 96.1%) when it came to the treatment of GT3 (41). On the other hand, five studies have found baseline resistance-associated substitutions (RASs) in NS3 or NS5A region and these RASs were mostly in subjects with GT1 (261/384). Moreover, at least 25 of 37 patients with GT1 who failed to achieve SVR12 had detected RASs in the NS3 or NS5A region. RASs were produced by the error-prone replication of HCV that could decrease efficacy of the DAA regimens (42). We suspected that the existence of RASs caused the decrease of the SVR12 rate in GT1. Even so, the SVR12 rate was still ≥ 95% in GT1, which suggested an ideal curative effect. Thus, GLE/PIB, one of the NS3/4/NS5A combination regimens, is extremely effective and a strong choice for the HCV population with RASs.

Currently, there are three major classes of antiviral HCV drugs including: inhibitors of the NS3/NS4A protease (PIs), inhibitors of the NS5A complex and inhibitors of the NS5B polymerase (43). In our study, main DAA treatment histories included SOF/RBV and DCV/ASV, belonging to the three classes of DAAs mentioned. As the first pan-genotypic DAA agent that was approved, SOF was widely used in many countries, but about 10% of people treated with SOF-containing regimens did not achieve SVR (44). DCV is a DAA agent that was approved by the European Medicines Agency for combination with other medicinal products for treating chronic HCV genotype 1, 3, or 4 infections (45). Administered with an NS3 protease inhibitor (ASV), DCV achieves greater than a 90% HCV eradication rate, while around 5–10% will not be cured (46). Furthermore, except for four studies without a clear DAA treatment history, these prior DAA treatments mostly were PIs and NS5A or NS5B inhibitor-containing regimens. Although DAA treatment histories were varied, GLE/PIB obtained favorable SVR rates (>95%), especially sofosbuvir-containing regimens (100%), which implied its wide application and fantastic efficacy.

Interestingly, treatment duration did not increase the response rate of GLE/PIB in our subgroup analysis. However, only two studies contained a 16-weeks GLE/PIB therapy period and showed that the SVR rates of the 16-weeks treatment subgroup were higher than the 12-weeks treatment subgroup. These two studies came from the United States with relatively low SVR12 rates. This may explain why the 16-weeks treatment SVR rate did not increase. In addition, there was no significant observed difference between patients with or without cirrhosis. It can be inferred that re-treatment with 12 weeks of GLE/PIB is highly effective in HCV patients with or without cirrhosis and future guidelines should consider recommending a 12-weeks therapy.

Our comprehensive analysis exhibited several strengths. First, our study was the first to evaluate the efficacy and safety of GLE/PIB for HCV patients with previous DAA therapy failures. We screened 14 studies including 1,294 individuals, which allowed us to accurately assess the pooled SVR12 rate, breakthrough, relapse, AE and SAE rates of populations who had previous DAA treatment failure. In addition, the heterogeneity among the included studies for most analyses was small, which indicated that this study is reliable and may help clinicians effectively retreat HCV subjects.

However, despite these strengths, this study still contained several limitations. First, only the efficacy and safety rates were analyzed along with the 95% CI. The relative risk (RR) for the various subgroups was not analyzed due to the absence of a control group. Second, most included studies were from Japan and focused on patients with GT1-3. Our data may not be relatable to other nations and genotypes. Third, some studies offered the frequency of prior DAA treatment but we did not perform subgroup analysis on this subject due to insufficient data.



CONCLUSION

This comprehensive analysis supports that the GLE/PIB regimen has strong efficacy and increased safety for HCV patients with previous DAAs therapy failures, especially the Asian population with GT1-2 regardless of treatment duration, and the presence or absence of cirrhosis. Furthermore, GLE/PIB is appropriate for subjects with various DAA treatment failures, such as sofosbuvir-containing regimens.
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Aspirin eugenol ester (AEE) possesses anti-inflammatory and anti-oxidative effects. The study was conducted to evaluate the protective effect of AEE on paraquat-induced acute liver injury (ALI) in rats. AEE was against ALI by decreasing alanine transaminase and aspartate transaminase levels in blood, increasing superoxide dismutase, catalase, and glutathione peroxidase levels, and decreasing malondialdehyde levels in blood and liver. A total of 32 metabolites were identified as biomarkers by using metabolite analysis of liver homogenate based on ultra-performance liquid chromatography-tandem mass spectrometry, which belonged to purine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, glycerophospholipid metabolism, primary bile acid biosynthesis, aminoacyl-tRNA biosynthesis, phenylalanine metabolism, histidine metabolism, pantothenate, and CoA biosynthesis, ether lipid metabolism, beta-Alanine metabolism, lysine degradation, cysteine, and methionine metabolism. Western blotting analyses showed that Bax, cytochrome C, caspase-3, caspase-9, and apoptosis-inducing factor expression levels were obviously decreased, whereas Bcl-2 expression levels obviously increased after AEE treatment. AEE exhibited protective effects on PQ-induced ALI, and the underlying mechanism is correlated with antioxidants that regulate amino acid, phospholipid and energy metabolism metabolic pathway disorders and alleviate liver mitochondria apoptosis.

Keywords: aspirin eugnol ester, paraquat, metabolites, hepatotoxicity, antioxidation


INTRODUCTION

PQ is a non-selective herbicide with excellent effect, which has been widely used in the world for many years (1–3). PQ is extremely toxic to humans (4, 5). Studies have shown that when taking about 10 ml PQ, patients can die of multiple organ failure a few hours later (6). The accumulation of PQ can damage the main organs such as lung, kidney, liver and heart (7). It is reported that the liver is one of the main target organs of PQ poisoning, which is often accompanied by the formation of free radicals (8, 9). The liver is the main metabolic and detoxifying organ of the human body (10, 11). A multiple potentially harmful stimuli challenge the liver, including free radicals. It is well known that drugs and other substances are further transformed and metabolized after being absorbed by the body, resulting in the production of free radicals in the liver. Excessive free radicals produce oxidative stress on the liver, which in turn leads to oxidative damage to the liver (12).

Currently, the molecular mechanism of hepatotoxicity induced by PQ is not completely understood. It is known that the redox response is one of the main factors involved in the toxic effects of PQ (13). It has been reported that PQ molecules can interfere with the electron transport chain and then inhibit the synthesis of NADPH (14). Excessive production of ROS was observed during PQ poisoning, indicating that oxidative stress was involved in the pathological changes induced by PQ. Excessive ROS and excessive free radicals lead to oxidative stress by destroying DNA, proteins and lipids (15). Therefore, the premise of the toxic effect of PQ is its induced oxidative stress. At present, the main methods for the treatment of PQ poisoning are immunosuppressant and hemodialysis (16). Existing clinical treatments for severe PQ poisoning only relieve symptoms (17). In recent decades, new drugs to treat the toxicity of PQ have been developed. In the early stages of poisoning, the use of antioxidants has been shown to effectively reduce the damage of PQ to organs. Therefore, it is imperative to develop potential effective drugs for the treatment of PQ poisoning.

AEE is a new potential pharmaceutical compound possessing anti-inflammatory and anti-oxidative stress pharmacological activity (18–22). The effect of AEE against H2O2-induced oxidative stress of human umbilical vein endothelial cells is consistent with the AEE-enhanced expression of Bcl-2 and Nrf2 (18, 23). It has been well documented that AEE could alleviate H2O2-induced dysfunction of mitochondria, the generation of ROS productions and the increase of apoptosis via enhancing the expression of Bcl-2 and Nrf2 (18, 23). It is well known that the dysfunction of mitochondria could release cytochrome C, apoptosis inducing factor (AIF), and other factor into cytoplasm to mediate downstream apoptotic signals causing cell apoptosis (24, 25), while the exacerbation of reactive oxygen species (ROS) induced by the dysfunction of mitochondria is also vital incentive of cell apoptosis (26, 27).



MATERIALS AND METHODS


Chemicals

AEE (99.5%) was prepared in Lanzhou Institute of Husbandry and Pharmaceutical Sciences of CAAS (Lanzhou, China). MS-gradeacetonitrile was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Formic Acid (98.0%, for LC-MS) was purchased from Tokyo Chemical Industry (Shanghai, China). Catalase assay kit was purchased from Solarbio (Beijing, China). Glutathione peroxidase (GPx), GSH and GSSG assay kit, superoxide dismutase (SOD), and malondialdehyde (MDA) assay kit were purchased from Beyotime (Shanghai, China). Caspase-3 assay kit was purchased from Jianglai Chemical Biotechnology (Shanghai, China). The antibodies of Caspase-9, Caspase-3, Bax, Bcl-2, Cyt C, AIF, and IgG were purchased from abcam (Shanghai, China). Alanine aminotransferase kit and aspartate aminotransferase kit were purchased from Mlbio (Shanghai, China).



Animal Experiment

Eighteen male specific pathogen-free SD rats (6 weeks old) weighing 120–130 g were purchased from the Laboratory Animal Center of Lanzhou Veterinary Research Institute (Lanzhou, China). All animals were placed in groups in SPF-class housing of laboratory at a controlled relative humidity (55–65%), 12 h light/dark cycle and temperature (24 ± 2°C). The rats were randomly divided into three groups (n = 6): (1) control group, in which rats were administrated equivalent saline by intraperitoneal injection (ip); (2) PQ group, in which rats were administrated PQ (20 mg/kg body weight, ip) (28–30); (3) AEE groups, in which rats were pre-administrated AEE (54 mg/kg/day body weight) by gavage once a day for 1 week before being administrated PQ. The rats in the different groups were sacrificed after a single intraperitoneal injection of 20 mg/kg PQ for 24 h. All experimental protocols and procedures were approved by the Institutional Animal Care and Use Committee of Lanzhou Institute of Husbandry and Pharmaceutical Science of Chinese Academy of Agricultural Sciences (Approval No. NKMYD201907018; Approval Date: 18 July 2019). Animal welfare and experimental procedures were performed strictly in accordance with the Guidelines for the Care and Use of Laboratory Animals issued by the US National Institutes of Health.



Metabonomic Analysis
 
Hepatic Tissue Sample Preparation

The hepatic tissue samples were homogenized with ice-cold physiological saline (10%, wt%, 1 g tissue in 10 mL of physiological saline) in an Ultra Turrax tissue homogenizer. After vortex mixing for 3 min, the samples were centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was subsequently analyzed by UPLC-QTOF-MS/MS.



UPLC-QTOF-MS/MS Conditions

Liquid chromatography was executed on DAD 1290 UPLC system (Agilent Technologies Inc., California, USA). Separation was performed on an Agilent SB C18 RRHD Column (2.1 × 150 mm, 1.8 μm). The temperature of the column was set to 35°C. Injection volume was 3 μL and autosampler temperature was set at 4°C. Mobile phase A consisted of water containing 0.1% formic acid and mobile phase B was acetonitrile containing 0.1% formic acid at a flow rate of 0.3 mL/min. The gradient elution of A was as follows: 98%A from 0 to 2 min, 98–55% A from 2 to 9 min, 55–30% A from 9 to 15 min, 30–2% A from 15 to 22 min, 2% A from 22 to 23 min, 2–98% A from 23 to 24 min and held at 98% A from 24 to 27 min. The mass spectrometer was operated in both positive and negative ionization modes. The fragment voltage was set to 135V and the skimmer voltage was set to 65 V. In positive ion mode, capillary voltage was 4.0 KV, while in negative ion mode, it was 3.5 KV. The temperature and the flow of the drying gas were 350°C and 10 L/min, respectively. The nebulizer pressure was set to 45 psig. Ions were scanned over a region of 50–1000 m/z.



Metabolomics Data Analysis

The raw MS data were initially processed with the Mass Profiler Professional (MPP) software (Agilent Technologies, USA) to filter noise, correct the baseline, align peaks, and identity and quantify peaks. The match tolerance of mass span is 10 ppm, and the match tolerance of retention time's span is 0.10 min. The obtained data were imported into SIMCA-P (version 13.0, Umetrics AB, Umea, Sweden), where a principal component analysis (PCA) and partial least squares discriminant analysis (OPLS-DA) were performed on the dataset. The quality of OPLS-DA models was described by R2X, R2Y, and Q2, and its validity was evaluated by performing permutation testing (with 200 permutations). The variable importance in the projection (VIP > 1) value of the validated OPLS-DA model and the p values from one-way ANOVA (p < 0.05) were used as the measurement indices to select potential metabolites. Metabolites were identified through a mass-based search followed by manual verification. Accurate mass values of the molecular ions of interest in TOF-MS data were searched against METLIN and Human Metabolome Database (HMDB). Then, an MS/MS analysis was conducted to confirm the structure of potential biomarkers by matching the masses of the fragments. The parent ion mass tolerance is ±10 ppm and mass/charge (m/z) of products tolerance is ±10 ppm. The clustering analysis of the potential biomarkers and pathway analysis were performed using MetaboAnalyst 4.0 and the metabolic pathways were identified using the KEGG database.




Histopathology

Liver specimens were fixed with 10% formaldehyde. After fixation, the liver tissue was embedded in paraffin wax, sectioned to a thickness of 5 μm and stained with hematoxylin-eosin staining.



Analysis of MDA, SOD, Caspase-3, GSH/GSSH, and GPx

The levels of MDA, SOD and the activity of caspase-3, the ratio of GSH/GSSH and GPx in the rat serum were assessed using the corresponding commercial kits according to the manufacturer's protocols.



Protein Expression Analysis

The expression of AIF, Bax, Bcl-2, Caspase-3, Caspase-9, and Cyt c among different treatment was assessed by Western blot analysis. In brief, total protein of the liver was extracted using RIPA, quantified by bicinchoninic acid (BCA) method, and separated by precast SDS-PAGE Gel (15%, 4–20%). The separated proteins were transferred onto polyvinylidene fluoride (PVDF) membrane using standard procedures. Blots were incubated with the primary antibody followed by horseradish peroxidase-conjugated secondary antibody. Results were detected using the G: Box Chemi XRQ Imaging System (Cambridge, UK).




RESULTS


AEE Reduces PQ-Induced Liver Injury in Rat

To verify whether AEE has a protective effect on PQ-induced hepatotoxicity in vivo, we explored the effect of AEE pretreatment on PQ-induced liver injury in rats. The results showed that PQ (20 mg/kg) could significantly cause liver tissue necrosis, cell atrophy and portal hyperemia in rats. Pretreatment with 54 mg/kg AEE for seven consecutive days by gavage markedly attenuated the pathological injury of liver tissue induced by PQ (Figure 1). The results showed that AEE could effectively reduce the liver injury induced by PQ in rats.


[image: Figure 1]
FIGURE 1. AEE reduces PQ-induced liver injury in rat. (A) Histopathological H&E staining of rat liver tissue (scale bar = 100 μm). Values are presented as the means ± SD where applicable (n = 6).




AEE Attenuates PQ-Induced Oxidative Stress in the Liver of Rats

The results for CAT, MDA, SOD, GPx, and GSH/GSSH ratio in serum were shown in Figure 2. AEE significantly attenuated the increase in MDA and prevented the decrease in CAT, SOD, GPx activity, GSH/GSSH ratio caused by PQ in rats (Figure 2). These results suggested that AEE could effectively inhibit oxidative stress induced by PQ in rat liver.


[image: Figure 2]
FIGURE 2. AEE attenuates PQ-induced oxidative stress in the liver of rat. (A) The activity of malondialdehyde (MDA) in serum of different treatment groups was detected. (B) The activity of superoxide dismutase (SOD) in serum of different treatment groups was detected. (C) The ratio of reduced glutathione/oxidized glutathione disulfide (GSH/GSSH) in serum different treatment groups was detected. (D) The activity of catalase (CAT) in serum of different treatment groups was detected. Values are presented as the means ± SD where applicable (n = 6). *p < 0.05 compared with the control group; #p < 0.05 compared with the PQ group.




Metabolomics Analysis of AEE Effect on PQ-Induced ALI in Rats
 
Analysis of Liver Metabolites

In this study, an unsupervised PCA was performed with the data from three experimental groups. In both positive and negative modes, the first two principal components explained 61.4 and 58.9% of the total variance, respectively. As shown in the PCA plots (Figures 3A,B,G,H), the three groups showed obvious separation in both positive and negative ion modes. In order to further maximize the separation and identification of metabolites, supervised orthogonal partial least squares discriminant analysis (OPLS-DA) was used. Then an OPLS-DA model was established between the PQ group and other groups to enhance the variation. The OPLS-DA score plots presented an obvious separation between the PQ group and other groups without any overlap in either the positive or negative modes (Figures 3C,E,I,K). The R2X, R2Y, and Q2 values of the OPLS-DA model showed that the models were robust and had predictive abilities (Figures 3D,F,J,L).


[image: Figure 3]
FIGURE 3. Metabolomics analysis of the effect of AEE on PQ-induced ALI in rats. (A,G) PCA score plots based on supernatant of rat liver tissue of the control, PQ and AEE groups in positive and negative modes, ESI+: R2 = 0.614, ESI–: R2 = 0.589. (B,H) The loading plot of AEE and PQ groups in positive and negative modes. (C,I) OPLS-DA score plots of the AEE and PQ groups in positive and negative modes, ESI+: R2X = 0.566, R2Y = 0.994, Q2 = 0.878; ESI–: R2X = 0.502, R2Y = 0.969, Q2= 0.752. (D,J) Permutation test of the OPLS-DA model, ESI+: the intercepts of R2 = 0.926 and Q2 = −0.387, ESI–: the intercepts of R2 = 0.726 and Q2 = −0.640. (E,K) OPLS-DA score plots of the control and PQ groups in positive and negative modes, ESI+: R2X = 0.592, R2Y = 0.993, Q2 = 0.927; ESI–: R2X = 0.405, R2Y = 0.952, Q2 = 0.820. (F,L) Permutation test of the OPLS-DA model, ESI+: the intercepts of R2 = 0.915 and Q2 = −0.641, ESI–: the intercepts of R2 = 0.727 and Q2 = −0.744. Values are presented as the means ± SD where applicable (n = 6).


Differential metabolites contributing to the separation were identified using variable importance in the projection (VIP) value and p value. The potential metabolites were screened with a VIP value > l and p < 0.05. As shown in Table 1, 32 metabolites were identified as potential metabolites, including dephospho-CoA, taurochenodesoxycholic acid, lysoPC(14:1), chenodeoxyglycocholic acid, PA(22:2), PA(22:2), cholic acid, 5,9,11-trihydroxyprosta-6E,14Z-dien-1-oate, lysoPE(18:2), lysoPE(20:4), lysoPE(16:0), lysoPC(16:0), L-Histidine, pipecolic acid, glycerophosphocholine, acetylglycine, N-(2-Methylpropyl)acetamide, D-Asparagine, hypoxanthine, inosine, xanthosine, L-Phenylalanine, melatonin radical, ophthalmic acid, nonyl isovalerate, glutamylarginine, glutamylleucine, pipecolic acid, S-(PGJ2)-glutathione, L-Octanoylcarnitine, lysoPC(16:0), argininic acid, deoxycholic acid glycine conjugate, N-Undecanoylglycine. After AEE treatment, the levels of these metabolites normalized either due to upregulation or downregulation.


Table 1. Statistics of differential metabolites in the rat liver.
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Metabolic Pathway Analysis

The related metabolic pathway analysis was performed on MetaboAnalyst 4.0. The metabolic pathway analysis data are shown as a bar chart and a bubble chart in Figure 4. There are 12 main metabolic pathways: purine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, glycerophospholipid metabolism, primary bile acid biosynthesis, aminoacyl-tRNA biosynthesis, phenylalanine metabolism, histidine metabolism, pantothenate and CoA biosynthesis, ether lipid metabolism, beta-Alanine metabolism, lysine degradation, cysteine and methionine metabolism. As shown in Figure 4, there are significant differences in metabolic pathways, including Methylhistidine Metabolism, Bile Acid Biosynthesis, Purine Metabolism, Pantothenate and CoA Biosynthesis, Mitochondrial Beta-Oxidation of Short (p < 0.05). The influence of the path is mainly concentrated in Phenylalanine, tyrosine and tryptophan biosynthesis, Purine metabolism, Glycerophospholipid metabolism, and Primary bile acid biosynthesis. PQ-induced ALI in rats is mainly reflected in redox reaction and energy metabolism. The results showed that ALI induced by PQ caused metabolic disorder in rats, and AEE could effectively regulate this imbalance.


[image: Figure 4]
FIGURE 4. The results of fold enrichment and path analysis of potential metabolites in the supernatant of liver tissue.


As shown in Table 1, AEE could increase the levels of L-Histidine, D-Asparagine, and L-Phenylalanine compared with PQ group. Some studies have shown that L-Histidine and D-Asparagine have the effect of anti-apoptosis (31–33). The deficiency of L-Histidine can cause apoptosis through mitochondrial dysfunction, and as a substrate of asparagine biosynthesis, the deficiency of D-asparagine can also promote apoptosis (31, 32). Interestingly, higher concentrations of L-Phenylalanine also inhibited mitochondrial function and cause apoptosis (33). It is necessary to detect the expression of mitochondrial apoptosis-related proteins.




AEE Decreased the Level of Apoptosis-Related Proteins in Rat Liver Tissue Induced by PQ

To delineate the effector pathways of PQ-induced apoptosis, we examined the expression of mitochondrial apoptosis-related proteins and the expression of caspases, the central executioners of cell apoptosis. Compared with the control group, the expression of Caspase-3, Caspase-9, Bax, Cyt C, and AIF in the model group increased, while the expression of Bcl-2 decreased (Figure 5). In AEE pretreatment group, AEE could inhibit the increase of Caspase-3, Caspase-9, Bax, Cyt C, and AIF induced by PQ, and enhance the expression of Bcl-2. Western blotting analysis showed that AEE reduced the apoptosis of liver cells via inhibiting the expression of apoptosis-related proteins in rat liver tissue induced by PQ.


[image: Figure 5]
FIGURE 5. AEE decreased the level of apoptosis-related proteins in rat liver tissue induced by PQ. (A,B) The expression of AIF protein in liver tissue of different treatment groups was detected. (A,C) The expression of Bax protein in liver tissue of different treatment groups was detected. (A,D) The expression of Bcl-2 protein in liver tissue of different treatment groups was detected. (A,E) The expression of Caspase-3 protein in liver tissue of different treatment groups was detected. (A,F) The expression of Caspase-9 protein in liver tissue of different treatment groups was detected. (A,G) The expression of Cyt C protein in liver tissue of different treatment groups was detected. Values are presented as the means ± SD where applicable (n = 6). *p < 0.05 compared with the control group; #p < 0.05 compared with the PQ group.





DISCUSSION

AEE is synthesized by combining aspirin with eugenol based on the prodrug principal (21). As a new potential compound with anti-inflammatory and antioxidant stress pharmacological activities, AEE plays an active role in many aspects (18–21, 23, 34–38). AEE can prevent tail thrombosis induced by c kappa-carrageenan in rats (19). At the same time, AEE can attenuate thrombus induced with high-fat diet in rats by regulating platelet aggregation, hemorheology, TXB2/6-keto-PGF1α, and blood biochemistry (38). With further study, a rat model of blood stasis was established and it was observed that AEE could alleviate the symptoms of blood stasis in rats (39). It was also found that AEE can inhibit agonist-induced platelet aggregation in rats by regulating PI3K/Akt, MAPK, and Sirt1/CD40L signal pathways (35). AEE has not only the effects of anti-inflammation, anti-thrombosis and anti-blood stasis, but also the effect of anti-atherosclerosis and other cardiovascular diseases. AEE can reduce the oxidative stress of human umbilical vein endothelial cells induced by H2O2 through mitochondrial-lysosomal axis and Nrf2 signaling pathway, and then reduce the oxidative damage of vascular endothelial cells (18, 23).

PQ poisoning is caused by the selective accumulation of PQ molecules that can cause multiple organ failure and can cause severe damage to the liver (15). Although progress has been made in the comprehensive treatment of PQ poisoning, the mortality rate remains high due to the lack of effective treatment (40, 41). The underlying mechanism of PQ poisoning has not been fully elucidated, but it may be multifactorial. Studies have shown that an important cause of PQ poisoning is the excessive production of ROS (42). The overproduction of reactive oxygen species could cause excessive oxidative stress and oxidant injury in cells (43, 44). ALT and AST are enzymes found in hepatocytes. When the liver cell membrane lipid peroxidation occurs, two enzymes are easily released into the blood. The elevated levels of AST and ALT in liver and serum may indicate PQ-induced ALI. MDA is the end product of lipid peroxidation and its level can be used to assess the extent of damage from peroxidative damage (45–47). Downregulation of AST, ALT, and MDA levels meant that AEE could reduce lipid peroxidation damage. Antioxidant enzymes such as SOD, CAT and GSH-Px play an important role in ROS removal. SOD is the most important antioxidant enzyme for removing H2O2 from O[image: image] (48–50). CAT and GSH-Px are the major enzymes that convert H2O2 to O2 and H2O (51–54). In the model group, ROS produced by PQ increased MDA levels and decreased SOD, GSH-Px, and CAT levels. After AEE administration, SOD, GSH-Px, and CAT increased. This indicates that AEE could restore ALI in PQ-induced rats via ROS scavenging.

Arginine synthesis and the metabolism of arginine and proline involved in L-arginine may be one of the most important metabolic pathways in which AEE plays a protective role in PQ-induced lung injury. L-arginine is a semi-essential amino acid needed for cell proliferation, and is the substrate of arginase 1 (Arg-1) and inducible nitric oxide synthase (iNOS), which is involved in the oxidative stress of the body to external stimuli. Metabonomic results showed that the biosynthesis pathway of L-arginine was inhibited in PQ group. L-arginine is a scavenger of free radicals in the body (55). L-arginine increases the activity of antioxidant enzymes and reduces the content of MDA by promoting the production of nitric oxide (NO), thus reducing the tissue damage caused by oxidative stress (56). After pretreatment with AEE, the production of L-arginine increased, which in turn promoted the increase of SOD, GSH-Px and CAT. It is suggested that AEE may alleviate PQ-induced lung injury in rats by scavenging excessive ROS.

Glycerophospholipid metabolites, including PC and LysoPE are key components of the lipid bilayer of cells, as well as being involved in metabolism and signaling (57–59). A previous study suggested that various PCs and LysoPEs were significantly increased in rat acute blood stasis model and AEE could significantly inhibit the increase of PC and LysoPE (39). AEE increased high-density lipoprotein cholesterol serum level and decreased low-density lipoprotein cholesterol serum level in hyperlipidemia model induced by high-fat diet. Notably, the elevated TG and TC serum levels were also reversed by AEE. All of the above implied that lipid metabolism was partly restored by AEE.

Mitochondrial damage was present due to impaired energy, amino acid, and fatty acid metabolism. The production of ROS can also cause mitochondrial apoptosis (60–62). Therefore, apoptosis may play an important role in the pathogenesis of liver injury. In this study, the hepatic apoptotic cell rate was increased in the model group. The low percentage of hepatic apoptotic cells in the AEE group suggests that AEE enhanced antioxidant activity and attenuated apoptosis. On the other hand, the results of Western blotting analysis suggest that the expression levels of Caspase-9, Bax, Cyt C, Caspase-3, and AIF were decreased, whereas that of Bcl-2 was increased in the AEE group. Figure 6 summarizes the protective effects of AEE on ALI rats. As shown in Figure 6, PQ could induce excessive production of ROS in liver tissue. Excessive ROS could further increase the excessive production of MDA and decrease the activities of antioxidant enzymes such as SOD, CAT, and GSH-Px. The decrease of antioxidant enzyme activity would lead to the release of apoptotic proteins, including Caspase-9, Bax, Cyt C, Caspase-3, and AIF. There is no doubt that when apoptosis occurs, the energy supply of mitochondria in the cell will be insufficient, and the synthesis and metabolism of some amino acids will be hindered. In this study, the metabolism and synthesis of chenodeoxycholic acid, chenodeoxycholic acid, and cholic acid were affected to some extent. Undoubtedly, during the amino acid metabolism process, the levels of L-Phenylalanine and Argininic acid decreased significantly after PQ treatment. The metabolism of amino acids would further affect the energy metabolism of cells, especially in the TCA cycle.


[image: Figure 6]
FIGURE 6. The results of hepatoprotective effect of AEE on ALI rats.




CONCLUSION

AEE exhibited protective effects on PQ-induced ALI. The underlying mechanism was correlated with antioxidants that regulate amino acid, phospholipid and energy metabolism metabolic pathway disorders and alleviate liver mitochondria apoptosis.
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Background and Aims: Recent reports have indicated that hepatic dysfunction occurred in a proportion of patients with coronavirus disease 2019 (COVID-19). We aimed to compare and describe the liver biomarkers in different subtypes of COVID-19 patients.

Methods: This study enrolled 288 COVID-19 patients in Huangshi Hospital of Traditional Chinese Medicine. All patients were divided into ordinary, severe, and critical groups according to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial Version 7). Demographic, clinical characteristics and liver biomarkers were compared among the three groups.

Results: During hospitalization, AST, TBiL, and ALP levels in ordinary and severe patients fluctuated within the normal range with a rising trend in critical patients except AST. ALT and GGT levels fluctuated within the normal range showing an upward trend, while LDH levels in the critical group exceeded the normal range. Prealbumin showed an upward trend, especially in the severe group. At discharge, AST and LDH levels in ordinary and severe groups were lower than their baselines but increased in the critical group. In contrast to albumin, TBiL levels were increased in ordinary and critical groups while decreased in the severe group. The stratified analysis revealed factors affecting liver function in critical cases included highest temperature ≥38.0°C, age ≥60 and symptom of hypoxemia.

Conclusions: COVID-19 can cause severe hepatic dysfunction in critical patients, requiring early monitoring and intervention. LDH, ALP, GGT, TBiL, prealbumin, and albumin may be helpful for evaluating and predicting disease prognosis due to their correlation with disease severity in COVID-19.

Keywords: COVID-19, SARS-CoV-2, liver biomarkers, liver injury, hepatic dysfunction


INTRODUCTION

Since December 2019, a pneumonia of unknown cause broke out in Wuhan. Epidemiological evidence shows that this pneumonia can spread among people through close contact and respiratory droplets, and people are generally susceptible (1–3). Different from severe acute respiratory syndrome (SARS) and middle east respiratory syndrome coronavirus (MERS) (4), a novel coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was identified as the pathogen. Subsequently, this unique pneumonia was named coronavirus disease 2019 (COVID-19) by World Health Organization (WHO). Common clinical manifestations of SARS-CoV-2 infection include fever, fatigue and dry cough (5–9). In the early stage of infection, chest computed tomography (CT) only exhibits multiple small spot shadows and interstitial changes, and this then develops into multiple ground-glass opacities and infiltration in both lungs. In some severe cases, acute respiratory distress syndrome (ARDS), sepsis and even multiple organ failure may occur (5). Although the fatality rate of SARS-CoV-2 is not as high as that of SARS, its transmission and pathogenicity are even stronger. COVID-19 has already become a worldwide pandemic, so it is urgent to control the epidemic.

At present, there is still no specific drug or vaccine for COVID-19. Patients mainly receive symptomatic and supportive treatment during hospitalization to prevent serious complications. Clinical reports show that ALT, AST, TBiL, and other liver-related biochemical indexes of some patients with COVID-19 have increased to varying degrees (5–9). It suggests that in addition to cardiopulmonary injury, substantial hepatic impairment also exists, especially in severe and critical cases. Unfortunately, there is little research involving the mechanism of liver injury caused by COVID-19, nor does any pathological report prove that SARS-CoV-2 can directly attack the liver. Thus, the cause of liver dysfunction in COVID-19 remains unclear.

In clinical operations, serum biochemical examinations are more accessible than complicated operations such as liver biopsy and ultrasonography. Thus, indicators related to liver function in blood biochemical examination were selected as observation indicators. In serum biochemical examination, AST, ALT, and LDH are indicators of liver function that reflect the damage and severity of liver cells. ALP, GGT, and TBiL are indicators of liver function that reflect bilirubin metabolism and cholestasis. As for prealbumin and albumin, they are indicators that reflect liver synthesis and reserve function. In this study, we compared the clinical manifestations and liver biomarkers among different subtypes of COVID-19 patients, focusing on the baseline characteristics and dynamic change trend of the above liver biomarkers at admission and during hospitalization. Besides, we discussed the potential mechanism of hepatic impairment in critical cases to provide novel insights for clinical decision-making and drug development.



METHODS


Study Participants

This retrospective study enrolled a total of 288 COVID-19 patients in Huangshi Hospital of Traditional Chinese Medicine in Hubei Province from January to April 2020. Among them, male and female patients numbered 147 and 141, respectively. According to the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial Version 7) (10), COVID-19 patients were confirmed by positive real-time reverse transcriptase-polymerase chain reaction (RT-PCR) and chest CT test. Clinical and laboratory information of these patients should be completed.

Patients infected with other common respiratory viruses, including influenza A and B viruses, respiratory syncytial virus, parainfluenza virus, adenovirus, SARS coronavirus, or MERS coronavirus or a combination with chronic liver diseases, such as viral hepatitis, autoimmune liver disease, alcoholic fatty liver disease, or liver cancer, were excluded from this study.



Data Collection

Clinical information, including age, gender, epidemic history, basic diseases, clinical symptoms, imaging findings, laboratory tests, and treatment measures were obtained from medical records.



Grouping Methods

The degrees of COVID-19 infection were categorized into ordinary, severe, and critical based on Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Trial Version 7) (10). In brief, ordinary or mild patients exhibited mild clinical symptoms with or without imaging changes. Adult patients with severe type were characterized by at least one of the following symptoms: respiratory frequency ≥30/min, blood oxygen saturation at rest ≤93%, PaO2/FiO2 ratio <300 mmHg and lung infiltrates >50% within 24–48 h. Critical cases were those exhibiting respiratory failure with mechanical ventilation, septic shock and/or multiple organ dysfunction/failure, and they needed ICU monitoring. With the purpose of optimizing this study design, ordinary, and mild types were combined into the ordinary type in this study.

At the end of the study, each group was divided into smaller subgroups according to age, hypertension, highest temperature, chest tightness, glucocorticoid therapy, and hypoxemia to further analyze potential confounding factors.



Statistical Analysis

SPSS (version 22.0) was used to perform statistical analyses. Continuous data with normal distribution were expressed as means ± standard deviation (SD) and were analyzed by analysis of variance (ANOVA). Continuous data with non-normal distribution medians were expressed as the interquartile range (P25-P75) and were analyzed by non-parametric test. Categorical data were expressed as numbers (%) and were compared by Chi-squared test. The Mann-Kendal test was used to test the trend of each liver function index with hospitalization time. When the sample size was insufficient, the Fisher exact test was adopted. A p < 0.05 was considered to indicate statistical significance.



Study Approval

This study was approved by the Ethics Committee of the Huangshi Hospital of Traditional Chinese Medicine in Hubei Province (HSZYPJ-2020-021-01) in compliance with the principles of the Declaration of Helsinki and according to Good Clinical Practice guidelines. Written informed consent was waived due to the rapid emergence of this infectious disease.




RESULTS


Demographic and Clinical Characteristics of COVID-19 Patients in Different Groups

As shown in Table 1, the average age in the critical group (71.9 ± 11.6) was significantly older than that in the ordinary (49.3 ± 14.1) and severe groups(61.4 ± 13.9). The frequency of patients with hypertension (19.4%) and cardiovascular complications (12.9%) in the critical group was higher than that in the ordinary (6.2%, 0.9%) and severe groups (17.4%, 4.3%).


Table 1. Demographics and baseline characteristics of patients infected with SARS-CoV-2.
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As shown in Table 2, the proportion of severe (47.8%) and critical (54.8%) patients with chest tightness at admission were significantly higher than that of ordinary patients (17.5%). High fever (more than 39°C) was more common in the severe group. During hospitalization, 21.2% of patients developed hypoxemia, of which that of severe patients (65.2%) and critical patients (51.6%) was significantly higher than that of ordinary patients (7.1%), and more severe patients (82.2%) and critical patients (80.8%) received glucocorticoid therapy compared with ordinary patients (16.5%). After standardized treatment, the averaged days of nucleic acid turning negative and CT symptoms disappear had significant differences among the three groups. In the critical group, only one patient achieved negative nucleic acid and CT symptoms disappeared before the study deadline. A total of 23 patients died, and the mortality of the critical group was significantly higher than that of the other two groups.


Table 2. Clinical characteristics and outcomes of patients infected with SARS-CoV-2.
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Dynamic Changes in Liver Function Indexes in Different Groups of COVID-19 Patients During Hospitalization

To observe the dynamic impact of SARS-CoV-2 infection and clinical treatment on the liver function of patients, a violin plot was used to show the results of AST, ALT, GGT, LDH, ALP, TBiL, prealbumin, and albumin at different times after admission, as shown in Figure 1. The trend of each liver biomarker index with hospitalization time according to the Mann-Kendal test showed in Supplementary Table 1.


[image: Figure 1]
FIGURE 1. Timeline charts illustrate dynamic changes of liver biomarkers. The box in the violin plot represents the median and quartile, the extension from the thin black line represents the 95% confidence interval, and the width of the violin plot represents the sample size at this level. In addition, the normal range was defined and drawn as gray area. a represents the significant difference between the ordinary and severe groups after Bonferroni correction. b represents the significant difference between ordinary and critical group after Bonferroni correction. c represents the significant difference between severe and critical group after Bonferroni correction. (A) AST. (B) ALT. (C) LDH. (D) ALP. (E) GGT. (F) TBiL. (G) Prealbumin. (H) Albumin.


The median levels of AST, TBiL, and ALP in ordinary and severe patients fluctuated within the normal range (Figures 1A,D,F). Moreover, the median levels of ALP in severe patients (Z = 2.021, P = 0.043) and the median levels of TBiL in critical patients (Z = 2.205, P = 0.027) had a significant upward trend. As shown in Figures 1B,E, ALT and GGT levels among the three groups were fluctuated around the normal range and showed an upward trend (Z > 0, P > 0.05), except for ALT median levels in critical patients. Differently, LDH level in critical patients fluctuated above the normal value (Figure 1C), higher than that of the ordinary and severe groups (P < 0.05) and showed a significantly downward trend in ordinary and severe patients (Z = −2.205, P = 0.028). We also observed that prealbumin levels among the three groups fluctuated below the normal value, showing an upward trend especially in the severe group (Z = 2.205, P = 0.027), and the critical group was lower than that in the other two groups (Figure 1G, P < 0.05). Albumin levels in the ordinary group fluctuated within the normal range, higher than the severe and critical groups (Figure 1H, P < 0.05), and their albumin level fluctuated around the normal.



Changes From Baseline in Liver Biomarkers Among Different Groups of COVID-19 Patients at Discharge

As shown in Table 3, the baseline levels of AST and LDH in the critical group [(46.0, P25–P75:32.0–59.3), (390, P25–P75:290–516), respectively] were significantly higher than that in ordinary group [(28.0, P25–P75:23.0–38.0), (326, P25–P75:195–293), respectively], whereas prealbumin and albumin levels showed opposite trends. Also, ALP levels were increased than their baseline among three groups (8.0, 12.0, 25.0, respectively), and the change of the critical group was significantly higher than that of the ordinary group (P < 0.05). Furthermore, there were differences in the baseline levels of TBiL among three groups (P = 0.016), but no difference was found between the two groups after Bonferroni correction.


Table 3. Summary of changes from baseline in liver biomarkers at discharge.
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At discharge, AST and LDH levels were decreased than their baseline in ordinary (−4.5, −46, respectively) and severe groups (−9.0, −129, respectively), while increased in critical group (6.0, 166, respectively), and the change of the critical group was significantly higher than that of the severe group (P < 0.05). In contrast to albumin, TBiL levels were increased in ordinary and critical groups (0.2, 15.4, respectively), while decreased in the severe group (−1.3). Prealbumin levels were increased among the ordinary, severe and critical groups (126, 146, 7, respectively).

For exploring the affecting factors of liver function in critical cases, we carried out a stratified analysis. We summarized that the factors affecting liver function (AST, ALP, and LDH) in critical patients included highest temperature ≥38.0°C, age ≥60 and symptom of hypoxemia (Supplementary Figures 1, 2, 4, 9, 11, 12). No significant associations between the variables (age, hypertension, highest temperature, chest tightness, glucocorticoid therapy, and hypoxemia) and the changed TBiL and prealbumin were observed (Supplementary Figures 5–8).




DISCUSSION

As of April 17, 2020, a total of 2,074,529 COVID-19 cases have been confirmed, with 139,378 deaths (11), and the epidemic is still expanding. In this retrospective study, the critical group had an average age of 71.9, 87.1% (27/31) were over 60.0, and it showed the highest fatality rate 67.7% (21/31). In view of the elderly patients often combined with chronic basic diseases and weakened immunity, their condition was more likely to deteriorate. Recent studies found that patients with a longer time from onset to admission are more likely to develop hepatic impairment (12), and pathological evidence also showed moderate microvascular steatosis and mild lobular inflammation in the liver tissue of patients with COVID-19 (13), indicating that COVID-19 infection can lead to liver injury in some patients. Moreover, Xie et al. found the increase of ALT or AST was also observed in nearly one-third of patients in non-ICU group (14). To further explore the effects of COVID-19 on liver function, we conducted a mono-centric study in the early phase of the pandemic to analyze the changes of serological hepatic biomarkers in COVID-19 patients during hospitalization and at discharge.

During hospitalization, we found LDH was increased in all three groups, especially exceeding the normal range in the critical group. After treatment, AST and LDH levels in ordinary and severe cases gradually tended to be normal, but it should be noted that the levels of LDH in critical cases were increased until discharge. There are various factors contributing to the elevation of LDH. Chen et al. (6) found that COVID-19 patients with cardiovascular events are more likely to have heart injury and heart failure, illuminating that the increase of LDH may also be related to heart function damage. A case-control study found that a high level of LDH was an independent factor associated with 1-month mortality in older COVID-19 inpatients (15). Moreover, a meta-analysis indicated that the abnormal changes of serological examination results, such as LDH, are related to multiple organ dysfunction and its severity (16). Increased liver function indicator levels, such as ALT, AST, ALP, and TBiL, were involved in the increased mortality risk of COVID-19 (17). However, in our study, the levels of raised ALT and AST were limited, which was consistent with the previous study (18). These findings showed the correlation between liver injury and the prognosis of the disease and the monitoring of LDH in COVID-19 patients, especially in critical patients should be paid enough attention.

At present, few researchers have reported a significant increase in serum ALP levels in COVID-19. The current study found that the median levels of ALP and GGT among the three groups shown an upward trend, especially the increasing trend of ALP median levels in severe patients was significant. Apart from the effects of age, elevated ALP may imply the injury of the bile duct. It has been fully confirmed that the co-expression of angiotensin-converting enzyme 2 (ACE2) (19, 20) and transmembrane protease serine 2 (TMPRSS2) (21, 22) is necessary for SARS-CoV-2 to enter the cells. Trophoblast cell surface antigen 2 (TROP2) protein is expressed in putative bipotent liver epithelial progenitors as well as biliary cells (23). Moreover, a recent scRNA-seq analysis reported that adult human liver TROP2+ progenitors co-express ACE2 and TMPRSS2 (24), indicating that the liver could be a potential target of SARS-CoV-2. However, previous results of sequencing showed that the expression of ACE2 in hepatocytes was very low, while the expression of ACE2 in bile duct epithelial cells was 20 times higher than that in hepatocytes (15, 25). Given that ACE2 is the crucial factor (26), SARS-hepatic inflammation may be more likely to induce bile duct epithelial cell damage than direct liver damage. Combined with our detection of markedly increased TBiL in the critical group, it is speculated that SARS-CoV-2 could induce the injury of bile duct cells and then bring certain damage to liver function.

Albumin and prealbumin are valuable indicators that are capable of predicting poor body status and clinical prognosis of numerous diseases (27–29). In our study, prealbumin and albumin levels were increased among ordinary and severe groups at discharge, but the median of prealbumin was still below the limit of the normal range. Liver dysfunction can lead to hypoalbuminemia. Hypoalbuminemia and elevated AST levels were often observed in critical patients, and the correlation of albumin and AST levels with disease severity was also found (30). Therefore, it can be considered that there existed substantial hepatic dysfunction. Albumin levels in both severe and critical groups were <40.0 g /L. Also, the level of the ordinary group was higher than that of the other two groups. And in all three groups, the levels decreased first and then increased during hospitalization, which indicated an improving trend of status as well as suggested that prealbumin and albumin might be related to the condition of patients.

Clinically, COVID-19 patients with fever usually received antipyretic treatment during hospitalization. Most antipyretic drugs contain paracetamol, which has been recognized to cause serious liver injury or even induce liver failure. In addition, although there is no targeted antiviral treatment for COVID-19, many patients still take non-specific antiviral drugs such as lopinavir and ritonavir, which may have certain hepatotoxicity and induce liver injury.

We noted that critical cases had severe symptoms of chest tightness at admission, and the proportion of oxygen saturation deficiency in severe and critical cases was as high as 65.2 and 51.6%, respectively. Researchers have found oxygen deprivation, lipid accumulation, glycogen consumption and ATP depletion in hepatocytes can rapidly lead to hepatocyte death (31). With the increase of reactive oxygen species (ROS), ROS and its peroxides act as the second messengers, activate redox-sensitive transcription factors, further activate the release of a variety of pro-inflammatory factors and then lead to liver damage (32). This indicates that the hypoxic internal environment could be one of the secondary injury factors in COVID-19 patients.

This study still has some limitations. Firstly, most dead critical cases are lack autopsy reports, and the pathological changes in the liver cannot therefore be observed in detail. Secondly, it cannot be ruled out that some changes in liver function in critical cases could also be secondary to the dysfunction of other organs or sepsis, etc. Finally, for most of the variables, data were available only for some patients and not all, and the changes in most of the variables, though different across groups, were not very remarkable.

In summary, we observed that COVID-19 has caused changes in several liver biomarkers, which may be closely related to the severity of the disease. In this study, critical cases had a worse prognosis, with higher fatality and worse liver function, for which the changes of liver biomarkers should be closely monitored, especially LDH, ALP, GGT, TBiL, prealbumin, and albumin. This will help evaluate and predict disease prognosis and disease severity in COVID-19. In addition, hepatotoxic drugs should be used with great caution during clinical treatment, and liver protection drugs could be applied appropriately when necessary.
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Background: The aim of this study was to explore the effects of endoplasmic reticulum (ER) stress on hepatitis B virus (HBV) replication and the antiviral effect of entecavir (ETV).

Methods: Thapsigargin (TG) and stearic acid (SA) were used to induce ER stress in HepG2.2.15 cells and HepAD38 cells that contained an integrated HBV genome, while ETV was used to inhibit HBV replication. The expression levels of glucose-regulated protein 78 (GRP78) and phosphorylated eukaryotic translation initiation factor 2 subunit alpha (p-eIF2α) were measured by western blotting. Intracellular HBV DNA was determined by qPCR; HBsAg by western blotting; HBV RNA by real-time RT-qPCR; HBsAg and HBeAg in supernatants by enzyme-linked immunosorbent assay (ELISA); and HBV DNA in supernatants by qPCR.

Results: TG and SA induced ER stress in HepG2.2.15 cells and HepAD38 cells from 12 to 48 h post treatment. However, 4-phenylbutyric acid (PBA) partly alleviated the TG-induced ER stress. Moreover, TG inhibited HBsAg, HBeAg, and HBV DNA secretion from 12 to 48 h, while different concentrations of SA inhibited HBsAg and HBV DNA secretion at 48 h. TG promoted intracellular HBV DNA and HBsAg accumulation and the transcription of the HBV 3.5-kb mRNA and S mRNA. PBA treatment restored the secretion of HBsAg and HBV DNA. Finally, ER stress accelerated extracellular HBV DNA clearance but delayed intracellular HBV DNA clearance after ETV treatment.

Conclusions: Hepatocyte ER stress promoted intracellular HBV DNA and HBsAg accumulation by inhibiting their secretion. Our study also suggested that hepatocyte ER stress delayed intracellular HBV DNA clearance after ETV treatment.

Keywords: endoplasmic reticulum stress, HepG2215, thapsigargin, stearic acid, HBsAg, HBV DNA


INTRODUCTION

Chronic hepatitis B virus (HBV) infection constitutes a global health concern. More than 240 million people are chronically infected with HBV, which puts them at great risk of developing end-stage liver diseases such as liver failure, cirrhosis, and liver cancer (1). The progression of patients with chronic HBV infection depends on a complex interaction between the host and the virus (2).

The HBV genome contains four partially overlapping open reading frames, named C, S, P, and X, from which 3.5-, 2.4-, 2.1-, and 0.7 kb-long RNAs, respectively, are transcribed. Translation of the 2.4- and 0.7-kb fragments produces the large envelope protein and the HBx protein, respectively. The 2.1-kb mRNA yields both the middle and small envelope proteins. The 3.5-kb long RNA, also called pregenomic RNA, is the only HBV transcript required for genome replication (1, 3).

The endoplasmic reticulum (ER) is an important cellular organelle and plays a major role in protein synthesis, folding, modification, and transport, as well as in lipid synthesis and the maintenance of calcium homeostasis. When ER homeostasis is disturbed under physical or pathological stimuli, such as the disruption of calcium homeostasis, the accumulation of unfolded or misfolded proteins, glucose starvation, and hypoxia, the unfolded protein response (UPR) is activated (4). ER stress can initiate the UPR via the binding of glucose-regulated protein 78 (GRP78) to unfolded or misfolded proteins and by activating three different sensors: protein kinase R-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6).

ER stress is a common pathological phenomenon in patients with liver disease, including viral hepatitis, fatty liver disease, alcoholic liver disease, drug-induced hepatitis, and ischemic liver damage, among others (5, 6). Viruses, fatty acids, alcohol, and drugs can all induce ER stress in hepatocytes, which can damage these cells and lead to metabolic disorders.

HBV and hepatocytes have a complex and close interaction. The activation of HBV enhancers largely depends on cellular factors expressed in hepatocytes (7, 8). Transcription factors in hepatocytes such as CCAAT/enhancer-binding protein (C/EBP), cyclic-adenosine monophosphate-responsive element-binding protein (CREB), and several other nuclear factors have been found to play an important role in HBV enhancer activation (8, 9). In the HBV life cycle, secretory proteins, such as HBsAg and HBeAg, are folded and assembled in the ER of hepatocytes (10). However, how hepatocyte ER stress affects HBV replication, and the antiviral effect of nucleos(t)ide analogs, remains unknown. In this study, we employed thapsigargin (TG) and stearic acid (SA) as ER stress inducers in HBV-transfected HepG2.2.15 cells and HepAD38 cells to investigate the impact of ER stress on HBV replication and the antiviral efficacy of entecavir (ETV).



MATERIALS AND METHODS


Reagents

RPMI 1640 was obtained from Thermo-Fisher Biochemical Products Co., Ltd (Beijing, China). TG, SA, and 4-phenylbutyric acid (PBA) were purchased from Sigma (St. Louis, MO, USA). Antibodies against GRP78, HBsAg, and beta-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-phosphorylated eukaryotic translation initiation factor 2 alpha (p-eIF2α) antibody was purchased from Cell Signaling Technology (BioConcept, Allschwil, Switzerland). ETV was purchased from Solarbio Science & Technology Co., Ltd (Beijing, China). All other chemicals and reagents were obtained from Sigma (St. Louis, MO, USA).



Cell Culture

HepG2.2.15 cells and HepAD38 cells with a stably integrated HBV genome were obtained from the cell bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). HepG2.2.15 cells and HepAD38 cells were cultured to 80–100% confluence. To investigate the effects of TG and SA on ER stress, HepG2.2.15 and HepAD38 cells were treated with TG (1 μM) for 12, 24, 36, and 48 h or SA (50, 100, or 200 μM) for 48 h. Similarly, PBA was used to alleviate ER stress and ETV to inhibit HBV replication. Briefly, HepG2.2.15 cells were pretreated with PBA (1 mM) for 2 h and then incubated with TG for 96 h, whereas ETV (10 μM) and TG (1 μM) were simultaneously administered for the same length of time. SA (0.017 g) was dissolved in 3 ml of 0.1 mM NaOH in a water bath at 100°C. Stock solutions were prepared by adding 3 ml of 40% fatty acid-free bovine serum albumin to each tube and incubating for 30 min at 55°C. The final SA concentration was 10 mM. All control conditions included the corresponding vehicles at the appropriate concentrations.



Flow Cytometry

Apoptosis was determined using an Annexin V–fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit following the manufacturer's instructions. Briefly, 2 × 106 cells were harvested and washed twice with precooled PBS and resuspended in 500 μl of binding buffer. Then, 5 μl of Annexin V–FITC and 5 μl of PI was added to each sample followed by incubation at room temperature in the dark for 10 min. Analysis was performed by flow cytometry (Beckman Coulter Gallios, USA) according to the manufacturer's specifications.



Western Blotting

Cell lysates containing 40 μg of protein were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) using a 7–12.5% polyacrylamide gradient gel, and the fractioned proteins were subsequently transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After being blocked with Tris-buffered saline containing 5% dry milk and 0.1% Tween 20 for 1 h, the membranes were blotted with the corresponding antibodies. The following primary antibodies were used: rabbit anti-human GRP78 (sc-376768, 1:10,000), anti-p-eIF-2α (3398, 1:10,000), mouse anti-human β-actin (sc-58673, 1:10,000), and anti-HBsAg (sc-53300, 1:1,000). The secondary antibodies were horseradish peroxidase-conjugated goat anti-rabbit IgG and horseradish peroxidase-conjugated goat anti-mouse IgG. The membranes were developed using a chemiluminescence detection system and then exposed to Kodak BioMax Light Film (Rochester, NY, USA). The band intensity for each protein was measured densitometrically and normalized to the level of β-actin.



Quantification of HBsAg and HBeAg

HepG2.2.15 and HepAD38 cells were cultured at a density of 1 × 104 cells per well in RPMI 1640 medium. After drug treatment, the levels of HBsAg and HBeAg in the supernatants were measured using an enzyme-linked immunosorbent assay (ELISA) (Kehua Bio-engineering Corp.) according to the manufacturer's recommendations.



DNA and RNA Isolation, Reverse Transcription, and Real-Time Polymerase Chain Reaction

Total DNA was extracted using a QIAamp DNA Mini Kit (Qiagen). Total RNA was extracted from HepG2.2.15 cells using a TaKaRa MiniBEST Universal RNA Extraction Kit (9767, Takara). The HBV DNA content was quantified by real-time qPCR using SYBR Green I. The primers used to amplify the HBV DNA were as follows: 5′-GTTGCCCGTTTGTCCTCTAATTC-3′ and 5′-GGAGGGATACATAGAGGTTCCTT-3′. Quantitative PCR was performed at 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for 34 s, followed by melting curve analysis, according to the instrument documentation. The RNA samples were first reverse transcribed into cDNA using the PrimeScript RT Reagent Kit (DRR037A, Takara). The products were then subjected to qPCR using the following primers: HBV-S mRNA, 5′-CTAGGACCCCTGCTCGTG-3′ and 5′-GATGAGGCATAGCAGCAG-3′; HBV 3.5-kb mRNA, 5′-CTCAATCTCGGGAATCTCAATGT-3′ and 5′-TGGATAAAACCTAGCAGGCATAAT-3′; and GADPH mRNA, 5′-CGACCACTTTGTCAAGCTCA-3′ and 5′-ACAGCCTGGATAGCAACG-3′. The relative HBV DNA and mRNA levels were determined using the comparative (2−ΔΔCT) method, as previously described (11).



Statistical Analysis

The results were expressed as means ± standard deviation for “n” independent observations. One-way ANOVA was used to determine the statistical differences between the mean values for the groups. The level of significance was set at P < 0.05.




RESULTS


Thapsigargin and Stearic Acid Treatment Induced Endoplasmic Reticulum Stress in HepG2.2.15 and HepAD38 Cells, Which Was Alleviated by Exposure to 4-Phenylbutyric Acid

We first investigated whether TG and SA induced ER stress in HepG2.2.15 and HepAD38 cells. As shown in Figures 1A,B, TG significantly induced GRP78 and p-eIF2α expression from 12 to 48 h post treatment at the 1-μM concentration in HepG2.2.15 cells. Similarly, SA markedly induced GRP78 and p-eIF2α expression at 48 h at the concentrations of 50, 100, and 200 μM in HepG2.2.15 cells. At 100 μM, SA significantly induced GRP78 expression from 24 to 72 h, as did TG at 24 h at the concentrations of 0.5, 1, and 2 μM in HepG2.2.15 cells (Supplementary Figures 1, 2). Furthermore, 1 μM of TG significantly induced GRP78 and p-eIF2α expression from 12 to 48 h post treatment in HepAD38 cells (Figure 1C). Our results demonstrated that both TG and SA could induce ER stress and activate the UPR in HepG2.2.15 cells and HepAD38 cells.


[image: Figure 1]
FIGURE 1. TG and SA induced ER stress in HepG2.2.15 and HepAD38 cells, which was alleviated by PBA treatment. HepG2.2.15 and HepAD38 cells were treated with 1 μM of TG for 12, 24, 36, and 48 h or 50, 100, and 200 μM of SA for 48 h. The expression of GRP78 and p-eIF2α was assessed by western blotting. Representative blots from three independent experiments are shown. The results of the densitometric analysis are presented as fold-changes compared with control or TG. (A) GRP78 and p-eIF2α expression in HepG2.2.15 cells after TG treatment. #P < 0.05 vs. control. (B) GRP78 and p-eIF2α expression in HepG2.2.15 cells following SA treatment. #P < 0.05 vs. control. (C) GRP78 and p-eIF2α expression in HepAD38 cells after TG treatment. #P < 0.05 vs. control. (D) GRP78 expression in HepG2.2.15 cells after TG or PBA (1 mM) + TG treatment. *P < 0.05 vs. the TG group. ER, endoplasmic reticulum; GRP78, glucose-regulated protein 78; PBA, 4-phenylbutyric acid; p-eIF2α, phospho-eukaryotic translation initiation factor 2 alpha; SA, stearic acid; TG, thapsigargin.


Next, we investigated whether PBA could alleviate the ER stress induced by TG (Figure 1D). We found that at the 1-mM concentration, PBA could significantly inhibit the TG-mediated induction of GRP78 expression, demonstrating that PBA could alleviate TG-induced ER stress.

We next evaluated the effect of TG and SA on the apoptosis and viability of HepG2.2.15 cells. At the concentration of 1 μM, TG treatment did not lead to a marked increase in the rate of apoptosis from 12 to 48 h post treatment, and a similar effect was observed for SA treatment (50 and 100 μM) at 48 h (Supplementary Figure 3).



Thapsigargin and Stearic Acid Inhibited the Secretion of HBsAg, HBeAg, and Hepatitis B Virus DNA

We subsequently explored the effect of TG (1 μM) and SA (50, 100, and 200 μM) on the secretion of HBsAg, HBeAg, and HBV DNA in HepG2.2.15 supernatants. As shown in Figures 2, 3, exposure to TG significantly inhibited the secretion of HBsAg, HBeAg, and HBV DNA from 12 to 48 h post treatment. Similarly, treatment with 50, 100, and 200 μM of SA also greatly suppressed the secretion of HBsAg and HBV DNA at 48 h. We further found that TG significantly inhibited the secretion of HBsAg from 12 to 48 h post treatment in HepAD38 cells (Figure 2C). Western blotting results confirmed that TG significantly inhibited the secretion of HBsAg from 12 to 48 h. However, SA treatment did not significantly affect the secretion of HBeAg, at the concentration of either 50 or 100 μM (Figure 3). At 100 μM, SA also significantly inhibited the secretion of HBsAg and HBV DNA from 24 to 72 h, as did TG at 24 h at the concentrations of 0.5, 1, and 2 μM in HepG2.2.15 cells (Supplementary Figures 4–7).


[image: Figure 2]
FIGURE 2. Thapsigargin (TG) inhibited HBsAg, HBeAg, and hepatitis B virus (HBV) DNA secretion in HepG2.2.15 cells and HepAD38 cells. HepG2.2.15 cells and HepAD38 cells were treated with 1 μM of TG for 12, 24, 36, and 48 h. The supernatant levels of HBsAg and HBeAg were determined by ELISA or western blotting, while those of HBV DNA were determined by qPCR. (A) HBsAg levels as determined by ELISA in HepG2.2.15 cells. (B) HBsAg levels as determined by western blotting in HepG2.2.15 cells. (C) HBeAg levels as determined by ELISA in HepG2.2.15 cells. (D) HBV DNA levels as determined by qPCR in HepG2.2.15 cells. (E) HBsAg levels as determined by western blotting in HepAD38 cells. The results are presented as fold-changes compared with the control. Histograms represent the means ±SD of three independent experiments. #P < 0.05 vs. the control.



[image: Figure 3]
FIGURE 3. Stearic acid (SA) inhibited the secretion of HBsAg and hepatitis B virus (HBV) DNA in HepG2.2.15 cells. HepG2.2.15 cells were treated with 50, 100, and 200 μM of SA for 48 h. The supernatant levels of HBsAg and HBeAg were determined by ELISA, while those of HBV DNA were determined by qPCR. (A) HBsAg levels as determined by ELISA. (B) HBeAg levels as determined by ELISA. (C) HBV DNA levels as determined by qPCR. The results are presented as fold-changes compared with the control. Histograms represent the means ±SD of three independent experiments. #P < 0.05 vs. the control.




The Effects of Thapsigargin on the Transcription of Hepatitis B Virus DNA and Intracellular HBsAg and Hepatitis B Virus DNA Levels

We further explored the effects of TG on the expression levels of the 3.5-kb mRNA and S mRNA as well as on the intracellular levels of HBsAg and HBV DNA. As shown in Figure 4, TG significantly upregulated the expression of the HBV 3.5-kb mRNA fragment and S mRNA and increased the intracellular levels of HBsAg and HBV DNA. Western blotting confirmed that the intracellular level of HBsAg was significantly increased by TG from 12 to 48 h post treatment.


[image: Figure 4]
FIGURE 4. Thapsigargin (TG) promoted hepatitis B virus (HBV) DNA transcription and the accumulation of HBV DNA and HBsAg in HepG2.2.15 cells. HepG2.2.15 cells were treated with 1 μM of TG for 12, 24, 36, and 48 h. Intracellular HBsAg, HBV DNA, and HBV RNA levels were determined by western blotting, qPCR, and real-time RT-qPCR, respectively. The results are presented as fold-changes compared with the control. Histograms represent the means ±SD of three independent experiments. #P < 0.05 vs. control. (A) HBsAg levels as determined by western blotting. Representative blots from three independent experiments are shown. (B) HBV DNA levels as determined by qPCR. (C) HBV 3.5-kb mRNA levels as determined by RT-qPCR. (D) HBV S mRNA levels as determined by RT-qPCR.




Thapsigargin Inhibited the Secretion of HBsAg and Hepatitis B Virus DNA via the Induction of Endoplasmic Reticulum Stress

We then investigated whether the inhibitory effects of TG on HBsAg and HBV DNA secretion were exerted through the induction of ER stress. As shown in Figure 5, the secretion of HBsAg and HBV DNA was significantly restored by PBA at 36 h post treatment. Similarly, HBeAg levels in the supernatant were also partially restored. These results strongly suggested that TG inhibited HBsAg, HBeAg, and HBV DNA secretion through the induction of ER stress.


[image: Figure 5]
FIGURE 5. 4-Phenylbutyric acid (PBA) pretreatment restored the secretion of hepatitis B virus (HBV) DNA, HBsAg, and HBeAg in HepG2.2.15 cells. HepG2.2.15 cells were treated with 1 μM of thapsigargin (TG) with or without 1 mM of PBA for 12, 24, 36, and 48 h. The supernatant levels of HBsAg and HBeAg were determined by ELISA, while those of HBV DNA were determined by qPCR. The results are presented as fold-changes compared with the control. Histograms represent the means ±SD of three independent experiments. #P < 0.05 vs. the control ##P < 0.01, #P < 0.05 vs. the control; *P < 0.05. (A) HBsAg and (B) HBeAg levels as determined by ELISA. (C) HBV DNA levels as determined by qPCR.




Thapsigargin Delayed Intracellular Hepatitis B Virus Clearance After Entecavir Treatment

Finally, we assessed whether the TG-induced ER stress impaired the antiviral effect of ETV. After 96 h of ETV treatment, HBV replication was significantly inhibited (Figure 6). TG treatment significantly delayed the intracellular clearance of HBV DNA, HBsAg, and HBV RNA; in contrast, TG treatment significantly accelerated the extracellular clearance of HBV DNA, HBsAg, and HBeAg.


[image: Figure 6]
FIGURE 6. Thapsigargin (TG) delayed intracellular hepatitis B virus (HBV) clearance after entecavir (ETV) treatment. HepG2.2.15 cells were treated with 1 μM of TG with or without 10 μM of ETV for 96 h. The supernatant levels of HBsAg and HBeAg were determined by ELISA, while those of HBV DNA were determined by qPCR. Intracellular HBsAg, HBV DNA, and HBV RNA levels were determined by western blotting, qPCR, and RT-qPCR, respectively. The results are presented as fold-changes compared with the control or TG group. Histograms represent the means ± SD of three independent experiments. #P < 0.05 vs. the control; *P < 0.05 vs. the TG group; †P < 0.05 vs. the ETV group. (A) Intracellular HBsAg levels as determined by western blotting. Representative blots from three independent experiments are shown. (B) Intracellular HBV DNA levels as determined by qPCR. (C) Intracellular HBV RNA levels as determined by RT-qPCR. (D) HBV DNA levels in supernatants as determined by qPCR. (E) HBsAg and HBeAg levels in supernatants as determined by ELISA.





DISCUSSION

HBV assembly and HBsAg synthesis and secretion are highly dependent on ER function (10, 12). Each of the HBV envelope proteins is cotranslationally inserted into the ER membrane. The middle and small proteins have single transmembrane domains, whereas the large protein has a unique dual transmembrane conformation topology in the ER. The large protein is modified by myristoylation, but this is dispensable for virion formation (13–15). Host chaperones, such as heat shock protein 70 (HSP70) and GRP78/Bip, play an important role in the correct folding of envelope proteins and the maintenance of the dual topology of the large protein in the ER (16, 17). The synthesis of HBeAg is also closely associated with the ER (18, 19). As HBV replication and antigen secretion in vivo are both dependent on a complex interaction between the host and the virus, such as the activation of immune cells and the regulation of cytokine levels, it is difficult to identify the direct effect of ER stress on HBV replication in vivo. In this study, we used TG and SA to induce ER stress in HepG2.2.15 cells containing an integrated HBV genome and HepAD38 cells, and the results obtained mostly reflect the direct effect of ER stress on HBV replication.

In this study, we found for the first time that hepatocyte ER stress greatly suppressed HBsAg and HBV DNA secretion and increased the intracellular levels of HBsAg and HBV DNA. How ER stress affects HBV replication remains unknown. Several studies have reported that the accumulation of mutated HBsAg in hepatocytes results in ER stress and the activation of the UPR both in vitro and in vivo (20–22). However, the results regarding the effect of hepatocyte ER stress on HBV replication have been contradictory, and several different mechanisms have been suggested to be involved. Xu et al. reported that hepatocyte ER stress induced by the retention of the large protein of the HBV can activate the S promoter; increase the synthesis of the middle and small proteins to restore the proportions of the large, middle, and small proteins in cells; and maintain the assembly of HBV particles (23). Additionally, the authors also found that the transcriptional activation of the S promoter was cell type-restricted and was mediated through the IRE1α/X-box binding protein 1 (XBP1) pathway. A different study demonstrated that, in HBV-infected hepatoma cells, the ER stress-associated degradation pathway was activated, leading to the degradation of the HBV envelope protein and the consequent inhibition of HBV replication (24). Cisplatin-induced ER stress in hepatocytes has also been found to evoke HBV reactivation via the peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PPARGC1A) signaling pathway (25). GRP78 is a master ER stress regulator, the expression of which is significantly upregulated during ER stress. Several studies have demonstrated that GRP78 expression can inhibit HBV DNA replication (26–28). We do not know the reasons for these differing results. In this study, we used TG and SA to induce ER stress, and we found that both inhibited HBV DNA and HBsAg secretion, while TG also promoted intracellular HBV DNA and HBsAg accumulation. PBA is a low-molecular-weight chemical chaperone that effectively prevents misfolded protein aggregation and alleviates ER stress. After PBA administration, HBV DNA and HBsAg secretion were partly restored. These results demonstrated that the inhibitory effects of TG and SA on HBV DNA and HBsAg secretion were at least partly dependent on the induction of ER stress.

The ER is the largest Ca2+ store in hepatocytes. Ca2+ release from the ER is a common mechanism underlying the occurrence and progression of ER stress following both physical and pathological cues. TG induces ER stress by irreversibly inhibiting sarcoplasmic/ER Ca2+-ATPase, which blocks the reabsorption of calcium from the cytosol to the ER and leads to an increase in the cytosolic Ca2+ concentration (29). Cytosolic Ca2+ can stimulate the Pyk2/Src kinase signal transduction pathway, thereby activating HBV reverse transcription and DNA replication (30). However, one study reported that HBV DNA replication was inhibited following the blocking of the ER Ca2+-ATPase (12). How SA, a saturated fatty acid, induces ER stress remains unclear. High saturated fatty acid concentrations have been found to impair ER structure and function (31). In our study, both TG and SA inhibited the secretion of HBV DNA and HBsAg. However, these effects were partially attenuated following PBA-mediated alleviation of ER stress. These results further supported that the inhibition of HBV DNA and HBsAg secretion by TG and SA was partly mediated via the induction of ER stress. However, whether TG promoted the transcription of both the HBV 3.5-kb mRNA fragment and S mRNA via an increase in the cytosolic Ca2+ concentration warrants further study.

Another major finding of this study was that, although ETV displayed high antiviral efficacy in the presence of TG, treatment with TG accelerated extracellular HBV DNA, HBsAg, and HBeAg clearance but delayed the clearance of intracellular HBV DNA, HBsAg, and HBV mRNA. These results suggested that hepatocyte ER stress delayed intracellular HBV clearance. The intracellular HBV DNA and HBsAg accumulation induced by TG exposure may partly explain this result. However, the mechanism underlying the impaired HBsAg and HBV DNA secretion and the enhanced transcription of the HBV 3.5-kb mRNA and S mRNA under ER stress needs further clarification. Additionally, given that ER stress is a common pathological phenomenon in patients with liver disease, the clinical significance of the delayed intracellular HBV clearance under ER stress after ETV treatment should also be explored.

In conclusion, this study is the first to report that hepatocyte ER stress promotes intracellular HBV DNA and HBsAg accumulation by inhibiting HBV DNA and HBsAg secretion. Our study also suggested that hepatocyte ER stress delays intracellular HBV DNA clearance after ETV treatment.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

SL designed the experiments and wrote the manuscript. HC, MM, QL, HH, and GZ performed the experiments. YL and FY revised the manuscript and analyzed the data. All authors read and approved the final manuscript.



FUNDING

This work was supported by funding from the Chinese National Natural Science Foundation Project (81460124 and 81860114). The funders had no role in the study design and analysis, decision to publish, or preparation of the manuscript. No additional external funding was received for this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2020.589040/full#supplementary-material



REFERENCES

 1. Tong S, Revill P. Overview of hepatitis B viral replication and genetic variability. J Hepatol. (2016) 64(1Suppl.):S4–16. doi: 10.1016/j.jhep.2016.01.027

 2. European Association for the Study of the Liver. Clinical Practice Guidelines on the management of hepatitis B virus infection. J Hepatol. (2017) 67:370–98. doi: 10.1016/j.jhep.2017.03.021

 3. Seeger C, Mason WS. Molecular biology of hepatitis B virus infection. Virology. (2015) 479–80:672–86. doi: 10.1016/j.virol.2015.02.031

 4. Oakes SA, Papa FR. The role of endoplasmic reticulum stress in human pathology. Annu Rev Pathol. (2015) 10:173–94. doi: 10.1146/annurev-pathol-012513-104649

 5. Wu FL, Liu WY, Van Poucke S, Braddock M, Jin WM, Xiao J, et al. Targeting endoplasmic reticulum stress in liver disease. Expert Rev Gastroenterol Hepatol. (2016) 10:1041–52. doi: 10.1080/17474124.2016.1179575

 6. Kim SY, Kyaw YY, Cheong J. Functional interaction of endoplasmic reticulum stress and hepatitis B virus in the pathogenesis of liver diseases. World J Gastroenterol. (2017) 23:7657–65. doi: 10.3748/wjg.v23.i43.7657

 7. Ezzikouri S, Ozawa M, Kohara M, Elmdaghri N, Benjelloun S, Tsukiyama-Kohara K. Recent insights into hepatitis B virus–host interactions. J Med Virol. (2014) 86:925–32. doi: 10.1002/jmv.23916

 8. Kong F, You H, Kong D, Zheng K, Tang R. The interaction of hepatitis B virus with the ubiquitin proteasome system in viral replication and associated pathogenesis. Virol J. (2019) 16:73. doi: 10.1186/s12985-019-1183-z

 9. Tang H, McLachlan A. Transcriptional regulation of hepatitis B virus by nuclear hormone receptors is a critical determinant of viral tropism. Proc Natl Acad Sci U S A. (2001) 98:1841–6. doi: 10.1073/pnas.98.4.1841

 10. Patzer EJ, Nakamura GR, Simonsen CC, Levinson AD, Brands R. Intracellular assembly and packaging of hepatitis B surface antigen particles occur in the endoplasmic reticulum. J Virol. (1986) 58:884–92. doi: 10.1128/JVI.58.3.884-892.1986

 11. Wu L, Wang W, Zhang X, Zhao X, Yu G. Anti-HBV activity and mechanism of marine-derived polyguluronate sulfate (PGS) in vitro. Carbohydr Polym. (2016) 143:139–48. doi: 10.1016/j.carbpol.2016.01.065

 12. Xia W, Shen Y, Xie H, Zheng S. Involvement of endoplasmic reticulum in hepatitis B virus replication. Virus Res. (2006) 121:116–21. doi: 10.1016/j.virusres.2006.01.020

 13. Bruss V, Ganem D. The role of envelope proteins in hepatitis B virus assembly. Proc Natl Acad Sci U S A. (1991) 88:1059–63. doi: 10.1073/pnas.88.3.1059

 14. Dorobantu C, Macovei A, Lazar C, Dwek RA, Zitzmann N, Branza-Nichita N. Cholesterol depletion of hepatoma cells impairs hepatitis B Virus envelopment by altering the topology of the large envelope protein. J Virol. (2011) 85:13373–83. doi: 10.1128/JVI.05423-11

 15. Lambert C, Prange R. Posttranslational N-glycosylation of the hepatitis B virus large envelope protein. Virol J. (2007) 4:45. doi: 10.1186/1743-422X-4-45

 16. Cho D-Y, Yang G-H, Ryu CJ, Hong HJ. Molecular chaperone GRP78/BiP interacts with the large surface protein of hepatitis B virus in vitro and in vivo. J Virol. (2003) 77:2784–8. doi: 10.1128/JVI.77.4.2784-2788.2003

 17. Lambert C, Prange R. Chaperone action in the posttranslational topological reorientation of the hepatitis B virus large envelope protein: implications for translocational regulation. Proc Natl Acad Sci U S A. (2003) 100:5199–204. doi: 10.1073/pnas.0930813100

 18. Garcia PD, Ou JH, Rutter WJ, Walter P. Targeting of the hepatitis B virus precore protein to the endoplasmic reticulum membrane: after signal peptide cleavage translocation can be aborted and the product released into the cytoplasm. J Cell Biol. (1988) 106:1093–104. doi: 10.1083/jcb.106.4.1093

 19. Wang J, Lee AS, Ou JH. Proteolytic conversion of hepatitis B virus e antigen precursor to end product occurs in a postendoplasmic reticulum compartment. J Virol. (1991) 65:5080–3. doi: 10.1128/JVI.65.9.5080-5083.1991

 20. Xu Z, Jensen G, Yen TS. Activation of hepatitis B virus S promoter by the viral large surface protein via induction of stress in the endoplasmic reticulum. J Virol. (1997) 71:7387–92. doi: 10.1128/JVI.71.10.7387-7392.1997

 21. Hsieh YH, Su IJ, Wang HC, Chang WW, Lei HY, Lai MD, et al. Pre-S mutant surface antigens in chronic hepatitis B virus infection induce oxidative stress and DNA damage. Carcinogenesis. (2004) 25:2023–32. doi: 10.1093/carcin/bgh207

 22. Montalbano R, Honrath B, Wissniowski TT, Elxnat M, Roth S, Ocker M, et al. Exogenous hepatitis B virus envelope proteins induce endoplasmic reticulum stress: involvement of cannabinoid axis in liver cancer cells. Oncotarget. (2016) 7:20312–23. doi: 10.18632/oncotarget.7950

 23. Huang Z-M, Tan T, Yoshida H, Mori K, Ma Y, Yen TSB. Activation of hepatitis B virus S promoter by a cell type-restricted IRE1-dependent pathway induced by endoplasmic reticulum stress. Mol Cell Biol. (2005) 25:7522–33. doi: 10.1128/MCB.25.17.7522-7533.2005

 24. Lazar C, Macovei A, Petrescu S, Branza-Nichita N. Activation of ERAD pathway by human hepatitis B virus modulates viral and subviral particle production. PLoS ONE. (2012) 7:e34169. doi: 10.1371/journal.pone.0034169

 25. Li X, Pan E, Zhu J, Xu L, Chen X, Li J, et al. Cisplatin enhances hepatitis B virus replication and PGC-1α expression through endoplasmic reticulum stress. Sci Rep. (2018) 8:3496. doi: 10.1038/s41598-018-21847-3

 26. Ma Y, Yu J, Chan HL, Chen YC, Wang H, Chen Y, et al. Glucose-regulated protein 78 is an intracellular antiviral factor against hepatitis B virus. Mol Cell Proteom. (2009) 8:2582–94. doi: 10.1074/mcp.M900180-MCP200

 27. Huang KL, Lai YK, Lin CC, Chang JM. Involvement of GRP78 in inhibition of HBV secretion by Boehmeria nivea extract in human HepG2 2.2.15 cells. J Viral Hepat. (2009) 16:367–75. doi: 10.1111/j.1365-2893.2009.01072.x

 28. Shu W, Guo Z, Li L, Xiong Z, Wang Z, Yang Y, et al. Regulation of molecular chaperone GRP78 by HBV: control of viral replication and cell survival. Mol Cell Biol. (2019) 40:e00475–19. doi: 10.1128/MCB.00475-19

 29. Wu L, Huang X, Kuang Y, Xing Z, Deng X, Luo Z. Thapsigargin induces apoptosis in adrenocortical carcinoma by activating endoplasmic reticulum stress and the JNK signaling pathway: an in vitro and in vivo study. Drug Des Devel Ther. (2019) 13:2787–98. doi: 10.2147/DDDT.S209947

 30. Bouchard MJ, Wang LH, Schneider RJ. Calcium signaling by HBx protein in hepatitis B virus DNA replication. Science. (2001) 294:2376–8. doi: 10.1126/science.294.5550.2376

 31. Zhu L, Jiang J, Zhai X, Baecker A, Peng H, Qian J, et al. Hepatitis B virus infection and risk of non-alcoholic fatty liver disease: a population-based cohort study. Liver Int. (2019) 39:70–80. doi: 10.1111/liv.13933

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.

Copyright © 2021 Chen, Mu, Liu, Hu, Tian, Zhang, Li, Yang and Lin. 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: 11 February 2021
doi: 10.3389/fmed.2020.607206






[image: image2]

Prevalence and Characteristics of Hypoxic Hepatitis in COVID-19 Patients in the Intensive Care Unit: A First Retrospective Study

Haijun Huang1†, Hong Li1,2†, Shanshan Chen1,3†, Xianlong Zhou4,5†, Xuan Dai1,6, Jia Wu7, Jun Zhang8, Lina Shao9, Rong Yan1, Mingshan Wang1, Jiafeng Wang10, Yuexing Tu11* and Minghua Ge10*


1Department of Infectious Disease, Zhejiang Provincial People's Hospital, People's Hospital Affiliated of Hangzhou Medical College, Hangzhou, China

2Medical College of Qingdao University, Qingdao, China

3Graduate School of Clinical Medicine, Bengbu Medical College, Bengbu, China

4Emergency Center, Zhongnan Hospital of Wuhan University, Wuhan, China

5Hubei Clinical Research Center for Emergency and Resuscitation, Zhongnan Hospital of Wuhan University, Wuhan, China

6Hangzhou Medical College, Hangzhou, China

7Department of Hepatobiliary and Pancreatic Surgery and Minimally Invasive Surgery, Zhejiang Provincial People's Hospital, People's Hospital affiliated of Hangzhou Medical College, Hangzhou, China

8Department of Orthopaedic Surgery, Zhejiang Provincial People's Hospital, People's Hospital affiliated of Hangzhou Medical College, Hangzhou, China

9Department of Nephrology, Zhejiang Provincial People's Hospital, People's Hospital affiliated of Hangzhou Medical College, Hangzhou, China

10Department of Head, Neck and Thyroid Surgery, Zhejiang Provincial People's Hospital, People's Hospital affiliated of Hangzhou Medical College, Hangzhou, China

11Department of Intensive Care Unit, Zhejiang Provincial People's Hospital, People's Hospital affiliated of Hangzhou Medical College, Hangzhou, China

Edited by:
Jianpeng Sheng, Nanyang Technological University, Singapore

Reviewed by:
Yiwen Yao, Saarland University, Germany
 Yimin Zhang, Zhejiang University, China

*Correspondence: Minghua Ge, geminghua@hmc.edu.cn
 Yuexing Tu, tuyuexing1988@163.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 16 September 2020
 Accepted: 21 December 2020
 Published: 11 February 2021

Citation: Huang H, Li H, Chen S, Zhou X, Dai X, Wu J, Zhang J, Shao L, Yan R, Wang M, Wang J, Tu Y and Ge M (2021) Prevalence and Characteristics of Hypoxic Hepatitis in COVID-19 Patients in the Intensive Care Unit: A First Retrospective Study. Front. Med. 7:607206. doi: 10.3389/fmed.2020.607206



Purpose: Coronavirus disease 2019 (COVID-19) has been associated with acute liver injury in reports worldwide. But no studies to date have described hypoxic hepatitis (HH) in patients with COVID-19. We aim to identify the prevalence of and possible mechanisms of HH in COVID-19 patients in the Intensive Care Unit (ICU).

Methods: This retrospective study was conducted on 51 patients with confirmed SARS-CoV-2 infection in the ICU at Zhongnan Hospital of Wuhan University from December 21, 2019, to March 11, 2020. Information on clinical features of enrolled patients was collected for analysis.

Results: HH was observed in 5.88% of the ICU patients with SARS-CoV-2 infection. All HH patients were progressing to respiratory failure and peak alanine aminotransferase (ALT) values were 1665, 1414, and 1140 U/L during hospitalization, respectively. All patients with HH died as a result of the deterioration of multiple organ failure (MOF). The dynamic changes of ALT, aspartate transaminase (AST), and total bilirubin (TBIL) levels were more dramatic in HH groups. Levels of TBIL, C-reactive protein (CRP), procalcitonin (PCT), and interleukin-6(IL-6) showed statistically significant elevation in HH cases compared with that in non-HH cases (P < 0.001). Besides, the median survival time of the HH group was significantly shorter than the non-HH group (P < 0.05).

Conclusions: In ICU, HH was not a rare condition in patients with severe COVID-19 and has a high mortality. The main causes of HH are respiratory and cardiac failure and may be associated with the immune-mediated inflammatory response. Clinicians should search for any underlying hemodynamic or respiratory instability even in patients with normal ALT levels on admission.

Keywords: 2019-nCoV, SARS-CoV-2, hypoxic hepatitis, ischemia, liver injury, multiple organ failure (MOF), COVID-19


INTRODUCTION

In December 2019, a range of viral pneumonia cases started to spread in the city of Wuhan, China. On 11 February 2020, this unknown etiology was officially named severe acute respiratory syndrome coronavirus 2(SARS-CoV-2) (1), and the disease was named coronavirus disease 2019(COVID-19) by the World Health Organization. Some patients had different degrees of liver injury. Moreover, four relatively large-scale studies have reported the clinical characteristics of COVID-19 patients, including liver impairment (2–5). Although transaminase elevation is usually mild, severe liver injury has been reported (3–6). However, the reason for severe liver injury is still not clear.

Acute liver impairment can present as a life-threatening disorder and can be caused by a series of reasons, including drug-induced liver injury (DILI), acute viral hepatitis, HH, acute alcohol-induced liver injury, liver trauma, etc. Whether SARS-CoV-2 is hepatotropic like viral hepatitis A, B, C, and what roles does the virus plays in the course of liver injury is worth studying. What's more, other causes of acute liver injury, if not SARS-CoV-2, need to be identified.

HH is the most common cause of a significant but transient elevation in serum aminotransferase activities (S-AT) in most studies. In ICU, the prevalence of HH accounts for at least 1% of admission (7). Currently, the pathogenesis of HH is not very clear, but most scholars agree with the three mechanisms proposed by Dunn et al. (8) that lead to HH: hepatic ischemia caused by reduced blood flow to the liver, venous congestion caused by right heart failure, and arterial hypoxemia caused by decreased blood oxygen content. Thus, remarkedly hypoxemic conditions could result in HH. Severe COVID-19 cases have led to respiratory failure, which can decrease oxygen supply to the liver. For this reason, HH may be a possible cause of severe liver injury in COVID-19 patients. Up to date, there has been no study of HH in patients infected with SARS-CoV-2. In the largest cohort study of critically ill patients with HH, the 28-day mortality in ICU was 45.0%(9). Because of this high mortality, the prompt identification and treatment of HH are crucial to the prognosis. We aim to describe the prevalence of HH in COVID-19 patients in ICU, as well as possible mechanisms.



MATERIALS AND METHODS


Patients

From December 21, 2019, to March 11, 2020, 51 patients with COVID-19 were admitted and treated to the ICU at Zhongnan Hospital of Wuhan University. Epidemiological, clinical, laboratory characteristics, treatment, and outcomes data were acquired from the electronic medical records. This retrospective study was approved by the Research Ethics Commission of Zhongnan Hospital of Wuhan University and the Ethics Committee of Zhejiang Provincial People's Hospital. Due to the retrospective nature of this study, the need for informed consent was waived.



Data Collection

Laboratory investigations included complete blood count, coagulation function, routine biochemical, and liver function tests. Parameters related to patient characteristics included sex, age, and comorbidities (diabetes mellitus, hypertension, coronary heart disease, heart disease, and chronic obstructive pulmonary disease). Parameters related to the episode of HH included cause, supportive therapy (vasopressor agents, mechanical ventilation, and extracorporeal membrane oxygenation), and specific drug use (ribavirin, remdesivir, oseltamivir, glucocorticoid, etc.).



Hypoxic Hepatitis

Patients who met all of the following criteria were diagnosed with HH based on a previous report (10) (i) a massive but transient elevated ALT level [more than 20-fold the upper limit of normal (ULN)], (ii) the presence of respiratory, cardiac or circulatory failure, and (iii) exclusion of other causes of liver injury. Liver biopsy was not required for the diagnosis of HH, in agreement with other studies showing that a histological confirmation is unwarranted and even inadvisable when the criteria listed above are met (11, 12).



Statistical Analysis

Statistical analysis was performed using the SPSS software package (version 21.0, SPSS Inc., IBM, Chicago, IL, USA). Categorical variables were described as frequency and percentages, and continuous variables as means ± standard deviation (SD) or median and interquartile range (IQR). Continuous variables were compared using independent group t-tests when the data were normally distributed; otherwise, the Mann-Whitney U test was used. Comparison of categorical variables was done using the chi-square test or the Fisher exact test if the cell counts were small. Dynamic changes of liver function indicators by the influence of hypoxic hepatitis were presented using locally weighted scatterplot smoothing (LOESS). Survival analysis was performed by the Kaplan-Meier and Log rank test. A P-value < 0.05(two-tailed) was considered to indicate significance.




RESULTS


Characteristics of the Patients With COVID-19 in ICU

The 51 patients in ICU with COVID-19 were predominantly male (n = 35,68.63%), and aged ≤ 65 years (n = 32,62.75%). There underlying medical conditions described in Table 1, mainly included hypertension (n = 22,43.14%), diabetes mellitus (DM) (n = 7,13.73%), coronary heart disease (CHD) (n = 12,23.53%), chronic obstructive pulmonary disease (COPD) (n = 2,3.92%). None of the critical patients had a malignant tumor. The proportion of patients with liver impairment on admission was much lower than the hospitalization (n = 39, 76.47% vs. n = 21, 41.18%, P < 0.001). Antiviral therapy was performed in 38 (74.51%) patients and antibiotic therapy was performed in 16 (31.4%), while the combination of the two therapies was 11 (21.56%). What's more, the proportion of patients using two or more antiviral drugs is 23.53% (12/51) and glucocorticoid therapy is 82.35% (42/51). Mechanical ventilation was performed in 37 (72.55%) while extracorporeal membrane oxygenation (ECMO) was performed in 3 (5.88%) (Table 1).


Table 1. Characteristics of the patients with COVID-19 in ICU (n = 51).

[image: Table 1]

An ALT level of >20-fold the ULN was found in only three patients, not on admission but during hospitalization. The peak value of ALT was 1665, 1414, and 1140 U/L respectively. The degree of ALT elevation in HH patients was significantly higher than that in non-HH patients with liver impairment (during hospitalization, 1406.33 ± 262.58 vs. 118.23 ± 90.75 U/L, P < 0.001). These cases were diagnosed as HH. The incidence of HH in our single-center cohort of ICU patients with COVID-19 was 5.88% (3/51). All cases deteriorated into respiratory failure. Also, viral hepatitis and autoimmune diseases were excluded based on negative results of serum marker tests.



Comparison of Clinical Characteristics Between HH and Non-HH Patients

The clinical characteristics of the two groups were shown in Table 2. Mean age at diagnosis was (63.33 ± 7.64), which was slightly older than that non-HH group. There was no significant difference in age and sex between the two groups. In our cohort of 51 patients, no children or adolescents were infected. The incidence of hypertension and CHD were 2 (66.67%) and 1 (33.33%), respectively, which were higher than that of 20 (41.67%) and 11 (22.92%) patients without HH. There were no DM and hepatopathy in the HH group, compared with 7/48 (14.58%) cases of DM and 1/48 (2.08%) cases of hepatopathy in the non-HH group. The most common symptoms at the onset of illness were fever (88.23%), cough (64.71%), and dyspnea (52.94%). There was no significant difference in the incidence of myalgia and COPD between the two groups. To get the outcomes of the patients, we followed up to April 5, 2020, 29 (60.42%) patients have been discharged and 19 (39.58%) died in the group of non-HH patients, while 3 (100.00%) patients have all died in the group of HH. Besides, Figure 1 also showed that the median survival time of the HH group was significantly shorter than the non-HH group (p < 0.05). Fitness for discharge was based on abatement of fever for at least 10 days, with the improvement of chest radiographic evidence and viral clearance in respiratory samples from the upper respiratory tract (Table 2).


Table 2. Clinical characteristics of COVID-19 patients.
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FIGURE 1. Comparison of survival probability between HH and non-HH group. Group comparisons were performed using the Kaplan-Meier and long-rank test.




Selected Laboratory Tests of COVID-19 Patients

Table 3 shows that the median values of lymphocytes and PLT were 0.26 (0.20–0.48) and 64.00 (48.25–147.25), respectively, which were significantly lower than those of patients without HH (P < 0.001). No significant difference in the level of white blood cells or hemoglobin between the two groups was observed (P > 0.05). In indexes of liver enzymes and function, patients with HH had significant degrees of ALB reduction compared with that non-HH group (P < 0.05) and the concentration of ALB has reached the level of hypoalbuminemia (ALB<30 g/L). The median levels of ALT, AST, γ-GT, LDH, and AKP in patients with HH were no significant differences between the two groups. Furthermore, ALT, AST, and γ-GT were slightly above normal, while LDH was significantly above normal. No obvious jaundice was observed in any of the patients with HH, even though the median TBIL level in the HH group was significantly higher than that non-HH group (P < 0.001). Since the coagulation proteins required for blood coagulation cascade are mainly produced by the liver, and the half-life of coagulation factors is shorter than ALB, INR is often used as the marker of liver synthesis function (13). Patients with HH had higher median INR values compared with those patients without HH (1.26 vs. 1.22), though it presented only a very slight INR elevation. Inflammatory markers among these critically ill patients, including CRP, PCT, D-dimer, and IL-6. The concentration of PCT, CRP, and IL-6 were 5.43 (1.87–20.13), 235.30 (102.80–300.50), and 356.10 (149.70–1622.25), respectively, which were significantly higher than those of patients without HH (P < 0.001). Besides, CRP as the indicator of acute inflammation, the levels of CRP in both groups was well above normal. As for the indicator of renal function, the median value of creatinine was 88.50 (71.00–124.55) and 70.00 (52.53–115.70), respectively, which were significantly higher than that non-HH group (P < 0.05), although still in the normal range. The levels of myocardial necrosis markers in patients with HH were also higher than those in patients without HH and far above normal.


Table 3. Selected laboratory data of COVID-19 patients.
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Dynamic Changes in Liver Function Indicators in COVID Patients in ICU

To determine the trajectory of liver function indicators in patients enrolled in this study, multiple liver function test results were recorded during hospitalization. LOESS models illustrated the trajectory of ALT, AST, and TBIL between the two groups (Figure 2). From the general trend, the rangeability of the non-HH group was much flatter than that of the HH group. Unlike the non-HH group, the curve of HH started on day 10. Figure 2A suggested that the curve of the non-HH group fluctuated roughly in a range of 1–2 times of ULN. ALT began to rise rapidly at the 2nd week and peaked within 3 to 4 weeks after symptom onset in the HH group. Besides, invasive mechanical ventilation was used when ALT levels reached a peak. Figure 2B illustrated that the curve of the non-HH group is close to a straight line compared with the HH group. Similar to ALT, AST also increased dramatically at the 2nd week and peaked within 3 to 4 weeks. Subsequently, the curve dropped sharply to a normal level. Figure 2C showed that the fluctuation in TBIL levels was mild and normal in the non-HH group. Moreover, TBIL levels were slightly higher than that non-HH group in the 1st week of the curve. Shortly after TBIL slowed down in the next week. However, the curve of TBIL was increased dramatically in the 3rd week. The dynamic changes in indicators suggested potential mechanisms of COVID-19 patients with HH in ICU.


[image: Figure 2]
FIGURE 2. Smooth trajectories and scatters represent the median values (A) ALT; (B) AST; (C) TBIL in the HH and non-HH groups. The ULN in our health care system is defined as 40 U/L for ALT, 40 U/L for AST, and 21 μmol/L for TBIL, respectively.





DISCUSSION

HH, as manifested by ALT abrupt and massive elevation, is emerging as a clinical consequence of COVID-19, and often predict a poor outcome. These severely infected patients with HH had a high rate of ARDS and a high risk of death. SARS-CoV-2 infection in humans can cause respiratory diseases, acute kidney injury, myocarditis, thrombosis, and acute liver injury (14). Most studies reported the prevalence of liver enzyme elevation has ranged from 20 to 30% and severe liver injury was uncommon (5, 15). However, extreme liver impairment (ALT >20-fold the ULN) was not rare in our study (n = 3, 5.88%) compared with previous reports (7). What's more, the significant difference of ALT elevation between HH patients and non-HH patients with liver impairment (P < 0.001) indicated that HH can be distinguished from other types of liver injury by the sharp increase of ALT level. It is also reported that liver impairment is caused by drug hepatotoxicity (such as remdesivir) (16) and immune-mediated inflammation (17). Thus, it's necessary to distinguish the causes of liver impairment.

DILI can be ruled out because hepatotoxic drugs continue to be used, and ALT also gradually decreases. Autoimmune hepatitis (AIH) was excluded because the score is not up to the diagnostic criteria(include autoantibodies, immunoglobulins, viral markers, and histological findings) proposed by the International Autoimmune Hepatitis Group (18). No imaging evidence suggested hepatic steatosis and no patients met one of the following clinical parameters, such as being overweight, having type 2 diabetes mellitus, or exhibiting metabolic dysregulation (19). Thus, metabolic associated fatty liver disease (MAFLD) was also ruled out. Henrion et al. reported that heart failure, respiratory failure, and septic toxic shock accounted for more than 90% of HH cases and the core mechanism was reduced oxygen supply to the liver (7). The hallmark of COVID-19 is respiratory failure. HH is therefore frequent in severe cases. In our study, 3 HH cases all progressed to respiratory failure, which led to hypoxia of liver tissue and abnormalities of liver function. Moreover, heart failure reduces the output, thereby decreasing the blood flow to the liver and further exacerbating hypoxia in the liver. This is consistent with previous research (7, 8). Although several hemodynamic mechanisms of liver hypoxia are involved, liver ischemia is not the only explanation for HH. On the one hand, previous studies indicated that ALT levels correlate well with markers of inflammation and are likely higher among patients with severe cytokine release syndromes (14, 20, 21). On the other hand, cytokine storm syndromes have been described in COVID-19, and are associated with severe elevations in liver enzymes (22). What's more, IL-6 is significantly increased in severe COVID-19 patients and plays a key role in the so-called “cytokine storm” (23, 24). In our study, the levels of ALT were extremely elevated and the concentrations of inflammatory markers including CRP, D-dimer, and IL-6 were significantly far above normal. Therefore, it suggested that HH may be associated with the immune-mediated inflammatory response.

Ours is the first batch of treatment centers for COVID-19 patients in the world. COVID-19 patients in ICU accounted for 7.02% (51/726) of the total number of patients diagnosed with SARA-CoV-2 infection during our observation. The prevalence of HH in patients with severe SARS-CoV-2 infection in our ICU is 5.88%. Most studies have reported an incidence of 0.9–2.4% (7). This is lower than ours, which indicated that patients with severe SARS-CoV-2 infection in ICU have a higher incidence of HH than that of patients with other causes.

At present, there has been no study on the dynamic changes of liver function in patients with COVID-19 combined with HH, and only a few studies in COVID-19-related liver injury (25, 26). The increase of ALT and AST levels in the early stage of the disease might be related to the immune-mediated inflammation in the liver. However, when ALT and AST showed a downward trend in the late stage of the disease in the HH group, the level of TBIL increased sharply. This may be a result of MOF.

The prognosis of HH is poor. Extensive analysis by Aboelsoud et al. showed that the mortality of HH was 44.1% (27). However, the mortality rate in our study was as high as 100%. MOF contributed heavily to the high mortality. We also observed an elevation in INR, significant hypoalbuminemia, and lymphopenia in patients with HH. Hypoalbuminemia is emerging as a consistent risk factor for severe disease (3, 6, 28) and is linked to poor clinical outcomes for hospitalized patients (29). Besides, increased INR in severe COVID-19 patients indicate damage of liver synthetic function. A study has also shown that lymphopenia may be a key factor related to disease severity and mortality (30). All of these factors can affect the prognosis of HH. In general, severe liver injury was not the direct cause of death. These patients died as a consequence of MOF, but the occurrence of HH had a high impact on the mortality of those critically ill patients.

In conclusion, we report a 5.88% prevalence of HH in COVID-19 patients in ICU, the first study to combine COVID-19 and HH. HH was not a rare condition in ICU, and was frequently accompanied by MOF, with high mortality. Patients with COVID-19 developed MOF accompanied by a sudden and sharp elevation of serum ALT level during hospitalization, which should be considered HH. Attention should also be paid to monitor liver function during the course of COVID-19, especially in patients with higher disease severity.
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Autophagy is a highly conserved process by which superfluous or harmful components in eukaryotic cells are degraded by autophagosomes. This cytoprotective mechanism is strongly related to various human diseases, such as cancer, autoimmune diseases, and diabetes. DEAH-box helicase 15 (DHX15), a member of the DEAH box family, is mainly involved in RNA splicing and ribosome maturation. Recently, DHX15 was identified as a tumor-related factor. Although both autophagy and DHX15 are involved in cellular metabolism and cancer progression, their exact relationship and mechanism remain elusive. In this study, we discovered a non-classic function of DHX15 and identified DHX15 as a suppressive protein in autophagy for the first time. We further found that mTORC1 is involved in DHX15-mediated regulation of autophagy and that DHX15 inhibits proliferation of hepatocellular carcinoma (HCC) cells by suppressing autophagy. In conclusion, our study demonstrates a non-classical function of DHX15 as a negative regulator of autophagy related to the mTORC1 pathway and reveals that DHX15-related autophagy dysfunction promotes HCC cell proliferation, indicating that DHX15 may be a target for liver cancer treatment.
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INTRODUCTION

Autophagy is a highly conserved mechanism by which redundant cellular components are degraded in double-membrane vesicles called autophagosomes. During this process, the outer membrane of a autophagosome fuses with a lysosome, after which acidic hydrolases degrade autophagic cargo and subsequently recycle the macromolecules (1, 2). Under physiological conditions, basal autophagy helps cells discard damaged organelles, degrade misfolded proteins, resist exogenous microorganisms, and maintain genomic stability, thus protecting the body from chronic damage and inflammation and inhibiting cancer initiation (3, 4). However, under abnormal conditions, long-term, excessive or defective autophagy is harmful and is closely related to the occurrence and development of cancers, autoimmune diseases, heart failure, neurodegenerative diseases and other diseases (5–8). In the case of cancer, autophagy can be used by cancer cells to defend against host immune attack, thus enhancing cancer cell survival, invasion and metastasis (9–11). Therefore, precise regulation of autophagy is extremely important for the maintenance of cellular homeostasis and treatment of several diseases.

DEAH-box 15 (DHX15), an important member of the RNA helicase family, is involved mainly in pre-mRNA splicing and promotion of ribosome maturation (12–14). Most reported studies have concentrated on its splicing function in RNA metabolism (15–17). However, DHX15 exhibits various functions in human tumorigenesis through transcriptional or post-transcriptional regulation independent of its ATPase activity (18, 19) or through interaction with proteins that have a G-patch domain (20). DHX15 enhances androgen receptor (AR) transcriptional activity by stimulating Siah2-mediated ubiquitination, which contributes to the progression of prostate cancer (19). In glioma, DHX15 is an antitumour gene, and its Ia–Ib and III–IV motifs, but not its ATPase activity, play important roles in its growth-inhibitory function (18). Moreover, DHX15 not only dysregulates genes downstream of the NF-kB signaling pathway, an important mechanism of its antitumour function, but also downregulates genes involved in splicing and ribosomal biogenesis in glioma, indicating that DHX15 regulates glioma at the post-transcriptional level (18). The G-patch is a glycine-rich domain that interacts with DEAH helicases to enhance their activity (21–23). For example, the G-patch domain of the GPATCH2 protein interacts with DHX15, which promotes breast cancer cell growth (20). Therefore, DHX15 is a versatile protein that participates in different stages of many types of cancers. In addition, DHX15 has been shown to aid in the diagnosis of acute lymphoblastic leukemia (AML) (24, 25) and to act as a viral RNA sensor in antiviral responses and innate immunity through the MAVS-mediated signaling pathway and the Nlrp6-interferon pathway (26, 27). Recently, DHX15 has been shown to be associated with clinically pathological elements and prognosis in patients with hepatocellular carcinoma (HCC) (28).

Autophagy is a highly conserved mechanism in cells proven to be closely related to the occurrence and progression of tumors. DHX15, a member of RNA helicase family, is also highly conserved in structure and function. Recently, DHX15 has been reported to be a tumor-related factor. However, the relationship between autophagy and DHX15 remains unclear. Nor is it clear whether this relationship plays a role in cancer. In this study, we found the relationship between autophagy and DHX15 and identified DHX15 as an autophagy suppressor for the first time. Knockdown of endogenous DHX15 dramatically induced autophagy independent of the function of DHX15 in regulating RNA metabolism. In addition, downregulation of DHX15 inhibited activation of mTORC1. Furthermore, we found that DHX15 acts as a suppressor of proliferation in hepatoma cells and that this function is dependent on autophagy inhibition. Collectively, these results show that DHX15 inhibits autophagy by activating mTORC1, which is associated with the anti-tumor effect of DHX15.



RESULTS


Downregulation of Endogenous DHX15 Induces Autophagy

To examine the effect of DHX15 on autophagy, we temporarily knocked down endogenous DHX15 in different human cell lines after transfection with small interfering RNA (siRNA) and detected the protein expression of microtubule-associated protein 1 light chain 3 (LC3) and SQSTM/p62, important biomarkers of autophagy. As shown in Figure 1A, we first visualized autophagic activity in 293-GFP-LC3 cells (HEK293 cells with stable expression of GFP-LC3) by fluorescence microscopy. Compared with control cells, 293-GFP-LC3 cells in which endogenous DHX15 expression was knocked down exhibited significantly more GFP-LC3 puncta (Figures 1A,B). Similarly, DHX15 silencing in both L02 hepatocytes and HepG2 and Huh7 HCC cells significantly promoted LC3-II conversion and SQSTM1/P62 degradation (Figure 1C and Supplementary Figure 1). In addition to detecting the effect of DHX15 knockdown, we found that overexpression of DHX15 in these cell lines suppressed autophagy under basal conditions (Figure 1C and Supplementary Figure 1; the data in Supplementary Figure 1 were obtained from three independent experiments). Data are presented in Supplementary Figure 1 obtained from three independent experiments. To further confirm this function, autophagosomes were quantified by transmission electron microscopy. Downregulation of DHX15 significantly increased the number of autophagosomes in L02 cells (Figures 1D,E). Taken together, these data suggest that downregulation of endogenous DHX15 dramatically induces autophagy and indicate that DHX15 is a suppressor of autophagy.


[image: Figure 1]
FIGURE 1. Knockdown of DHX15 induces autophagy. (A) GFP-LC3 puncta were analyzed in HEK293 cells stably expressing GFP-LC3 (293-GFP-LC3 cells) after transient transfection with DHX15 siRNA (siDHX15) or a scrambled control (siControl). Representative images were obtained at 600× magnification. Scale bars: 20 μm. (B) The number of GFP-LC3 puncta per cell was quantified for each group. The data are presented as the mean ± SEM. Unpaired Student's t-test (n = 5). ***P < 0.001. (C) LC3-II conversion and SQSTM/p62 degradation in L02, Huh7, and HepG2 cells that had been transiently transfected with siDHX15 or siControl were detected by western blotting. LC3-II conversion and SQSTM1/p62 degradation in these three cell lines that had been transiently transfected by DHX15 plasmid or control plasmid were detected by western blotting. *P < 0.05. (D) Autophagosomes in L02 cells were analyzed by transmission electron microscopy. The autophagosomes are indicated by arrows. Scale bars: 1 μm. (E) Numbers of autophagosomes per 40 μm2 as determined from the images. The data are presented as the mean ± SEM. Unpaired Student's t-test (n = 10). *P < 0.05.




Knockdown of DHX15 Promotes the Formation of Autophagosomes

Autophagic flux is responsible for the dynamic nature of autophagy and consists of 3 sequential steps: autophagosome generation, autolysosome formation and degradation (29). We hypothesized that increased autophagosome formation and/or decreased autophagic degradation may have been the cause of the DHX15 knockdown-induced GFP-LC3 puncta generation. To determine whether autophagic flux is affected by DHX15, we treated cells with the late-stage autophagy inhibitor bafilomycin A1 (Baf-A1), a vacuolar-type H+-translocating ATPase inhibitor, after DHX15 silencing. We found that the conversion of LC3-II and the number of GFP-LC3 puncta were significantly augmented by Baf-A1 treatment in cells with knockdown of endogenous DHX15, indicating that DHX15 regulates autophagy by increasing autophagosome formation. Figure 2A shows that knockdown of DHX15 dramatically augmented GFP-LC3 puncta formation after treatment with Baf-A1 (Figures 2A,B). We also found that the conversion of LC3-II was increased by Baf-A1 treatment after downregulation of DHX15 (Figure 2C). As shown in Figure 2D, consistent with these findings, SQSTM1/p62 degradation was more obvious in DHX15-knockdown cells than in control cells, and the DHX15 knockdown-induced degradation was inhibit by Baf-A1 treatment (Figure 2C and Supplementary Figure 2). The similar results also show in chloroquine diphosphate(CQ) treatment (Figure 2D and Supplementary Figure 2). Collectively, these results indicate that knockdown of DHX15 augments the formation of autophagosomes but does not decrease autophagic degradation, revealing that DHX15 functions in an early step before autophagosome fusion.


[image: Figure 2]
FIGURE 2. Depletion of DHX15 stimulates autophagosome generation. (A) GFP-LC3 puncta were analyzed in Huh7 cells transiently cotransfected with DHX15 siRNA (siDHX15) or scrambled control siRNA (siControl) and GFP-LC3 plasmids with or without Baf-A1 (200 nM) treatment for 6 h. Cellular nuclei were counterstained with DAPI. Representative images were obtained at 600× magnification. Scale bars: 20 μm. (B) The number of GFP-LC3 puncta per cell was quantified for each group. The data are presented as the mean ± SEM. Unpaired Student's t-test (n = 5). *P < 0.05, **P < 0.01, ****P < 0.0001. (C) The expression of SQSTM1/p62 and LC3B-II in Huh7 cells transiently transfected with siDHX15 or siControl with or without Baf-A1 (200 nM) treatment for 6 h was measured by western blotting. *P < 0.05. (D) The expression of SQSTM1/p62 and LC3B-II in Huh7 cells transiently transfected with siDHX15 or siControl with or without chloroquine diphosphate(CQ) (20 uM) treatment for 24 h were measured by western blotting.




DHX15 Regulates Autophagy in a Manner Associated With mTORC1 Activation

MTORC1 is a key upstream inhibitor of autophagy that balances autophagy and other cellular physiological processes, such as cell growth (30). Since DHX15 is also an inhibitor of autophagy, we hypothesized that mTORC1 and DHX15 work together to achieve autophagy regulation. To test this hypothesis, we investigated the phosphorylation statuses of RPS6KB/p70S6K, initiation factor 4E binding protein 1 (4EBP1) and ULK1, which are signaling molecules downstream of mTORC1, after endogenous DHX15 knockdown. We found that p70S6K and p4EBP1 protein levels dramatically declined when DHX15 was knocked down (Figure 3A). We further measured the level of ULK1 phosphorylation at residue Ser757, which negatively affects autophagy initiation by disrupting the interaction of AMPK and ULK1 mediated by mTORC1 (31). Consistent with the initial results, our data showed that the level of ULK1 phosphorylation at Ser757 was decreased by DHX15 depletion (Figure 3A). Data quantification of western blots are shown in Figure 3B and representative western blots of three independent assays. Autophagy was induced upon Torin1 treatment or siDHX15 treatment (Figure 3D and Supplementary Figure 3).


[image: Figure 3]
FIGURE 3. Depletion of DHX15 induces autophagy associated with suppressing mTORC1. (A) The levels of phosphorylated substrates of the mTORC1 complex in HepG2 cells transiently transfected with DHX15 siRNA (siDHX15) or scrambled control siRNA (siControl) were analyzed by western blotting. Treatment with Torin 1 (250 nM) for 6 h was used as a positive control. Treatment with DMSO was used as a negative control. β-Actin was used as a loading control. *P < 0.05. (B) Data are representative western blots of three independent assays. *P < 0.05, **P < 0.001 (C) HepG2 cells transiently transfected with siDHX15 or siControl were treated with 200 nM rapamycin for 2 h and harvested for western blotting. Treatment with DMSO was used as a negative control. β-Actin was used as a loading control. *P < 0.05. (D) LC3 and SQSTM1/p62 levels in HepG2 cells transiently transfected with siDHX15 or siControl were measured by western blotting. Treatment with Torin 1 (250 nM) for 6 h was used as a positive control. *P < 0.05.


Rapamycin is a classic inhibitor of mTOR, and previous research has shown that this inhibitor inhibits growth and angiogenesis in metastatic tumors by reducing VEGF production and blocking VEGF-induced endothelial cell signaling in a CT-26 cell-transplanted tumor model (32). We found that downregulation of DHX15 promoted degradation of both phosphorylation and dephosphorylation substrates of mTORC1 upon rapamycin treatment (Figure 3C). In addition, we also examined the autophagy level after siDHX15 and rapamycin treatment. The results showed that depletion of DHX15 promoted rapamycin-induced autophagy (Supplementary Figure 3).

These data indicate that DHX15 regulates autophagy involved in mTORC1 pathway. Therefore, DHX15 inhibits autophagy in a manner associated with mTORC1 activation.



DHX15 Inhibits the Proliferation of Hepatoma Cells in an Autophagy-Dependent Manner

RNA helicases have been demonstrated to play vital roles in the growth, invasion, and metastasis of HCC (33, 34) and can be used to closely evaluate the prognoses of HCC patients (35). In recent years, DHX15 has been identified as a crucial tumor related protein (18, 19, 28, 36). In addition, the expression status of DHX15 in HCC patients has been described (28). However, the molecular mechanism by which DHX15 regulates HCC is elusive. To determine whether DHX15 is related to HCC, we knocked down DHX15, which markedly increased the growth of HepG2 cells (Figure 4A). Consistent with this finding, DHX15 knockdown also increased the number of puncta positive for Ki67 (a biomarker of cell proliferation) in HepG2 cells (Figure 4B). To further confirm this effect, DHX15 plasmid DNA was transfected into HepG2 cells, and the data showed that overexpression of DHX15 attenuated the proliferation and colony formation of HepG2 cells (Figures 4C,D).


[image: Figure 4]
FIGURE 4. DHX15 suppresses the growth of HCC cells by inhibiting autophagy. (A) The relative viability of DHX15-knockdown cells with or without autophagy inhibition was measured by CCK-8 assay. The data are presented as the mean ± SEM (n = 3). ***P < 0.001. (B) The Ki67-positive puncta in DHX15-knockdown HepG2 cells with or without ATG5 siRNA (si-ATG5) treatment were analyzed by immunofluorescence. Cellular nuclei were counterstained with DAPI. Representative images were obtained at 600× magnification. Scale bars: 20 μm. The graph shows the results of statistical analysis of the numbers of Ki67-positive puncta per cell. The data are presented as the mean ± SEM (n = 10). ***P < 0.001. (C) After HepG2 cells had been cotransfected with or without DHX15 and si-ATG5 and incubated for 12 days, colonies were stained with Coomassie brilliant blue and counted (scale bar: 5 mm). The data are the mean ± SEM (n = 3). **P < 0.01. (D) The relative viability of cells overexpressing DHX15 with or without autophagy inhibition was measured by CCK-8 assay. The data are presented as the mean ± SEM (n = 3). **P < 0.01.


Some studies have demonstrated that autophagy levels are low in HCC (37, 38). However, recent studies have also revealed that autophagy plays contrasting roles in HCC and hepatoma cells (10, 39, 40). We found that DHX15 is a novel suppressor of autophagy. To determine whether autophagy participates in the process by which DHX15 regulates HCC, we treated cells with Baf-A1 (a late-stage autophagy inhibitor) and 3-methyladenine (3-MA, an early-stage autophagy inhibitor). Depletion of DHX15 promoted HCC cell proliferation, but this effect disappeared after treatment with the inhibitors (Figures 4A,B). In addition, we used Supplementary Figure 5 verified the ATG5 siRNA is effective in HepG2 cells to further verify this effect and obtained a consistent result (Figures 4A,B). Moreover, overexpression of DHX15 inhibited HepG2 cell growth; this effect was also inhibited by autophagy inhibitor treatment and ATG5 siRNA transfection (Figures 4C,D). In addition, we also detect the expression of DHX15 in human liver cancer tissues. The data showed that the levels of DHX15 (mainly distributed in the cytoplasm) were higher in adjacent normal tissues than in tumor tissues (15 of the 20 sample pairs, Figures 5A,B). These findings indicate that DHX15 inhibits the proliferation of HCC cells in an autophagy-dependent manner.


[image: Figure 5]
FIGURE 5. Expression of DHX15 in human liver cancer tissues. (A) Expression of DHX15 was detected with immunohistologic staining in tumor tissues and adjacent non-tumor tissues of the representative liver cancer patients. Scale bars: 50 um. (B) Plots of percentage of DHX15 positive cells to total cells in human liver cancer tissues. The data are presented as the mean ± SEM. Unpaired Student's t-test (n = 20). ****P < 0.0001.





DISCUSSION

In the present study, we found, for the first time, that the RNA helicase DHX15 is a negative regulator of autophagy and that MTORC1 is involved in the process by which DHX15 regulates autophagy. Moreover, we found that DHX15 silencing prominently increases HCC cell proliferation and that this effect can be suppressed by autophagy inhibition.

The DEAD/H box helicase family includes various members, and emerging studies have reported the mechanisms of DEAD/H box helicases in autophagy. For example, a recent study demonstrated that DDX5 positively regulates autophagy by interacting with p62 to suppress HCC tumorigenesis (41). The authors also found that DDX5 disrupts the binding of p62 and TRAF6 (a tumor-related protein) and inhibits the activation of mTORC1 (41). Another study has revealed that DDX6 negatively regulates autophagy (6). DDX6 has been shown to bind the decapping enzyme Dcp2, leading to the degradation of autophagic gene mRNA (6). In this study, DHX15 suppressed autophagy in a manner associated with the activation of mTORC1; this mechanism is different from the mechanism by which DDX5 regulates autophagy. We also found that DHX15 did not influence autophagic gene mRNA levels. Consistent with previous work (6), our study revealed that downregulation of DDX6 in HepG2 cells enhanced the mRNA expression of autophagy genes (Supplementary Figure 4); however, the mRNA expression profile in our study differed from that in the previous work, possibly because of the different species and cell lines used. These results indicate that DHX15 inhibits autophagy in other ways, such as by regulating other mRNA molecules or by interacting with other proteins such as G-patch proteins. Therefore, we have identified DHX15 as a novel inhibitor of autophagy that associates with mTORC1 and does not affect the mRNA expression of autophagy genes.

Autophagy dysfunction leads to many human pathologies, such as neurodegenerative diseases (8), liver injury (42) and cancer (37). Basal autophagy maintains genomic stability, protects the body from chronic diseases, and inhibits excessive inflammation under physiological conditions (4). Under pathological conditions, however, autophagy helps cancer cells resist host immune attack or other stressful conditions (9–11). Therefore, precise autophagy regulation is crucial. Autophagy inhibition, which takes place under many conditions, such as viral infection (43), post-prandial lipid assimilation in hepatic cells (44), and neurodegenerative diseases and cancer (45), is an essential part of autophagy regulation. In this study, DHX15 was identified as an autophagy suppressor. MTORC1 is the most important upstream suppressor of autophagy, and we found that DHX15 negatively regulates autophagy in a manner associated with mTORC1 activation (Figure 3). More importantly, we found that depletion of DHX15 increased hepatoma cell proliferation in a manner dependent on the DHX15-mediated regulation of autophagy. These results indicate the existence of a relationship between DHX15 and autophagy inhibition that is related to the antitumour effect of DHX15.

Autophagy is a key process in the maintenance of cellular homeostasis. Factors that disrupt autophagy balance can lead to many human diseases, such as cancer. However, autophagy is a double-edged sword, and its role in cancer is complicated (46). Autophagy participates in many types of cancers but exerts completely opposite effects on tumor progression (47, 48). The dynamic and complex conditions under which cancer cells survive are determined by the microenvironment. Although much about the relationship between autophagy and cancer remains unknown, it is clear that restoration of aberrant autophagy is a new target for disease treatment. In general, DHX15 is thought to regulate RNA metabolism. We found that depletion of DHX15 markedly induced autophagy, which suggests that DHX15 plays an essential role in maintaining the homeostasis of the cellular environment that is independent of its classical function in regulating RNA metabolism. We also detected the expression of DHX15 in human liver tissues (Figure 5A) which suggested DHX15 may be a vital factor in liver cancer. Overall, this study has identified a non-classic function of the RNA helicase DHX15 as a suppressor of autophagy and liver cancer, and the findings suggest that DHX15 may be a potential therapeutic element for liver cancer and autophagy-related diseases. And the mechanism between DHX15 and autophagy maybe the potential prognostic indicator in cancer therapy. In contrast, DHX15 may be a new clinical indicator of liver cancer progression and outcome. However, the precise mechanism of the antitumour effect of DHX15 is not further discussed in this study. Moreover, identification of the precise target by which DHX15 regulates autophagy, which may contribute to further exploration of the role of DHX15 in liver cancer, remains to be identified. In addition, although we have revealed the role of DHX15 in some human liver cancer tissues, an examination of more samples is required to fully demonstrate its role, and the clinic outcome of liver cancer patients should be examined.



MATERIALS AND METHODS


Cell Culture and Treatments

Hepatocyte lines (Huh7 and HepG2) and HEK293 cells with stable LC3-GFP expression were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), and L02 cells were grown in RPMI 1640 medium with 10% FBS at 37°C in 5% CO2. 293-GFP-LC3 cell line and LC3-GFP plasmid were gifts from Professor Liu Wei in Zhejiang University (49). Transient transfection for knockdown was carried out with Lipofectamine RNAiMAX (Invitrogen, 13778-015) according to the manufacturer's instructions. Transient transfection for overexpression was carried out with Lip3000 (Invitrogen, L3000015).



Reagents, Antibodies, and Plasmids

Baf-A1 (s1413), Torin 1 (s2827), 3-MA (s2767), and Chloroquine diphosphate(CQ, s4157)were purchased from Selleck. The following antibodies were used: anti-LC3 (Sigma, L7645), anti-ACTB/β-actin (Cell Signaling, A5316), anti-phospho-p70 S6 kinase (Thr389) (Cell Signaling, 9234), anti-phospho-4E-BP1 (Thr37/46) (Cell Signaling, 2855), anti-SQSTM1/p62 (MBL PM045), anti-DHX15 (Abcam, ab70454), anti-Ki67 (Cell Signaling, 9449), anti-ULK1 (Cell Signaling, 8054), anti-phospho-ULK1(Ser757) (Cell Signaling, 14202), anti -p70 S6 kinase (Cell Signaling, 2708), anti-4E-BP1 (Cell Signaling, 9452) and CoraLite488–conjugated Affinipure goat anti-mouse IgG (H+L) (Proteintech, SA00013-1). DHX15-Flag was created in the CV702 by standard subcloning. DHX15 plasmid and its negative control were purchased from Genechem (Shanghai, China).



Protein Extraction and Western Blotting

Ice-cold phosphate-buffered saline (PBS) was used to wash cells three times, and the total proteins were then extracted using extraction reagent (Thermo Fisher, 78501) according to the manufacturer's protocol. After quantification using a BCA Protein Assay Kit (Thermo Fisher, 23227), samples containing equal amounts of protein were loaded onto gels and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Afterwards, the proteins were transferred to 0.2 μm PVDF membranes and blocked in TBS-T [150 mM NaCl, 10 mM Tris-HCl (pH 7.5), and 0.1% Tween 20] containing 5% bovine serum albumin (BSA) or skim milk powder for 1 h. Then, the corresponding primary antibodies were added, and the membranes were incubated overnight at 4°C. The membranes were incubated with secondary antibodies for 1 h at room temperature. Data are representative western blots of three independent assays.



RNA Interference

All siRNAs used in this study were purchased from RiBo Biology (Guangzhou, China). The following siRNAs were used: siDHX15 (stB0006121A), 5′-GGGCATTACTTAACTGTGA-3′;

siATG5 (siG10726164423), 5′-GTGAGATATGGTTTGAATA-3″; and a negative control siRNA. Cells were transfected with siRNAs (at a final concentration of 100 nM) using Lipofectamine RNAiMAX reagent. After 48 or 72 h, the cells were analyzed for target expression, autophagy, DHX15 expression, and DHX15 knockdown-mediated changes in cell proliferation.



Confocal Microscopy

After 48 h of transfection, cells were washed with PBS three times. After treatment with 4% paraformaldehyde (PFA) for 15 min, the cells were washed with PBS three times. The cellular nuclei were counterstained with DAPI. A Carl Zeiss LSM 880 fluorescence microscope was used to capture images showing the cellular localization of LC3B puncta. All of the puncta were analyzed with ImageJ software. The numbers of fluorescent LC3B puncta were determined by counting in more than 100 cells in triplicate.



Transmission Electron Microscopy

After 48 h of siRNA transfection, L02 cells were fixed in 2.5% glutaraldehyde in 0.2 M HEPES (pH 7.4) and post-fixed in aqueous 1% OsO4 followed by 2% uranyl acetate. After ethanol and propylene oxide dehydration and embedding in Polybed 812 resin, ultrathin (80 nm) sections were post-stained with 2% uranyl acetate followed by 0.3% lead citrate. Sections were imaged using an H-7650 transmission electron microscope (Hitachi Company) at 80 kV. For autophagic vacuole quantification, 10 micrographs at a primary magnification of 25,000× were obtained with systematic random sampling of each sample.



RNA Extraction and Expression Analysis

TRIzol reagent was used for RNA extraction following the manufacturer's instructions. Purified RNA was converted to cDNA using a reverse transcription kit (Takara), and quantitative PCR (qPCR) was performed on an ABI 7900 real-time PCR system using FAST SYBR Master mix (all from Takara). GAPDH expression was used to normalize gene expression.



Autophagy-Related Treatments

For Torin 1 treatment, cells were cultured with 250 nM Torin 1 for 6 h. Baf-A1 at 200 nM was used to treat cells for 4 h. 3-MA at 5 mM was used to treat cells for 2 h.



Immunofluorescence

After 48 h of transfection, cells were washed with PBS three times. After 15 min of treatment with 4% PFA, the cells were washed with PBS three times for 5 min each. Then, the cells were permeabilized in 0.5% Triton X-100 for 20 min at room temperature. After blocking in 3% BSA for 30 min at room temperature, the cells were incubated with primary antibodies diluted in blocking buffer overnight at 4°C. The cells were then incubated with secondary antibodies diluted in blocking buffer at room temperature for 1 h in the dark. PBS was used to wash the cells three times for 5 min each. The nuclei were counterstained with DAPI. The stained cells were observed with an inverted fluorescence light microscope (Carl Zeiss LSM 880). The numbers of fluorescent Ki67-positive puncta were determined by counting in more than 100 cells in triplicate.



Cell Viability Assay

Cells were counted and seeded in 96-well plates with 100 μl of cell suspension per well. After transfection for 48 h, Cell Counting Kit-8 (CCK-8) solution was added to each well. The 96-well plates containing CCK-8 solution were incubated for 1–3 h. The absorbance (450 nm) of the samples was measured, and the relative cell viability was calculated.



Colony Formation Assay

HepG2 cells were seeded at a density of 1,000 cells/well in six-well plates. The cells were transfected with each siRNA and incubated in DMEM with 10% FBS at 37°C in 5% CO2 for 12 days. After 15 min of treatment with 4% PFA, the cells were washed with PBS three times. Then, the colonies were stained with Coomassie brilliant blue for 35 min. Finally, the staining solution was washed away with distilled water. The total number of colonies was determined.



Human Samples

Human liver cancer tissues were taken from the First Affiliated Hospital, Zhejiang University School of Medicine. Twenty pairs of tumor liver tissues and their adjacent non-tumor tissues were collected from HCC patients after surgical resection. All the diagnoses of 20 patients were based on clinical and pathological examination. The clinicopathological characteristics of the 20 patients are summarized in Supplementary Table 1. All the human tissues were taken with written informed consent and with the approval of the Medical Ethical Committee of the First Affiliated Hospital, Zhejiang University School of Medicine.



Immunohistochemistry

In vivo DHX15 expression was detected by immunohistochemistry using 20 pairs of cancer tissues and adjacent normal-tissues (santa cruz, sc-271686). Immunohistochemistry was performed according to standard protocols, the sections were scanned, and the images were then digitalized. The integrated optical density of DHX15 was calculated using Image-J. The clinicopathological characteristics of the 20 patients are summarized in Supplementary Table 1.



Statistical Analysis

All measurements were performed at least in triplicate. The data are presented as the mean ± SEM or SD. Student's t-test was used to evaluate differences between groups. P < 0.05 indicated statistical significance.
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Ischemic preconditioning (IPC) represents an effective intervention to relieve hepatic ischemia-reperfusion injury (IRI). Systematic detection of circRNA expression revealing the protection effect of IPC still remains to be elucidated. Here, we applied a microarray to detect circRNA and mRNA expression in ischemic liver with and without IPC (n = 3 in each group). Compared with the sham group, there were 39 circRNAs and 432 mRNAs increased and 38 circRNAs and 254 mRNAs decreased (fold change ≥1.5, P < 0.05) in the group of hepatic IRI. As the result of IPC intervention, 43 circRNAs and 64 mRNAs were increased, and 7 circRNAs and 31 mRNAs were decreased in the IPC group when compared with IRI. We then identified circRNA_017753 as the most possible target that may closely relate to IPC protective signaling and predicted Jade1 as the target related to circRNA_017753. Three possible circRNA–miRNA–mRNA axes were constructed that may play a vital role in protective mechanisms in IPC. The study for the first time systematically detects the dysregulated circRNAs and mRNAs in response to hepatic IRI and IPC intervention. Our profile and bioinformatic analysis provide numerous novel clues to understanding the pathophysiologic mechanism of IPC protection against hepatic IRI.

Keywords: circular RNA, ischemia-reperfusion injury, ischemic preconditioning, microarray analyses, high-throughput sequencing


INTRODUCTION

Hepatic ischemia-reperfusion injury (IRI) occurs in clinical circumstances, including hepatic resection, transplantation, liver trauma, or septic shock (1). The reperfusion aggravates hepatic injury after ischemia. Concerning mechanisms involve microcirculatory failure, inflammatory cytokine release, and reactive oxygen species accumulation (2, 3). Especially in the surgical procedures of hepatic resections and liver transplantation, IRI not only contributes to organ damage, but also reduces the long-term survival rates. Therefore, strategies to reduce hepatic IRI and improve patient outcomes is clinically important at any point.

Ischemic preconditioning (IPC) refers to an intrinsic procedure in the form of repeated short episodes of ischemia that increase the resistance of organs against IRI. This powerful intervention for protection against IRI was first reported in 1986 by Murry et al. (4). Though, today, the surgical techniques and clinical conditions improve rapidly concerning the intervention of IPC, the precise molecular mechanisms behind IRI and the protection effect of IPC still remain an important problem. Moreover, recent studies comparing different protective methods of IRI have demonstrated variable protective mechanisms in IPC and ischemic postconditioning (IPostC) (5, 6). The mechanism of comparative and collaborative research on IPC and IPostC are of great significance in the research on IRI.

Nowadays, high-throughput RNA sequencing and microarray of gene files have been widely applied among different species and diseases. Such transcriptome research can not only testify to gene functions and structures comprehensively, but also disclose the specific pathophysiologic mechanism underlying disease. However, a majority of the existing research remains limited to the coding RNA. On its rising slope, the quantity and quality of research on ncRNAs remains insufficient. Circular RNAs (circRNAs), the novel type of endogenous ncRNAs, has widely attracted scientists' attention lately (7). Compared with linear RNAs, the structure of covalently closed loops determines the stability of circRNAs by providing resistance to the exonuclease (8). With the development of this technique, an increasing amount of research has revealed the features of a majority of circRNAs in mammalian cells. They are endogenous, conserved, stable, and abundant, making them ideal therapeutic targets or potential biomarkers for the future (9–12).

A previous study applying microRNA microarrays has detected several miRNAs with significant expressive changes upon hepatic IPC following IRI (13). Moreover, a recent study conducted by Ye Z et al. investigated differentially expressed cirRNAs in liver IRI (14). Using a microarray, Zhang P et al. went further, comparing cirRNAs in hepatic IRI with or without IPostC and regarded mmu_circRNA_005186 as having a potential protective role in IPostC (15). However, systematic detection of the dysregulated circRNAs and mRNAs in response to IPC intervention still remains to be elucidated. Here, we suppose that the expressive alteration of circRNAs may closely relate to the pathophysiologic mechanism of hepatic IRI and may contribute to IPC-mediated protection against hepatic IRI. Comprehensive application of microarray, quantitative real-time PCR (qRT-PCR), and a progressive analysis were applied to reveal the expressive changes of circRNAs in the model of hepatic IRI with or without IPC and to investigate the protective circRNAs related to hepatic IPC intervention. Our data may offer a new understanding of the mechanical basis of IPC and may provide a possible research target for prospective studies.



MATERIALS AND METHODS


Experimental Animals

C57BL/6 male mice were obtained for our study. Each mouse weighed from 18 to 22 g and was fostered in a temperature-constant room and nourished by a standard chow pellet diet. Preoperative fasting was performed 12 h before the surgical procedure without water prohibition. The experiments were performed in accordance with the Institutional Animal Committee guidelines. All animal protocols were approved by the Institutional Ethics Committee.



Model Construction and Experimental Groups

The hepatic IRI model was established by hepatic artery occlusion with clips as described previously (16). Briefly, after being anesthetized by pentobarbital (50 mg/kg body weight) and laparotomy, the mouse's portal vein and hepatic artery were isolated and temporarily clipped by atraumatic microvascular clip. After 1 h of ischemia to 70% of the liver, the vascular clip was wiped off to allow 6 h hepatic reperfusion. The ischemia extent was assessed by pale color of liver or pulselessness. Also, the recovery of the pale color and the pulse were considered to confirm valid hepatic reperfusion.

Three groups of the mouse model were constructed (n = 8 in each group): (1) sham group: sham model underwent portal vein and hepatic artery isolation with no occlusion; (2) IRI group: IRI model underwent IRI surgery without IPC; (3) IPC group: IPC was induced by 10 min of ischemia and 10 min of reperfusion before the intervention of IRI as reported previously (17). All the mice were sacrificed, and blood and organ samples were obtained at the end.



Histological Analysis

To achieve hepatic injury, we collected hepatic samples from the different groups of mice and embedded them in paraffin. Then, 5 μm thickness consecutive sections were stained separately with hematoxylin and eosin (H&E), immunohistochemistry of F4/80, and Ly6G + and evaluated by microscopy.



Analyses of Hepatic Injury and Cytokine Levels

Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were tested using assay kits following the manufacturer's instructions (Nanjing Jiancheng). The levels of interleukin (IL)-6 and tumor necrosis factor (TNF)-α were measured using immunosorbent assay kits from the ENGTON Bio-engineering Limited Company (Shanghai, China) following the kit instructions.



RNA Extraction

Tissue RNA was extracted from each hepatic sample using Trizol (Invitrogen, Carlsbad, CA, USA) following the instructions. The concentration and purity of RNA were accessed by a NanoDrop 2000 spectrophotometer (Thermo Scientific, MA, USA). Genomic DNA (gDNA) residual and RNA integrity were measured by denaturing agarose gel electrophoresis.



Labeling and Hybridization

We selected three samples randomly from each group for microarray studies. RNA labeling and hybridization were done following the Agilent One-Color Microarray-Based Gene Expression Analysis construction. The microarray hybridization was applied following the manufacturer's instructions; five probes were used to increase the confidence of each transcript. To enrich circRNAs, total RNA of each sample was soaked with RNase R (Epicentre, Madison, WI, USA) to remove linear RNAs. Then, the Arraystar Labeling Kit (Arraystar, Rockville, USA) was used to transcribe circRNAs into fluorescent cRNA. Such cRNAs were then hybridized to the Arraystar circRNA array V2.0 (8x15K). The Agilent Scanner was applied to detect the arrays following washing the slides. In the mRNA study, the whole mRNA microarray (Agilent Technology, CA, USA) was conventionally applied.



Microarray Information Analyses

Array data was processed by Agilent Feature Extraction software (version 11.0.1.1) and R software limma package. Low-intensity filtering was then applied after quantile normalization. The prominent different expressive circRNAs/mRNAs were sorted following the fold-change cutoff (fold change ≥ 1.5) or using volcano plot filtering. Distinctive circRNA/mRNA expression patterns were shown by hierarchical clustering.



Pathway Analyses

Gene Ontology (GO) analyses (http://www.geneontology.org) were conducted to set up gene annotation built upon different organisms. Gene functions include cellular components (CC), biological processes (BP), and molecular functions (MF). The -log10 (P-value) represented GO score, denoting the abundance in different genes. Also, pathway clusters were harvested using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses relying on existing molecular networks from various gene data. The -log10 (P-value) indicated the KEGG score, denoting the significant relationship with the putative pathway.



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The HiScript RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China) was applied to reverse transcribe the total RNAs of each group following the protocol. QPCR using the SYBR Green kit (TaKaRa, Dalian, China) was applied to evaluate the expression levels of the circRNAs and mRNAs. Primers for mRNAs were routinely used. To amplify the circRNA junctions, we designed specific divergent primers based on the sequence obtained from the database “circBase” (http://www.circbase.org/). By using the 2-ΔΔCt method that normalizes against the expression of the β-actin gene, the circRNA and mRNA relative expressions were calculated. GenePharma (Shanghai, China) was applied to design, verify, and synthesize all primers. All sequences are as in Table 1.


Table 1. Primer sequences used for qRT-PCR analysis of circRNA and mRNA levels.
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Prediction of circRNA/miRNA Coactions

Arraystar's commercial miRNA coaction prediction software was applied to predict the circRNA/miRNA coaction. The database is based upon the existing online informatics tools miRanda (http://www.microrna.org/) and TargetScan (http://www.targetscan.org/). The Arraystar's miRNA scores of support vector regression (mirSVR) were used as a basis to rank miRNAs, and the miRNAs ranking the highest were considered for further analysis.



circRNA–miRNA–mRNA Pathway Prediction

Arraystar's software was applied to search circRNA_017753 MERs and select top potential target miRNAs based on match sequences. Then, top target miRNAs for the circRNA were selected according to the databases miRDB (http://mirdb.org/) and TargetScan. Based on the ceRNA theory, the direction of circRNA and mRNA changes in the same orientation. To reveal the beneficial mechanisms of the circRNA_017753 in hepatic IPC, we identified predicted downstream mRNA targets in the IRI group and elevated in the IPC group and constructed a Venn diagram. In the end, we selected the overlaying mRNAs and constructed the circRNA–miRNA–mRNA pathway.



Statistics

In the microarray data, a circRNA/mRNA fold change ≥ 1.5 was selected, and P < 0.05 was conventionally regarded as significant. GraphPad Prism 5.0 (GraphPad Software, CA, USA) was applied to analyze other data, and all data were indicated as the mean ± standard deviation. One-way analysis of variance followed by the Student–Newman–Keuls test were applied to compare data with normal distribution. The Kruskal–Wallis test and the Wilcoxon rank sum test with Bonferroni adjustments were used to compare data with nonnormal distributions. Means between two groups were compared by a two-tailed Student t-test. P < 0.05 was regarded as significant.




RESULTS


Evaluation of Hepatic IRI and Hepatic Protection by IPC

The blood index of hepatic injury after hepatic IRI with or without IPC were tested to identify the beneficial effect of IPC in the study. As presented in our H&E staining, liver IRI induced a marked hepatocellular necrosis. In contrast, mice with IPC presented with only minor signs of ischemic congestion and necrosis. Our histochemical evaluation of F4/80 showed an intense inflammatory process occurring in ischemic parenchyma and alleviated levels in IPC. Also, the immunohistochemistry of Ly6G + showed a decreased level of infiltrating Ly6G + cells (a neutrophil plasma membrane biomarker) comparing the IPC and IRI groups (Figure 1A). The hepatic injury by IRI and the beneficial effect of IPC were further identified by serum examination. Serum ALT and AST were upregulated after hepatic IRI, and IPC remarkably decreased serum transaminase levels (Figure 1B). In addition, IPC ameliorated the TNF-α and IL-6 increase caused by IRI (Figure 1C). The results indicate that the current IPC intervention is effective enough to protect the liver against IRI. Hence, the model is suitable for comparing the circRNAs among IRI with or without IPC intervention.


[image: Figure 1]
FIGURE 1. The IPC model is suitable for investigating mechanisms of protecting the liver against IRI. (A) H&E staining (up), immunohistochemistry of F4/80 (middle), and Ly6G + (down) images are shown for the hepatic histopathological alteration (magnification × 200). (B) Serum levels of ALT and AST. (C) Serum levels of IL-6 and TNF-α. Data are expressed as the means ± SD, n = 8. **P <0.01 compared with the sham group; ##P <0.01 compared with the IRI group.




Comparison of circRNA and mRNA in Hepatic IRI and IPC

To compare circRNA expression in the (1) sham, (2) IRI, and (3) IRI + IPC groups, we applied microarray analysis for circRNA and mRNA expression profiles of three samples in each. About 10,535 circRNA and 10,654 mRNA targets in the liver were spotted by microarray. Among them, 77 circRNAs and 686 mRNAs in the IRI group altered more than 1.5-fold compared with those in the sham group (P < 0.05). To be precise, 39 circRNAs and 432 mRNAs were increased, and 38 circRNAs and 254 mRNAs were decreased compared with the sham group (Figures 2A, 3A). Moreover, as a result of IPC intervention, a total of 50 circRNA and 95 mRNA alterations with significance (fold change ≥ 1.5, P < 0.05) were detected, in which 43 circRNAs and 64 mRNAs increased, 7 circRNAs and 31 mRNAs decreased in the IPC group when compared with IRI (Figures 2B, 3B). Based on fold change, we summarize the top 10 altered circRNAs in Table 2 and the top 10 altered mRNAs in Table 3. We then classified the significant altered circRNAs into various groups. Comparing the altered circRNAs in the IRI and sham groups, there were 77 exonic, 14 sense overlapping, 3 intronic, 5 antisense, and 1 intergenic and 74 exonic, 12 sense overlapping, 4 intronic, 6 antisense, and 4 intergenic when comparing the IPC and IRI groups (Figure 2C). Also, by using hierarchical clustering, we were able to cluster the differentially altered circRNAs and mRNAs of comparison groups and visualize the expression profiles. As indicated by the data, circRNAs and mRNAs in the IRI group were dramatically different from those of the sham group although IPC intervention significantly altered the IRI-induced expressions (Figures 2D, 3C).


[image: Figure 2]
FIGURE 2. CircRNAs comparing the IRI and sham groups and between the IPC and IRI groups. The left (scatterplots) and right (volcano plots) show the alteration of circRNA expression between IRI and sham groups (A) and between IPC and IRI groups (B). In the scatterplot, the values on the X- and Y-axes are the log2 scaled signals of samples. Fold change is represented by the green lines. The circRNAs outside the range formed by the upper and lower green lines are those with the fold change ≥ 1.5 between the compared groups. In the volcano plot, the vertical green lines represent a 1.5-fold change although the horizontal green line corresponds to a P-value of 0.05. The red points in the volcano plot represent the significantly altered circRNAs with P-value <0.05. (C) Different subgroups of significantly altered circRNAs according to their effects and position. (D) Heat maps of circRNA profiles from the microarray data. The color scales represent expression values. Red represents high expression, and green indicates low relative expression. Each row of colored boxes indicates a single circRNA, each column indicates a single sample.



[image: Figure 3]
FIGURE 3. mRNAs comparing the IRI and sham groups and between the IPC and IRI groups. The left (scatterplots) and right (volcano plots) show the alteration of mRNA expression between IRI and sham groups (A) and between IPC and IRI groups (B). In the plot, red and green points represent significant altered mRNAs (fold change ≥ 1.5, P-value < 0.05), respectively. (C) Heat maps of mRNA profiles from the microarray data. The color scales represent expression values. Red represents high expression, and green indicates low relative expression. Each row of colored boxes indicates single circRNA; each column indicates single sample.



Table 2. Top 10 significantly dysregulated circRNAs and mRNAs ranked by fold change between I/R and sham groups.
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Table 3. Top 10 significantly dysregulated circRNAs and mRNAs ranked by fold change between IPC and I/R groups.
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circRNA and mRNA qRT-PCR Verification

qRT-PCR was further applied to confirm the microarray results. Seven circRNAs and five mRNAs were selected considering their fold change, P-value, and raw data. As qRT-PCR results show in Figure 4, the expression of circRNA_007095, Gclc, and Krt18 increased, and the circRNA_017753, circRNA_010415, circRNA_000895, circRNA_001946, and Hacl1 decreased enormously after hepatic IRI compared with the sham group. Otherwise, compared with IRI, IPC intervention remarkably elevated the expression of circRNA_027197, circRNA_010498, and Stim1, whereas Phc3 were reduced. The verified results are accordant with the data, indicating the dependability of our microarray profile.


[image: Figure 4]
FIGURE 4. Selected circRNA and mRNA qRT-PCR verification between the IRI and sham groups (A) and between the IPC and IRI groups (B). Data are expressed as the means ± SD, n = 6. *P <0.05 compared with the sham, and **P <0.01 compared with the sham group; ##P <0.01 compared with the IRI group.




Analysis of Variously Expressed mRNAs

Concerning that biologically similar genes share the same patterns of change, we decided to excavate the variations of coding gene expression among the IRI and IPC groups to reveal the behavior of these variously expressed circRNAs. GO enrichment analysis was used first for variously expressed mRNAs. In response to hepatic IRI, upregulated mRNAs were most related with response to organic substance and cellular response to chemical stimulus, and the downregulated mRNAs were most related to small molecule metabolic and organic acid metabolic processes (Figure 5A). Compared with the IRI, IPC mostly elevated the mRNAs related with response to hormone and regulation of signal transduction; meanwhile the downregulated mRNAs of IPC were most involved in regulation of cellular metabolic processes and organic cyclic compound metabolic processes (Figure 5B).


[image: Figure 5]
FIGURE 5. Variously expressed mRNA GO analysis. GO analysis between the IRI and sham groups (A) and between the IPC and IRI groups (B). Top 10 up- (left) and downregulated (right) mRNAs were analyzed by GO analysis concerning biological processes.


Applying the pathway analysis of KEGG, we found that fluid shear stress and atherosclerosis and protein processing in the endoplasmic reticulum were involved in the upregulated mRNAs, whereas the pathways of phenylalanine metabolism and peroxisome were most involved in the decreased mRNAs in the IRI group (Figure 6A). Notably, pathways related to the inflammatory process and apoptosis were the most involved in the IRI process as listed, such as pathways of PI3K-AKT, NF-Kappa B, IL-17 signaling, and apoptosis. Moreover, compared with the IRI group, IPC can significantly upregulate mRNAs involved in the pathways of ovarian steroidogenesis and lysine degradation and downregulate the mRNAs related with drug metabolism-cytochrome p450 and chemical carcinogenesis pathways (Figure 6B). Our computational analysis results may contribute dramatically to the pathogenesis of hepatic IRI and IPC intervention.


[image: Figure 6]
FIGURE 6. Variously expressed mRNAs KEGG pathway analysis. KEGG pathway analysis between the IRI and sham groups (A) and between the IPC and IRI groups (B). Top 10 up- (left) and downregulated (right) mRNAs were analyzed by KEGG analysis.




Identification of circRNAs Related to Hepatic Protection by IPC

Concerning the protection effect of IPC intervention against IRI, we compared the circRNA alteration and direction of alterations of the three groups to reveal the potential relevance between circRNA changes and IPC protection. As a result, we sorted circRNAs that showed up with opposite alteration directions between the comparison groups (sham vs. IRI and IRI vs. IPC). Following this method, we selected three circRNAs that were upregulated in IRI but downregulated in the IPC group and 12 circRNAs that showed a completely opposite direction (Figure 7A). Concerning the type of circRNAs and data sources of circRNAs, we then selected only one circRNA, circRNA_017753, that was considered significatively related to the IPC protective effect. The gnomic locus of circRNA_017753 is on chromosome 17, and it is spliced from Mapk14. The circRNA_017753 expression level was then confirmed by qRT-PCR; IPC intervention can significantly restore the downregulation caused by hepatic IRI. Our data indicate that circRNA_017753 may play a protective role in hepatic IRI that arouses our desire to learn the potential role of circRNA_017753. In addition, we also compared our data with the microarray data of hepatic IPostC intervention in IRI (GSE117524) (15). Though circRNA_010498 does not show a comparative fold change to circRNA_017753 in our data, the intersection of research (fold change ≥ 1.5, P-value <0.05) indicates its potential significant protective effect in both IPC and IPostC intervention and is worth further study (Supplementary Figure 1).


[image: Figure 7]
FIGURE 7. Identification of circRNAs related to hepatic protection by IPC and qRT-PCR validation. (A) The Venn diagram shows the circRNAs with an opposite direction of the alterations between the two comparison groups (sham vs. IRI and IRI vs. IPC). (B) qRT-PCR detected expression levels of circRNA_017753 in mouse liver among the three groups. Data are expressed as the means ± SD, n = 6. *P <0.05 compared with the sham group; #P <0.05 compared with the IRI group.




Prediction of miRNA and CircRNA–miRNA–mRNA Pathway for CircRNA_017753

It is well-known that circRNA regulates miRNAs by interacting with miRNA response elements (MREs). Such way of interaction can competitively suppress miRNAs' activity and is, thus, called miRNA sponges. To figure out the function of circRNA_017753, we applied Arraystar's prediction software, which combined TargetScan and miRanda databases. We predict and list the five highest ranking target miRNAs of circRNA_017753 and annotation of their circRNA/miRNA interactions (Table 4, Figure 8A).


Table 4. The identified circRNAs and its predicted miRNA response elements (MREs).
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FIGURE 8. (A) Prediction of MiRNA and the circRNA–miRNA–mRNA pathway. Detailed structure of circRNA/miRNA interactions. The MRE sequence, miRNA seed type, precise base positions and target miRNA nucleotides are presented as annotation in 2-D structure column. Thirty nucleotides downstream and upstream the seed sequence are presented in “local AU.” Red bars present A/U, and black bars present G/C. The most likely relative MRE position are presented in position column. (B) Overlap of the predicted mRNA target related to circRNA_017753 and significantly upregulated mRNAs caused by IPC intervention.


To further investigate the potential mechanisms of circRNA_017753 in IPC, we construct the possible circRNA_017753–miRNA–mRNA pathways. Applying Arraystar's miRNA prediction software, 119 genes were selected related to the 5 miRNAs mentioned (Supplementary Table 1). Because of the widely accepted ceRNA concept that circRNAs may positively regulate mRNAs, we paid more attention to the mRNAs downregulated in IRI but significantly inhibited by IPC. By establishing the intersections of 65 mRNAs significantly increased by IPC and 119 predicted mRNA targets connected to circRNA_017753, we identified only one overlapping mRNA, Jade1, and predicted three following circRNA–miRNA–mRNA signals: circRNA_017753–miR-218-5p–Jade1, circRNA_017753–miR-7002-3p–Jade1, and circRNA_017753–miR-7008-3p–Jade1. These regulatory ceRNA signaling pathways may play important roles in the mechanisms of IPC protection and deserve further study.




DISCUSSION

Hepatic IRI contributes significantly to organ damage in the surgical procedures of hepatic resections and liver transplantation. Such injury possesses a high mortality rate caused by an intense inflammatory process occurring in the ischemic liver. As presented in our research, not only did serum TNF-α and IL-6 increase in the IRI group, the evaluation of F4/80 and infiltrating of Ly6G + staining demonstrated an intense inflammatory process in IRI. IPC has been most investigated in the past decades as a life-saving intervention. Though widely applied clinically, the exact molecular mechanisms behind the protection effect of IPC still remain largely unclear. A majority of the existing research mainly focuses on protein-coding RNA while research on ncRNAs (long ncRNAs and circRNAs) remain insufficient. It was not until the mechanism of powerful miRNA sponges revealed circRNAs as a potential target for treatment and diagnosis scientists' attention was widely attracted. In our research, by utilizing circRNA microarray analysis, we first report circRNA alteration profiles induced by hepatic IRI and the protection intervention of IPC systematically. More importantly, through bioinformatic comparison of circRNA alteration and the direction of alteration, we identified one possible circRNA, circRNA_017753, related with hepatic protection by IPC intervention. By comparing the data with the previous microarray data of hepatic IPostC, we identified one possible circRNA, circRNA_010498, that may have a potential protective effect in both IPC and IPostC. Also, by integrated application of TargetScan and miRanda databases, we predicted three circRNA–miRNA–mRNA pathways that may take effect in the mechanisms of IPC protection against hepatic IRI.

In our research, the microarray profiles identified 77 circRNAs that were significantly altered (39 up- and 38 downregulated) after hepatic IRI, whereas a total of 50 circRNAs altered significantly due to the IPC intervention (43 up- and 7 downregulated). As previously reported, the majority of circRNAs arise from exons; our profiles identified that about 2/3 altered circRNAs were exonic (18). Though none of the circRNAs in our top dysregulated list have been reported before as the reason for nascent circRNA functional study, it is encouraging to see some mRNAs regarded as alternative transcripts of these circRNAs reported to take effect in different physiopathologic mechanisms related to the IRI process. For example, Bach1 is the alternative transcript of circRNA_29990 and circRNA_29992 (2 of the top 5 upregulated circRNAs in hepatic IRI), and its protein inhibits the transcription of HO-1 and related genes involved in the oxidative stress response by binding to Maf genome recognition elements (19). Bach1 deficiency may increase resistance to ischemic stresses by elevating HO-1 expression (20, 21). Several studies also reveal its important role in ischemic or oxidative damage (22–24). More importantly, Bach1 is identified to repress Wnt/β-Catenin signaling and angiogenesis in peripheral ischemic injury in a recent study (25). Magi2 is the transcript of circRNA_38159 (one of the top five downregulated circRNAs listed in IPC); it encodes scaffolding proteins binding to PTEN and is identified an important element in the ischemic injury of the central nervous system. As it is well-known that circRNAs may regulate its linear counterparts (26), the circRNAs listed may play crucial roles in hepatic IRI and IPC by regulating the transcription of the parent genes.

The data on dysregulated mRNAs are also inspiring. In the list of top 10 dysregulated mRNAs in hepatic IRI, G0s2 (G0/G1 switch gene 2) decreased the most among all downregulated mRNAs and is widely recognized as a direct activator of oxidative phosphorylation at the early phase of hypoxia (27, 28). A recent study just identified that its overexpression can alleviate ATP decrease in myocardial cells and increase their hypoxic resistance during ischemia (29), suggesting its crucial role in hepatic IRI. Also, we can identify some new clues on the protection mechanisms of IPC in our profile of dysregulated mRNAs between IPC and I/R groups. For instance, Ddit4 (DNA-damage inducible transcript 4), widely recognized as an autophagy regulator by negatively regulating mTORC1, is found downregulated in the IPC group (30). Our result is consistent with the previous research that Ddit4 is a novel protection molecule that prevents ischemic injury in hepatocytes (31). Also, the protective effect of Ddit4 is found to be vital in cardiac and cerebral IRI (32–34). All these consistencies prove the reliability of our profile and provide us the credibility of other listed mRNAs in the mechanisms of IPC protection against hepatic IRI, thus making it worth further study.

We can also profit from GO and KEGG pathway analysis of altered mRNAs, which may reveal the key processes of hepatic IRI pathogenesis. The data emphasize the crucial roles of the inflammatory process and apoptosis in the IRI process, such as pathways of PI3K-AKT, NF-Kappa B, IL-17 signaling, and apoptosis. Moreover, the pathways of the metabolic process and regulation of signaling are prominent when comparing the IPC and IRI groups, indicating that related genes may play vital roles in IPC protection mechanisms. Our observation was partially consistent with a previous study revealing the relationship with metabolic process and the IPC protective mechanism (35).

It is worth mentioning that, in our data, only one circRNA, circRNA_017753, was selected to have a relationship with the protective mechanisms of IPC with the most possibility. Our data on the microarray and qRT-PCR both confirm its decrease in the IRI group and upregulation with IPC intervention. We speculate that the decreased level of circRNA_017753 may reflect hepatic dysfunction during IRI, and IPC may alleviate the hepatic dysfunction by the circRNA adjustment. Thus, circRNA_017753 may play a crucial role in the protective mechanism of hepatic IRI and may be a possible therapeutic target of hepatic injury.

To make the analysis more comprehensive, we also compared our data with previous data on hepatic IRI and IPostC prevention (14, 15). Because of different experimental environments and model construction methods (such as reperfusion 4 h after ischemia 1 h by Zhang P et al.), though reported circRNAs, such as circRNA_005186, exhibit the same alteration trend in our study in both IRI and prevention, the fold change of these circRNAs does not meet our screening criteria (fold change ≥ 1.5, P-value <0.05). However, it is worth noting that, by constructing the intersection of our data and GSE117524, circRNA_010498 shows sufficient significance as a protective factor in both IPC and IPostC intervention.

It is widely recognized today that circRNAs regulate gene expression by serving as miRNA sponges. Based on sequence comparing and bioinformatic methods, we predicted the five potential candidate miRNAs for circRNA_017753 with the most possibility. Then, by applying prediction software that combines TargetScan and miRanda databases, we are able to construct three circRNA–miRNA–mRNA regulatory axes that may have a protective effect in IPC intervention. Even though three circRNA–miRNA–mRNA axes have not been previously reported, the predicted molecule of Jade1 was found to have a huge possibility to play a part in the hepatic IPC protection mechanism. As a component of the HBO1 complex, Jade1 was identified as a key regulator of apoptosis (36). In previous study, by promoting acetylation of histones, it functioned as a key regulator of cycle progression and redifferentiation in renal tubule regeneration after IRI (37). Further studies on Jade1 and related circRNA–miRNA–mRNA axes are in progress in our laboratory.

The current study has some limitations that should be admitted. First, our data was obtained in an animal model and may not fully represent human pathological pathways. However, there is a high degree of similarity between human and mouse research in circRNAs. As it is demonstrated in previous research that most circRNAs present to be conserved between mouse and human (38), most of the circRNAs detected in our microarray data are conserved and of great interest for human research. Second, our research focuses on integral hepatic parenchyma injury and IPC prevention, thus less consideration was put into the design of circRNA profiling in different hepatic zones. In the development of spatial transcriptomics and microarray methods, specific profiling for circRNA expression in different hepatic zones would be of great interest and worth further study.



CONCLUSION

Our study for the first time delineates the expression data of dysregulated circRNAs and mRNAs in response to hepatic IRI and IPC intervention. Our profile and bioinformatic analyses provide numerous novel clues on the pathophysiologic mechanism of IPC protection. Several potential circRNA–miRNA–mRNA axes we predicted may offer promising targets for hepatic ischemic prevention and treatment.
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Background: Data on inter-tumoral heterogeneity and clonal evolution of pancreatic neuroendocrine neoplasms (panNENs) with liver metastasis are limited. The aim of this study was to explore different patterns of clonal evolution of pancreatic neuroendocrine neoplasms with liver metastasis and the possible distinctive signaling pathways involved between G2 neuroendocrine tumors (NETs) and neuroendocrine carcinomas (NECs).

Methods: Tumor tissues of five patients (10 samples) with pancreatic neuroendocrine neoplasms with synchronous liver metastasis were analyzed using next-generation sequencing. PyClone, Gene Ontology, and Reactome pathway enrichment analysis were also applied.

Results: Mutated genes varied in individuals, reflecting the inter-tumoral heterogeneity of panNENs. The distribution of subclones varied during tumor metastasis, and different clonal evolution patterns were revealed between NETs and NECs. Gene Ontology and Reactome analyses revealed that in both NETs and NECs, signaling pathways and biological processes shared similarities and differences in the primary and metastatic lesions. In addition, the signaling pathway features were different between NETs and NECs. In the primary lesions, epigenetic changes and post-transcriptional modifications participated in NETs, while FGFR signaling, EGFR signaling, and NTRK2 signaling were largely involved in NECs. Although DNA repair and TP53 regulation were both involved in the metastatic lesions, most of the signaling pathways and biological processes disrupted by the mutated genes were different.

Conclusions: Our study revealed spatial inter-tumoral heterogeneity and temporal clonal evolution in PanNENs, providing potential therapeutic targets for further prospective clinical trials.

Keywords: clonal evolution, pancreatic neuroendocrine neoplasms, heterogeneity, liver metastasis, next-generation sequencing


INTRODUCTION

Pancreatic neuroendocrine neoplasms (panNENs) are heterogeneous tumors with distinct clinical syndromes and malignant potential. Unfortunately, the worldwide incidence and prevalence of panNENs have recently increased (1, 2). A subset of primary panNENs are aggressive and have a potential to metastasize. The 2019 World Health Organization (WHO) classification divides gastroenteropancreatic NENs into six groups—well-differentiated NETs G1, well-differentiated NETs G2, well-differentiated NETs G3, poorly-differentiated NECs—according to mitotic count and Ki-67 proliferation index, MiNEN and tumor-like lesions. Increased mitotic rate and high Ki-67 index are associated with a more aggressive clinical course and poorer prognosis (3, 4). Many studies have shown that distant metastases are related to poor overall survival in PanNENs (5, 6); however, the potential mechanisms of metastasis are poorly investigated and remain unclear.

Tumors progress and metastasize under Darwinian selection and evolution (7), and diverse genetic alterations create intra- and inter-tumoral heterogeneity. Difficulties with treatment, including drug resistance due to inter-tumoral heterogeneity and clonal evolution dynamics, are common. Some studies have shown concordance in mutational status between primary and distant metastases, where others do not (8, 9). Recent studies of breast cancer lung metastasis in mice showed that metastatic lesions were polyclonal, while omental metastases of high grade serous human ovarian cancer predominantly exhibited a single phylogenetic clade (10, 11). However, there are few studies investigating the clonal variation between primary and metastatic lesions of panNENs, or the different metastatic mechanisms among different grades. Studies of inter-tumoral heterogeneity in primary and metastatic lesions of panNENs are of great importance and could lead to more accurate clinical strategies for treatment.

The advent of next-generation sequencing (NGS) has increased understanding of tumor heterogeneity and clonal evolution (12, 13). In our study, we used a 450 oncogene sequencing panel to sequence pairs of primary tumors and hepatic metastases from synchronously metastasized panNENs from five patients. PyClone was applied to analyze the clonal populations and demonstrate the clonal distribution variation of primary and metastatic lesions. In addition, GO (Gene Ontology) and pathway enrichment analysis revealed distinct biological pathways that participated in primary and metastatic lesions in G2 neuroendocrine tumors (NETs) and neuroendocrine carcinomas (NECs).



MATERIALS AND METHODS


Patients

Five panNEN patients with synchronous liver metastasis were included. Fresh tumor specimens were collected at the time of synchronous resection of primary tumors and liver metastases. Primary tissue samples, metastatic tissue samples, and adjacent normal tissue samples were collected. Our research was permitted by the Ethics Committee of the First Affiliated Hospital of Zhejiang University and the patients were informed of and gave consent to the use of tumor tissues for this research. All methods were performed in accordance with the declaration of Helsinki. Patient characteristics including patient demographics, pathologic TNM staging, histology stage, tumor thrombus, functional status, surgical approach, disease free survival (DFS), and patient status were obtained. TNM staging was adopted according to the 8th AJCC cancer staging system for neuroendocrine tumors of the pancreas. Grade was adopted according to the new WHO 2019 grading classifications.



Hematoxylin and Eosin and Immunohistochemistry

Hematoxylin and eosin (HE) staining and immunohistochemistry against Ki67 were carried out on each sample to confirm diagnosis and to determine the histological subtype. Briefly, the tumor samples were fixed in 4% neutral paraformaldehyde, dehydrated via a gradient ethanol, and embedded within paraffin blocks. Then, the histological sections (5 um) were prepared, deparaffinized, hydrated, and subjected to HE staining and immunohistochemistry (IHC). For IHC, the hydrated sections were first heated in antigen retrieval buffer, permeabilized with PBS containing 0.1% Triton X-100, and then blocked with 1% bovine serum albumin (BSA). Then, the sections were incubated with a Ki67 primary antibody at 4°C overnight and treated with 3% H2O2 to inhibit endogenous peroxidases. Then, sections were incubated with an HRP-linked secondary antibody for 1 h at room temperature; 3,30-diaminobenzidine was used as a chromogenic agent. Finally, the nuclei were stained with hematoxylin before dehydration and mounting.



Hybrid Selection and Sequencing

A custom hybridization capture panel including over 23,660 individually synthesized 5′-biotinylated DNA 120 bp oligonucleotides was used to target ~2.6 Mb of the human genome, including most exons of cancer-related genes and select introns of genes frequently rearranged in cancer (a 450 oncogene sequencing panel was used; gene names are listed in Supplementary Table 1). Hybridization capture employed xGen® Lockdown® Probes and Reagents (Integrated DNA Technologies, Version 3). Post-capture libraries were mixed, denatured, diluted, and then sequenced. For estimation of sequencing error rate, a PhiX spike-in was added as an external control to measure the percentage of reads with 0–4 mismatches, following the method described by Manley et al. (14). The average sequencing depth was 1000X for tissue-based deep sequencing.



Bioinformatics Pipeline for SNV and Short Indels

Alignment of raw reads to the human genome reference sequence (hg19) was done with the Burrows-Wheeler Aligner (BWA, v0.6.2), followed by PCR duplicate removal using the MarkDuplicates algorithm from Picard (version 1.47, http://picard.sourceforge.net/). Local realignment and base quality recalibration for single nucleotide variants (SNV) were performed using GATK (v3.1-1) and subsequently culled by MUTECT (v1.7).



Bioinformatics Pipeline for Copy Number Alternations

To identify CNA, aligned reads were first normalized within each bed by EXCAVATOR (version v2.2, http://sourceforge.net/projects/excavatortool/). Log ratio of read depths for each gene from tumor tissue and its matched normal blood control was then calculated. Tumor cellularity was estimated by allele frequencies of 4,088 sequenced SNPs (single nucleotide polymorphism), following the method in ASCAT.



Bioinformatics Pipeline for Gene Rearrangement

For detection of gene rearrangement, aligned reads with abnormal insert size of over 2,000 or zero bp were collected and used as discordant reads, i.e., paired-end reads that could not be closely mapped to a genome reference, with each read of paired-reads aligned to the same chromosomes or different chromosomes. Originally, the discordant reads with the distance <500 bp formed clusters were further assembled by fermi-lite (https://github.com/lh3/fermi-lite) to identify potential rearrangement breakpoints. The breakpoints were double-confirmed by BLAT and the resulted chimeric gene candidates were annotated.



Tumor Mutation Burden and Microsatellite Instability

Tumor mutation burden (TMB) was estimated by counting somatic mutations, including coding SNVs and indels per megabase of the sequence examined. Driver mutations and known germline alterations in dbSNP were not counted. MSI status was inferred based on MANTIS (15) score, and microsatellite regions were manually reviewed in Integrated Genomics Viewer (IGV) (16) for confirmation.



PyClone

A Bayesian clustering method, PyClone, was used to infer clonal population structures present in the tumor as previously described (17). Briefly, given the mutation allele frequencies for each sample, PyClone estimates cellular prevalence for each cluster in each sample. PyClone is freely available for academic use at https://github.com/Roth-Lab/pyclone.



GO and Reactome Pathway Enrichment Analysis

Related genes were selected using the Cytoscape GeneMANIA plugin (18). Genes from NEC and NET samples were combined separately and enrichment analysis for Biological Process was performed using the R software clusterProfiler (19) package with the pvalueCutoff set as 0.05. Reactome pathway enrichment analysis was performed using the ReactomePA package (20) with the p-value cutoff set as 0.05. Only the top 20 entries with a minimum adjusted p-value for primary and metastatic sites were included in the dotplot.




RESULTS


Patient Demographics

Five panNEN patients with synchronous liver metastasis were included. All patients received synchronous resection of primary and liver metastases. The pathology of patients 1 and 2 was NEC. In the primary and metastatic lesions, the cells were poorly differentiated, composed of highly atypical neoplastic cells, with a mitotic rate > 20/10 high-power fields, and ki67 > 20%. Patient 3, patient 4, and patient 5 were G2 NET. The cells were arranged in nests and glandular tubes, were trabecular, had a mitotic rate of 2–20/10 high-power fields, and ki67 3–20%. All tumors were positive for Synaptophysin and Chromogranin A. Representative hematoxylin- and eosin-stained sections and IHC against ki67 in primary tumors and metastases are shown in Figure 1. TNM stage is also listed. All tumors were non-functioning. The tumors of patients 1 and 2 exhibited perineural invasion, and patient 5 was confirmed to have tumor thrombus. Among the surgical choices for these patients, four patients were treated with distal pancreatectomy and one by pancreaticoduodenectomy. Liver tumor resection was performed in all cases. Mean follow-up time was 51.7 months (46.9–54.6 months). Patient characteristics are listed in Table 1.


[image: Figure 1]
FIGURE 1. Representative hematoxylin and eosin and immunohistochemistry against ki67 in primary and metastatic lesions. In patient 1 and patient 2, HE staining of primary (pancreas) and metastatic lesions (liver) showed a mitotic count >20/10 HPF; the cells were poorly differentiated and composed of highly atypical neoplastic cells. Ki67 of patient 1 was 30–40%; patient 2 was 25–30%. In patients 3, 4, and 5, HE staining showed a mitotic count of 2–20/10 HPF. The cells were arranged in nests, glandular tubes, and were trabecular. Ki67 of patient 3 was 10–20%, patient 4 was 5–10%, and patient 5 was 8–10%. Magnification: 100x.



Table 1. Characteristics of the five patients.
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Sequencing

All primary and metastatic lesions of the five patients were sequenced (Figure 2, Supplementary Table 2) using a 450 oncogene sequencing panel. In patient 1, EPHA2, KRAS, SMARCB1, APC, and SPINK1 were altered in both primary and metastatic lesions, whereas RNF43 and AXIN2 were altered only in metastatic lesions. The VAF of EPHA2, KRAS, SMARCB1, APC all arose in metastatic lesion. In patient 2, TP53 and MEN1 were altered in both samples. Alteration of PIK3CA, RARA, CARD11, TET1, and PRSS1 were found only in the primary lesion while PRSS8 and PLA2G1B were found only in the metastatic lesion. The VAF of TP53 and MEN1 decreased in metastatic lesion. In patient 3, ETV1 was altered in the primary lesion and FGFR3 was altered in the metastatic lesion. In patient 4, MEN1, TSC2, and SIK1 were altered in both lesions and the VAF of TSC2 and MEN1 decreased in metastatic lesion. In patient 5, ATRX and MEN1 were altered in the primary and metastatic lesions. SMAD4 and TSC2 were altered in the primary lesion while FANCM was altered in the metastatic lesion. The VAF of ATRX arose from 0.53 to 0.57 in metastatic lesion while VAF of MEN1 decreased from 0.42 to 0.38. Mutated genes varied in the individuals, reflecting the heterogeneity of NETs and NECs. Compared with NETs, more mutations were revealed in NECs (more than five alterations in both primary lesions and metastatic lesions). And in NETs, gene alterations were less than four. After metastasis, the VAF elevated in one NEC patient, while the increasing VAF were hardly seen in NETs. In addition, in each patient, most of the mutated genes in the primary and metastatic lesions were common (except for patient 3). The TMB value varied from 1.6 to 6.4 mut/Mb in the five patients. All patients were classified as microsatellite stable (MSS).


[image: Figure 2]
FIGURE 2. Mutation characteristics and TMB. Mutation details of primary (p) and metastatic (m) samples of patients 1–5. Green blocks represent substitution/indel. Red blocks represent gene amplification. Blue blocks represent homozygous gene deletion. Purple blocks represent truncation.




PyClone

Based on variations identified using Bayesian clustering with PyClone, we identified three clusters in patients 1 and 2 (Figures 3A,B), one cluster in patient 3, and two clusters in patients 4 and 5 (Figures 3C–E); one cluster represents one subclone. Inter-tumoral heterogeneity was observed between the primary tumor samples and the metastases. The distribution of subclones changed, reflecting the evolution of tumors from primary to metastatic lesions. All tumor samples except for those of patient 3 showed evidence of subclonal structure.


[image: Figure 3]
FIGURE 3. PyClone analysis of the five patients. PyClone quantification of clonal populations in sequenced mutations of patients 1–5 (A–E, respectively). Cellular prevalence of clonal populations is the mean value of the cellular prevalence of mutations in the cluster. The predicted cellular frequencies represent the proportion of cancer cells in each set of clonal mutation.


NEC patients had three clonal populations in the primary lesions, while two clonal populations were identified in patient 1 and only one clonal population in patient 2. In addition, fewer clonal populations were found in G2 NETs and only one clonal population was identified in the metastatic lesions. Different clonal evolution patterns were identified between NETs and NECs.



GO Term and Reactome Analysis

We performed Gene Ontology (GO) enrichment analysis and Reactome analysis on sets of genes mutated in NETs and NECs. Mutated genes in the primary lesions of NET participated in sets of epigenetic changes and post-transcriptional modifications, such as histone methylation, chromatin modification, and macromolecule and protein methylation. In addition, the Reactome analysis showed that chromatin organization, SUMOylation, and the RUNX1 and NOTCH signaling pathways were most involved in the primary lesion. In the metastatic lesions of NETs, however, both Reactome and GO analysis showed that the mutated genes were prone to participation in histone and chromatin modification, DNA structure changes, DNA repair, and TP53 regulation. Histone and chromatin modification, DNA repair, and the regulation of TP53 and RUNX1 were involved in the primary and metastatic lesions in NET, whereas most other pathways were different (Figures 4A,B).


[image: Figure 4]
FIGURE 4. GO and pathway enrichment analysis of mutated genes involved in G2 NETs. GO enrichment analysis of biological process in mutated genes in NETs (A). Reactome pathway enrichment analysis in NETs (B). Dot size corresponds to number of genes; gene ratio is defined as percentage of genes in certain pathways compared with all genes in the samples.


In the primary lesions of NECs, GO analysis revealed that the mutated genes were most related to radiation response, cellular response to peptides and hormones, and transcription factor activity regulation. The Reactome analysis found that FGFR signaling, EGFR signaling, and NTRK2 signaling were largely involved in the NEC primary lesions. In the metastatic lesions of NECs, GO analysis showed that the mutated genes largely participated in organ development and differentiation processes. Reactome analysis revealed that mutated genes influenced DNA repair, chromatin modification, SUMOylation, WNT signaling, and the regulation of transcription and activity of TP53 and RUNX1. The common pathways between the primary and metastatic lesions in NECs were rare except for radiation response (Figures 5A,B).


[image: Figure 5]
FIGURE 5. GO and pathway enrichment analysis of mutated genes involved in NECs. GO enrichment analysis of biological processes in mutated genes in NECs (A). Reactome pathway enrichment analysis in NEC (B). Dot size corresponds to number of genes; gene ratio is defined as the percentage of genes in certain pathways compared with all genes in the samples.


These data revealed that in both NETs and NECs, signaling pathways and biological processes shared similarities and differences in the primary and metastatic lesions. However, the signaling pathways and biological process patterns were different between NETs and NECs. In the primary lesion, epigenetic changes and post-transcriptional modification participated in NETs, while FGFR signaling, EGFR signaling, and NTRK2 signaling were largely involved in NECs. In the metastatic lesions, although DNA repair and TP53 regulation were both involved, most of the signaling pathways and biological process disrupted by the mutated genes were different between NETs and NECs.




DISCUSSION

Clonal evolution is defined by tumor heterogeneity over both space and time (21). Clonal evolutionary processes have been observed in many tumor types including pancreatic cancer (22), leukemia (23), and renal-cell carcinoma (24). Several large-scale genomic studies have characterized panNET genomes, including hundreds of somatic mutations and copy number variations, and reported that significantly mutated genes such as MEN1, DAXX, ATRX contribute to the mutagenic processes (25–27). Most panNECs harbor TP53 and RB1 alterations and lack neuroendocrine-related genetic changes (28). However, few researchers have studied the relationship between primary and metastatic lesions of individual panNENs from the perspective of clonal evolution. Our study performed NGS on five pairs of tumor lesions, revealing a comprehensive analysis of the course of tumor genomic evolution from primary lesion to metastatic lesion.

Tumors progress under Darwinian evolution, in which genetic variation alters molecular phenotypes in individual cells (29). Consequently, tumors often consist of multiple genes and different cell populations. These populations, known as clones, undergo selection in response to different tumor microenvironments or therapeutic interventions (30). Identifying dynamic clonal population structures can aid in predicting metastatic potential and chemotherapeutic resistance (17). PyClone is a Bayesian clustering method for grouping sets of somatic mutations into clonal clusters (17). PyClone was performed in the current study and identified three mutant clonal populations of primary lesions of panNEC and two clonal populations of panNET. Through the clone analysis, the sub-clones in each patient were identified, and the distribution of sub-clones reflected the evolutionary process of the tumors. Some clonal populations diminished, and some clonal populations expanded, which is one of the features of clonal evolution. Interestingly, metastatic lesions in NET patients tended to be from a single clone, which suggests monoclonal seeding from pancreatic lesion to liver and suggests a distinct clonal evolution mode from NEC. More importantly, the result should be confirmed by multiple lesion biopsies and NGS. It has been reported that panNETs exhibit a lower mutation burden (25), which may account for the small number of clonal populations in panNETs.

The failure of therapy and drug resistance is partially caused by intratumor heterogeneity, which provides diverse genetic material under evolutionary selection. In these five patients, the mutated genes varied in the individuals. The data from our study support the notion that pancreatic neuroendocrine carcinomas are fundamentally discordant from neuroendocrine tumors. Apart from their clinicopathological features, including histologic architecture, hormone production, and malignancy, the genetic profile differed. In patient 2, with the shortest overall survival, 45.9 months, TP53 was mutated in both the primary and metastatic lesions. It has been reported that in panNEC, ~70% of the tumors harbor TP53 mutations (28, 31, 32). Alternatively, in well-differentiated neuroendocrine neoplasms of the pancreas, TP53 mutations rarely occur. TP53 mutations, have been consistently associated with poor prognosis in cancers (33). Consistent with the literature, deleterious TP53 mutations were uncommon in panNET in our study. KRAS mutation was observed in one NEC patient and mutations in KRAS codon 12 were independently associated with a worse survival vs. wild-type KRAS (34). Somatic mutations of MEN1 occur in 30–44% of panNETs (25, 35, 36). In our study, patients 4 and 5 carried MEN1 mutations and patient 5 had a mutation of ATRX. DAXX and ATRX are mutually exclusive inactivating mutations, and no tumor with a mutation in ATRX had a mutation in DAXX. It has been reported that mutations in the MEN1 and the DAXX/ATRX genes are associated with prolonged survival compared with patients with tumors that lack these mutations (35). However, Fei Yuan et al. (37) and Marinoni et al. (38) reported that mutations of DAXX/ATRX were associated with a shortened survival. TSC2 mutations, which inhibit the mTOR signaling pathway and are mutually exclusive of mutations of PTEN, were revealed in patients 4 and 5. It has been reported that mTOR pathway genes (PTEN and TSC2) did not predict the pNET patients' survival (37). In addition, we observed high rates of common mutations in the primary and metastatc samples in these patients, except for patient 3. Recent studies on malignancies such as head and neck squamous cell carcinoma, non-small cell lung cancer, endometrial cancer, and small cell lung cancer all observed high rates of common mutations in primary and metastatic lesions (39–41).

Clonal evolution has two patterns, linear evolution or branched evolution. The linear model states that tumor cells acquire mutations over time, and that the strongest tumor becomes dominant. The branching evolution model states that parallel tumor cell clones acquire different genomic mutations over time (42, 43). In our study, both NEC and NET patients shared similar mutations in the primary and metastatic lesions, indicating the tumors were homogeneous at different locations and revealing a probable linear evolution model in PanNENs. This result should be confirmed by multiple biopsy analysis.

The mutated genes in the primary and metastatic lesions of NETs and NECs were analyzed via GO and Reactome analysis to explore the affected biological processes and pathways. The results revealed that the involved biological process and pathways were largely different among the primary and metastatic lesions of NETs and NECs. In NEC primary lesions, the EGFR, FGFR, and NTRK3 pathways were also involved. EGFR, FGFR, and NTRK3 targeted therapy may therefore be new options for NEC patients; however, clinical trials are required to validate this hypothesis. Further, mutated genes in the primary lesions of NETs exhibited sets of epigenetic changes, raising the intriguing possibility of epigenetic inhibitor treatment. Interestingly, though TP53 mutation was not detected in both primary and metastatic lesions in NETs, the Reactome analysis demonstrated that transcriptional regulation of TP53 was involved in NET primary lesions, whereas both the transcriptional regulation and activity regulation of TP53 were involved in NET metastasis. These results indicated that TP53 dysregulation may also play an important role in NET carcinogenesis and metastasis. In addition, we found that the DNA repair pathway participated in both NET and NEC metastasis. It has been reported that failed DNA repair can lead to carcinogenesis and tumor genome instability (44). And defects in DNA repair pathways may indicate a potential vulnerability to DNA-damaging therapies such as platinum (45). Additionally, oxaliplatin-based chemotherapy also shows a relatively high response rate in NETs (46). These findings not only provide better understanding of the mechanisms of NEC and NET carcinogenesis and metastasis, partially explaining the different clonal evolution patterns, but also give new insight into potential therapeutic approaches.

Immune checkpoint inhibitors have recently gained the attention of oncologists. PD-1/PD-L1 expression, tumor mutation burden, and DNA mismatch repair deficiency (dMMR) have been demonstrated as three potential biomarkers for the use of immune checkpoint inhibitors (47–50). Our results showed low TMB and MSS in both primary and metastatic lesions, which is consistent with other reports showing that neuroendocrine tumors have a relatively low mutation burden compared with other tumors (51) and may not benefit from immunotherapy.

This is the first study comparing primary and metastatic lesions of panNENs within the same person using NGS. Our study showed the mutation variation of primary and metastatic lesions and revealed clonal evolution dynamics in panNENs. We further detected different signaling pathways involved in the clonal evolution of NETs and NECs. However, our study had some limitations. The sample size was limited mostly due to the low incidence of PanNENs, and further studies including whole genome sequencing and other experimental studies are needed to verify the results. Our study does shed light on potential novel approaches for predicting and treating panNEN patients with synchronous liver metastasis.



CONCLUSIONS

Our study revealed spatial inter-tumoral heterogeneity and temporal clonal evolution in PanNENs, which provides potential therapeutic targets for further prospective clinical trials.



DATA AVAILABILITY STATEMENT

According to national legislation/guidelines, specifically the Administrative Regulations of the People's Republic of China on Human Genetic Resources (http://www.gov.cn/zhengce/content/2019-06/10/content_5398829.htm, http://english.www.gov.cn/policies/latest_releases/2019/06/10/content_281476708945462.htm), no additional raw data is available at this time. Data of this project can be accessed after an approval application to the China National Genebank (CNGB, https://db.cngb.org/cnsa/). Please refer to https://db.cngb.org/, or email: CNGBdb@cngb.org for detailed application guidance. The accession code CNP0001685 should be included in the application.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Research Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang University (2017-778). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ZT wrote the manuscript. LW, WS, and YZe analyzed the data. HZ and LL collected the clinical and pathological information from the cancer patients. YZh and CC designed the study. WF, WX, and PZ revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Natural Science Foundation of China (81472346), Natural Science Foundation of Zhejiang Province (LY15H030012). The funding source had no role in the design of the study, data collection, data analysis, or manuscript writing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2021.620988/full#supplementary-material



REFERENCES

 1. Yao JC, Hassan M, Phan A, Dagohoy C, Leary C, Mares JE, et al. One hundred years after “carcinoid”: epidemiology of and prognostic factors for neuroendocrine tumors in 35,825 cases in the United States. J Clin Oncol. (2008) 26:3063–72. doi: 10.1200/JCO.2007.15.4377

 2. Metz DC, Jensen RT. Gastrointestinal neuroendocrine tumors: pancreatic endocrine tumors. Gastroenterology. (2008) 135:1469–92. doi: 10.1053/j.gastro.2008.05.047

 3. Panzuto F, Boninsegna L, Fazio N, Campana D, Pia Brizzi M, Capurso G, et al. Metastatic and locally advanced pancreatic endocrine carcinomas: analysis of factors associated with disease progression. J Clin Oncol. (2011) 29:2372–7. doi: 10.1200/JCO.2010.33.0688

 4. Pape UF, Jann H, Muller-Nordhorn J, Bockelbrink A, Berndt U, Willich SN, et al. Prognostic relevance of a novel TNM classification system for upper gastroenteropancreatic neuroendocrine tumors. Cancer. (2008) 113:256–65. doi: 10.1002/cncr.23549

 5. Birnbaum DJ, Turrini O, Ewald J, Barbier L, Autret A, Hardwigsen J, et al. Pancreatic neuroendocrine tumor: a multivariate analysis of factors influencing survival. Eur J Surg Oncol. (2014) 40:1564–71. doi: 10.1016/j.ejso.2014.06.004

 6. Li Z, Du S, Feng W, Zhang W, Li G, Wei J, et al. Competing risks and cause-specific mortality in patients with pancreatic neuroendocrine tumors. Eur J Gastroenterol Hepatol. (2019) 31:749–55. doi: 10.1097/MEG.0000000000001350

 7. McGranahan N, Swanton C. Clonal heterogeneity and tumor evolution: past, present, and the future. Cell. (2017) 168:613–28. doi: 10.1016/j.cell.2017.01.018

 8. Brannon AR, Vakiani E, Sylvester BE, Scott SN, McDermott G, Shah RH, et al. Comparative sequencing analysis reveals high genomic concordance between matched primary and metastatic colorectal cancer lesions. Genome Biol. (2014) 15:454. doi: 10.1186/s13059-014-0454-7

 9. Sebagh M, Allard MA, Bosselut N, Dao M, Vibert E, Lewin M, et al. Evidence of intermetastatic heterogeneity for pathological response and genetic mutations within colorectal liver metastases following preoperative chemotherapy. Oncotarget. (2016) 7:21591–600. doi: 10.18632/oncotarget.7809

 10. McPherson A, Roth A, Laks E, Masud T, Bashashati A, Zhang AW, et al. Divergent modes of clonal spread and intraperitoneal mixing in high-grade serous ovarian cancer. Nat Genet. (2016) 48:758–67. doi: 10.1038/ng.3573

 11. Cheung KJ, Padmanaban V, Silvestri V, Schipper K, Cohen JD, Fairchild AN, et al. Polyclonal breast cancer metastases arise from collective dissemination of keratin 14-expressing tumor cell clusters. Proc Natl Acad Sci USA. (2016) 113:E854–63. doi: 10.1073/pnas.1508541113

 12. Zhao B, Hemann MT, Lauffenburger DA. Modeling tumor clonal evolution for drug combinations design. Trends Cancer. (2016) 2:144–58. doi: 10.1016/j.trecan.2016.02.001

 13. Ding L, Raphael BJ, Chen F, Wendl MC. Advances for studying clonal evolution in cancer. Cancer Lett. (2013) 340:212–9. doi: 10.1016/j.canlet.2012.12.028

 14. Manley LJ, Ma D, Levine SS. Monitoring error rates in illumina sequencing. J Biomol Tech. (2016) 27:125–8. doi: 10.7171/jbt.16-2704-002

 15. Kautto EA, Bonneville R, Miya J, Yu L, Krook MA, Reeser JW, et al. Performance evaluation for rapid detection of pan-cancer microsatellite instability with MANTIS. Oncotarget. (2017) 8:7452. doi: 10.18632/oncotarget.13918

 16. Robinson JT, Thorvaldsdóttir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative genomics viewer. Nat Biotechnol. (2011) 29:24–6. doi: 10.1038/nbt.1754

 17. Roth A, Khattra J, Yap D, Wan A, Laks E, Biele J, et al. PyClone: statistical inference of clonal population structure in cancer. Nat Methods. (2014) 11:396–8. doi: 10.1038/nmeth.2883

 18. Montojo J, Zuberi K, Rodriguez H, Bader GD, Morris Q. GeneMANIA: fast gene network construction and function prediction for Cytoscape. F1000Res. (2014) 3:153. doi: 10.12688/f1000research.4572.1

 19. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. (2012) 16:284–7. doi: 10.1089/omi.2011.0118

 20. Yu G, He QY. ReactomePA: an R/Bioconductor package for reactome pathway analysis and visualization. Mol Biosyst. (2016) 12:477–9. doi: 10.1039/C5MB00663E

 21. Amirouchene-Angelozzi N, Swanton C, Bardelli A. Tumor evolution as a therapeutic target. Cancer Discov. (2017) 7:805–17. doi: 10.1158/2159-8290.CD-17-0343

 22. Yachida S, Jones S, Bozic I, Antal T, Leary R, Fu B, et al. Distant metastasis occurs late during the genetic evolution of pancreatic cancer. Nature. (2010) 467:1114–7. doi: 10.1038/nature09515

 23. Anderson K, Lutz C, van Delft FW, Bateman CM, Guo Y, Colman SM, et al. Genetic variegation of clonal architecture and propagating cells in leukaemia. Nature. (2011) 469:356–61. doi: 10.1038/nature09650

 24. Gerlinger M, Rowan AJ, Horswell S, Math M, Larkin J, Endesfelder D, et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N Engl J Med. (2012) 366:883–92. doi: 10.1056/NEJMoa1113205

 25. Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P, et al. Whole-genome landscape of pancreatic neuroendocrine tumours. Nature. (2017) 543:65–71. doi: 10.1038/nature21063

 26. Pea A, Yu J, Marchionni L, Noe M, Luchini C, Pulvirenti A, et al. Genetic analysis of small well-differentiated pancreatic neuroendocrine tumors identifies subgroups with differing risks of liver metastases. Ann Surg. (2020) 271:566–73. doi: 10.1097/SLA.0000000000003022

 27. Chan CS, Laddha SV, Lewis PW, Koletsky MS, Robzyk K, Da Silva E, et al. ATRX, DAXX or MEN1 mutant pancreatic neuroendocrine tumors are a distinct alpha-cell signature subgroup. Nat Commun. (2018) 9:4158. doi: 10.1038/s41467-018-06498-2

 28. Konukiewitz B, Jesinghaus M, Steiger K, Schlitter AM, Kasajima A, Sipos B, et al. Pancreatic neuroendocrine carcinomas reveal a closer relationship to ductal adenocarcinomas than to neuroendocrine tumors G3. Hum Pathol. (2018) 77:70–9. doi: 10.1016/j.humpath.2018.03.018

 29. Gonzalgo ML, Jones PA. Mutagenic and epigenetic effects of DNA methylation. Mutat Res. (1997) 386:107–18. doi: 10.1016/S1383-5742(96)00047-6

 30. Aparicio S, Caldas C. The implications of clonal genome evolution for cancer medicine. N Engl J Med. (2013) 368:842–51. doi: 10.1056/NEJMra1204892

 31. Konukiewitz B, Schlitter AM, Jesinghaus M, Pfister D, Steiger K, Segler A, et al. Somatostatin receptor expression related to TP53 and RB1 alterations in pancreatic and extrapancreatic neuroendocrine neoplasms with a Ki67-index above 20. Modern Pathol. (2017) 30:587–98. doi: 10.1038/modpathol.2016.217

 32. Yachida S, Vakiani E, White CM, Zhong Y, Saunders T, Morgan R, et al. Small cell and large cell neuroendocrine carcinomas of the pancreas are genetically similar and distinct from well-differentiated pancreatic neuroendocrine tumors. Am J Surg Pathol. (2012) 36:173–84. doi: 10.1097/PAS.0b013e3182417d36

 33. Olivier M, Hollstein M, Hainaut P. TP53 mutations in human cancers: origins, consequences, and clinical use. Cold Spring Harbor Perspect Biol. (2010) 2:a001008. doi: 10.1101/cshperspect.a001008

 34. Hayama T, Hashiguchi Y, Okamoto K, Okada Y, Ono K, Shimada R, et al. G12V and G12C mutations in the gene KRAS are associated with a poorer prognosis in primary colorectal cancer. Int J Colorectal Dis. (2019) 34:1491–6. doi: 10.1007/s00384-019-03344-9

 35. Jiao Y, Shi C, Edil BH, de Wilde RF, Klimstra DS, Maitra A, et al. DAXX/ATRX, MEN1, and mTOR pathway genes are frequently altered in pancreatic neuroendocrine tumors. Science. (2011) 331:1199–203. doi: 10.1126/science.1200609

 36. Corbo V, Dalai I, Scardoni M, Barbi S, Beghelli S, Bersani S, et al. MEN1 in pancreatic endocrine tumors: analysis of gene and protein status in 169 sporadic neoplasms reveals alterations in the vast majority of cases. Endocr Relat Cancer. (2010) 17:771–83. doi: 10.1677/ERC-10-0028

 37. Yuan F, Shi M, Ji J, Shi H, Zhou C, Yu Y, et al. KRAS and DAXX/ATRX gene mutations are correlated with the clinicopathological features, advanced diseases, and poor prognosis in Chinese patients with pancreatic neuroendocrine tumors. Int J Biol Sci. (2014) 10:957–65. doi: 10.7150/ijbs.9773

 38. Marinoni I, Kurrer AS, Vassella E, Dettmer M, Rudolph T, Banz V, et al. Loss of DAXX and ATRX are associated with chromosome instability and reduced survival of patients with pancreatic neuroendocrine tumors. Gastroenterology. (2014) 146:453–60.e455. doi: 10.1053/j.gastro.2013.10.020

 39. Saber A, Hiltermann TJN, Kok K, Terpstra MM, de Lange K, Timens W, et al. Mutation patterns in small cell and non-small cell lung cancer patients suggest a different level of heterogeneity between primary and metastatic tumors. Carcinogenesis. (2017) 38:144–51. doi: 10.1093/carcin/bgw128

 40. Gibson WJ, Hoivik EA, Halle MK, Taylor-Weiner A, Cherniack AD, Berg A, et al. The genomic landscape and evolution of endometrial carcinoma progression and abdominopelvic metastasis. Nat Genet. (2016) 48:848–55. doi: 10.1038/ng.3602

 41. Hedberg ML, Goh G, Chiosea SI, Bauman JE, Freilino ML, Zeng Y, et al. Genetic landscape of metastatic and recurrent head and neck squamous cell carcinoma. J Clin Investig. (2016) 126:1606. doi: 10.1172/JCI86862

 42. Polyak K. Is breast tumor progression really linear? Clin Cancer Res. (2008) 14:339–341. doi: 10.1158/1078-0432.CCR-07-2188

 43. Yates LR, Campbell PJ. Evolution of the cancer genome. Nat Rev Genet. (2012) 13:795–806. doi: 10.1038/nrg3317

 44. Bouwman P, Jonkers J. The effects of deregulated DNA damage signalling on cancer chemotherapy response and resistance. Nat Rev Cancer. (2012) 12:587–98. doi: 10.1038/nrc3342

 45. Bever KM, Le DT. DNA repair defects and implications for immunotherapy. J Clin Investig. (2018) 128:4236–42. doi: 10.1172/JCI122010

 46. Kunz PL, Balise RR, Fehrenbacher L, Pan M, Venook AP, Fisher GA, et al. Oxaliplatin-fluoropyrimidine chemotherapy plus bevacizumab in advanced neuroendocrine tumors: an analysis of 2 phase II trials. Pancreas. (2016) 45:1394–400. doi: 10.1097/MPA.0000000000000659

 47. Rosenberg JE, Hoffman-Censits J, Powles T, van der Heijden MS, Balar AV, Necchi A, et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have progressed following treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet. (2016) 387:1909–20. doi: 10.1016/S0140-6736(16)00561-4

 48. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1 blockade in tumors with mismatch-repair deficiency. N Engl J Med. (2015) 372:2509–20. doi: 10.1056/NEJMoa1500596

 49. Hodges TR, Ott M, Xiu J, Gatalica Z, Swensen J, Zhou S, et al. Mutational burden, immune checkpoint expression, and mismatch repair in glioma: implications for immune checkpoint immunotherapy. Neurooncology. (2017) 19:1047–57. doi: 10.1093/neuonc/nox026

 50. Teng F, Meng X, Kong L, Yu J. Progress and challenges of predictive biomarkers of anti PD-1/PD-L1 immunotherapy: a systematic review. Cancer Lett. (2018) 414:166–73. doi: 10.1016/j.canlet.2017.11.014

 51. Cunha LL, Marcello MA, Rocha-Santos V, Ward LS. Immunotherapy against endocrine malignancies: immune checkpoint inhibitors lead the way. Endocr Relat Cancer. (2017) 24:T261–81. doi: 10.1530/ERC-17-0222

Conflict of Interest: WS and YZe were employed by the company OrigiMed.

The remaining 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.

The reviewer H-KW declared a shared affiliation, though no other collaboration, with several of the authors, ZT, LW, HZ, LL, YZh, CC, WX, WF, and PZ to the handling editor.

Copyright © 2021 Tong, Wang, Shi, Zeng, Zhang, Liu, Zheng, Chen, Xia, Fang and Zhao. 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.












	
	SYSTEMATIC REVIEW
published: 08 June 2021
doi: 10.3389/fmed.2021.608760






[image: image2]

High SVR12 With 8-Week Course of Direct-Acting Antivirals in Adolescents and Children With Chronic Hepatitis C: A Comprehensive Analysis

Zuqiang Fu1,2†, Chen Dong3†, Zhijun Ge4, Chunhui Wang2, Yun Zhang1,2, Chao Shen1,2, Jun Li5, Chuanlong Zhu5, Yan Wang1, Peng Huang1,2* and Ming Yue5*


1Department of Epidemiology, School of Public Health, Nanjing Medical University, Nanjing, China

2Eastern Theater Command Centers for Disease Control and Prevention, Institute of Epidemiology and Microbiology, Nanjing, China

3Department of Epidemiology and Statistics, School of Public Health, Medical College of Soochow University, Suzhou, China

4Department of Critical Care Medicine, The Affiliated Yixing Hospital of Jiangsu University, Yixing, China

5Department of Infectious Diseases, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

Edited by:
Jianpeng Sheng, Nanyang Technological University, Singapore

Reviewed by:
Xiaomei Ma, Henan, China
 Mingwang Shen, Xi'an Jiaotong University, China

*Correspondence: Peng Huang, huangpeng@njmu.edu.cn
 Ming Yue, yueming@njmu.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 21 September 2020
 Accepted: 30 April 2021
 Published: 08 June 2021

Citation: Fu Z, Dong C, Ge Z, Wang C, Zhang Y, Shen C, Li J, Zhu C, Wang Y, Huang P and Yue M (2021) High SVR12 With 8-Week Course of Direct-Acting Antivirals in Adolescents and Children With Chronic Hepatitis C: A Comprehensive Analysis. Front. Med. 8:608760. doi: 10.3389/fmed.2021.608760



Direct-acting antiviral (DAA) treatment for 8 weeks has a sustained virological response rate in adults with chronic hepatitis C. We have conducted a systematic review and meta-analysis to compare the efficacy and safety of the 8-week vs. 12/24-week DAA treatment in adolescents and children with CHC. The PubMed, Web of Science, and Cochrane databases were searched for the relevant articles from January 1, 2017 to August 28, 2020 and further screened for literature reviews on April 1, 2021. Pool proportions with 95% CIs for SVR12 were summarized with fixed/random effects models using Freeman–Tukey double arcsine transformation. Subgroup analysis was used to explore the source of heterogeneity. Thirty-six relevant publications were identified. For adolescents aged 12–17 years old, the pooled SVR12 and AE rate were 99.4% (95% CI: 98.7–99.9) and 34.7% (95% CI: 31.9–37.6). No one discontinued treatment due to drug intolerance. In addition, the SVR12 adolescents treated for 12 and 8/24 weeks were 99.3% (95% CI: 98.4–99.9) and 100%, respectively. The pooled SVR12 rate, AEs, and SAEs for children younger than 12 years were 98.9% (95% CI: 97.3–99.8), 51.6% (95% CI: 47.0–56.2), and 1.1% (95% CI: 0.4–2.5), respectively. The most common AE was fatigue (28.4%). The SVR12 was 98.8% (95% CI: 97.1–99.8) and 100% for the pediatric patients treated for 12 weeks and 8/24 weeks, respectively. Taken together, DAAs are generally effective against CHC and well-tolerated by the adolescents and children. A treatment duration of 8 weeks is equally effective and safe as 12/24 weeks in this demographic group.

Keywords: hepatitis C virus, direct-acting antivirals regimens, adolescents and children, sustained virological response, treatment duration


INTRODUCTION

Hepatitis C is caused by hepatitis C virus (HCV) infection and afflicted 71.7 million people or 1% of the global population in 2015 (1, 2), of which 13.2 (11.5–21.2) million were children and adolescents aged 1–15 years (3). Only 1.76 million (13%) of the patients received treatment, and 86% (1.51 million) were treated with direct-acting antivirals (DAAs) (1, 2).

Vertical HCV infection is cleared spontaneously without treatment in 20% of the pediatric patients, while the remaining 80% develop chronic infection in the first 4 years of life that usually persists into adulthood (4–6). Early diagnosis and treatment at younger age can reduce the prevalence of chronic infection in adulthood, and therefore reduce the global burden of HCV (7). However, although 5.5 million people with chronic HCV have been treated so far, most of these patients are adults that received the less effective interferon-based regimens (2).

The Food and Drug Administration (FDA) approved supplemental administration of sofosbuvir (SOF) and a combination of sofosbuvir and ledipasvir (SOF+LDV) in April 2017 to treat HCV in adolescents aged 12–17 years (8). In addition, several single-arm clinical trials conducted in the last 2 years have shown that DAAs are highly effective in pediatric CHC patients aged 6–12 years (9, 10). However, most of these studies have only analyzed the efficacy of DAAs on specific pediatric patient populations, such as those infected with HCV genotype 4 (GT) (11, 12), or the treatment experienced (TE) or treatment-naïve (TN) patients (13). The efficacy of short-duration (8 weeks) DAA treatment in adolescents and children with HCV infection has not been summarized so far.

The aim of this study was to comprehensively evaluate the efficacy and safety of 8-week vs. 12/24-week DAA regimens in adolescents and children with HCV infection using data from published studies. Our findings provide valuable information for medical professionals and researchers.



MATERIALS AND METHODS

This systematic review and meta-analysis was conducted according to the preferred reporting items for systematic review and meta-analyses (PRISMA) statement (Supplementary Table 1) (14).


Literature Search

PubMed, Cochrane Library, and Web of Science databases were searched for the relevant articles from January 1, 2017 to August 28, 2020. Literature reviews were searched on April 1, 2021. There were no restrictions on the year of publication and language. To avoid missing any study, several keywords were replaced with their synonyms. The following search terms were applied: “hepatitis C virus” (e.g., “HCV”; “CHC”; “hepatitis c”); “direct-acting antiviral” (e.g., “DAA”; “Sofosbuvir”; “Dasabuvir”; “Daclatasvir”; “Ledipasvir”; “Ombitasvir”; “Elbasvir”; “Velpatasvir”; “Boceprevir”; “Telaprevir”; “Simeprevir”; “Asunaprevir”; “Paritaprevir”; “Grazoprevir”); “pediatric” (e.g., “paediatr”; “pediatr”); and “children” (e.g., “child”; “teenager”; “kid”; “adolescent”; “youngster”; “juvenile”) (Supplementary Table 2). All types of studies were collated initially. The procedure is outlined in Figure 1.


[image: Figure 1]
FIGURE 1. Preferred reporting items for the review flow diagram for identification of relevant studies.




Inclusion and Exclusion Criteria

Studies that met the following criteria were included: (i) HCV infection (HCV RNA positive in blood) (8), (ii) adolescents (12–17 years) or pediatric (<12 years of age) patients, (iii) DAA treatment regimen, (iv) all HVC genotypes, (v) definite outcome variables (SVR12), (vi) TN or TE patients, and (vii) informed consent.

The exclusion criteria of the studies were as follows: (i) co-infection with HBV or HIV, (ii) evidence of HCC or other malignancy, (iii) history of solid organ or bone marrow transplantation, (iv) decompensated liver disease or chronic liver disease of a non-HCV etiology, (v) review, case report, or articles with >10 subjects, and (vi) not treated with any DAA-containing regimens.



Study Selection

The duplicate studies were first eliminated using Endnote software, and the unrelated studies were excluded by browsing through the titles and abstracts. Studies with only adult subjects or lacking DAAs in the treatment regimens were excluded, and those reporting on the efficacy or safety of DAA treatment in children were retained. The bibliographies of the most recent relevant literature reviews were manually inspected to obtain additional articles. To avoid selection bias caused by one person, two reviewers (Mr. Fu and Miss Yue) evaluated all abstracts and selected the relevant studies for full-text reading. Any disagreement was resolved by consensus among all authors.



Research Outcomes

The primary outcome was the efficacy of DAA regimens in adolescents and children, which was defined as the percentage of patients with SVR12 [HCV RNA < the lower limit of quantitation (LLOQ) at 12 weeks after cessation of therapy]. The SVR12 in this meta-analysis was the intention-to-treat (ITT) SVR12. The second outcome was the percentage of patients with adverse events (AEs) and serious AEs (SAEs). The AEs were defined as any unfavorable medical event reported by patients or any aberrations observed by the clinicians from the baseline laboratory indices after administration of the first dose until 30 days after the last dose. Common AEs included fatigue, nausea, and so on. The SAEs were defined as any event causing disability, congenital malformation, or death (8, 15–17). The worsening of laboratory test values from baseline was graded using the National Cancer Institute Common Terminology Criteria for Adverse Events (18). The safety of DAA regimen for HCV-infected patients was evaluated by the rate of drug-related AEs, SAEs, discontinuation, and laboratory abnormalities (19).



Data Extraction and Quality Evaluation

All relevant data including SVR12 (the primary endpoints of interest), side effects, study characteristics (e.g., study author, publication date, study type, and study sites), patient characteristics at baseline (e.g., age, sex rate, genotype, and treatment regimen/duration), and possible factors that affect the outcomes of treatment were extracted from the articles. The study subjects were divided into the adolescents (12–17 years) and children (<12 years of age) groups.

All studies were assessed for methodological quality using the tool of Review Manager 5.2. The items of evaluation refer to a National Institutes of Health quality assessment tool: the tool for “Before-After (Pre-Post) Studies With No Control Group” (https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools) (Supplementary Table 3). Each criterion was graded as “yes,” “no,” or “unclear,” which corresponded to “low bias risk,” “high bias risk,” and “unclear risk of bias,” respectively.



Statistical Analyses

R x64-3.6.1 software (The R Foundation for Statistical Computing) was used for the meta-analysis. Pool proportions with 95% CIs for SVR were summarized with fixed effects models using Freeman–Tukey double arcsine transformation (20). Fixed/random effects models were used in all analyses, and statistical heterogeneity was calculated with the I2 method and subgroup differences using the Q-test. I2 was calculated as follows: I2 (%) = 100 × (Q − df)/Q, where Q is Cochrane's heterogeneity statistic and df indicates the degree of freedom. Negative values for I2 were set to zero, and an I2 ≥ 50% was considered to have substantial heterogeneity. Publication bias was analyzed by Funnel plots. P < 0.05 was considered statistically significant.




RESULTS

A total of 741, 1,344, and 188 studies were initially identified in the PubMed, Web of Science, and Cochrane Library databases, respectively, of which 444 duplicate articles were excluded. After screening the titles and abstracts, 1,767 articles were further excluded. After including 21 additional articles from manual search of the reference lists, a total of 73 papers were eligible for full-text screening, of which 45 were excluded for incomplete data and/or inappropriate age groups (patients aged ≥18 years) and 7 for patients with co-morbidities. Another eight articles were included after the later literature search. Finally, 36 articles were included for further review, except for one that included both children and adolescents (Figure 1).


Studies and Patients' Characteristics

The main characteristics of the patients and studies are summarized in Table 1. A total of 28 studies were included, of which 18 were from Egypt, 7 from the United States, 4 from India, and 5 from multiple or other countries. All studies were observational, and 14 were multi-center studies. Except for three studies that did not specify the age groups, a total of 1,718 patients (1,253 adolescents and 465 children) were included in the studies, of which 792 were infected with HCV GT4, 545 with HCV GT1, 156 with GT3, 43 with HCV GT2, 1 with HCV GT5, and 213 with unknown GTs. Apart form 267 patients with unavailable treatment history, 1,216 were TN and 272 were TE. The majority of the patients (59%, 951/1,612) were males.


Table 1. Main characteristics of the studies and patients included in this review.
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The methodological quality of each study is shown in Supplementary Figures 1, 2. The quality assessment criteria according to the National Institute of Health quality assessment tools are listed in Supplementary Table 3 (https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools). As shown in Supplementary Figure 2, most items had good level of research quality except for Q5, which was the result of patient specificity.



Efficacy Analysis of DAAs in Adolescents With CHC

A total of 24 studies including 1,253 adolescents patients were included for evaluating SVR12. The fixed-effect model showed that the pooled SVR12 rate was 99.4% (837/1,253, 95% CI: 98.7–99.9) (12, 15, 16, 18, 22, 23, 27–32, 34–36, 38, 39, 42–48). There was no significant heterogeneity (I2 = 0%, P = 0.83) (Figure 2A) or publication bias (t = 0.22, P = 0.828) (Supplementary Figure 3A) among these studies. There were three different treatment cycles of 8, 12, and 24 weeks. As shown in Table 2, the SVR12 rate was 100% (193/194, 95% CI: 98.7–100) for patients treated for 8 weeks, 99.3% (998/1,015, 95% CI: 98.4–99.9) for those treated for 12 weeks, and 100% (43/44, 95% CI: 98.9–100) for those treated for 24 weeks. The pooled SVR12 rate was 100% (95% CI: 100.0–100.0) (Supplementary Figure 4A), with litter heterogeneity among the three groups (P = 0.398). In addition, there were no significant differences in the pooled SVR12 rates when analyzed for the genotype, treatment history, and treatment regimen subgroups (Supplementary Figures 6A–8A).


[image: Figure 2]
FIGURE 2. Overall rate of SVR12 in patients treated by DAAs. (A) Patients aged 12–17 years old. (B) Patients below 12 years old. The size of the square represents the weight of the study in the meta-analysis; the line width represents the 95% confidence interval of the study; the vertical line represents the “no effect line”; the diamond-shaped block represents the combined effect estimate of each study (fixed effect model or random effects model). (A) Patients aged 12–17 years old. (B) Patients below 12 years old. SVR, sustained virological response; DAAs, direct-acting antivirals; CI, confidence interval; Total, sum of patients treated by DAA.



Table 2. Rate of SVR12 after different durations of treatment in children and adolescents.
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Safety Analysis of DAAs in Adolescents With CHC

As shown in Table 3 and Supplementary Figure 5A, the AE rate was 31, 36.1, and 41.7% among adolescents treated with DAAs for 8, 12, and 24 weeks, respectively. No significant heterogeneity was observed among three groups (31.0 vs. 36.1 vs. 41.7%, P = 0.918). Furthermore, the pooled AE rate for the adolescents aged 12–17 years was 34.7% (385/1,109, 95% CI: 31.9–37.6) and the SAE rate was 0.2% (95% CI: 0–0.6). The top AEs in adolescents were headache (22.6%, 206/910), abdominal pain (21.1%, 118/560), fatigue (15.5%, 129/832), nausea (15.4%, 90/585), and diarrhea (15.0%, 104/695).


Table 3. AEs after different treatment durations in children and adolescents.
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Efficacy Analysis of DAAs in Children With CHC

A total of nine studies including 465 pediatric patients were included for SVR12 evaluation, and the fixed-effect model showed that the pooled SVR12 rate was 98.9% (454/465, 95% CI: 97.3–99.8) (10, 11, 13, 17, 21, 24–26, 37, 46). There was little heterogeneity among these studies (I2 = 35%, P = 0.13) (Figure 2B), and no significant publication bias was observed as per the funnel plot (t = −0.68, P = 0.519) (Supplementary Figure 3B). Eight of these studies reported the efficacy of 12-week treatment, two studies reported the efficacy of 8-week treatment, and only one study observed the outcomes of 24-week treatment. The SVR12 rates were 100% (41/41, 95% CI: 95.9–100), 98.8% (410/421, 95% CI: 97.1–99.8), and 100% (3/3, 95% CI: 50.0–100.0) for patients treated for 8, 12, and 24 weeks, respectively (Supplementary Figure 4B). No distinct heterogeneity was observed among these groups (P = 0.676). Moreover, the pooled SVR12 rate for children with CHC was independent of HCV genotypes, treatment history, and treatment regimens (Supplementary Figures 6B–8B).



Safety Analysis of DAAs in Children With CHC

As shown in Table 3, the AE rates in pediatric patients treated with DAAs for 8, 12, and 24 weeks were 57.8, 45.1, and 98.7%, respectively (Supplementary Figure 5B). Thus, the AE rate increased significantly when the treatment was continued for 24 weeks (98.7 vs. 57.8/45.1%, P < 0.001). The pooled AE rate was 51.6% (240/465, 95% CI: 47.0–56.2) and the SAE rate was 1.1% (5/465, 95% CI: 0.4–2.5) for children (<12 years of age), and the most common AEs were fatigue (28.4%, 80/282), headache (27.6%, 82/297), vomiting (21.1%, 51/242), cough (15.4%, 35/228), and fever (14.9%, 34/228) (Table 4).


Table 4. Rate of AEs, SAEs, discontinuation, and the common AEs among children and adolescents.
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DISCUSSION

Compared to adult patients, there are significant gaps regarding the data of adolescents and children with HCV infection. Although several DAAs are effective and safe in adolescents with hepatitis C (8, 49), it is unclear whether a shorter 8-week treatment cycle would achieve similar outcomes as the 12-week or even 24-week cycles. To this end, we systematically analyzed the studies published so far on the therapeutic efficacy of DAA-containing regimens in children and adolescents with HCV infection.

Prior to the regulatory approval of DAAs for pediatric patient, the standard treatment for adolescents and children infected with HCV was 24 weeks of pegIFN and RBV for GT 2 and 3, and 48 weeks for GT 1 and 4 (50–58). This combination resulted in an SVR of around 52% in patients infected with HCV GT 1 and 4, and 89% in those infected with HCV GT 2 and 3, but was associated with significant side effects (54–56, 58). Compared to IFN-based regimens, DAAs not only are more efficient but also have fewer side effects (10–12, 15–17, 22, 24–26, 28, 29, 31, 34–39). We found that the overall SVR12 rate for the adolescents and children treated with DAAs was 99.4 and 98.9%, respectively, although the frequency of AEs was substantial (34.7 and 51.6%). Nevertheless, SAEs were rare (0.2 and 1.1%) and no adolescent patients discontinued treatment due to the AEs since most were tolerable, such as headaches (22.6%), abdominal pain (21.1%), and fatigue (15.5%). Moreover, children were more likely to experience side effects compared to teenagers (51.6 vs. 34.7%). The most common AE among children was fatigue (28.4%), most likely due to “abnormal drug taste” (24, 26). Thus, DAAs are relatively well-tolerated by both children and adolescents.

Apart from efficacy and safety, cost-effectiveness is also an important issue for any drug regimen (59). Kohli et al. (60), Latt et al. (61), and Kattakuzhy et al. (62) analyzed the outcomes of HCV treatment shorter than 12 weeks and reported ambiguous results. A recent review has shown that 8 weeks of glecaprevir/pibrentasvir (G/P) is equally effective in treatment-naive non-cirrhotic adults (63). We did not detect any significant differences between the various treatment durations in terms of efficacy in adolescents or children (Pb = 0.398, Pd = 0.716). Hesham et al. also found that 8 weeks of treatment with the SOF/LDV combination was as effective and safe as the 12-week regimen in adolescent GT4 patients (15). Similar results were reported by Mortada et al. (38). As for the treatment cycle of 24 weeks, most just appeared in RBV-based regimen in children, because SOF+RBV was also a suboptimal regimen for persons with GT 3 infection, especially if they have liver cirrhosis (8). We found that both 8-week and 12/24-week treatment courses were well-tolerated in adolescents (31 vs. 36.1%/41.7%, P = 0.918), whereas the AE rate at 24 weeks was greater than that at 8/12 weeks (98.7 vs. 57.8%/45.1%, P < 0.001) in children with CHC. This can be attributed to RBV intolerance, as well as the fact that a longer treatment duration would also increase the chances of detecting AEs that manifest late. The correlation between treatment duration and AEs needs to be studied further.

Given the underdeveloped immune system of children and the limited time for which DAAs have been administered to this group, our findings should be interpreted with caution. In addition, we only evaluated the efficacy of DAAs in terms of SVR12, and some subgroups did not have a corresponding control due to ethical reasons. Secondly, stratified analysis of SVR showed that the heterogeneity within the three treatment cycles was somewhat large, but the inter-group heterogeneity was not statistically significant. Lastly, only the FDA-approved DAAs were analyzed in the review. Therefore, the treatment outcomes of novel DAAs will have to be continuously monitored in children.

In conclusion, DAAs are overall effective and well-tolerated in adolescents and children with chronic hepatitis C. The 8-week treatment course is as effective as 12/24 weeks in both adolescents and children.
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The gut-liver axis covers the bidirectional communication between the gut and the liver, and thus includes signals from liver-to-gut (e.g., bile acids, immunoglobulins) and from gut-to-liver (e.g., nutrients, microbiota-derived products, and recirculating bile acids). In a healthy individual, liver homeostasis is tightly controlled by the mostly tolerogenic liver resident macrophages, the Kupffer cells, capturing the gut-derived antigens from the blood circulation. However, disturbances of the gut-liver axis have been associated to the progression of varying chronic liver diseases, such as non-alcoholic fatty liver disease, non-alcoholic steatohepatitis, and primary sclerosing cholangitis. Notably, changes of the gut microbiome, or intestinal dysbiosis, combined with increased intestinal permeability, leads to the translocation of gut-derived bacteria or their metabolites into the portal vein. In the context of concomitant or subsequent liver inflammation, the liver is then infiltrated by responsive immune cells (e.g., monocytes, neutrophils, lymphoid, or dendritic cells), and microbiota-derived products may provoke or exacerbate innate immune responses, hence perpetuating liver inflammation and fibrosis, and potentiating the risks of developing cirrhosis. Similarly, food derived antigens, bile acids, danger-, and pathogen-associated molecular patterns are able to reshape the liver immune microenvironment. Immune cell intracellular signaling components, such as inflammasome activation, toll-like receptor or nucleotide-binding oligomerization domain-like receptors signaling, are potent targets of interest for the modulation of the immune response. This review describes the current understanding of the cellular landscape and molecular pathways involved in the gut-liver axis and implicated in chronic liver disease progression. We also provide an overview of innovative therapeutic approaches and current clinical trials aiming at targeting the gut-liver axis for the treatment of patients with chronic liver and/or intestinal diseases.
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INTRODUCTION

The liver is a highly vascularized organ that receives ~75% of its blood supply from the enterohepatic circulation, delivering nutrients from the intestines, together with recirculating bile acids and gut microbiota-derived products. In turn, the liver provides signals to the gut by secreting bile, antimicrobial molecules in the bile ducts. The liver vasculature is made of fenestrated capillaries formed by liver sinusoidal cells, with intense biomolecule exchange between the blood compartment and the hepatic parenchymal cells. Liver resident macrophages, termed Kupffer cells (KCs), reside in these capillaries and play the roles of sentinels, sensing their microenvironment and catching cellular residues and microorganisms, thus maintaining homeostasis and an immunotolerant environment (1, 2). The intestinal mucosal and vascular barriers contribute to the communication between the gut and the liver, because they prevent microbiota and their metabolites from excessively spreading through the portal circulation in healthy conditions. The gastrointestinal tract shelters an ensemble of microorganisms including bacteria, fungi, archaea, viruses, and their genomes, all regrouped under the term of microbiome (3). Microbiota is a fundamental part of the gut, playing an essential role in digestion and bile metabolism, but also able to release a wide number of metabolites, peptides, and hormones capable of activating immune cells, thus continually shaping host immunity and metabolism (3, 4). The integrity of the gastrointestinal mucosa is then crucial to protect liver cells from exposure to gut-derived pathogen-associated molecular pattern molecules (PAMPs, e.g., bacteria and bacterial products), fatty acids and carbohydrates or modified bile composition (5).

The gut-liver axis is therefore an anatomical and functional connection existing through blood and bile circulation, integrating signals generated from environmental factors, diet, or microbiota (6). A healthy microbiota exerts protective effects (7, 8), highlighting the importance of considering therapeutic interventions targeting patients microbiota to slow down the progression of chronic liver diseases. However, growing evidence from clinical studies and experimental models show the involvement of gut-derived signals in the modulation of numerous liver diseases, including non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), alcohol-associated hepatitis, cholestatic liver diseases, and in the progression to cirrhosis and hepatocellular carcinoma (HCC) (5, 6, 9, 10).

In a healthy liver, PAMPs are usually not harmful, since they are eliminated by KCs (1). However, in the context of acute or chronic liver inflammation, liver cell injury may induce cell death, releasing pro-inflammatory cytokines and chemoattractants, damage-associated molecular patterns (DAMPs), thus fueling chronic inflammation and innate immune cell recruitment (1). Furthermore, increased intestinal permeability associated with dysbiosis could result in bacteria translocation and higher presence of PAMPs or toxic bile acids, and increased fatty acid concentrations within the liver. Recognition of environmental immune signals, such as PAMPs, DAMPs, and gut-derived microorganisms by pattern-recognition receptors (PRRs) contributes to shaping myeloid immune cell phenotypes, thus participating in the progression of liver diseases (11). Hence, gut-derived signals can be aggravating factors of an innate immune response, most notably characterized by a potent infiltration of neutrophils and monocyte-derived macrophages, key in the orchestration of inflammatory response in acute and chronic liver diseases (6).

The liver also affects gut homeostasis. Indeed, bile acids and immunoglobulin A (IgA) secreted by the liver act as regulators of the gut microbiota (12) and immunity (13), for instance by preventing the colonization of pathogenic species and reshaping immune cell phenotypes in the gut. Thus, upon liver injury, a modified bile acid pool might in turn affect microbiota composition and gastrointestinal inflammation (Figure 1).


[image: Figure 1]
FIGURE 1. Molecular and cellular mediators of the gut-liver axis implicated in the progression of liver inflammation in chronic liver diseases. The communication between the liver and the gut is bidirectional. The liver secretes primary bile acids and antimicrobial peptides in the bile ducts while the gut contains host-, food-, and microbiota-derived antigens and metabolites. In normal conditions, these signals contribute to maintain physiological immune cell populations in the gut and are well-tolerated by the liver. However, in pathological conditions and because of a perturbed intestinal barrier (e.g., in NASH, NAFLD, PSC), DAMPs and PAMPs originating from the intestines translocate to the liver via the hepatic portal vein and thus, promote liver injury and inflammation and sustain liver disease progression. DAMPs, Danger-associated molecular patterns; LPS, Lipopolysaccharide; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; PAMPs, Pathogen-associated molecular patterns; PSC, Primary sclerosing cholangitis. Created with Biorender.


For all these reasons, deciphering the molecular mechanisms involved in immune cell recruitment and activation in the liver and the intestine is of great interest in developing promising therapeutic approaches. In this review, we summarize the current knowledge about molecular and cellular mediators of the gut-liver axis and their involvement in the progression of liver diseases. We also detail the most recent therapeutic options and perspectives to treat patients suffering from various liver diseases, by focusing on targeting actors of the gut-liver axis.



INVOLVEMENT OF THE GUT-MICROBIOTA IN LIVER DISEASES

Our understanding of the composition and functions of the gut microbiota in physiological conditions is in constant evolution. Several national or multinational studies contributed to the identification of three main enterotypes (14) present through all populations and continents, Bacteroides, Prevotella, Ruminococcus, comprising the main bacterial phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and Verrucomicrobia (15). The gut microbiome is highly variable among individuals and depends on many elements, including age, birth mode, diet, geography, exercise, and other lifestyle factors, such as alcohol consumption and exposure to antibiotics (3, 16). Over the last decade, many research articles highlighted the role of dysbiosis in liver diseases (Table 1). As discussed below, disruption in gut microbiota homeostasis can affect bile acid metabolism, intestinal permeability, short chain fatty acids (SCFAs) availability and consequently alter alcohol, glucose and lipid metabolism, dietary energy utilization, along with promoting liver injury, and inflammation. However, whether intestinal dysbiosis is part of the causes or a result of liver diseases remains an unanswered question in many cases.


Table 1. Summary of studies analyzing microbiota in chronic liver diseases.
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Cholangiopathies

Cholestatic diseases or cholangiopathies encompass several conditions, from pediatric genetic liver diseases, e.g., progressive familial intrahepatic cholestasis (PFIC), to adult idiopathic or genetic diseases including primary biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC).

Notable changes in the composition of the gut microbiota in patients with PSC and PBC have been reported, suggesting a role of microbiota in their pathogenesis (41). Enriched amounts of some species, including Veillonella, Streptococcus, and Enterococcus or depletion in Clostridiales II have been described in feces or mucosal biopsies of patients in several cohorts (18–20, 22). Moreover, the strong association of Inflammatory Bowel Disease (IBD) and PSC is well-known, in particular in the Northern European population with ~80% of PSC patients suffering from IBD (42). It is plausible that dysbiosis and liver inflammation are functionally linked, as proposed by the leaky gut hypothesis. Indeed, supporting this hypothesis, a recent study showed an increased recruitment of CD11b+CD11c−Ly6C+ macrophages in the liver, associated with bacteria homing after induction of colitis in PSC mouse models (43). However, the gut-liver axis is bidirectional, and thus an impaired bile acid flux or modified bile acid composition could very well alter the microbiota in return (e.g., by promoting the colonization of invasive bacterial populations) and may thereby provoke a much more harmful translocation of PAMPs to the liver, thus aggravating liver injury in a negative feedback loop. The Mdr2−/− mouse model is commonly used as a model for PSC. As these mice lack phospholipids in its bile, toxic free bile acids and cholesterol crystals will trigger cholangiocyte injury. Tedesco et al. demonstrated that these mice spontaneously display an increased intestinal permeability and dysbiosis with an enrichment in Lactobacillus sp. associated with increased IL-17 in the serum (44).

Recently, different studies demonstrated that besides bacteria dysbiosis, PSC patients also suffer from fungi dysbiosis. According to a French study by Lemoinne et al., PSC patients with associated IBD display a specific signature different from PSC patients without IBD or patients with IBD only (25). On the contrary, in a German cohort, no differences were found between PSC patients suffering colitis or not. However, they confirmed Lemoinne et al. data concerning an increase of Candida species and of the fungal class Sordariomycetes for all PSC patients compared to the healthy group (24).



Non-alcoholic Fatty Liver Disease and Non-alcoholic Steatohepatitis

NAFLD is the most frequent cause of chronic liver disease worldwide. NAFLD is commonly associated to metabolic syndrome, insulin resistance, type 2 diabetes, and obesity. The term NAFLD refers to a wide spectrum of conditions, from simple liver steatosis to NASH. NASH is characterized by chronic inflammation, fibrosis, hepatocellular injury, and can progress to cirrhosis and HCC (45).

There is evidence for the involvement of several components of the gut-liver axis, e.g., microbiota dysbiosis, modification in the gut barrier permeability, bile acid metabolism changes, and SCFAs in the progression of the NAFLD and NASH (46).

The first report suggesting an impact of gut microbiota in human NAFLD dates back to the 80s (47). Consequently, other studies explored the roles of gut microbiome in patients with NASH. Small intestinal bacterial overgrowth (SIBO) in NASH groups compared to controls has been reported by Wigg et al. (48) as well as Shanab et al. (49), while several studies characterized dysbiosis in more detail. An increase in Bacteroidetes phylum, colonization by pro-inflammatory Proteobacteria, Enterobacteriaceae, and Escherichia and decrease in Firmicutes (including Prevotella, Faecalibacterium species) are the most common changes observed in NAFLD and NASH patients (32–34). Boursier et al. were able to link fecal microbiota alterations with the severity of NAFLD lesions, based on changes in Bacteroides and Ruminococcus abundance (32). Serum and hepatic bile acid concentrations can be modified in NASH patients, and the latter could have an effect on the progression of fibrosis (50).

An increase of the gut barrier permeability as a result of dysbiosis leads to higher bacterial translocation and elevated levels of LPS reaching the liver, leading to PRR activation and immune cell recruitment, thus sustaining liver inflammation.



Alcohol-Related Liver Diseases

Excessive alcohol drinking is a major cause of liver damage and deaths worldwide (51). Involvement of gut dysbiosis in the severity of liver injury in alcohol-related liver diseases has long been emphasized in both patients and animal models (52). Following 6 weeks of alcohol feeding, mice have a loss of bacterial diversity characterized by a shift in phyla with more Proteobacteria, but less Bacteroidetes, Firmicutes, and Lactobacillus (53). Accordingly, in a mouse model, 3 weeks of alcohol exposure were sufficient to observe an increase in plasma LPS. In the same study, the authors observed bacteria overgrowth, which they attributed to a downregulation of mouse antimicrobial proteins Reg3b and Reg3g (54). Ethanol-induced gut microbiota alterations were also associated with changes in metabolic profiles, including an increase in intestinal levels of SCFAs. This mouse data has been confirmed in patient cohorts, showing that alcohol is one of the main factors contributing to modifications in the gut microbiota. For instance, an enrichment in pro-inflammatory Enterobacteria such as Escherichia and Klebsiella and a decreased abundance in butyrate-producing species which have an anti-inflammatory protective effect were reported (27, 55). 16S sequencing from patients with alcohol-associated hepatitis highlighted a drastic increase of Enterococcus faecalis in stool samples compared with controls. Duan et al. identified cytolysin, a bacterial toxin secreted by E. faecalis, in stool samples of these patients and showed that its presence is associated with a worse clinical outcome and a higher death rate. Moreover, they demonstrated that in a mouse model infected with a cytolitic E. faecalis strain followed by an ethanol diet E. faecalis can be detected in the liver and is associated with increased liver inflammation. In vitro, the cytolitic E. faecalis promotes primary hepatocytes cell death, offering a possible explanation for the ethanol-liver injury induced by this bacteria strain (56).

Fungi also play a role in the development of alcohol-related liver disease. Indeed, Yang et al. showed that chronic ethanol administration is responsible for a fungal dysbiosis and elevated plasma levels of β-glucan in mice (26). They presented evidence for similar modifications in the composition of fecal mycobiome for patients with chronic alcohol abuse. The diversity and richness of fungal species is reduced in alcohol-dependent patients compared to healthy controls. Additionally, an overgrowth of Candida species, mainly Candida albicans is observed (26).



Cirrhosis

Cirrhosis is the end-stage of chronic liver diseases and is associated with dysbiosis and a disruption of the intestinal barrier, partly due to portal hypertension. Portal hypertension does not only promote neo-angiogenesis and intestinal permeability, but also increases intercellular spaces between enterocytes and affects microvilli density in patients with cirrhosis (57), thus allowing PAMPs to easily reach the liver and accelerate the pre-existing hepatic inflammation.

The gut microbiome of a Chinese cohort of 98 patients has been sequenced from stool samples and the authors found out that species decreasing the most belong to Bacteroidetes and Firmicutes phyla, while Streptococcus and Veillonella spp. have the greatest increase (9). They propose a patient discrimination index (PDI) relying on 15 gene markers, all related to gut microbiota, which could be used to diagnose liver cirrhosis in a non-invasive way. Bajaj et al. obtained similar results in patients with varying cirrhosis severity: an enrichment in pathogenic taxa, Staphylococcaceae, Enterobacteriaceae, and Enterococcaceae along with a decrease in Lachnospiraceae, Ruminococcaceae, and Clostridiales XIV (35, 36). By calculating a cirrhosis dysbiosis ratio (CDR), the same authors correlated the severity of cirrhosis with the changes in patient's microbiota. The reduced species are important for the production of SCFAs, thus reducing the intestinal inflammation and protecting the mucosa. A lower amount of SCFAs might also explain the disruption of the intestinal barrier as well as the release and translocation of PAMPs (including LPS) to the liver, and thereby contribute contribute to the disease severity and occurrence of complications in patients (36). Moreover, this dysbiosis is responsible for modifications in the bile acid pool in the gut, caused by a depletion in certain bacteria species involved in the regulation of primary bile acids conversion (35).

A clear correlation exists between fungal infection, higher inflammation, and increased mortality rate in patients with end stage liver disease (58). Several Candida species were detected with 18S rRNA gene-based PCR method in a cohort of patients with cirrhosis (37). A more recent study linked fungal infections in cirrhotic patients with a weakened ability of their neutrophils to kill C. albicans (59). Mechanisms involved in the progression of cirrhosis or complications in patients following fungal dysbiosis remain mostly unexplored but are of interest to develop innovative and efficient therapies.



Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) represents about 80% of primary liver cancer cases worldwide (60). Increased intestinal permeability and significant modifications in the microbiota profile of HCC patients strongly advocate for a role of the gut-liver axis in the progression of HCC (38). Along with a disturbed intestinal mucosa, LPS was shown to be increased in HCC patient serum, and there has been evidence of bacterial translocation, which correlate with chronic inflammation characterized by more CD14+PD-L1+ circulating monocytes and a specific cytokine and chemokine signature in the HCC group. The deficit in anti-inflammatory species Bifidobacterium or Blautia could explain this enhanced intestinal and hepatic inflammation (38). Depending on the studies, the dysbiosis is characterized by increased Escherichia coli (39), increased Bacteroides (38), and H. pylori presence has even been detected in liver samples from HCC patients (40). Rao et al. suggested using patient's microbiota signature from tongue swab as a non-invasive tool for HCC diagnosis (10).

Several studies using animal models relate to this clinical data: in a diethylnitrosamine (DEN) model of rat HCC, authors noticed a decrease in Bifidobacterium, Enterococcus, and Lactobacillus species in the gut (61). Moreover, colonization of the gut with Helicobacter hepaticus in aflatoxin B1 (AFB1)-induced liver cancer mouse model is linked with a poor prognosis and the severity of inflammation, thus promoting carcinogenesis (62).




GUT-DERIVED METABOLITES AND MOLECULAR PATHWAYS

Microbial metabolites and bile acids shape immune cell maturation and homeostasis and contribute to maintain intestinal barrier integrity. Thus, modifications in the microbiota or their metabolite profiles can alter immune response and trigger inflammation in the gut and in the liver. Furthermore, modifications in bile acids, SCFAs or tryptophan metabolites have been described in the pathogenesis of several chronic liver diseases.


Molecular Mediators in the Gut-Liver Axis
 
Bile Acids

Bile acids have a key role in homeostasis as they contribute to the absorption of dietary fats and liposoluble vitamins and prevent commensal bacteria over-growth or colonization of the intestines by pathogenic bacteria species (63). Bile acids are secreted by hepatocytes through the ATP-dependent transporter called ABCB11, and are derived from two different origins; primary bile acids (5% of total bile acids) are de novo synthesized from cholesterol and secondary bile acids (95%), which are deconjugated by gut microbiota and recycled daily after ileal reabsorption through the entero-hepatic circulation (12). In homeostatic situations, the ratio between glyco-conjugated and tauro-conjugated bile acids synthesized in the liver is tightly regulated. Similarly, the deconjugation of bile acids in the colon by anaerobic bacteria is under strict control since secondary bile acids are more hydrophobic and thus more toxic for the intestinal and hepatic epithelial cells (63, 64). Thus, (1) a modification in the ratio of synthesized bile acids could change the antimicrobial properties of bile and alter the gut microbiota as well as having a deleterious effect on hepatocytes and cholangiocytes membrane, generating apoptosis, and inflammation in the liver; and (2) an intestinal dysbiosis might be responsible for the increased generation of toxic bile acids by bacteria (12).

Modifications of the bile acid profile in the plasma of PSC patients have been evidenced and are clinically associated with hepatic decompensation (65). Torres et al. were able to demonstrate a relationship between stool bile acids profile and microbiota composition in patients with PSC associated to IBD compared to patients suffering from IBD alone, thus suggesting an effect of bile acids on the microbiota composition of PSC patients (21). Similar findings have been made with circulating bile acids from NAFLD and NASH patients (66, 67). Moreover, in a mouse model of high fat-diet (HFD), the presence of hydrophobic bile acids is correlated with liver inflammation and bacteria dysbiosis, and promotes carcinogenesis (68). Along with dysbiosis and stronger colon inflammation, Xie et al. have reported increased expression of several genes involved in bile synthesis in a model of alcohol-related liver disease (68), while others indicate higher concentrations of total fecal bile acids as well as modifications in the primary to secondary bile acids ratio in patients actively drinking (69).

Bile acids are recognized by several receptors in a wide variety of cells and can regulate bile acid synthesis and immune cell activation. Bile acids can directly bind the Farnesoid X Receptor (FXR) which will then be translocated to the nuclei and inhibit bile acids synthesis. FXR is expressed in hepatocytes, enterocytes, and regulates lipid metabolism, glucose metabolism, and inflammation on top of bile acids synthesis (70). Targeted inhibition of intestinal FXR helped reducing hepatic lipid droplets in a HFD model, thus protecting mice from hepatic steatosis. Moreover, authors showed an overexpression of FXR and its downstream effectors in the intestine of obese humans compared with lean controls, thus suggesting a role of FXR in the pathogenesis of metabolic syndromes in patients (71). Indeed, modified bile acid composition and elevated plasma bile acids levels in NAFLD patients negatively influence FXR signaling, which impacts bile acid synthesis, lipid and glucose metabolism, and inflammation, thus potentially contributing to hepatic injury. Additionally, expression of downstream effectors of intestinal FXR is decreased in NAFLD and NASH patient biopsies (72). In rodents fed with HFD, intestinal FXR is downregulated and the use of an FXR agonist, obeticholic acid (OCA), helped preserve the gut barrier integrity, thus decreasing PAMPs amount in the liver (73). Decreased FXR expression also correlates with fibrosis and NAFLD activity score (74). Moreover, Pathak et al. showed that intestinal FXR activation is responsible for microbiota composition modifications, which will in return activate TGR5 signaling, improving glucose and lipid metabolism in an obesity mouse model, thus suggesting a role in NAFLD and NASH pathogenesis (75).

TGR5 is a plasma membrane associated protein expressed by cholangiocytes, immune cells -including KCs- and hepatic stellate cells (HSC), mostly activated by hydrophobic bile acids. In reaction to LPS, TGR5 represses the secretion of pro-inflammatory cytokines by macrophages through an NF-κB dependent pathway (Figure 2) (70). Leonhardt et al. showed that patients with liver failure display a specific serum bile acids profile responsible for TGR5 activation in monocytes and correlated with increased mortality. Indeed, monocytes from healthy controls treated with TGR5-activating bile acids that were then stimulated with LPS, exhibit a drastically diminished pro-inflammatory phenotype (76). In a Tgr5−/− mouse model fed with alcohol, Spatz et al. observed increased liver injury, inflammation and steatosis compared to WT mice fed with alcohol. Those mice also display increased dysbiosis, independent from the alcohol uptake, massive macrophage infiltration (77). Moreover, TGR5 is downregulated in PSC patients and Mdr2−/− mice cholangiocytes, which promotes biliary injury and liver inflammation. Norursodeoxycholic acid (norUDCA) treatment can increase TGR5 expression, and thus attenuate biliary inflammation phenotype in Mdr2−/− mice (78). The treatment of HFD model with TGR5 agonists is able to reverse steatohepatitis in mouse and to generally improve liver histology (79, 80). In general, studies in animal models suggest that those receptors may be downregulated by ethanol consumption (81), liver inflammation, gut dysbiosis, or activation of NF-κB (82), and that the use of TGR5 and FXR agonists could be beneficial for patients (83–85).
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FIGURE 2. Bile acid roles in inflammation and tissue repair modulation. TGR5 and FXR are two well-characterized bile acid receptors implicated in liver homeostasis. TGR5 activation on cholangiocytes and macrophages stimulates cell proliferation and decreases inflammatory signaling, respectively. Bile acid synthesis by hepatocytes is repressed by FXR activation. FXR, Farnesoid X-Activated Receptor; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; TGR5, also known as GPBAR1, G-protein-coupled bile acid receptor. Created with Biorender.




Bacterial and Fungi Products

Innate immune cells can recognize a wide variety of PAMPs released by bacteria, viruses or fungi. Among them, LPS (from Gram-negative bacteria), bacterial flagellin, bacterial/viral nucleic acids (ssRNA, dsRNA, CpG DNA), peptidoglycans (Gram-positive bacteria) β-glucans from fungi can all be recognized by PRRs and involved in the progression of liver diseases (6). As stated above, elevated serum levels of LPS or LPS-binding protein have been described in nearly all liver diseases: Alcohol-related liver diseases (6), NAFLD and NASH (46, 86), HCC (38, 61), PSC (87), indicating an increase of intestinal permeability and suggesting that signals derived from a diseased liver (e.g., modified bile acids, pro-inflammatory cytokines) affect the intestinal barrier integrity.

Bacteria can also interact with the host via secretion of metabolites, either derived from bacteria metabolism like tryptophan, or host molecules modified by bacteria such as bile acids (see above). The gastrointestinal tract is a central place for tryptophan metabolism, where it can directly and indirectly be metabolized to indoles and their derivatives by microbiota. Indoles are able to decrease macrophage production of pro-inflammatory cytokines and inhibit macrophage migration (86). Discovery of a perturbed tryptophan metabolism in patients suffering from IBD or colitis suggests common mechanisms for patients suffering of liver diseases associated with intestinal dysbiosis (88). In mice that were subjected to a model of alcohol-related liver disease and transplanted with patient's microbiota, targeting the tryptophan pathway was effective in reducing liver injury (89). Moreover, in order to determine a microbial signature in HCC, patient's stool microbiota was sequenced. Albhaisi et al. found no differences in the overall microbial diversity for cirrhotic patients who would develop HCC. However, specific changes in species involved in tryptophan metabolism were detected (90). Even though, research for new biomarkers in patients or animal models highlight the involvement of tryptophan and its metabolites in the pathogenesis of PSC (91) and NASH (92), the causal link with microbiota dysbiosis yet remains to be demonstrated.

In the past years, the interest for the mycobiome has been rising. Despite being at lower abundance compared to bacteria, commensal fungi are essential for tissue homeostasis and regulate many physiological processes (93). Fungal dysbiosis has been observed in several liver diseases as NASH (93), PSC (24, 25), alcohol-related liver diseases and cirrhosis (37, 58). Fungal dysbiosis occurs following chronic ethanol administration in mouse and is responsible for elevated plasma levels of β-glucan, and hepatocyte damage. It could activate liver resident macrophages through chitin or β-glucan (26, 93).



Short-Chain Fatty Acids

SCFAs produced by gut microbiota, in particular by Firmicutes, are essential actors in the maintenance of gut homeostasis through strong anti-inflammatory and anti-proliferative effects (94). Several SCFAs are generated by bacteria from dietary fibers, the predominant ones are butyrate, acetate and propionate (94). In patients with ulcerative colitis as well as colitis mouse models, changes in SCFAs concentration (in particular butyrate) are responsible for the activation of several pro-inflammatory pathways, including activation of the inflammasome (NLRP3) pathway with increased IL-18 secretion, increased production of pro-inflammatory cytokines like IFN-γ, IL-5, IL-8, IL-10, and IL-13 but also downregulation of NF-κB signaling, all of which have been linked to gut microbiota changes (4, 95). Dysbiosis observed in patients with chronic liver disease is often associated with a loss of bacterial species producing butyrate, thus explaining a reduction in SCFAs in several patient cohorts (27, 96). There is growing evidence that T-cell immunity can be regulated by gut-microbiota through SCFAs. On one hand, SCFAs can induce IL-10 secretion by CD4+ Th1 cells, hence protecting mice from colitis (97), but on another hand, in vitro, SCFAs have been shown to affect the balance between Th17 and Treg cells by affecting peripheral blood mononuclear cells (PBMCs) production of cytokines involved in T cell differentiation (98).

Increase in SCFAs can also be deleterious. Indeed, in NAFLD-HCC patients, dysbiosis has been associated with an enrichment of five bacteria species, all linked to an elevated SCFAs production compared to control or NAFLD-cirrhosis groups. Behary et al. connected this specific bacteria profile of NAFLD-HCC patients, with elevated SCFAs concentration and T cell response, with an expansion of IL-10+ Treg cells and a reduction of cytotoxic CD8+ T cells in an ex vivo model (99). Involvement of SCFAs in the pathogenesis of cholestatic liver cancer has been highlighted by Singh et al. in a model of gut dysbiosis in mice fed with enriched amounts of SCFAs. They showed that feeding with increased SCFAs is responsible for an even stronger intestinal dysbiosis in these mice as well as increased cholestatic liver injury, leading to HCC after 6 months. After 2 weeks of feeding, the mice displayed elevated bile acids in the serum, and at 4 weeks, hepatocyte apoptosis was elevated and triggered a massive neutrophils infiltration (100). A recent study correlated the presence of SCFAs with fibrosis in PBC patients, however the molecular roles of SCFAs in the pathogenesis of PBC have not been studied to this day (101).



Micro-RNA (miRNA)

Perturbation of the gut-liver axis can be responsible for changes in the expression of miRNAs. miRNAs are small single-stranded, non-coding RNAs involved in the silencing of protein-coding messenger RNAs (mRNAs) through translational repression and mRNA degradation (102). Modifications of miRNAs expression is connected with several chronic liver diseases, including NAFLD (103, 104), alcohol-related liver disease (105), cirrhosis, and HCC (106). Moreover, the impact of diet or gut-microbiota derived metabolites in the regulation of miRNAs expression in the gut and in the liver was demonstrated by multiple studies (106–109).

miR-22 expression is known to be down-regulated in HCC patients (109). A loss of butyrate-producing bacteria has been described in several HCC cohorts and may explain the link between intestinal dysbiosis and hepatic miR-22 down-regulation in those patients (108, 109). In vitro, butyrate induces miR-22 expression in the Huh7 hepatoma cell line. Moreover, Pant et al. showed that following miR-22 activation by butyrate, a SCFA produced by bacteria, ROS production is increased, cells undergo apoptosis and cell proliferation is inhibited (109).

In a rat model of NASH, gut dysbiosis, and increased intestinal permeability aggravates liver inflammation, and the authors observed modifications in miRNAs expression. For example, miR-122 expression is increased in the serum of NASH and NAFLD patients, while its hepatic expression is decreased. On the contrary, miR-146b expression is reduced in NASH patient serum and increased in tissue. Those two miRNAs are known for acting on the hepatic stellate cells, promoting fibrosis (110, 111). In a HFD model, the authors observed that HFD induces a microbiota dysbiosis and a hepatic downregulation of miR-122 and upregulation of miR34a as compared to mice fed with standard diet (112). A correlation analysis in HFD induced NAFLD mouse model, showed that miR-34a was associated with alterations in the gut microbiota, in particular with modifications in Firmicutes (113). Santos et al. used a mouse model lacking miR-21 and showed that when challenged with bile duct ligation (BDL), the absence of miR-21 protects those mice from liver injury and fibrosis (114). Those results are similar to those from Blasco-Baque et al., who used the same miR-21 KO mouse and demonstrated that they are protected from NASH with significant reduction of steatosis, fibrosis and inflammation (115). In both cases, the authors were able to link the hepatic expression of miR-21 and other miRNAs with gut microbiota changes. Indeed, LPS regulates the expression of miR-21, miR-181a, and miR-666 in a dose-dependent manner (115). Moreover, miR-21 deletion is responsible for gut microbiota modifications, which seem to have a protective effect in mice and to prevent a detrimental macrophage pro-inflammatory phenotype in the gut (114). A direct relationship also exists between LPS concentration and miR-146a-5p expression in the progression of liver fibrosis, indicating once again an indirect link between miRNAs and gut microbiota (116). Several miRNAs induce macrophage activation and contribute to inflammation and progression in liver diseases (117).

Also, in female mice, dysbiosis is not as severe as in male mice, leading to less toxic modification in the bile acids profile, which is likely due to protective role of estrogens (118). Furthermore, female mice have higher levels of the bile acid receptor FXR compared to male, which seems to increase the expression or miR-26a and miR-122, known to have tumor-suppressive effects in a murine NASH model (118). miRNAs are also known to be regulators of TLRs in immune cells (119), a family of receptors involved in the recognition of PAMPs as detailed in this review.




Recognition and Processing of Gut-Derived Signal in Hepatic and Immune Cells
 
Pattern Recognition Receptors and Signaling Pathways

With 10 members identified in humans, Toll-like receptors constitute the main family of PRRs. They have a fundamental role in the recognition of pathogens and pathogen-derived motifs (i.e., PAMPs). TLRs are expressed by hepatic stellate cells, liver parenchymal cells such as hepatocytes, cholangiocytes, as well as a wide variety of immune cells, including resident and circulating macrophages, dendritic cells (DCs) and neutrophils (Figure 3) (5). TLR signaling pathways are involved in maintaining homeostasis, and dysregulations of those pathways are involved in aberrant inflammatory reactions and autoimmune diseases. TLR1 (binding bacterial lipoproteins), TLR2 (bacterial and fungi lipoproteins), TLR4 (LPS), TLR5 (flagellin), and TLR6 (bacterial lipoproteins), are plasma membrane localized TLRs while TLR3 (dsRNA), TLR7, and TLR8 (ssRNA) TLR9 (unmethylated CpG containing ssDNA) and TLR13 (bacterial ribosomal DNA) are found in endosomes. Despite different cellular localizations, they share common signal transduction pathways. Upon TLR activation, two main molecular pathways can be induced: one mediated by TRIF (TLR3, TLR4) and another one involving Myd88 (all TLRs but TLR3) (120). They will both lead to the activation of transcriptional factors NF-κB, AP-1, and IRF3 thus promoting the expression and release of several pro-inflammatory cytokines: TNF-α, IL-1β, IL-6 as well as IFNs. TRIF can also promote RIPK3-dependent necroptosis (120). Isolated KCs strongly express all TLRs except TLR5, and KCs respond to all TLR ligands mainly by secreting TNF-α and IL-6 (121). Activated HSCs express TLR2, 4, and 9. Murine hepatic DCs express all TLRs at various levels and IFN-α, IFN-β and TNF-α are released after activation with TLR3 agonists, TLR3,−4,−7,−8, and−9 and all TLR agonists (121).
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FIGURE 3. TLR signaling in liver immune pathogenesis. Macrophages and DCs express TLR1,−2−3−4−6−7−8−9−13 and TLR5 is only expressed in DCs. HSCs express TLR2, TLR4, and TLR9. Following activation by their respective ligands, TLRs induce TRIF and/or MyD88 signaling pathways, leading to the activation of NF-κB, AP-1, and IRF3 transcriptional factors, followed by the release of pro-inflammatory cytokines such as TNF-α, IFN- α, IFN-β and IL-6. IFN-α, Interferon α; IFN-β, Interferon β; IL-6, Interleukin 6; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-α, Tumor necrosis factor α; TLR, Toll like receptor. Created with Biorender.




Cholangiopathies

Several groups demonstrated that mouse and human cholangiocytes express TLR2, 4, and 5, allowing them to recognize the PAMPs present in bile. Upon stimulation with bacterial components, cholangiocytes are able to trigger NF-κB pathway activation and release of IL-6 in vitro (122). The role of TLRs has been demonstrated in cholangiocytes for PSC and PBC patients, but little is known concerning their activation in immune cells and their role in the pathogenesis of these cholangiopathies (5).



Alcohol-Related Liver Disease

It is well-known that serum LPS levels are elevated in alcohol-related liver disease patients and are correlated with liver injury (52).

Expression levels of TLR2 and TLR4 were assessed in peripheral blood monocytes of patients suffering from alcohol-related liver disease. Even though no significant difference was detected between the groups, the authors described a diminution of TLR2-mediated immune response in the alcohol-related liver disease group compared to controls following stimulation of the cells with bacterial products (123). In another study, overexpression of TLR2, 4, and 9 has been associated with neutrophil dysfunction for patients suffering from alcohol-associated hepatitis (124).

Mice fed with ethanol for 10 days display an overexpression of liver TLR1, 2, 4, 6, 7, 8, and 9 at the mRNA level, resulting in an upregulation of TNF-α (125). KCs from rats exposed to ethanol upregulate TLR2 and TLR4 compared to control groups (126).

Feeding of WT mice with ethanol and unsaturated fat has a negative impact on liver injury and steatosis compared to ethanol and saturated fat feeding. This combination clearly damages the intestinal barrier, thus increasing LPS levels in mouse serum, which aggravates hepatic inflammation, characterized by a massive macrophage infiltration but also upregulation of all TLRs in the liver. It is unfortunate that the cell types overexpressing TLRs have not been characterized in this study (127). In a recent study, depletion of Roseburia spp. was associated with alcohol consumption and modifications in fecal SCFAs in patients, while Roseburia spp. supplementation in ethanol-fed mouse group could weaken hepatic inflammation. The mechanisms responsible for this amelioration are multiple: increased Muc2 and occluding expression in the gut barrier, indicating recovery of the barrier integrity, and decreased LPS serum levels and TLR4 expression in the liver. The authors suggest that this amelioration due to Roseburia spp. is mediated by TLR5 (128).

Animal models of alcohol-induced liver injury indicate that TLR2/Myd88 and TLR9/Myd88 signaling in hepatocytes is indispensable for neutrophil infiltration and liver injury. Following depletion of KCs, infiltration of neutrophils is not prevented, however ALT levels and the gene expression of proinflammatory cytokines, such as Il1b, Il6, and Tnfa is decreased in KC-depleted mice compared with controls. This study suggests that dysbiosis in alcohol-related liver disease could increase hepatic presence of TLR2 and TLR9 ligands, thus contributing to liver inflammation (129). The activation of TLR2 pathway in KCs seems to be equally deleterious in the progression of alcohol-related liver disease and its deletion was beneficial for mice, due to a decreased activation of the NF-κB pathway and increased release of the anti-inflammatory cytokine IL-10 (130).

Activation of KCs via LPS-TLR4 pathways seems to be essential in the pathogenesis of alcohol-related liver diseases by activating a TRIF-dependent pathway and upregulating TNF-α (131). Bala et al. partly explain this by the increased activation of miR-155 in KCs following alcohol diet in mice. When induced, miR-155 negatively regulates inhibitors of the LPS-TLR4 pathway, thus enhancing KCs response to LPS (132).



NAFLD and NASH

Several studies in human or animal models have shown an association between changes in the gut microbiota and activation of TLRs signaling pathways in the liver (133, 134). TLR2, 4, 5, and 9 have been particularly associated with the progression of NAFLD and NASH, studies are summarized in Table 2.


Table 2. TLRs involvement in the progression of NAFLD and NASH.

[image: Table 2]

Mridha et al. observed increased TLR4 and TLR9 mRNA in NASH patient biopsies compared to steatotic or control livers. Those results were confirmed in two murine NASH models, leading the authors to use Tlr9−/− mice. They showed that these mouse liver exhibit steatosis in the same way WT mouse do under HFD, however they seem to be more protected toward liver inflammation and fibrosis. Characterization of the inflammation revealed that liver from Tlr9−/− mice have a diminution in NF-κB and JNK activation and less macrophage and neutrophil recruitment compared to WT when fed with a high sucrose (atherogenic) diet. Moreover, evidence indicate that bone marrow derived cells expressing TLR9 are responsible for macrophage and neutrophil recruitment in a NASH model and that Tlr9 deletion allows a reduction of hepatic inflammation (142).

TLR6 implication in the pathogenesis of liver diseases is mostly unexplored. In a NAFLD cohort, Arias-Loste et al. observed an overexpression of TLR6 in monocytes isolated from NAFLD patients compared to controls and a similar overexpression in monocytes, T cells and B cells of NASH patients compared to NAFLD. Following in vitro stimulation with TLR2 and TLR6 agonists, those isolated monocytes produce more pro-inflammatory cytokines like IL-1β, TNF-α, and IL-6. Furthermore, TLR6 expression is also increased in the liver biopsies of NAFLD and NASH patients. These results suggest a role of TLR6 in the progression of NAFLD to NASH and its potential use as a new marker in patient blood samples (144).

HFD in a mouse model is responsible for an increase of flagellin producing bacteria species in the gut, which causes an increase in serum LPS and hepatic flagellin presence. Flagellin in the liver activates TLR5/Myd88/NF-κB pathway in hepatocytes, then responsible for elevated HDL cholesterol levels (145). Moreover, activation or TLR5 in hepatocytes by flagellin increases intrahepatic CD8+ T cell response, possibly through secretion of IFN-γ (146). Munakka et al. previously demonstrated that flagellin induced TLR5 in adipocytes was responsible for accumulation of fat in hepatocytes of mouse fed with HFD. Moreover, they showed that adipose tissue TLR5 expression correlated closely with liver fat content in NAFLD patients (139).



Cirrhosis

TLR2 is upregulated in PBMCs of cirrhotic patients displaying high serum LPS levels (147). In order to mimic cirrhotic patient's tendency to develop bacterial infections, Hackstein et al. used a combination of BDL and carbon tetrachloride (CCl4) as a cirrhosis model to observe the anti-microbial capacity of immune cells when they induced bacterial infections. Under these conditions, they demonstrated that immune cells, in particular liver-resident macrophages, are unable to control bacterial infection compared to control mice. The authors observed a decreased expression of IL-1β, IL-12, and IFN-γ, known for their anti-microbial properties and increased production of TNF. Moreover, following bacterial translocation to the liver, IFN-β expression is enhanced in the livers of cirrhotic patients vs. healthy controls and in macrophages and DCs of BDL mice compared to sham. In vitro, this overexpression occurs following activation or TLR2, 4, and 9 pathways, which will trigger IL-10 secretion by isolated macrophages (148).



HCC

In an HCC mouse model, TLR4 deficiency slows down the progression of hepatic tumors and decrease F4/80+ immune cell infiltration. Those immune cells were characterized as hepatic macrophages, and when stimulated with LPS through TLR4 signaling, they will produce pro-inflammatory cytokines such as IL-6 and TNF-α, thus contributing to tumors growth. Hepatic macrophages involvement in the progression of HCC in this mouse model was further demonstrated by the fact that depletion of those macrophages suppressed tumor growth (149). The downregulation of miR-143 in HCC tumors from patients is responsible for an increased proliferation of cancer cells associated with less apoptosis. Authors suggest that this loss miR-143 is causing the overexpression of TLR2 in tumors and thus the activation of the NF-κB pathway (150).

Mularczyck et al. recently showed the role of Fetuin-A (Fet-A), an α2-Heremans-Schmid glycoprotein (AHSG), in the activation of the TLR4-JNK-NF-κB pathway in human hepatocarcinoma cell line (151). Once activated, this TLR4 pathway will aggravate insulin resistance and participate to NAFLD progression. In this study, the established a protective effect of probiotics emulsion against lipotoxicity and apoptosis in HepG2 cell lines. Authors showed that this protective effect is mediated through the regulation of Fetuin-A-TLR4-JNK-NF-κB axis thus preventing an increase of insulin resistance.




Other Non-TLRs Members of the PRR Family

Dectin-1/Clec7a is a C-type lectin receptor member of the PRR family and recognizes β-glucans from pathogenic fungi. Dectin-1 is expressed by myeloid cells including NK cells, macrophages, DCs and neutrophils, where it can induce the secretion of several pro-inflammatory cytokines and chemokines and modulate inflammation in vivo (152). Dectin-1 is overexpressed in human and mouse liver fibrosis. In a CCl4 mouse model, the upregulation of Dectin-1 in hepatic DCs and macrophages is responsible for the downregulation of TLR4 and CD14, which negatively regulates liver fibrosis, inflammation, and HCC development (153). Indeed, following deletion of Dectin-1 mice are more prone to develop liver fibrosis and tumors. The authors observed a massive infiltration of leukocytes, neutrophils and bone marrow derived macrophages compared to control group. Furthermore, higher levels of IL-6 and TNF-α are detected in the KO mice (153). Yang et al. described fungal overgrowth and increased plasma levels of β-glucan in mice fed with ethanol. The use of antifungal treatments decreases liver injury and steatosis following ethanol feeding. The authors demonstrated that elevated β-glucan levels are responsible for the Dectin-1 dependent secretion of IL-1β by Kupffer cells and activation of NRLP3 pathway (26). Increased presence of Candida species in PSC patients bile suggest a role for Dectin-1 in the progression of the disease (154).

Galectin 3 is a member of the galectin family who recognize a variety of microbial pathogens (viruses, bacteria, fungi) and is expressed by neutrophils, macrophages, DCs. Galectin 3 specifically binds to β-1,2-mannans from C. albicans and can induce its death alone in vitro (155) but galectin-3 can also be secreted by neutrophils, link to pathogens and induce their phagocytosis by neutrophils. Primary macrophages expressing TLR4 and CD14 secrete galectin-3, which binds to LPS and negatively regulates LPS-driven inflammatory cytokines (IL-12, IL-6, and TNF-α) release (156). Besides, Jouault et al. showed that co-expression of TLR2 and galectin-3 is required for the endocytosis of C. albicans and the release on TNF-α by macrophages (157).

Pro-inflammatory IL-1β can be produced following TLRs pathway activation but also after the NOD-like receptor NLRP3 activation. Inflammasome expression is found in innate immune cells including monocytes, macrophages, neutrophils, and dendritic cells, NLRP3 inflammasome remains the most studied and has been involved in the progression of several chronic liver diseases (158). IL-1β secreted by KCs in alcohol-related liver disease mouse models aggravates steatosis and fibrosis. However, in a similar alcohol-related liver diseases mouse model with a deficiency for NLRP3, steatosis, inflammation, IL-1β expression, and number of activated natural killer T cells are all decreased, highlighting NLRP3 role in the pathogenesis of alcohol-related liver disease. Activation of both NLRP3 and NLRP6 contribute to dysbiosis, liver inflammation, and fibrosis via its effector IL-18 has also been demonstrated in several NASH studies. However, whether they display a protective or aggravating role remains unclear (159–162). NLRP3 expression is enhanced in NASH patients' liver, and seems to play a pro-inflammatory role in the progression from NAFLD to NASH in an animal model (163).

NOD1 and NOD2, two cytoplasmic receptors activated by fungi and bacterial peptidoglycan, are involved in the progression of liver inflammation by activating NF-κB and pro-inflammatory cytokines secretion in animal models, but their role in human liver diseases is mostly unexplored (164).



Serotonin

The involvement of serotonin and the nervous system has been highlighted in a recent study conducted by Ko and co-authors. Indeed, by using a neural blockade approach they demonstrated that neural signal transduction from the liver via the visceral nerve is responsible for liver and body weight increase in HFD-fed mice and liver weight gain in CDAA-fed mice (165). They showed that nerve blockade could have anti-steatotic and anti-fibrotic effects in 4 week CDAA- and HFD NASH models. The authors suggest that these effects are mediated byan increase of Claudin-1 expression in intestine, as well through nerve blockade that potentially influences microbiota diversity and composition of SCFAs possibly slowing down progression of NAFLD. Moreover, they provide direct evidence that the nerve blockade decreases the expression of serotonin, a gastrointestinal hormone known for its regulating role in hepatic regeneration, thus suggesting that the influence of the visceral nerve on NAFLD progression in HFD and CDAA-fed mice models is partially a result of serotonin effect (165).




THERAPEUTIC INTERVENTIONS TARGETING THE GUT-LIVER-AXIS

As stated above, the consistently growing understanding of the crosstalk between the gut microbiota and the liver offers multiple opportunities for novel treatment strategies (6). Currently, many therapeutic strategies to restore gut-liver axis homeostasis, rely on the modulation of the gut microbiome. Traditionally, this has been mainly achieved by using antibiotics, prebiotics, probiotics and fecal microbiota transfer (FMT), but intensive research over the last years has also resulted in a number of new approaches, including but not limited to managing alterations of bile composition.


Application of Antibiotics

Treatment with antibiotics is the most common approach to modulate the intestinal microbiota and decrease bacterial infections. Due to their bactericidal action, non-absorbable antibiotics that mainly remain within the gut are often used to reduce the number of bacteria (and their metabolites). Especially in the context of small bacterial overgrowth, treatment with antibiotics provides an effective solution. Rifaximin is a broad-spectrum antibiotic and is currently widely used in patients with liver cirrhosis to prevent hepatic encephalopathy (166). In addition, it has been suggested that Rifaximin might also have beneficial effects on the gut microbiome and reduces intestinal permeability thereby protecting from the progression of cirrhosis via the gut-liver axis (166). Fujinaga et al. could recently show that the combination of Rifaximin with Angiotensin-II receptor blockers suppressed hepatic fibrosis in a mouse NASH model (167). In addition, a combined use of different antibiotics (e.g., Polymyxin B and Neomycin) was shown to prevent fructose-induced hepatic lipid accumulation in mice (168). Some antibiotics may also induce eubiotic changes and promote the growth of beneficial bacteria (e.g., Bifidobacteria and Lactobacilli) making them an attractive therapeutic option (169).

Promising preclinical data has resulted in numerous clinical trials focusing on the use of antibiotics for the treatment of liver diseases (see Table 3).


Table 3. Selected clinical trials targeting the gut-liver-axis for the treatment of liver diseases.
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Fecal Microbiota Transfer

Fecal microbiota transfer (or transplantation, FMT) is a method to restore homeostasis of the gut microbiome by recolonizing the intestine with fecal bacteria from a healthy individual that has been studied extensively in infections with Clostridioides difficile. Several animal studies have also suggested beneficial effects of FMT in the progression of liver diseases (181). FMT could further prevent intestinal dysbiosis and alcohol- induced liver injury in mice and additional analysis showed an association with several species as Bacteroidales, Clostridiales, and Enterobacterialis (182). However, due to a mixed and individual composition of fecal microbiota, heterogeneous results have been reported so far. Nonetheless, currently multiple clinical trials focus on the use of FMT for the treatment of liver disease (see Table 3). In patients with metabolic syndrome, FMT from metabolic syndrome donors temporarily decreased insulin sensitivity, whereas after FMT from healthy donors, insulin sensitivity was not altered. Those findings were accompanied by alterations in intestinal transit time, inflammatory markers, fecal bile acid composition as well as changes in several intestinal microbiota taxa (183). Also in PSC patients, a recent clinical trial could demonstrate an improvement of microbial diversity in line with a reduction of alkaline phosphatase levels after FMT from a healthy donor (184). In a small but randomized controlled pilot study, Bajaj et al. further found beneficial effects of FMT on patients with cirrhosis and alcohol use disorder. FMT significantly reduced alcohol craving, and a reduction of serum IL-6 and LPS-binding protein could be observed (185).



Prebiotics, Probiotics, Synbiotics

As opposed to antibiotics and FMT that aim to reshape the entire gut microbiome, specific changes in the microbiota can also be achieved through pro- and prebiotics or a combination of both (synbiotics). Probiotics are living microorganisms contained in food or supplements that may provide numerous health benefits (e.g., by promoting anti-inflammatory effects of the gut microbiota). In mice, the administration of probiotics (namely Bifidobacteria, Lactobacilli, and Streptococcus thermophilus) could reduce HFD-induced hepatic steatosis and insulin resistance and resulted in increasing hepatic NKT cells (186). Interesting in vitro studies with human hepatocarcinoma cells further suggested protective effects of probiotics against inflammation and obesity via reduction of Fetuin-A/TLR4-JNK-NF-κB pathway activation (151). Probiotic mixtures were also reported to reduce HCC growth in mice by modulating gut microbiota and resulting in a decrease of Th17 cells in the tumor (187). In a model of alcoholic steatohepatitis, it was shown that colonization with Akkermansia muciniphila was able to enhance expression of tight junctions in intestinal epithelial cells, thus decreasing intestinal permeability and systemic LPS levels (188). Those findings are in line with a recent clinical study, in which the supplementation with A. muciniphila led to an improvement in blood lipids and insulin sensitivity in obese patients (175). Supplementation with probiotic bacteria was also shown to improve the response to immunotherapy in cancer patients (189). However, the precise mechanisms involved in the beneficial effects of probiotics on HCC patients need to be elucidated.

Prebiotics are indigestible or low digestible fibers that can improve gut peristaltic and promote growth of beneficial bacteria. Prebiotics for example include oligosaccharides, polyunsaturated fatty acids or polyphenols. In mice, the treatment with pectin was shown to introduce major modifications of the intestinal microbiota and prevented steatosis and liver inflammation in alcohol-induced liver injury (182). Moreover, the administration of Inulin was found to prevent NAFLD via modulation of the gut microbiota (e.g., increase of Akkermansia and Bifidobacterium) and reduction of hepatic macrophages (190).

Due to the many beneficial effects of pre- and probiotics, novel studies suggest their combined use. Hadi et al. suggested that the consumption of synbiotics may improve plasma lipid concentrations and thus may have beneficial effects in the treatment of metabolic liver disease (191). As the treatment with pre- and probiotics is simple and has limited side effects, many clinical studies focus on their use in therapy for different liver diseases (Table 3).



Bile Acid Related Therapies

Due to the diverse effects of bile acids on metabolism and the immune system, modulation of bile acid signaling is an attractive therapeutic option. Several FXR and TGR5 agonists as well as synthetic bile acids are currently under investigation to treat liver diseases. For example, obeticholic acid, a potent FXR agonist is currently used to treat PBC and has also shown many beneficial effects in the treatment of NAFLD/NASH and PSC (192, 193). In cirrhotic mice, treatment with FXR agonists appeared to improve intestinal barrier function by an increased expression of tight junction proteins and an increase of goblet cells (194). Currently, various agonists of the FXR receptor are in clinical phase II and phase III trials to test their efficiency in different liver diseases (Table 3).

Especially in PSC and PBC patients, the use of synthetic bile acids, as ursodeoxycholic acid (UDCA) is a well-established treatment strategy (195). Treatment with UDCA has also been shown to resolve intestinal dysbiosis in PBC patients (17). Moreover, norUDCA, a new homolog of UDCA, has shown promising results in the treatment of PSC as well as NAFLD patients (179, 195).



Alternative Approaches Under Development

Novel upcoming therapeutic approaches to target the gut-liver-axis have recently been reviewed by Albillos et al. (6). Direct PRR targeting also holds promises for the development of future therapeutic options. Preclinical evidence suggests that small molecule inhibitors for TLR4 ameliorate liver failure in rodent models (196). In mice, Eritoran, a TLR4 antagonist, was further shown to attenuate hepatic inflammation and fibrosis (197). However, the relevance and potential side-effects of PRR targeting for liver disease treatment must be further investigated. Another promising approach consists of using adsorbant carbon nanoparticles that can ameliorate liver injury through absorption of gut-derived toxins and other bacterial products. In rodents with NAFLD, administration of a novel carbon nanoparticle, Yaq-001, resulted in a significant reduction of serum ALT and hepatic TLR4 expression (198). Yaq-001 is currently evaluated for safety and tolerability in patients with NAFLD and cirrhosis (NCT03962608 and NCT03202498).

Further preclinical investigations suggest that bacteriophages targeting specific bacteria may serve as a method to modulate the intestinal microbiota in a targeted manner. A recent study found that bacteriophages were able to specifically target intestinal bacteria and thereby attenuate alcohol-related liver disease (56). However, bacteriophage treatment is still in the explorative stage and further investigations are necessary, notably to evaluate its biosafety.

Metabolic diseases can further be treated by duodenal mucosal resurfacing (DMR), an endoscopic technique to ablate the duodenal mucosa and thereby improve glycemic and weight control (180). As studies have further reported an improvement of glucose homeostasis and transaminase levels, a possible improvement of NASH is also assumed. The effect of DMR to treat NASH is currently evaluated (NCT03536650).

Moreover, a lot of the recent research focuses on the identification of microbial metabolites that may have beneficial effects on intestinal barrier function (199). Postbiotics comprise all active compounds produced by intestinal bacteria, and include for example SCFAs, proteins, extracellular polysaccharides or organic acids. Recently, a novel postbiotic from Lactobacillus rhamnosus could show beneficial effects on intestinal barrier function and also potential protection of liver injury (200). Another recently published study evaluated the anti-inflammatory effects of E. coli Nissle1917 derived metabolites and found TNF-α production as well as TLR signaling pathways to be reduced (201).

Further promising preclinical approaches to target the gut-liver axis include the application of engineered probiotics (e.g., SYNB1020) or synthetic live bacterial therapeutics (202, 203). Engineered and optimized bacteria were shown to be able to reduce ethanol-induced liver disease in mice (204).




CONCLUSIONS AND FUTURE PERSPECTIVES

Cumulating evidence from the past years or decades indicate that the gut-liver axis is a promising therapeutic target to treat patients suffering from chronic liver diseases. Indeed, in a pathological context, gut-derived PAMPs and recirculating modified bile acids reach the liver, where hepatic and immune cells can recognize them through PRRs and thus exacerbate a pre-existing hepatic inflammation. Traditional approaches such as pre- and probiotics, FMT, antibiotics, and FXR agonists have already been or are being evaluated in numerous clinical trials. Further translational research will be necessary to transfer the new insights from innovative preclinical approaches to a clinical setting. Finally, approaches aiming at specifically altering targeted gut microbiota species, bile acids, cytokines and chemokines, will advance our understanding of the mechanisms involved in disease progression or resolution, and greatly advance therapeutic options.
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Intervention

Antibiotics

FMT

Prebiotics
Probiotics

Synbiotics

Blle acid regulation

Duodenal mucosal resurfacing

Carbon nanoparticles

Engineered probiotic

Postbiotics

Study description

Administration of Rifaximin in NAFLD patients

Rifeximin + different doses of Simvastatin in patients
with decompensated cirthosis (Phase Il

FMT for the treatment of PSC (Phase 1)
Effect of FMT on NAFLD (Phase IV)
FMT in cirrhosis (Phase |

FMT for aloohol misuse in cirthosis (Phase )

‘Supplementation with oligofructose in NASH patients
Mult-strain probiotic in NAFLD patients

Effects of the Administration of A. Muciniphila on
Parameters of Metabolic Syndrome

Fructo-oligosaccharide + 4 bacteria in NASH (Phase II/ll

‘Supplementation with Bifidobacterium animalis and inulin
in NAFLD patients

REGENERATE, OCA in NASH patients (Phase Ill)

Aramchol (fatty acid-bile acid conjugate) in NAFLD
patients (Phase Il

norUDCA in the treatment of PSC (Phase I
norUDCA in the treatment of NASH

DMR in the treatment of Type 2 Diabetes/NAFLD

DMR in the Treatment of NASH patients
Yag-001 in patients with NAFLD

Yaq-001 in patients with cirthosis

SYNB1020 in hepatic insufficiency and cirthosis patients
(Phase I/l)

‘Supplementation with SCFA and physical activity in liver
cirthosis

Results

Reduction of serum endotoxin levels and
improvement of insulin resistance, proinflammatory
cytokines, and NAFLD-liver fat score (170)

No significant differences. 20 mg/day Simvastatin
plus Rifaximin is recommended (171)

Increased diversity of the microbiome:
No results yet

Reduced systemic inflammation and improvement
of cirthosis (172)

FMT is safe and was associated with reduction in
alcohol craving and favorable microbial changes

Improvement of liver steatosis (173)

Reduction of liver fat, serum AST and cytokine
levels (174)

A. muciniphila improved insulin sensitivity and
plasma total cholesterol (175)

Reduction in hepatic steatosis and fibrosis

Improved liver enzyme concentrations and hepatic
steatosis (176)

OCA significantly improved fibrosis and key
components of NASH (177)

Aramchol is safe, tolerable, and significantly reduces
liver fat content in patients with NAFLD (178)

Reduction of alkaline phosphatase levels
Reduction of serum ALT (179)

Improvement of glycaemic control and reduction of
liver fat content (180)

No results yet
No results yet
No results yet
Terminated due to alack of eficacy

No results yet

Identification

NCT02884037

NCTO3150459

NCT02424175
NCT04465032
NCT03152188

NCT03416751

NCT03184376
NCT03434860

NCT02637115

NCT02530138
NCT02568605

NCT02548351

NCT01094158

NCT01755507
not available
NCT02879383

NCT03536650
NCT03962608
NCT03202498
NCT03447730

NCT03892070

ALT, Alanin-aminotransferase; AST, Aspartate-aminotransferase; DMR, Duodenal mucosal resurfacing; FMT, Fecal microbiota transfer; NAFLD, Non-aicoholic fatty iver disease; NASH,
Non-alcoholic steatohepatitis; norUDCA, 24-norursodeoxycholic acid: PSC, Primary sclerosing cholangitis; SCFA, Short chain fatty acids; OCA, obeticholic acid.
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TLR2

TLR4

TLRY

NAFLD

/i HFD mouse KCs (135)

/+in HFD mouse KCs (135)
/+in patients biopsies (135)

Activated in hepatocytes and
adipooytes in HFD model (139)
/i NAFLD patients

NASH

CDAA, expression by KCs increases
inflammation and fibrosis, TLR2
activation is followed by
inflammasorme activation IL1a and
IL18 (136)

/i patients biopsies

/i patients serum (137)

/" liver expression after DSS
treatment in a NASH model (138)
" liver expression in a NASH
model (108)

Expression in hepatocytes has a
protecting role in NASH model
(140, 141)

i patients biopsies (142)

/" liver expression after DSS
treatment (138)

Expression by KCs neutrophils and
DCs is involved in NASH progression
(143)

Deletion has a protective effect ina
HFD model (143)

CDAA, Choline deficient amino acid; DCs, Denditic cells; DSS, Dextran sodium
sulfate; HFD, High fat-dliet; IL, Interleukin; KOs, Kupffer cells; NAFLD, Non-alcoholic
fatty liver disease; NASH, Non-alcoholic steatohepatitis; TLRs, Toll like receptors;
/', Overexpression.
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Disease  Characteristic changes in the gut microbiota (dysbiosis) Sample References

PBC | Sutterella, Oscillospira and Faecalibacterium and 1 Haemophilus, Veillonella, Clostridium, Lactobacillus, Stool (17
Streptococcus, Pseudomonas, Klebsiella

PSC Veiloneila Stool (18)
+Escherichia, Lachnospiraceae, Megasphera Colon 19)
and |Clostridiales Il biopsies. (20)
\Clostridiales Il Colon + lleum ©1)
+Ruminococeus and Fusobacterium, | Dorea, Vellonella, Lachnospira, Blautia, and Roseburia Stool ©2)
+ Enterococcus, Streptococeus, Lactobacills Stool (23)
+Rothia, Enterococcus, Streptococeus, Veilonelia, Stool ©4)
1t Trchocladium griseum, Candida spp. Stool @5)
| Firmicutes spp. (Faecallbaterium and Ruminococcus) except 1 of Veilloneila, 1 Proteobacteria; | S. cerevisiae  Stool
and 1 Exophiala

ALD + Candida, | Epicoccum, | Galactomyces Stool (26)
1 Bifidobacterium, Streptococeus spp, Lactobadillus spp | Prevotella, Paraprevotella, and Alstipes Stool @7

NAFLD + Escherichia coli and Bacteriodes vulgatus, | Ruminococcus spp., Eubacterium rectale, Faecalibacterium Stool 28)
Pprausnitzii
1 virus and bacteriophage diversity, 1 Escherichia, Enterobacteria, and Lactobacillus phage Stool ©9)
+ Gemmiger, | Faecalbacterium, Bacteroides and Prevotella Stool (@0)
1 Gemmiger, | Bacteroides Stool 1)

NASH 1 Bacteroides, | Prevotella Stool @2
| Firmicutes and Clostriciales (Faecalibacterium and Anaerosporobacte), 1 Bacteroidetes (Parabacteroides Stool (33)
and Allisonella)
1 Proteobacteria, Bacteroidetes, | Actinobacteria, Firmicutes Stool @4)

Girthosis 1 Veilonella spp. and Streptococcus spp., | Bacteroidetes and Firmicutes Stool ©
| Lachnospiraceae, Ruminococcaceae and Blautia Stool (35)
 Staphylococcaeae, Enterobacteriaceae, Enterococcaceae and Enterococcaceae, | Lachnospiraceae, Stool (36)
Ruminococcaceae and Clostridiales XIV
+ Candida spp. Duodenal fluid @)

HCo t Bacteroide, | Bifidobacterium, Blautia Stool @8
+ Escherichia cofi Stool (39)
Presence of H. pylori Liver (40)

ALD, Alcohol-related liver disease; HCC, Hepatocellular carcinoma; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; PBC, Primary bilary cholangitis;
PSC, Primary sclerosing cholangitis; Underlined: fungi. | decrease 1 increase.
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Response

Total AEs (not including SAES)
SAEs

AEs leading to discontinuation
Headache

Faligue

Diarrhea

Abdorminal pain

Nausea

Voriting

Cough

Fever

AE, adverse event: SAE, severe adverse event.

Adolescents group (12-17 years)

Total, n/N

385/1,109
211,122
01,253
206/910
129/832
104/695
118/560
90/585

Rate% (95% Cl)

34.7(31.9-37.6)
02(0-0.6)
0(0-03)
22,6 (20.0-25.5)
16,5 (18.1-18.1)
15.0 (12.4-17.8)
21.1 (17.8-24.7)
15.4 (12.6-18.6)

Children group (<12 years)

Total, n/N

240/465
5/465
2/465

82/297
80/282

51/242
35/228
347228

Rate% (95% Cl)

51.6(47.0-56.2)
1.1(04-25)
0.4(0.1-1.5)

27.6(22.6-33.1)

28.4(23.2-34.0)

21.1(16.1-26.8)
15.4(10.9-20.7)
14.9 (10.6-20.2)
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Adolescents group (12-17 years) Children group (<12 years)

Variables ~ Studies (n) AE Heterogeneity ~ P°  Studies () AE Heterogeneity P
Total,n/N Rate% (95% Cl) 12 (%) P Total,n/N Rate% (95% C) 12 (%) P
Durations of treatment 0918 <0.001
8 weeks 5 55/194  81.0(0-79.2) 98.0 <001 2 2941 57.8(0-100.0) 95.0 <001
12weeks 17 207/871 36.1(23.3-499)  94.0 <001 8 174/385 451 (24.4-66.8) 940 <001
24 weeks 4 3144 41.7(0-942) 63.0 0.05 2 37/39 987 (88.9-100.0) 0 1.00

AE, adverse event. 2Test of heterogeneity in adolescents group; ®Test for subgroup differences in adolescents group; “Test of heterogeneity in children group; 9Test for subgroup
differences in children group.
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References N Marker Proportion of Counting  Preoperative No. of Correlation between

method treatment hotspots  high-MVD and poor
vessels prognosis

Tanigawa et al. (53) 43 CD34 and WF 50ut of 43 Weidner TAE (12 cases) 5 Positive

El-assal et al. (54) 71 WVE NM Weidner None 3 Positive

Sun etal. (28) 78 cp34 19 outof 78 Weidner None 5 Irelevant

Poon et al. (55) 100 CD34 and WF NM cias None 5 Positive (only for CD34
in tumor <5cm)

Hoetal. (56) 86 ©D34 and CD105 NM Weidner None 5 Irelevant

Zhang et al. (57)" 8 cD34 NM cias NM 5 Positive

Yang etal. (58) 13 CD34 and CD105 NM Weidner None 3 Positive (only for
CD105-MVD)

Sakaguchi et al. (59) 51 CD34 and CL-5 NA Weidner NM 5 Positive (only for
CL-5-MVD)

Huang et al. (60) 100 ©D34 and NM Weidner None 3 Positive (only for

Endocan Endocan -MVD)

Zhang et al. (61) 75 cp34 NA Weidner None 5 Positive

Zeng etal. (62) 69 cp34 NM Chalkiey None 3 Negative

Kitamura et al. (63) 63 cp34 NM cias None 10 Negative

Wang et al. (64) 305 cp34 NM cias None 5 Positive

Qiu etal. (65) 103 cp34 NM cias None NM Positive

Murakarmi et al. (66) 136 cp34 20 out of 136 Weidner None 5 Negative

Luoetal. (67) % cp34 NA Weidner None 5 Positive

N, numbers of patients; NM, not mentioned; NA, sinusoid-like vessels were measured, but the data is not available; CIAS, computerized image analysis system; “patients received
liver transplantation.
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CircRNAs Alias (circBase) Chrom Gene Symbol  MRE1 MRE2 MRE3 MRE4 MRES

mmu_circR mmu_circ Chri7 + Mapki4 mmu-miR-108-  mmu-miR-103-  mmu-miR-196b-  mmu-miR-7675- mmu-miR-6409
NA_017753 0000787 2:5p 1-5p 3p 3p
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ALT (UL)

Unmifenovir No
Yes
P-value
Lopinavir /itonavir No
Yes
P-value
Ribavirin No
Yes
P-value
Interferon No
Yes
P-value

AST (U/L)

34 (20-69)
34 (20-59)
0670
33(20-62)
41 (23-68)
0.060
34 (21-56)
34 (20-64)
0994
34(21-67)
32 (19-46)
0.120

TBIL (umol/L)

26 (18-76)
31 (28-46)
0826

29 (22-45)
39 (20-69)
32 (28-47)
26 (20-46)
0283

32 (28-47)
30 (23-44)
0577

ALP (U/L)

10.6 (8.6-13.6)
10.7 (8.0-14.9)
0857

10.7 (8.1-14.0)
9.8 (7.6-15.2)
0.744

10.6 (8.0-14.0)
11.6 (8.0-15.9)
0526

10.8 (8.1-14.6)
10.1 (7.7-12.8)
0251

GGT (U/L)

54 (47-89)
53(43-71)
0.174

53 (43-69)
52 (42-78)
0.893

52 (42-69)
56 (49-87)
54(43-71)
49 (41-61)

34 (19-103)
29(19-54)
0417
28(19-52)
45 (24-79)
29 (19-54)
41 (22-78)
0.186

30 (20-56)
27 (19-53)
0283

Data for the level of ALT, AST, TBIL, ALR, and GGT were expressed as median (interquartile range). *P < 0.05, *P < 0.01. ALR, alkaline phosphatase; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; GGT, gamma glutamyltransferase; TBIL, Total bilirubin.
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Variables

D-dimer (mg/L)
International
normalized ratio
Crreactive protein
(mg/L)
Procalcitonin
(ug/t)

Ferritin (ug/L)
Cardiac injury
Kidney injury
Systemic
inflammatory
response.
syndrome

Severe
Deceased

P4, Hepatocellular pattern vs. no liver injury; Pa, Cholestatic pattern vs. no liver injury; P, Mixed pattern vs. no liver injury. *P < 0.05, **P < 0.01,

No liver injury (n = 409) Hepatocellular pattern (n = 48) Cholestatic pattern (1 = 170)

n (%) or median (IGR)

0.43 (0.23-0.98)
0.98 (0.93-1.06)

106 (2.9-41.8)

0.05 (0.04-0.09)

281.3 (129.0-567.4)
18 (4.4)
8(2.0)
79(19.9)

45(11.0)
25(6.1)

1 (%) or median (IQR)

083 (0.42-2.62)
0.99 (0.94-1.06)

408 (14.2-102.1)

0.12(0.05-0.41)

1171.8 (601.8-2000.0)
12 (25.0)
5(10.4)
19 (39.6)

23(47.9)
12 (25.0)

n (%) or median (IGR)

0.85 (0.43-4.94)
1.01(0.94-1.13)

46.4(8.9-104.9)

0.09(0.05-0.23)

6365 (351.9-1543.7)
32(18.8)
10(59)
47 27.6)

50(29.4)
48(28.2)

Mixed pattern (n =211) Py

1 (%) or median (IGR)

072 (0.41-2.33)
1.00 (0.98-1.09) 0.495
39.2(8.0-79.6)
009 (0.05-0.23)

5708 (284.1-1257.8)

33(15.6)

5(2.4) -
48 (22.7)
68(32.2)
47 22.9)

P2

Ps

P < 0.001. IQR, interquartile range.
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Variables HR 95%Cl P-value

liver injury 265 1.22-6.76 .
Hepatocellular pattern 174 0.61-4.97 0301
Cholestatic patten 305 1.20-7.22 B
Mixed pattern 270 1.19-6.15 y

P-values were adjusted by age, sex, on admission blood oxygen saturation, kidney injury
or cardiac injury. *P < 0.05. Cl, confidence interval; HR, Hazard ratio.
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Name

mmu_circRNA_007095
mmu_circRNA_017753
mmu_circRNA 010415
mmu_circRNA_000895
mmu_circRNA 001946
mmu_circRNA 027197
mmu_circRNA_010498
Golo

Kit18

Hacl1

stim1

Phc3

p-actin

Primer F (5'—3)

CTATCTCTCAGAGGCAGGGG
CGCAAGGTCACTGGAGGAAT
AACTGGGCCGTGGCAATC
CTTGTCAGCCTCAGTGGGA
TCGGCGTTTTGACATTCAGG
TGTTTGTGACCTCCCTCTCC
TGATTTCTTCTGTTATGGTGGCG
AGCCCTACGGAGGAACGA
CTTGCCGCCGATGACTTT
TCCCTCCAATGTGCCTCTT
GCTGGCAAGAAGGCAATG
TCGGGATGTGAGGATTAGGA
AGAGGGAAATCGTGCGTGAC

Primer R (53

TGGGTTTGAAGACAGCAACG
TCTTAACTGCCACACGATGC
CACTGACACTCTTTCCCTCTGG
CTCAGAGGTCGTTTAGCTTGG
GGAAGACCTTGGTACTGGCA
CAGAATCACGCCACACACTT
TGCATAGTCGTTGAAGAAGGC
CCTCTGGGTTGGGTCTGTG
TGCAGCCTTGTGATGTTGG
CCTGCCTCAGCGAGTGTTG
AAAGAAAGGAAGGGAGGTGAA
CGGGCAAAGAATGGATGAA
CAATAGTGATGACCTGGCCGT
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HBV, Hepatitis B virus; HCV, Hepatitis C virus; ALD, Alcoholic liver disease; NAFLD, Nonalcoholic fatty liver disease; ALF; Acute liver failure; HCC, Hepatocellular carcinoma; Exo-con,
Hepatocellular carcinoma-derived exosomes; M1, M1 macrophages; M2, M2 macrophages.
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Variables Normal liver function Liver injury P-values

1 (%) or median (IQR) n (%) or median (IGR)
Sex -
Male 184 (45.0) 280 (65.3)

Female 225 (55.0) 149 (34.7)

Age (years) 56 (43-66) 61 (49-69)
Severe 45(11.0) 141(32.9)
Hypertension 105 (25.7) 162 (37.8)
Diabetes 57(139) 71(16.6) 0298
Coronary heart disease 24(5.9) 41(9.6) .
Chronic kidney disease 707 12(28) 0291
Malignant tumor 8(2.0) 20(4.7) :
Blood oxygen saturation (%) 97 (95-98) 96 (91-98)
White blood cell (10%/L) 5.4(4.1-6.8) 65(4.8-9.0)
Lymphocyte (109/L) 1.2(08-16) 09(0.6-1.4)
Neutrophils (10%/L) 3.6(2.6-4.9) 5.1 (3.4-7.6)
Hemoglobin 125 (114-136) 130 (119-140) e
Platelets (10°/L) 204 (160-268) 205 (148-280) 0806
Liver function test

Total biliubin (wmol/L) 9.6(7.0-11.9) 13.2 (9.6-20.0)
Alanine aminotransferase (U/L) 19 (14-26) 49 (32-71)
Aspartate aminotransferase (U/L) 23 (18-29) 44.(31-59)
Alkaline phosphatase (U/L) 58 (47-70) 69 (52-95)
Gamma glutamylransferase (U/L) 22(15-31) 49 (26-99)
Albumin (g/L) 34.4 (30.0-38.5) 30.8 (27.1-35.2)
Creatinine (jmol/L) 65.0(54.0-77.0) 72.7 (60.7-88.5)
Prothrombin time (s) 12.9(11.8-13.7) 13.1(12.0-14.3) =
Activated partial thromboplastin time (s) 36.6(34.0-38.8) 365 (32.6-40.2) 0.780
D-dimer (mg/L) 043 (0.23-0.98) 080 (0.41-3.06)
International normalized ratio 0.98 (0.93-1.06) 1.00 (0.94-1.09) -
C-reactive protein (mg/L) 106 (2.9-41.8) 41.7 (9.1-90.5)
Procalcitonin (ug/L) 0.05 (0.04-0.09) 0.09(0.05-0.23)
Fertitin (ug/L) 281.3 (129.0-567.4) 651.2(329.0-1390.4)
Troponin | (xg/L) 32(1.4-75) 5.4(2:3-20.1)
Creatine Kinase (U/L) 67 (46-115) 99 (53-228)
Cardiac injury 18 (4.4) 77(17.9)
Kidney injury 8(2.0) 20(4.7) .
Systemic inflammatory response syndrome 79(19.3) 114 (26.6) *
‘P <0.05, **P < 0.01, P < 0.001.ULN, upper limit of normal; IQR, interquartiie range.
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Characteristics Disease severity P-value

All patients.
(n=288)
Ordinary (n = 211) Severe (n = 46) Critical (n = 31)
Signs and symptoms at admission, No. (%)
Fever 215 (74.7) 159 (75.4) 37 (80.4) 19 (61.3) 0.150
Dry cough 134 (46.5) 97 (46.0) 27 (58.7) 10 (32.3) 0070
Fatigue 44(15.3) 29(137) 12 (26.1) 3(97) 0071
Chest tightness 76 (26.4) 37(17.5) 22 (47.8) 17 (54.8) <0.001
Expectoration 1449 733 7(152) 0 0.005*
Diarrhea 22(7.6) 15 (7.1) 487 3(9.7) 0814
Pharyngalgia 5(1.7) 3(1.4) 2(4.3) 0 0.226"
Anorexia 27(9.4) 16(7.6) 9(19.6) 2(65) 0.050*
Dizzy 13(4.5) 16.2) 2(43) 0(0) 0570°
Treatments and outcomes
Glucocorticoid therapy, No. (%) 90 (34.0) 32(16.5) 37 82.2) 21(80.8) <0001
Highest temperature, °C 0,005
<37.3 72 (25.0) 51(24.2) 10 (21.7) 11/(35.5)
37.3-879 70 (24.9) 64(303) 4@7) 2(65)
38.0-389 80(27.8) 52(24.6) 18(39.2) 10 (32.3)
=390 66 (22.9) 44(20.9) 14.(30.4) 8(25.7)
Hypoxemia, No. (%) 61(21.2) 15 (7.1) 30 (65.2) 16 (51.6) <0.001
Fever days § 90(7.0,11.0) 80(60,11.0) 10.0(7.0,11.0) 11.0(7.0,14.8) 0.194
Nucleic acid turning negative days$ 17.0(13.0, 16.0 (13.0,20.0) 21.0(17.0,27.0) 140" <0001
21.0)
CT symptoms disappear days$ 14.0 (100, 13.0 (10.0, 18.0) 20.0 (15.0, 26.0) 200" <0.001
19.0)
Inpatient days*, § 18.0(15.0, 18.0 (1.0, 22.0) 23.0(200,29.0) 18.0(11.0, 26.0) <0.001
23.0)
Death, No. (%) 23(8.0) 1(0.5) 122 21(67.7) <0.001

*P-value of Fisher's exact test between two groups, T < 1 or 2 cels (25.0%) have T < 5.
t i -~ "

Only one critical patient reported nucleic acid tuming positive days and CT symptoms disappear days.
#Some patients have not been discharged, especialy critical patients.
$Non-normal distribution data expressed as median (Q1, Q3).





OPS/images/fmed-07-584342/fmed-07-584342-t002.jpg
ALT AST TBIL ALP

Blood oxygen saturation (%) rho -0.229 -0.375 -0.173 -0.136
Povalue - - - P
-2 rho -0.299 -0.237 0.134 -0.328
P-value 0.177 0.288 0.551 0.136
IL-4 rho -0.278 —0.200 0.194 -0.071
P-value 0211 0373 0.387 0.755
IL-6 rho 0.116 0.223 0.289 0.182
P-value 0.062 - bl i
IL-8 rho 0.136 0.363 0.103 0.129
P-value 0277 - 0.412 0.304
IL-10 rho -0.017 0.146 -0.131 -0.083
P-value 0.876 0.176 0.222 0.622
TNF-alpha rho 0216 0.307 —0.006 0.160
P-value 0.043 o 0.958 0.136

Data are given as Spearman’s rho correlation coefficients and P-value. *P < 0.05, **P < 0.01, ***P < 0.001
ALR, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyltransferase; IL-2, Interleukin 2; TBIL, Total bilirubin.

GGT

-0.226

-0.109
0.628
-0.026
0.906
0.094
0.114
0.104
0.406
0.055
0.609
0.246
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Characteristics Al patients (n = 288) Disease severity P-value*
Ordinary (n = 211) Severe (n = 46) Critical (n = 31)

AST (UL), n 221 160 2 20

Baseline 31,0 (24.0,43.0) 28,0 (230, 38.0)* 32.0(24.0,54.5) 46.0 (32.0,59.3)* <0.001
Change from baseline —4.0(~140,4.0) —4.5(-128,2.0) —90(~24.0, 1.5 6.0 (~11.3, 72.08 0013
ALT (UL), n 221 160 4 20

Baseline 22.0(15.0,36.0) 21.5(14.3,35.8) 25.0(15.0,45.0) 26.5(16.0,35.8) 0625
Change from baseline 9.0(-0.5,33.5) 9.5(1.0,355) 40(~6.0,37.5) 55(-4.0,198) 0335
LDH (U, n 158 122 20 16

Baseline 260 (203, 320) 326 (195, 299)" 350 (269, 396)" 390 (290, 516)* <0.001
Change from baseline —47 (-10, -6.8) 4695, ~11.8* —129(-177, —49)'$ 166 (~33, 397)%, § <0001
ALP (UL), n 200 147 36 17

Baseline 60.0 (510, 73.0) 59.0(61.0, 72.0) 61.0 (48.3, 72.0) 69.0 (57.5,94.0) 0.100
Change from baseline 9.0(~1.0,23.8) 8.0(-3.0,200 12.0(1.3,265) 25.0 (9.5, 83.0)% 0.007
GGT (UML), n 200 147 36 17

Baseline 27.0(19.3,52.8) 26.0(18.0, 49.0) 34.0(23.3, 63.5) 250 (215, 83.5) 0172
Change from baseline 5.0(-1.8,268) 40(-2.0,23.0) 155 (0,300) 40(~34.0,385) 0.148
TBIL (wmol/L), n 200 147 36 17

Baseline 93(7.3,118 9.0(7.1,113) 10.1(8.0,15.4) 116(8.2,140) 0016
Change from baseline 0.4(-1.9,35) 02(-17,28* -13(-29,15 15.4(4.8,263),§ <0.001
Prealbumin (mg/L), n 187 140 31 16

Baseline 134 (99, 172) 145 (109, 180)"* 973,132 103 (61, 122)* <0.001
Change from baseline 124 (64, 179) 126 (74, 189)* 146 (94, 177)¢ 7 (—41, 48§ <0.001
Albumin (g/L), n 200 147 36 17

Baseline 39.9(36.1,42.6) 408 (72,439 37.5(83.7,39.7) 356 (31.9,39.3) <0.001
Change from baseline ~0.6(-39,26) —06(-37,18) 06(-19,4.28 -5.7(~106, 40 0022

“Represents the P-values comparing different groups from the Kruskal-Wallis test.

Represents the significant difference between the ordinary and severe group after Bonferroni correction.
#Represents the significant dfference between the ordinery and criical group after Bonferroni correction.

$SRepresents the significant difference between the severe and critical group after Bonferroni correction.

AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; ALP, alkaline phosphatase; TBIL, total bilirubin; LDH, lactate dehydrogenase.
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Characteristics

Age (mean  SD), yr

Age groups, No. (%)

<50yr

50-59 yr

60-69 yr

>70yr

Sex, No. (%)

Female

Male

Exposure history?, No. (%)
Coexisting disorders, No. (%)
Hypertension

Diabetes

Cardiovascular disease
Malignancy

Chronic kidney disease
Incubation (mean  SD)?, day

Al patients
(n = 288)

537+ 158

112(38.9)
72(25.0)
59(205)
45 (15.6)

141 (49.0)
147 (51.0)
107 (37.2)

27 0.4)
2483
828
3(1.0)
3(1.0

58+4.1

Ordinary
(n=211)

493 £14.1

103 (48.7)

59(28.0)

36(17.1)
13(62)

106 (50.2)
105 (49.8)
83(30.3)

13(6.2)
14(6.6)
2009
1(0.5)
1(05)
5542

*P-value of Fisher's exact test between two groups, T < 1 or 2 celis (25.0%) have T < 5.

t
Represents a clear history of contact with infected patients.

*Represents days from possible contact with an infected person to illness onset.

Disease severity

Severe
(n=46)

61.4+13.9

8(17.5)
10(21.7)
14 (30.4)
14(30.4)

22(47.8)
24(52.2)
13 (283)

8(17.4)
6(13.0)
2043
122
2043
70432

Critical
(n=31)

719+11.6

16.2)
3(9.7)
9(29.0

18(58.1)

13(41.9)
18 (58.1)
11(355)

6(19.4)
4(129)
4(12.9)
1(32)
o
64+46

P-value

<0.001
<0.001

0.679

0.148

0.006"
0.187*
0.002*
0.175*
0.009"
0.580
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Characteristics Number (%)

Age
<66 years 32(62.75)

>65 years 19 (37.25)

Sex

Male 35 (68.69)

Female 16(3137)

BMI>25 (kg/m?) 16(3137)

Underlying medical conditions

Hypertension 22(43.14)

DM 7(13.79)

CHD 12 (28.59)

COPD 2(3.92)

Cerebrovascular disease 5(9.80)

Hepatopathy 1(1.96)

Hemorthage of digestive 2(3.92)

tract

Chronic kidney disease 1(1.96)

Renal transplant 1(1.96)

Malignant tumor 0

Liver impairment Value (mean  SD) UL
On admission 21(41.19) 53.13 4 65.55
ULN <ALT <20-fold ULN 21(41.18) 53.13 4 65.55
ALT >20-fold ULN 0

Hospitalization" 39 (76.47)° 7054 % 142.90
ULN <ALT <20-fold ULN 36 (70.59) 11823+ 90.75
ALT >20-fold ULN 3(5.89) 1406.33 + 262.58"
Treatment

Antibiotic therapy 16(3137)

Antiviral therapy 38 (74.51)

A combination of antibiotic: 11 (21.56)

and antiviral therapy

Multiple antiviral therapies 12 (28.53)

=2)

Glucocorticoid therapy 42 (82.35)

Mechanical ventiation 37 (72.56)

ECMO 3(5.89)

“Liver impaiment ratio (hospitalzation vs. on admission, P < 0.001).

#Poak ALT level during hospitalization (HH patients vs. non-HH patients with lver
impairment, P < 0.001).

ALT, alanine aminotransferase; BMI, body mass index; CHD, coronary heart disease;
COPD, chronic obstructive pulmonary disease; DM, diabetes melitus; ULN, upper limit
of normal; ECMO: extracorporeal membrane oxygenation; SD, standard deviation; HH,
hypoxic hepatitis.
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Characteristics WithHH (1=3)  Without HH (1 =48) P value

Age (years) 63.33 + 7.638 50.94 + 14.110 068
Sex (male) 3(100.00) 32 (66.67) 054
Current smoker (%) 2(66.67) 9(18.75) 022
Current drinker (%) 1(33.39) 10 (20.83) >0.999
Pre-existing conditions (%)

Hypertension 2 (66.67) 20 (41.67) 081
oM o 7(14.58) >0.999
Heart disease 1(33.39) 11(22.92) >0.999
COPD 1(33.39) 1(2.08) 024
Hepatopathy o 1(208) >0.999
Other diseases 3(100.00) 20 (41.67) 0.09
Comorbidities 3(100.00) 32 (66.67) 0543
Symptom (%)

Fever 3(100.00) 42 (87.50) >0.999
Cough 3(100.00) 30 (62.50) 054
Dyspnea 3(100.00) 24 (50.00) 024
Myalgia 3(33.39) 8(16.67) 025
Chest distress 3(100.00) 22 (45.89) o.11
Other 2(66.67) 17 (35.42) 064
Outcome (%)

Discharge 0 29 (60.42) 0.07

Death 3(100.00) 19 (39.58) 0.07
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Characteristics With HH (n = 3)

BLOOD COUNTS

WBC (x10°/1) 998 (6.19-15.23)
Lymphocyte (x10%/L) 0.26 (0.20-0.48)
Hgb (/L) 95.95 (83.90-123.70)
PLT (x10°/1) 64.00 (48.26-147.25)
LIVER ENZYMES AND FUNCTION

ALB (g/) 28.95 (24.95-31.28)
ALT (UIL) 42.00 (21.00-54.00)
AST (UL) 40.00 (34.00-61.00)
TBIL (umolL) 21.30 (14.50-32.90)
¥-GT (UL) 70.50 (43.75-97.00)
ALP (UL) 100.00 (87.25-120.75)
LDH (U) 432,00 (347.25-896.25)
INR 1.26(1.16-1.43)
ADDITIONAL MARKERS OF ORGAN DAMAGE AND INFLAMMATION
CRP (mg/L) 235.30 (102.80-300.50)
PCT (ng/m) 5.43(1.87-20.13)
D-dimer (ug/L) 935.00 (622.50-2049.00)
IL-6 (pg/mL) 356.10 (149.70-1622.25)
Creatinine (umol/L) 88.50 (71.00-124.55)

Without HH (n = 48)

932 (6.58-14.10)
057 (0.34-1.04)
111.00 (82.85-126.90)
151.00 (108.00-219.50)

30.70 (27.80-34.35)
40.00 (26.00-69.00)
38,00 (26.00-65.00)
14.20 (10.20-21.10)

45.00 (24.00-111.00)
90.50 (71.00-122.75)
460.50 (322.25-641.75)
1.2 (1.13-1.36)

53,60 (23.58-112.33)
0.29(0.06-1.90)
1123.00 (578.00-3254.00)
45.21 (17.90-103.60)
70.00 (52.53-115.70)

P-value

0.89
<0.001
0.26
<0.001

0.02
0.50
023
<0.001
0.07
0.13
0.86
0.14
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Records identified through database searching (r

PubMed: n =279
Embase: n =217
Cochrane library: n =420
Web of Science: n = 572

CNK:
‘WanFang Data: n =7

n=1,500)

Duplicate records excluded
®=770)

Records screened by tile and abstract
(n=730)

Records excluded
(n=667)

Full-text articles assessed for cligibility
(n=63)

Full-text aricles excluded,with reasons
(n=49)

Letter & Editorial & Review:

Repeated studies: n =9

Case reports: =5

No data on SVRI2 : n

Enroll incligible population: n = 14

Simple size is less than 10:n = 12

‘Studies included in meta-analysis
(n=14)






OPS/images/fmed-07-592472/fmed-07-592472-g002.gif
suay Evats Towt Proportn 9631 Weigh

Soywesezon 13 13
i rrrs R S —— Y 1 AR

i, N i mbE
o A — inbEE in
Ay 5 B o heom i
=" thbmesm o
. iniutm ux
—= ihomem nn
= memem un
!
L= dmbuom nm
— 097 091099 91%
— = oubmos o
=00 wom wom
= oo mssiom o
o5 ot 4 0t 1
suy s e [
i wpmom 2
e Gmemen ik
o o 72
e o BB 4%
g G been e
e o5 Govoce sson
P bnen un
B Gabnen
=— iRt 4%

001 [000;0021 1000%

oo 01 o015 02

suay s Toot proporson 95%.1 weign
S 0 Wm0 poom 22
et A R e 060 000008 85
A S0ty 0 Wi 000 b0 22
oy 2w 202 o200 12k
MiusaCwow 2 34— 00 borozm ot
o Lozt I 005 D00 5%
B 00 00017 40%
oyt ¢ Ro—— 060 pa01 3%
s N R I — 004 OO 1iTe
MoTamt 2 116 S 052 fo6a.008 1a%
Fed octosn o & 002 001;004 1000%

Ceerseeey 1< 0%, 20,0708
2 A% A1 AW D2





OPS/images/fmed-07-592472/fmed-07-592472-t001.jpg
Study

Shunji Watanabe
Hayato Uemura
Atsushi Suetsugu
Hitomi Sezak
Mitsutaka Osawa
Anna'S. Lok
Atsunori Kusakabe
Masayuki Kurosaki
Norio Akuta

Fred Poordad
Hidenori Toyoda
Akihiro Tamori
Ayumi Sugiura
Akito Nozaki

Year

2019
2019
2019
2019
2019
2019
2019
2019
2018
2018
2019
2019
2020
2020

Study design

Observational study
Gohort study
Observational study
Prospective cohort study
Observational study
Cinical trial
Observational study
Observational study
Observational study
Ciinical trial

Prospective cohort study
Observational study
Cohort study
Observational study

Publication type

Full
Full
Conference abstract
Full
Full
Full
Full
Conference abstract
Full
Full
Full
Full
Full
Full

GLE, glecaprevir; PIB, pibrentasvir; RBV, ribavirin; NA, not applicable.

Region

Japan
Japan
Japan
Japan
Japan
United States
Japan
Japan
Japan
United States
Japan
Japan
Japan
Japan

Setting

Multi-center
Single-center
NA
Single-center
Single-center
Multi-center
Multi-center
Multi-center
Single-center
Multi-center
Multi-center
Multi-center
Single-center
Multi-center

Regimen

GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB + RBV
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB
GLE/PIB

Sample size

13
42
13
88
30
177
28
237
20
91
199
115
23
218

Duration (weeks)

12
12
12
12
12
12/16
12
12
12
12/16
12
12
12
12/16
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Study

Shunji Watanabe
Hayato Uemura

Atsushi Suetsugu

Hitomi Sezak
Mitsutaka Osawa
Anna S. Lok

Atsunori Kusakabe
Masayuki Kurosaki
Norio Akuta

Fred Poordad
Hidenori Toyoda
Akihiro Tamori
Ayumi Sugiura

Akito Nozaki

2019

2019

2019

2019
2019
2019

2019

2019

2018

2018

2019

2019

2020

2020

Age (vear)

65 (52-81)
68 (36-86)
NA

69 (58-76)
75 (48-86)

NA

68.1 %125
NA

74 (49-84)
NA

69 (64-77)
NA

68

NA

Sex (M/F)

8/5

17/25

NA

42/46
16/14
NA

20/8

NA

8/12

NA

90/109

NA

914

NA

Cirrhosis
(Yes/NO)

67

11/31

NA

57/31
19/11
50/127

20/8
NA

NA

NA
93/106
37/78
20/3

NA

HCV-RNA
(log™ IU/mL)

NA
62(4.0-72)
NA
6.6(6.0-7.0)
6.3(5.4-7.4)

NA

606+ 1.04
NA
68(3.1-7.5)
NA
63(5.9-6.8)
NA
NA

NA

AST (1U/L)

NA

34 (14-156)
NA

34 (25-65)
39 (18-115)

NA

NA
NA

48 (20-128)
NA

35 (26-50)
NA

33 (19-90)

NA

ALT (lUNL)

NA

30 (11-182)
NA

29 (21-66)
31(9-130)

NA

50.1= 60.0
NA

46 (10-128)
NA

30 (21-49)
NA

27 (15-141)

NA

HCV genotype

GT2,3

GT1-3

GT1,2

GT1-3
GT1-3
GT1

aT2
aT1
GT1,2
GT1,4
aT1,2,3
GT1,2
GT1,2

GT1,2,3

RASSs in NS3 or
NS5A

NA

38

NA

NA
26
70

NA

NA

16

NA

NA

111

NA

NA

Treatment history

SOF/RBV

DCV/ ASV, LDV/SOF,
SOF/RBV, VEL/SOF+ RBY,
OBV/ PTV/r £ RBV

DCV/ASV, LDV/SOF, EBV/
GZR, SOF/RBV

Others
DCV/ ASV, LDV/SOF, Other

SOF/LDV, SOF/VEL,
SOF/DCV

SOF/RBV
Others

DCV/ASV, EBR/GZR,
SOF/RBV, LDV/SOF,
DOV/ASY

SOF/LDV, SOF/SIM,
OBV/PTV/, Others
Others

ASV/DCV, SOF/RBY,
SOF/LDV, PTV/ OBV
GZR/EBR

DCV/ASV, LDV/SOF,
EBR/GZR, OMV/PTV/
Others

AST, aspartate aminotransferase; ALT, alanine aminotransferase; GT, genotype; RASs, resistance-associated substitutions; SOF, sofosbuvir; RBV, ribavirin; DCV, daclatasvir; ASV, asunaprevir; LDV, ledipasvir; VEL, velpatasvir; OBV,

ombitasvir: PTV, paritaprevir

ritonavir; EBV, elbasvir; GZR, grazopre:

ir; SIM, simeprevir; EBR, elbasvir; Others, any other combination of DAA regimens; NA, not applicable.
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No RT

1 1.036
2 1.146
3 1.154
4 1.213
5 1.314
6 1.817
7 3.638
8 3.646
9 4517
10 a.627
" 4.779
12 4.959
13 5.379
14 5.717
15 5.802
16 6.368
17 6.682
18 9.368
19 9.419
20 10.117
21 13.354
22 13.969
23 4.995
24 9.331
25 10.677
26 10.776
27 11.221
28 12.143
29 14.502
30 14.897
31 14.973
32 16.650

vIP

1.08
251
1.08
314
1.05
246
1147
1.09
284
4.61
243
1.73
1.24
1.42
1.26
157
1.07
1.04
1.46
1.06
248
242
3.96
5.39
1.07
3.14
203
250
111
1.61
115
1.69

Formula

CgHoNgO2
CgH11NO,
GCoHaoNOGP
CaH7NO3
GgHizNO
CaHgN203
CsHaNgO
C1oH12NsOs
CioH12NsOg
COH11NO2
CigHi7N20g
Ci1H1oNsOg
C1aHzs02
Ci1H21NsOs
C11H20N205
CgH11NO2
CaoHazN3O108
CisHzoNOs
CaaHsoNOGP
CsH1aN3Os
CasHasNOs
CiaHzsNOs
Ca1HasN7O13P2S
CasHasNOsS
Co2HaaNO7P
CzsHasNOs
CarHgoOsP
Ca4HaoOs
CaoHa7NOg
CasHasNO7P
CasHaNO7P
CatHaNO7P

Metabolites

L-Histidine
Pipecolic acid
Glycerophosphocholine
Acetylglycine
N-(2-Methylpropy)acetarmide
D-Asparagine
Hypoxanthine
Inosine
Xanthosine
L-Phenyialanine
Melatonin radical
Ophthalmic acid
Nonylisovalerate
Glutamylarginine
Glutamylleucine
Pipecolic acid
S-(PGJ2)-glutathione
L-Octanoylcarnitine
LysoPC(P-16:0)
Argininic acid
Deoxycholic acid glycine conjugate
N-Undecanoyiglycine
Dephospho-CoA
Taurochenodesoxycholic acid
LysoPC(14:1)
Chenodeoxyglycocholic acid
PAR2:2)

Cholic acid

5,9,11-trihydroxyprosta-6E, 14Z-dien-1-oate

LysoPE(18:2)
LysoPE(20:4)
LysoPE(16:0)

SM

ESI+
ESI+
ESI+
ESI+
ESI+
ESl+
ESI+
ESl+
ESl+
ESI+
ESI+
ESI+
ESI+
ESl+
ESI+
ESl+
ESI+
ESI+
ESl+
ESI+
ESI+
ESl+
ESI-
ESI-
ESI-
ESI-
ESl-
ESl-
ESI-
ESI-
ESI-
ESI-

m/z

165.1546
129.157
257.223
117.1033
1151735
132.1179
136.1115
268.2261
284.2255
165.1891
249.2857
289.2851
228.3709
308.319
260.29
129.157
641.773
287.3961
479.6307
175.1867
449.6233
243.3425
687.15
499.3
465.561
449.6233
813.195
4085714
539.625
4775717
501.5931
453.5508

Fold Change
Pa/c AEE/PQ
086 1.08
078 116"
134 o074
077 168"
1.04 1.47*
092 165"
187 092"
085 1.15*
098 185
0.46 1.48*
039 075
040 085"
091 080
0.49 098
091 064
147 1.04*
0.65 1.19"
0.60 2.8
1.80 318
0.79 178"
085 082
0.89 1.07
1.95 104"
144 089
2.15 1.04*
1.97 233
1.29 1.11
205 0.82*
1.29 077
1.33 092"
2.06 075
1.65 1.01*

RT, retention time; VIF, variable importance in the projection; SM, scan mode; +, metabolites identified in positive mode; -, metabolites identified in negative mode. Metabolites identified
in both positive and negative modes; *p < 0.05 compared with the PQ group; C/PQ, control group compared with the PQ group; AEE/PQ, AEE group compared with the PQ group.
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Response
Total, N
Overall 1238/1294
By settings
Single-center 195/203
Mult-center 1030/1078
By regions
Japan 994/1026
United States 244/268
By genotypes
1 637/674
ta 1317145
1b 164/173
2 165/165
2a 72172
2 53/53
3 6/6
By treatment history
SOF/RBY 81/81
DOV/ASV 120/126
LDV/ SOF 27/20
OBV/PTV/ o
EBV/GZR 89
Others 820/863
By treatment durations
12 112171169
16 117/125
By the presence or absence of cirthosis
Cirthosis 304/319
Non-cirthosis 448/465

SVR12 (N = 1,204)

Rate (95%Cl)

96.8(95.1-98.2)

96.1(92.3-98.0)
96.0 (98.4-97.5)

97.9 (96.7-98.9)
91.1(87.3-94.3)

95.8 (93.9-97.4)
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100.0 (99.7-100.0)

100.0 (98.3-100.0)
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100.0 (99.2-100.0)
97.6 (92.9-100.0)
99.3 (86.0-100.0)
100.0 (78.9-100.0)
97.4 (62.0-100.0)
96.5(95.1-97.7)

95.9 (94.6-96.9)
93.6 (87.7-96.8)

95.3 (92.4-97.2)
96.3 (94.2-97.7)

P (%)

37.1

0.0
56.9

0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
47.6

436
0.0

0.0
39.0

Heterogeneity

pr

0.08

091
0.03

0.77
0.67

0.46
1.00
0.80
1.00
098
0.99
0.99

0.99
0.81
096
0.94
0.70
0.09

0.15
0.46

063
028

P**-value

09483

0.0003
0.0064*

0.1325°

0.7802¢

0.2787

0.2349

0.4681

Studies

N

~

AN N0 OO
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SOF, sofosbuvir; RBV, ribavirin; DCV, daclatasvir; ASV, asunaprevir; LDV, ledipasvir; OBV, ombitasvir; PTV, paritaprevir; , ritonavir; EBV, Elbasvir; GZR, grazoprevir r; Others, any other
combination of DAA regimen; CI, confidence interval.

*Test of heterogeneity.
Test for subgroup differences.

@Test for subgroup (genotype-3) difference.
bTest for subgroup (genotypela and 1b) difference.
<Test for subgroup (genotype2a and 2b) difference.
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Outcomes Safety Heterogeneity studies

Total, n/N Rate%(95%Cl) P (%) P
AEs 288/550 47.1(26.0-69.3) 95.1 <0.01 6
CAEs 273/550 45.2 (25.3-66.7) 94.8 <0.01 6
SAEs 12/660  1.8(0.7-3.4) 0.0 047 6
Discontinuation due to AEs ~ 4/550 0.1(0.0-0.9) 0.0 070 6

GLE/PIB, glecaprevir/pibrentasvir; Cl, confidence interval; AES, any adverse events; CAEs,
common adverse events; SAEs, serious adverse events.
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SVR12, 100.0
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(22/22)
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SOF, sofosbuvir; LDV, ledipasvir; OBY, ombitasvir; PV, paritaprevir; 1, ritonavir; RBV, ribavirin; DCV, daclatasvir; DSV, dasabuvir; G, glecaprevir; P pibrentasvir; VEL, velpatasvir. *The
distribution of age for subjects was undefined: **Different articles form the same first author.
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Adolescents group (12-17 years) Children group (<12 years)

Subgroups Studies () SVR12 (N = 831) Heterogeneity P Studies (n) SVR12 (N =392) Heterogeneity P9
Total, /N Rate% (95%Cl) 12 (%) P Total,n/N Rate% (95%Cl) 12 (%) Pe
By the durations of treatment 0.398 0.716
8weeks 5 193/194 100.0(98.7-1000) O 092 2 41741 1000(969-1000) O 075
12 weeks 20 998/1,015  99.3 (98.4-99.9) 0 0.78 9 410/421 98.8(97.1-99.8) 38 0.11
2dweeks 4 43/44 1000 (©89-1000) O 093 1 33 100.0(500-100.0)  NA NA

SVR, sustained virological response; Cl, confidence interval: P, I-square; NA, not applicable. *Test of heterogeneity in adolescents group; ® Test for subgroup differences in adolescents
group; €Test of heterogeneity in children group; 9Test for subgroup differences in children group.
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Variables

Age (<55/255)

Gender (female/male)
Family cases (yes/no)
Tumor size (>2.5/<2.5 cm)
TNM stage (V1)
Hypertension (yes/no)
Diabetes melitus (yes/no)
Ascites

Schistosomiasis
Cirthosis

HBsAg (+/-)

AFP (rg/L) (x200/<200)
ALBI grade (1/2,3)

PNI (247.2/<47.2)
PNI-ALBI grade (0, 1)

Univariate analysis

HR (95% CI)

0.908 (0.581-1.418)
1.068 (0.678-1.974)
0.708 (0.390-1.283)
1.808 (1.185-2.882)
0517 (0.249-1.075)
0.900 (0.543-1.490)
0951 (0.526-1.721)
1.135 (0.601-2.148)
1. 713 (1.014-2.895)
1.682 (0.929-3.046)
1.668 (0.726-3.833)
1.962 (1.152-3.342)
1.457 (0.942-2.066)
1.687 (1. 012-2.488)
1.647 (1.043-2.600)

P-value

0.671

0.833
0.254
0.013
0.077
0.681

0.868
0.696
0.044
0.086
0.228
0.013
0.001

0.044
0.032

Multivariate analysis

HR (95% CI) P-value
1,640 (1.015-2.647) 043
1.732 (1.003-2.991) 0.049

HCC, hepatocellular carcinoma; RFA, radiofrequency ablation; HR, hazard ratio; Cl, confidence interval; TNM, tumor-node-metastasis; HBsAg, hepatitis B surface antigen; AFF,
a-fetoprotein; PN, prognostic nutritional index; ALBI, albumin-bilirubin.
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Clinicopathological Low PNI-ALBI High PNI-ALBI P-value

feature grade grade
Age
<65 years 18 (42.9%) 25 (36.8%) 0525
266 years 24 (57.1%) 43 (63.2%)
Gender
Female 5(11.9%) 13 (19.1%) 0320
Male 37 (88.1%) 55 (80.9%)
Family cases
Yes 7(16.7%) 9(13.2%) 0828
No 35 (83.3%) 59 (86.8%)
Tumor size
>250m 6(14.3%) 24 (35.3%) 0016
<250m 36 (85.7%) 44 (84.7%)
TNM stage
I 39 (92.9%) 63 (02.6%) 097
[ 3(7.4%) 5(7.4%)
Hypertension
Yes 10 (23.8%) 17 (25.0%) 0.538
No 32 (76.2%) 51(75.0%)
Diabetes mellitus
Yes 9(21.4%) 10 (14.7%) 0.439
No 33 (78.6%) 58 (85.3%)
Ascites
Yes 2(4.8%) 12 (17.6%) 0042
No 40 (95.2%) 56 (82.4%)
Splenomegaly
Yes 19 (45.2%) 60 (88.2%) <0001
No 23 (654.8%) 8 (11.8%)
Cirrhosis
Yes 25 (59.5%) 62 (91.2%) <0.001
No 27 (64.3%) 6(8:8%)
HBsAg
Present 37 (88.1%) 63 (02.6%) 0332
Absent 6(14.3%) 5(7.4%)
AFP (pg/L)
Normal 39(92.9%) 51(75.0%) 0022
Abnormal 3(7.1%) 17 (25.0%)
WBC (x 10%/pL) 500+ 1.49 396+ 1.73 0382
Platelet count (x 109/L) 136.90 + 61.03 87.41 % 46.29 0.157
Prothrombin time (s) 1210+ 1.74 18.44 + 44.16 0.146
Albumin (g/L) 4374 +2.65 36.18 + 4.11 0.002
Total bilirubin (wmol/L) 1557 £7.62 21.12£9.93 0028

HR, hazard ratio; Cl, confidence interval; TNM, tumor-node-metastasis; HBsAg, hepatits
B surface antigen; AFP. o-fetoprotein; PNI, prognostic nutritional index; ALBY, albumin-
bilirubin.
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Clinicopathological Number (%) of patients or

feature Mean + SD
Age

<55 years 43(39.1%)

255 years 67 (60.9%)
Gender

Female 18 (16.4%)

Male 92 (83.6%)
Family cases

Yes 16 (14.5%)

No 96 (85.5%)
Tumor size

>250m 30 (27.3%)

<250m 80 (72.7%)
TNM stage

| 112 (93.3%)

I 8(6.7%)
Hypertension

Yes 21 (19.1%)

No 89 (80.9%)
Diabetes mellitus

Yes 19 (17.3%)

No 91(82.7%)
Ascites

Yes 14.(12.7%)

No 96 (87.3%)
Splenomegaly

Yes 79 (71.8%)

No 31(27.3%)
Cirrhosis

Yes 80 (72.7%)

No 30 (27.3%)
HBsAg

Present 101 (91.8%)

Absent 9(82%)
AFP (ng/L)

Normal 90 (81.8%)

Abnormal 20 (18.2%)
ALBI grade

1 54 (49.1%)

2 54 (49.1%)

3 2(1.8%)
PNI

>47.2 47 (42.7%)

<472 63 (57.3%)
PNI-ALBI grade

o 42 (38.2%)

1 68 (61.8%)
WBC (x 10%/pL) 439+1.72
Platelet count (x 1 Og/L) 106.31 £ 57.46
Prothrombin time (s) 16.02 +34.78
Albumin (g/L) 39.06 +5.16
Total biliubin (umol/L) 1901 +9.48

SD, standard deviation; TNM, tumor-node-metastasis; HBsAg, positive hepatitis B
surface antigen; AFP, a-fetoprotein; ALBI, albumin-biliubin; PN, prognostic nutritional
index; WBC, white blood cell count.
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Variables

Age, years (<55/256)
Gender (female/male)
Family cases (yes/no)
Tumor size (>2.5/<2.5cm)
TNM stage (V1)
Hypertension (yes/no)
Diabetes melitus (yes/no)
Ascites

Schistosorniasis

Cirrhosis

HBSAG (+/-)

AFP (ug/L) (=200/<200)
ALBI grade (1/2,3)

PNI (> 47.2/<47.2)
PNI-ALBI grade (0/1)

Univariate analysis

HR (95% CI)

1.097 (0.5694-2.029)
0.588 (0.290-1.191)
0679 (0.316-1.462)
2524 (1.387-4.593)
0.796 (0.285-2.225)
0.995 (0.508-1.970)
1.959 (0.773-4.968)
0.598 (0.214-1.672)
1.937 (0.902-4.161)
1.456(0.650-3.261)
1.041 (0.873-2.910)
1.924 (0.993-3.729)
2.447 (1.301-4.604)
2.778 (1.406-5.488)
3.876 (1.792-8.690)

P-value

0.766
0.140
0.323
0.003
0.663
0.989
0.167
0.327
0.040
0.361
0.938
0.050
0.008
0.003
0.001

Multivariate analysis

HR (95% CI) P-value
1.966 (1.091-3.545) 0.025
2,568 (1.289-5.078) 0.007
3.876 (1.729-8.690) 0.001

HR, hazard ratio; Cl, confidence interval; TNM, tumor-node-metastasis; HBsAg, hepatitis B surface antigen; AFP, a-fetoprotein; PNI, prognostic nutritional index; ALBI, albumin-bilirubin.
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