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Editorial on the Research Topic
Inflammation and Fibrosis in the Gastrointestinal Tract and Liver: Mechanisms and Targets

INTRODUCTION
Inflammation of the gastrointestinal tract and liver can be caused by a variety of factors including genetic diseases, immune mediated conditions, environmentally induced reactions, toxic exposure, tissue injury, abnormalities in the gut-liver axis, and general infectious diseases. The consequence of inflammation is wound healing following fibrous tissue repair and regeneration. Although it occurs in all organs, each organ shows a specific pattern of reactivity.
In this Research Topic, leading experts from the field of Gastroenterology and Hepatology share new findings and current concepts in the pathogenesis and management of inflammation and fibrosis in the gastrointestinal tract and liver. In total about 200 basic scientists and clinicians from eight countries (China, Egypt, Germany, India, Japan, Spain, Italy, and USA) contributed 28 originals or review articles about current perspectives and findings in corresponding diseases. These articles cover a wide range of aspects in the pathogenesis of liver inflammation and fibrosis, gastrointestinal disease, and inflammatory bowel disease (IBD). The contributions show that these fascinating fields have made conceptual advances that in the near future will hopefully lead to novel treatment options.
LIVER INFLAMMATION AND FIBROSIS
An et al. discuss the main roles of interleukins (ILs) in the context of hepatic inflammation and how this knowledge can be used for the development of therapeutic drugs. In particular, they highlight the dynamics by which interleukins mediate the cross-talk between hepatic cells during liver inflammation and injury. It becomes clear that abrogating IL signaling might prevent the progression of hepatic fibrogenesis in the early stages of liver injury. However, as the authors discuss there are some practical problems that need to be addressed to move IL-targeted therapies from the experimental stage to the clinical setting.
In an experimental animal study, Han et al. investigated the impact of a traditional medicinal herbal extract derived from Chicory (Cichorium pumilum Jacq) in a rat model of liver fibrosis induced by chronic colitis. The authors demonstrate that this herb can promote probiotic growth and prevent liver fibrosis. In addition, the authors demonstrate that Lactucin that is one of the bitter tasting sesquiterpene lactone of Chicory is able to inhibit lipopolysaccharide-induced inflammatory responses in vitro and activation of the Mitogen-activated protein kinase and Akt signaling. Therefore, the authors proposed Lactucin as one of the most significant anti-inflammatory compounds in Chicory extracts.
Another compound boosting endogenous antioxidant mechanisms in the context of acetaminophen (APAP)-induced liver damage was identified by Rahman et al. In their study, the authors provide evidence that carveol improves liver detriments and liver metabolic deficits in mice subjected to APAP, while the nuclear factor erythroid 2-related factor 2 (Nrf2) inhibitor all-trans retinoic acid exaggerated APAP toxicity. Mechanistically, the authors found that carveol treatment increases Nrf2 expression that combats various reactive oxygen species and other stress kinases. Additional, comprehensible in-silico docking studies showed that carveol might have an affinity to the active catalytic pockets of COX-2, HO-1, IL-1, NF-κB, iNOS, Nrf2 and TNF-α that all impact inflammation.
The Nrf2 pathway was also investigated in an experiment study by Zhao et al., who analyzed the effect of bicyclol in cholestatic mice caused by bile duct ligation. Interestingly, it was found that bicyclol acts as a significant hepatoprotective agent that attenuates liver damage by increasing the levels of hydropholic bile acids such as α-muricholic acid (MCA) and β-MCA. Moreover, bicyclol promoted autophagy and activated Nrf2 expression and antioxidant downstream genes.
Pu et al. provide evidence that the 5-lipoxygenase (5-LO) that catalyzes the oxidation of essential fatty acid substrates into inflammatory leukotrienes is a key enzyme involved in mediating hepatic fibrosis. The authors could show that genetic ablation or pharmacological inhibition of 5-LO is therapeutically beneficial to block hepatic fibrosis in vitro and in vivo. In line, patients suffering from non-alcoholic steatohepatitis and liver fibrosis showed elevated levels of 5-LO suggesting that strategies to target 5-LO may offer new therapeutic avenues.
A new network in the pathogenesis of hepatic fibrosis was introduced by Shouman et al. They evaluated antisense oligonucleotides directed against the tissue factor in rats in which liver fibrosis were induced by a single administration of Diethylnitrosamine followed by repeated doses of carbon tetrachloride once weekly for 6 weeks. The authors could demonstrate that the blockage of tissue factor expression resulted in a significant downregulation of the protease-activated receptor 1 (PAR1) and toll-like receptor 4 (TLR4) that are both critical drivers in hepatic inflammation and fibrosis.
Roeb and Weiskirchen summarized findings from a selective literature search on topics related to non-alcoholic fatty liver disease (NAFLD), fructose and fibrosis. The study showed that the rate of overweight and obesity is significantly higher in adult and pediatric patients suffering from non-alcoholic steatohepatitis (NASH). Although it is presently not known whether this is due to an excess of energy or the particular metabolism of fructose, the authors suggest that reduction in sugar consumption in conjunction with avoidance of foods enriched in saturated fats and weight loss is recommended for NAFLD and NASH patients.
Xiang et al. analyzed the effects of kaempferol on the liver X receptor α (LXRα)/lysophosphatidylcholine acyltransferase 3 (LPCAT3) pathway in livers of mice fed a high fat diet inducing NASH. They could show that this natural flavonol reduces endoplasmic reticulum stress and inflammation as assessed in vitro and in vivo by reduced expression of LXRα, LPCAT3 and genes involved in the initiation or execution of endoplasmic reticulum stress. Based on their results the authors conclude that the LXRα/LPCAT network offers new potential targets for NASH treatment.
Acharya et al. summarized recent aspects in the understanding of hepatic fibrosis including relevant disease-associated pathways, cellular and molecular drivers of fibrogenesis, and how this knowledge can be translated into therapy of respective disease. The review shows that hepatic fibrogenesis is a highly complex and orchestrated process that offers many therapeutic opportunities for impeding or reversing this disease process.
The sodium-glucose cotransporter two inhibitor dapaglifloxin was shown by Li et al. ameliorates hepatic steatosis by decreasing the de novo lipogenesis enzyme acetyl-CoA carboxylase 1 (ACC1), increasing the fatty oxidation enzyme acyl-CoA oxidase 1 (ACOX1), and inducing autophagy via the AMPK-mTOR pathway. This may be in future used as therapeutic approach to treat NAFLD by a functional mechanism.
The group of Ye et al. showed that Salidroside inhibits carbon tetrachloride-induced liver fibrosis in mice by suppression of JNK activation and modulating the sphingosine kinase 1/sphingosine-1-phosphate signaling pathway for inhibition of Akt. This reduces activation and migration of hepatic stellate cells (HSC) as the executive players in fibrosis. Salidroside alleviates by this mechanism liver injury, hepatocyte apoptosis and consequently liver fibrosis.
A review article by Drescher et al. discusses developmental differences between individual immune cells and their role in health and disease, with a focus on liver diseases. They summarized findings showing there exists a fragile balance between T helper 17 (TH17) and regulatory T cells (TReg) that is critical in maintaining immune homeostasis during acute and chronic inflammation.
Zhu et al. focused on Hengshun aromatic vinegar as a food additive to improve NAFLD. It improved cell viability and attenuated cell damage. Serum levels of triglycerides, transaminases (ALT, AST) and malondialdehyde (MDA) dropped. Inflammation and lipogenesis were reduced by interference with metabolic key regulators, i.e. by enhancing silent information regulator of transcription 1 (Sirt1). Thus, it represents a new assistant strategy to fight NAFLD.
Kong et al. investigated the role of the AMP analog 5-aminoimidazole-4-carboxamide (AICAR) which acts as an activator of the AMP-kinase (AMPK) on the pathogenesis of acute pancreatitis-associated liver injury (PALI). In a rat model of sodium taurocholate-induced acute pancreatitis, they found that AICAR attenuated PALI and restored liver function. Moreover, the compound activated the AMPK/Nrf2 signaling pathway, while the AMPK inhibitor Compound C aggravated PALI. In Nrf2 null mice, the effect of AICAR on alleviation of liver injury was significantly weakened suggesting that AICAR protects against PALI by interfering with Nrf2-triggered processes.
GASTROINTESTINAL TRACT
Lamas-Paz et al. identified a novel mechanism that triggers acute alcoholic hepatic injury in the context of the gut-liver axis. The authors could demonstrate mice subjected to acute alcohol injury develop significant alterations in the gut microbiota and in intestinal epithelial barrier function. Interestingly, these alterations are triggered by yet unknown mediators released from extracellular vesicles produced by intestinal epithelial cells provoking deleterious effects on hepatocyte viability and steatosis.
A thematically related study by Ren et al. demonstrated that the COX-2 inhibitor rutaecaprine has gastroprotective effects on ethanol-induced acute gastric mucosal injury in mice. In the respective model, rutaecaprine augmented cellular antioxidant capacity, most likely by triggering antioxidant and anti-apoptosis defense capacities that results in inhibition of the inflammatory acting NF-κB, pathway.
Chen et al. performed an ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS)-based study to investigate the ameliorative effects of palmatine on Heliobacter pylori-induced chronic atrophic gastritis in rats using serum and urine metabolomics. Interestingly, this alkaloid attenuated pathological damage and inflammation and improved integrity of the gastric mucosal epithelial barrier. Mechanistically, the authors suggested that the therapeutic effects of palmatine are majorly attributable to its capacity to impact the metabolism of taurine, subtaurine, glycerol phospholipid and the mutual transformation of pentose and glucoronide.
Yang et al. found that Gremlin 1 (GREM1) is significantly increased in mouse fibrotic colon. In their original study, the authors demonstrated that GREM1 promoted the proliferations and activation of intestinal fibroblasts by activating the VEGFR2 receptor and triggering fatty acid oxidation. In line with these findings, the authors could block intestinal fibrosis progression in vivo by blocking the GREM1-VEGFR2 axis.
INFLAMMATORY BOWEL DISEASE
Enck and Klosterhalfen addressed the interesting question why in trials of irritable bowel syndrome (IBS) and IBD the placebo rates are remarkably high. Based on a meta-analysis, they report that the spontaneous improvement accounts for 50% of the placebo effect. Moreover, nocebo effects are easily detectable in randomized control trials (RCTs), whereas adverse events are difficult to see in respective reports.
Chen Y et al. developed a novel prediction model useful to estimate the risk of primary non-response rate to infliximab therapy and select the optimal treatment for individual patients suffering from Crohn’s disease. In their retrospective study including 322 Crohn’s disease patients and data from the Gene Expression Omnibus (GEO) database, the authors performed and intensive bioinformatics analysis and provide evidence that IL-6 is a good predictive factor for risk assessment.
Schmidt et al. evaluated the clinical efficacy of tumor necrosis factor antibodies on chronic IBD outcome. In total one third of the patients do not respond and in many cases drug efficacy is lost over time. Contraindications, adverse events and intolerance have to be considered when these biologicals are administered. This overview of new therapeutic approaches with novel biologicals is helpful for clinicians treating IBD.
The group of Zhong et al. showed that the serine-threonine kinase inhibitor rapamycin is effective in the treatment of upper gastrointestinal Crohn’s disease-related stricture formation, but has no effect in lower gastrointestinal Crohn’s disease. The drug was recently shown to reduce intestinal fibrosis by inhibiting CX3Cr1-mTOR-induced autophagy in mononuclear phagocytes and upregulating the IL-23/IL-22 axis. This was now evaluated by a Gastrointestinal obstruction symptoms score and diet score, which both showed improvement in upper gastrointestinal Crohn’s disease, but not in lower gut stricture disease. Adverse events were recorded in 40% of the patients, mostly mouth ulcers. However, no death or serious opportunistic infections were observed. This therapy may avoid surgical or endoscopic interventions. These promising results should now be confirmed in randomized trials with larger numbers of patients.
Al-Bawardy et al. highlighted the relevance of continued development of new therapeutic strategies and modifications of existing therapies to improve the outcome of IBD. In particular, they suggested small molecule inhibitors targeting the Janus kinase or the sphingosine-1-phosphate receptor that both critically contribute to the pathogenesis of IBD as promising therapeutic targets. Most important is that most of these agents can be administered orally and have a favorable safety profile compared to established anti-TNF agents.
Ayyar and Moss summarized the actual knowledge on extracellular vesicles including exosomes in intestinal inflammation. The compiled information illustrates that exosomes in particular and extracellular vesicles in general are capable of modulating gene expression and cellular functions, thereby critically impacting inflammation, immune responses, and composition of gut microbiota. As such these vesicles might be suitable biomarkers of IBD and molecular structures for therapeutic targeting specific cargos to the inflamed gastrointestinal tract.
Ferretti et al. provide an update on current sonographic methods to discriminate inflammation and fibrosis in Crohn’s disease, mainly focusing on studies investigating pathological features or the response to treatment as direct and indirect reference parameters. In their contribution, the authors highlight strengths and weaknesses of individual ultrasound methods and conclude that despite the promising results obtained with novel sonographic techniques such as contrast-enhanced ultrasound (CEUS) and sonoelastrography, several limitations must be addressed before using these techniques in routine clinical practice and trials.
Matsumoto et al. investigated potential therapeutic effects of the RXR agonist Net-3IB that was previously developed in their team in an experimental model of colitis induced through the adoptive transfer of CD45RBhighCD4+ cells. The authors showed that Net-3IB ameliorates colitis by inhibiting both the expansion of Th1 cells and the activation of inflammatory macrophages locally in the colon. Thus, the small molecule inhibitor appears to be a promising candidate for the treatment of IBD.
Ke and colleagues addressed the question whether the anti-inflammatory effect of metformin in the intestine is due to a change of the microbiota. They examined this in the experimental colitis model of dextran sulfate sodium (DSS)-induced ulcerative colitis. Indeed the inflammation was attenuated by metformin. An increased expression of mucin 2 was noted. The gut microbiota changed under metformin by increasing protective Lactobacillus and Akkermansia species. With antibiotic exposure the anti-inflammatory and mucus-protecting effect of metformin was abolished. It is concluded that metformin-induced changes of the microbiota are therapeutically effective in ulcerative colitis.
The study by Nguyen et al. demonstrates the importance of the noncanonical NF-κB signaling pathway in IBD patients. In their study, the authors analyzed the expression of 88 target genes known to be associated with noncanonical NF-κB signaling in biopsy specimens that were collected during colonoscopy. Importantly, the expression of a number of genes was associated with increased gastrointestinal inflammation and in particular in patients unresponsive to anti-TNF agents. Although the study is based on a relatively small sample size, the study suggests that the noncanonical NF-κB signaling is an understudied pathway that critically impacts the pathogenesis of IBD.
All these 28 articles show that inflammation and fibrosis of the gastrointestinal tract and liver are complex problems. Currently, there are a number of real breakthroughs in this research area, but of course scientists and clinicians are still at the beginning in the identification of suitable therapeutic targets. Since the frequency of these malignancies and their complications currently increase dramatically, new strategies anti-inflammatory and anti-fibrotic therapies are urgently needed.
AUTHOR CONTRIBUTIONS
All authors contributed equally to the review and editorial process for this article Research Topic.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors are grateful to all authors that have provided excellent contributions to this Research Topic and the kind support of the Editorial office team of Frontiers that helped to arrange a strict review process and assisted to enable reliable correspondence with the authors. Moreover, we acknowledge the excellent and efficient work of the expert reviewers who reviewed submissions in a timely, fair, and constructive manner. In addition, we like to thank Drs. Leo A. van Grunsven (Vrije University Brussel, Belgium), Stefano Fiorucci (University of Perugia, Italy), Luca Antonioli (University of Pisa, Italy), and Barbara Romano (University of Naples Federico II, Italy), who edited contributions in which we had conflicts of interest.
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 Weiskirchen, Sorrentino and Stremmel. 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: 15 September 2020

doi: 10.3389/fphar.2020.586954

[image: image2]


UPLC-Q-TOF/MS-Based Serum and Urine Metabonomics Study on the Ameliorative Effects of Palmatine on Helicobacter pylori–Induced Chronic Atrophic Gastritis


Xing Chen 1,2, Jianzhong Zhang 3, Ruilin Wang 4, Honghong Liu 4, Chunmei Bao 5, Shihua Wu 1,2, Jianxia Wen 1,2, Tao Yang 1,2, Ying Wei 1,2, Sichen Ren 1,2, Yuling Tong 1,2 and Yanling Zhao 1*


1 Department of Pharmacy, Fifth Medical Center of PLA General Hospital, Beijing, China, 2 College of Pharmacy, Chengdu University of Traditional Chinese Medicine, Chengdu, China, 3 Center of Disease Control and Prevention, National Institute for Communicable Disease Control and Prevention, Beijing, China, 4 Integrative Medical Center, Fifth Medical Center of PLA General Hospital, Beijing, China, 5 Division of Clinical Microbiology, Fifth Medical Center of PLA General Hospital, Beijing, China




Edited by: 
Ralf Weiskirchen, RWTH Aachen University, Germany

Reviewed by: 
Wirginia Kukuła-Koch, Medical University of Lublin, Poland

Yanxiang Wang, Chinese Academy of Medical Sciences, China

*Correspondence: 
Yanling Zhao
 zhaoyl2855@126.com

Specialty section: 
 This article was submitted to Gastrointestinal and Hepatic Pharmacology, a section of the journal Frontiers in Pharmacology


Received: 24 July 2020

Accepted: 27 August 2020

Published: 15 September 2020

Citation:
Chen X, Zhang J, Wang R, Liu H, Bao C, Wu S, Wen J, Yang T, Wei Y, Ren S, Tong Y and Zhao Y (2020) UPLC-Q-TOF/MS-Based Serum and Urine Metabonomics Study on the Ameliorative Effects of Palmatine on Helicobacter pylori–Induced Chronic Atrophic Gastritis. Front. Pharmacol. 11:586954. doi: 10.3389/fphar.2020.586954




Objective

The main objective of this study was to investigate the ameliorative effects of Palmatine (Pal) on Helicobacter pylori (H. pylori) induced chronic atrophic gastritis (CAG)



Method

Body function, serum biochemical indicators and histopathology were used to evaluate the pharmacodynamics of Pal on CAG rats. The target genes expression levels were verified and assessed by RT-PCR and immunohistochemistry (IHC). Moreover, UPLC-Q-TOF/MS analysis based on urine and serum was performed to identify the potential metabolites in the pathological process of CAG induced by H. pylori. Metabolic pathway analysis was performed to elucidate the metabolic network associated with Pal treatment of CAG.



Results

Pal (10, 20, 40 mg/kg/day) significantly restored the body function of CAG rats, reduced the serum biochemical indicators, and maintained the integrity of the gastric mucosal epithelial barrier while alleviated gastric histological damage. Metabolomics analysis shows that the therapeutic effect of Pal on CAG involves 10 metabolites and 10 metabolic pathways, of which the Taurine and hypotaurine metabolism, Glycerophospholipid metabolism and Pentose and glucuronate interconversions are closely related to the gastrointestinal protection of Pal, and these metabolic pathways crosstalk with each other due to the internet hub of citric acid cycle.



Conclusions

Metabolomics was used for the first time to identify potential biomarkers of CAG and to illuminate the therapeutic mechanism of Pal on CAG induced by H. pylori. The results provided a new insight for further research on CAG treatment.





Keywords: palmatine, Helicobacter pylori, chronic atrophic gastritis, metabolomics, molecular mechanisms



Introduction

Chronic atrophic gastritis (CAG) is a common disease of the digestive system which is considered a precursor condition for gastric cancer (GC). The rate of CAG progression to GC was as high as 2% per year during a 16 years of follow-up report (Lahner et al., 2015). It is understood that GC ranks fourth in the global incidence of various cancers worldwide and is the second cause of cancer-related deaths (Topi et al., 2020). Helicobacter pylori (H. pylori) is an obligate pathogen in the stomach, and the persistent inflammatory response caused by colonization is the strongest single risk factor for GC (Schulz et al., 2019). It has been recognized by the World Health Organization as a “definite carcinogen” since 1994, and the evidence for its role in gastric cancer (GC) development was expanded and updated in 2012 (Crafa et al., 2018). The risk of carcinogenic risk is closely related to the strain-specific bacterial components, host immune responses and effective drug intervention. Therefore, while focusing on the prevention of gastric cancer risk in people with H. pylori infection, delineating the drug treatment and mechanisms for gastric inflammation has profound significance for greatly reducing the incidence of CAG and GC.

Palmatine (Pal, Figure 2A) is an isoquinoline alkaloid from Coptidis rhizoma (Huanglian in Chinese), and is classified as an anti-inflammatory drug in Chinese Pharmacopeia (Tarabasz and Kukula-Koch, 2020). It can be used to relieve bacterial dysentery, gynecological inflammation and urinary tract-related surgical infections on clinic (Yokozawa et al., 2005; Wang et al., 2017). It has been the subject of scientific interest in recent years due to its multiple antibacterial, antiviral, and gastrointestinal protection biological activities (Li et al., 2018; Chen et al., 2020). However, the largely potential anti-gastritis mechanism of Pal remain unknown, and whether Pal can be safely and effectively used in clinical still needs more investigation.

Recently, omics techniques, such as transcriptomics, proteomics, and metabolomics have been widely used to identify potential disease markers and elucidate biologically related mechanisms. Metabolite profiling provides a clearer explanation of the relationship between drug efficacy, pharmacological effects, and metabolic pathways by analyzing specific biomarkers during disease and drug treatment. It has shown great potential in many life science fields, such as toxicology, disease diagnosis, drug mechanism research and natural product discovery (Wang et al., 2011). Previous studies have shown that H. pylori infection causes various metabolic alterations at lesional sites associated with disease transformation attribution. (Nishiumi et al., 2017). To the best of our knowledge, although the metabolites of Pal in vivo have been analyzed for quality evaluation or pharmacological activity (Wang et al., 2017), the analysis of Pal and its metabolitesmetabolite changes in H. pylori–induced gastritis individuals is currently lacking.

All the considerations above prompted the application of metabolomics to comprehensively explore the gastrointestinal toxicity of Pal and its protective effect on H. pylori–induced CAG. In this study, serum biochemical indicators and pathological observations were used to evaluate theameliorative effect of Pal on CAG. UPLC-Q-TOF/MS metabolomics research was applied to obtain and analyze the changes of different metabolites in urine and serum during Pal therapy (Figure 1). Finally, it systematically clarified the modulatory properties of Pal on H. pylori–induced CAG, and further confirmed the feasibility of Pal for treatment of H. pylori–induced CAG.




Figure 1 | Scheme of the study.





Materials and Methods


Chemicals and Reagents

Pal standard (C21H25NO4, purity > 90%, Cat. No.10605-02-4) was purchased from Chroma Biotechnology Co. Ltd (Chengdu, China). Dissolved it into normal saline (NS 0.9%) and diluted to the corresponding concentration for later use.



H. pylori Strains and Growth Condition

H. pylori strain was kindly provided by Prof. Jianzhong which was isolated from CAG patient (No. ZCDC111001). Columbia agar plats (Thermo Fisher Scientific Co., Ltd., Beijing, China) was used for bacterial propagation and shake for 48–72 h under the microaerobic conditions (6% O2, 7.2% CO2, 7.1% H2, 79.7% N2) of Low Oxygen Cell Culture Jar (UNITECH Co., Ltd., Guangzhou, China).



Animals

Male Sprague Dawley (SD) rats (180 ± 20 g) were purchased from Sibeifu Biotechnology Co., Ltd. (Permission No. SCXK (jing) 2016-0002, Beijing, China). Rats were adapted the specific environment (humidity: 55% ± 5%, temperature: 25°C ± 0.5°C and 12-h/12-h light/dark cycle) and given sufficient sterile food and water for 2 weeks. All experimental procedures have been reviewed and approved by the Animal Ethical and Experimental Committee of the Fifth Medical Center of PLA General Hospital (Approval ID: IACUC-2018-010) and strictly implemented in accordance with the “Guide for the Care and Use of Laboratory Animals” (https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf).



Induction of CAG

CAG model was induced by H. pylori as previously described (Werawatganon, 2014). Live bacteria were collected and adjusted to 1.5 × 108 colony forming units (CFU)/ml with normal saline (NS). Rats were administered with H. pylori strains at 1 day intervals to induce CAG model. Hematoxylin and eosin (H & E) staining and a rapid urease kit were used to evaluate the inflammation of stomach tissue at 8 weeks of infection. After CAG model was successfully duplicated, animals were randomly assigned into five groups (n = 6/group): Control group, Model group, Pal group (PalL PalM, PalH = 10, 20, 40 mg/kg/day) respectively. A normal diet was maintained during the 4 weeks of Pal treatment. In this study, the doses of Pal was referenced to previous experiments (Jung et al., 2014).



Sample Collection and Preparation

At the end of the experiment, each rat was put into a metabolic cage (1 per cage) to collect 24-h urine and then sacrificed rats to obtain blood from aorta abdominalis.

Collected the gastric tissue and cut along the large curvature of the stomach, soaked in 10% neutral formalin buffer and embedded in paraffin to observe the pathological changes. The blood was centrifuged at 3.5 × 103 rpm for 12 min to separate the serum and transferred to −8°C for storage before biochemical parameters and metabolomics analysis.



Histopathological Analysis

Cuted 3–5μm thick paraffin slice of stomach tissue. H & E staining was performed for highlighting the pathological damage and inflammation of stomach tissues. The test result was observed with a light microscope (200 ×, 400 × magnifications).



Measurement of Cytokine Concentrations

Serum was stored at −80°C before to cytokine determination. The levels of Pepsinogen I (PG I), Pepsinogen II (PG II), Gastrin17 (G-17) and Ghrelin were quantified by ELISA kits (MLBIO biotechnology Co., Ltd., Shanghai, China) according to the protocols provided by the manufacturer. Synergy H1 Hybrid Reader (Biotek, Winooski, VT, USA) was used to measure the absorbance at 450 nm.



Quantitative RT-PCR

Total RNA was extracted from stomach tissues by using Trizol reagent (Nordic Bioscience, Beijing, China) and then converted into cDNA by reverse transcription kit (Promega, Madison, USA). RT-PCR was selected SYBR Green PCR Master Mix (Nordic Bioscience, Beijing, China) and executed on QuantSTUDIO TM 6 Flex System (Applied Biosystems, Foster City, CA, USA). The level of mRNA was normalized to GAPDH expression based on 2-ΔΔCT method. The primers sequences of IFN-γ, Ghrelin, Epithelial cadherin (E-Cadherin), Desmoglein 2 (DSG 2), Zonula occludens-1 (ZO-1) and Mucin 1(Muc1) were listed in Table 1.


Table 1 | Primers sequences.





Immunohistochemistry/Immunofluorescence

Paraffin sections of stomach tissues were stained with anti-E-Cadherin, anti-DSG 2, anti-ZO-1, anti-Muc1 Ab (Table 2) for IHC/immunofluorescence (IF), and lastly examined using NIS Elements Imaging Software Version 4.0 (Olympus, Japan).


Table 2 | Antibodies and other reagents.





Metabolic Profiling

The serum and urine samples were thawed at room temperature prior to analysis. Added three times methanol to serum or urine and centrifuged at 12,000 rpm for 12 min to precipitate the protein. Collected the supernatant filtrate with nylon filter. Ten microliter of each sample was mixed to prepare quality control (QC), and the remaining samples were used for UPLC-Q-TOF/MS testing.

An Agilent 1290 series UHPLC system (Agilent Technologies, Santa Clara, CA, USA) system was used for serum and urine metabolic profiling analysis. ZORBOX RRHD C18 analytical column (2.1 mm × 100 mm, 1.8 μm., Agilent Technologies, Santa Clara, CA, USA) was used for sample separation at 30°C. The injection volume was 4 μl and flow rate was 0.30ml/min. Solvent A (0.1% formic acid in acetonitrile) and solvent B (0.1% formic acid in water) were mixed into a gradient mobile phase under a 25-min gradient program: 0–1.0 min (95% A); 1.0–9.0 min (95%–60% A); 9.0–19.0 min (60%–10%); 19.0–21.0 min (10%–0% A); 21.0–25.0 min (100% B). Each sample is injected only once, a QC sample and a blank were injected after every 10 samples to ensure the stability and repeatability of the system. Both positive and negative mode electrospray ionization sources (ESI) were used (Electrospray capillary voltage: 4.0kV in ESI+ and 3.5 kV in ESI-; Mass range: 50 to 1,200 m/z; Gas flow:13 L/min; Nebulizer: 20 psi; Sheath gas temperature: 275°C; Sheath gas flow: 12 L/min; Nozzle voltage: 2,000V) in this study.



Data Extraction and Multivariate Analysis

Sample data was extracted by using MassHunter Profinder software (version B.06.00; Agilent, Santa Clara, CA, USA) for analysis and comparison. Data was normalized with MetaboAnalyst 4.0 and then SIMCA-P V14.1 (Umetrics, Umea, Sweden) was used for principal component analysis (PCA) and orthogonal-partial least squares-discriminant analysis (OPLS-DA). The potential biomarkers were identified based on precise molecular weight in the Human Metabolome Database (HMDB) and METLIN (http://metlin.scripps.edu/) database. MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) was visualized enrichment pathway of potential markers.



Statistical Analysis

Statistical analysis was performed by SPSS 20.0 software program (Chicago, IL, USA) using one-way ANOVA followed by t-test. GraphPad Prism software (version 6.02; Inc., San Diego, USA) was used to visualize the results. P < 0.05 was considered statistically significant.




Results


Pal Attenuated Pathological Damage and Inflammation in H. pylori–Induced CAG

During H. pylori infection, rats infected with H. pylori developed symptoms of inappetence, diarrhea, and the weight gain trend of the model group was markedly slower than control group during the whole experiment (Figure 2B). In addition, the positive results of the rapid urease kit proved the reliability of the model (Figure 2C). The pathological result showed that the epithelial cells of gastric mucosa in control group were arranged neatly without shedding, and the morphology of submucosal was normal; model group was characterized by thin mucosa and partial mucosa shedding, submucosal edema and eosinophil infiltration in the stomach, atrophy of glands at the junction of the anterior and posterior stomach and reduction of inherent glands (Figure 2D). Those changes were similar to CAG patients caused by H. pylori in clinic. After 4 weeks of Pal intervention, the body weight of CAG rats gradually recovered, and the pathological gastric mucosal damage was significantly reduced (Figure 2D), suggesting that Pal had a significant protective effect on CAG induced by H. pylori.




Figure 2 | Pal attenuated pathological damage and inflammation in H. pylori–induced chronic atrophic gastritis (CAG). (A) Chemical structure (a), TIC (b) and Scan (c) chromatogram of Pal. (B) Weight of SD rats (n=6). (C) Rapid urease test of stomach tissues. (D) Morphology and hematoxylin and eosin (H & E) staining of rats stomach (200 × and 400 × magnification). **P < 0.01 vs control group. #P < 0.05 and ##P < 0.01 vs model group. PalL (10 mg/kg); PalM: (20 mg/kg); PalH: (40 mg/kg).





Pal Improved Biomarkers in Serum of H. pylori–Induced CAG

To clarify the activities of several specific markers of H. pylori–induced CAG rats, the serum supernatant levels of serum PG I, PG II, and G-17 were estimated. As showed in Figure 3, PG I, PG II, PG I/PG II, and G-17 decreased markedly in H. pylori–induced model group compared to control group. Conversely, PG I, PG II, and G-17 significantly increased after Pal administration, and the above biomarkers in the PalH group maintained higher levels compared with the PalL group (Figures 3A–D). In addition, Pal reversed the decrease in the ratio of PG I/PG II induced by H. pylori in the model group, which was more obvious in PalH group (Figure 3C). Altogether, these results in vivo implied that the activities of several specific markers, including PG I, PG II, and G-17, and the ratio of PG I/PG II, could get dose-dependently improved by Pal intervention.




Figure 3 | Pal improves biomarkers in serum of H. pylori–induced chronic atrophic gastritis (CAG). (A–D) PG I (A), PG II (B), PG I/PG II (C), and G-17 (D) production in serum was measured by ELISA (n=6). **P < 0.01 vs control group. #P < 0.05 and ##P < 0.01 vs model group. PalL (10 mg/kg); PalM: (20 mg/kg); PalH: (40 mg/kg).





Pal Relieved the Release Disorder of Ghrelin by Inhibiting IFN-γ

To test whether the CAG rat model induced by H. pylori was IFN-γ associated inflammation and would further change the expression of ghrelin, the expression of IFN-γ and ghrelin in stomach and serum were evaluated by RT-PCR and ELISA respectively. Results were presented in Figure 4. Evidently, the significant increase of IFN-γ expression in stomach of H. pylori infected rats was accompanied by a decrease in the expression of ghrelin, while the concentration of ghrelin in serum was also significantly reduced (Figures 4A–C). Accordingly, these findings indicated that IFN-γ inflammatory response and impaired production of ghrelin in the stomach are associated with CAG induced by H. pylori, which ultimately leads to a decrease in the concentration of serum ghrelin (Figure 4D). However, Pal could dose-dependently reduced the level of IFN-γ gene and alleviated the release of ghrelin. Consequently, the above results suggested that Pal could restore ghrelin expression by inhibiting IFN-γ and had anti-inflammatory properties in CAG induced by H. pylori.




Figure 4 | Pal relieved the release disorder of ghrelin by inhibiting IFN-γ. (A, B) IFN-γ and ghrelin mRNA in gastric mucosa were analyzed by RT-PCR (n=6). (C) ghrelin production in serum was measured by ELISA (n=6). (D) Pearson correlation coefficient analysis of ghrelin expression in gastric mucosa and serum. **P < 0.01 vs control group. #P < 0.05 and ##P < 0.01 vs model group. PalL (10 mg/kg); PalM: (20 mg/kg); PalH: (40 mg/kg).





Pal Protected Mucosal Integrity by Modulating Epithelial Junctions and Mucins

To further evaluated the protective effect of Pal on the gastric mucosa of CAG rats induced by H. pylori, the mRNA expression of ZO-1, E-cadherin, DSG2, Muc1 were detected using RT-PCR. The results show that the expression of the above mentioned mRNA in the model group was significantly downregulated compared with the control group. However, Pal significantly reversed the inhibitory effect of H. pylori (Figures 5A–D).




Figure 5 | Pal protected mucosal integrity by modulating epithelial junctions and mucins. (A–D) ZO-1 (A), E-cadherin (B), Desmoglein 2 (DSG 2) (C) and Muc1 (D) mRNA in gastric mucosa were analyzed by RT-PCR (n=6). (E) Representative immunohistochemical staining images in gastric mucosa showing ZO-1, E-cadherin, DSG2 expressing (200 × and 400 × magnification). (F) Representative immunofluorescence staining images in gastric mucosa showing Muc1 expressing (400 × magnification). **P < 0.01 vs control group. #P < 0.05 and ##P < 0.01 vs model group. PalL (10 mg/kg); PalM: (20 mg/kg); PalH: (40 mg/kg).



Subsequently, the protein expression of ZO-1, E-cadherin, DSG2, Muc1 were measured to evaluate the integrity on gastric mucosa epithelium. The results showed that all proteins were reduced in model group, indicating that the gastric mucosa epithelium structure was disrupted. In contrast, Pal promoted the expression of ZO-1, E-cadherin, DSG2 and increased the fluorescence intensity of Muc1, and there was a statistically significant difference between the PalH group and the model group (Figures 5E, F). Therefore, Pal could protect mucosal integrity by modulating epithelial junctions and mucins, and PalH group was selected for subsequent metabolomics analysis.



Serum Metabolomics Analysis

PCA is an unsupervised pattern recognition approach used to reduce the dimension of UPLC-MS data and to disclose intrinsic clustering of samples. In this study, PCA was used to summarize and distinguish the metabolic phenotypes and metabolites between control, model, and PalH group in both ESI+ and ESI- models. QC can confirm whether the systematic error of the experiment is within the controllable range. The cluster analysis of QC suggested that the method was stability and repeatability. The PCA score plots showed that clear separations were observed among the clusters of the control, model and PalH group in both ESI+ and ESI− modes (Figure 6), which indicated H. pylori–induced remarkable changes in serum endogenous metabolites and Pal could restore the metabolic profiling of serum in CAG rats. The R2X of ESI+ and ESI− PCA models confirmed the credibility of these two models. Thus, the CAG model was successful, and could be used to explore the effects of Pal on CAG induced by H. pylori. Subsequently, Summarized the influence of variables on the model according to the corresponding loading scores plots from PCA, multivariate analysis was used to explore specific differential metabolites.




Figure 6 | The principal component analysis (PCA) score plot of serum metabolomics analysis. (A) ESI+ model. (B) ESI- model. PalH: (40 mg/kg).



The differential metabolites from control vs model group and model vs PalH group were identified in OPLS-DA mode respectively. The relevant parameter of OPLS-DA model and permutation tests (n=100) demonstrated that the modes had good predictive capabilities. Obvious classifications were observed among control, model and PalH groups in both of ESI+ and ESI- modes. Metabolites that meet a threshold of VIP ≥ 1.0 and | P (corr) | ≥ 0.58 in the corresponding S-plot were considered potential candidates (Figure 7). Combined the potential candidates obtained in ESI+ and ESI−. Based on ANOVA analysis (P < 0.05), candidates with significant changes were identified as biomarkers in the METLIN and Metaboanalyst databases. Finally, three biomarkers were screened in serum, and relevant information and variation trends between groups were listed in Table 3 and Figure 8.




Figure 7 | The orthogonal-partial least squares-discriminant analysis (OPLS-DA) score plots, S-plots and 100-permutation test of serum metabolomics analysis. (A–F) ESI+ model. (G–L) ESI- model. PalH: (40 mg/kg).




Table 3 | Identified metabolites of serum and urine.






Figure 8 | Potential metabolites changes in H. pylori - induced CAG with PalH treatment. (A) Phosphatidylcholine. (B) LysoPC(16:0/0:0). (C) Taurine. (D) Glycerylphosphorylethanolamine. (E) Pyridoxamine. (F) Pantetheine. (G) Pantothenate. (H) S-Adenosylmethioninamine. (I) β-D-Glucuronoside. (J) Oxalosuccinate. **P < 0.01 vs control group. #P < 0.05 and ##P < 0.01 vs model group. PalH: (40mg / kg).





Urine Metabolomics Analysis

To further explored the overall metabolism in the urine of the CAG, PCA approach was applied to distinguish the metabolic phenotypes and metabolites between control, model, and PalH groups. The R2X of ESI+ and ESI− in PCA models confirmed the reliability of these two models. The PCA score plots indicated remarkable changes of endogenous metabolites in urine induced by H. pylori and Pal could restore the metabolic profiling of urine in CAG rats (Figure 9).




Figure 9 | The principal component analysis (PCA) score plot of urine metabolomics analysis. (A) ESI+ model. (B) ESI- model. PalH: (40 mg/kg).



OPLS-DA score plots showed that the metabolic profile of the model group deviated from control group, and PalH group in both of ESI+ and ESI- modes, suggesting that significant biochemical changes were induced by CAG. The relevant parameter of OPLS-DA mode and permutation tests (n = 100) demonstrated that the modes had good explanatory and predictive capabilities (Figure 10). Combined the potential candidates obtained in ESI+ and ESI-, and further determined biomarkers by using ANOVA analysis. Finally, the seven biomarkers in urine were summarized. Table 3 and Figure 8 listed the corresponding formulations, quality (m/z), retention time and change trend of each group.




Figure 10 | The orthogonal-partial least squares-discriminant analysis (OPLS-DA) score plots, S-plots and 100-permutation test of serum metabolomics analysis. (A–F) ESI+ model. (G–L) ESI- model. PalH: (40 mg/kg).





Pathway Analysis of Pal Treatment

The hierarchical cluster analysis heatmap generated according to the relative concentration of metabolic markers in serum and urine can intuitively displayed the differences in metabolic profiles between different samples (Figure 11A). MetaboAnalyst 4.0 was performed for pathway analysis to visualize the affected metabolic pathways in CAG rats. As shown in Table 4 and Figure 11, Taurine and hypotaurine metabolism, Glycerophospholipid metabolism, Pentose and glucuronate interconversions were considered as the crucial signaling pathways in CAG and Pal treatment. In addition, the related metabolic pathways crosstalk with each other by the citric acid (TCA) cycle. The match status, P value, log(P) and impact of each pathway were listed in Table 4.




Figure 11 | Pathway analysis of Pal treatment. (A) The heatmap of 10 potential metabolites. (B) Metabolomic pathway construction of the metabolic pathways involved in the effects of Pal on chronic atrophic gastritis (CAG). (C) Signaling networks associated with the differentially expressed metabolic pathways. Red represents the detected metabolite.




Table 4 | Results of integrating enrichment analysis of biomarkers with MetaboAnalyst 4.0.






Discussion

Huang Lian has been applied to endocrine system and gastrointestinal diseases in clinic for thousands of years (Zou et al., 2017; Ma et al., 2019). More and more studies regarding the effects of the active ingredients in HuangLian on gastrointestinal diseases is available. Previous studies have shown that Pal and berberine inhibited the proliferation of gastric cancer cells (MGC803) in a dose-dependent manner and the inhibitory effect more significantly in combination with berberine (Zhao and Zhang, 2011). Jung J et al. demonstrated the antibacterial activity of Pal and its protective effect on gastric injury through the H. pylori colony formation experiment and the hydrochloric acid/ethanol induced gastric ulcer model, and the efficacy is better than berberine (Jung et al., 2014). Moreover, Pal was confirmed to have a clear antibacterial activity against H. pylori in a molecular docking simulation experiment (Zhou et al., 2017). Therefore, Pal is considered to be a promising non-antibiotic drug candidate for the treatment of H. pylori–induced CAG.

H. pylori–induced gastritis is one of the optimized models used to study CAG. As in humans, weight loss, inappetence, diarrhea, and pathological changes in rats are usually consistent symptoms of CAG (Kishikawa et al., 2020). Given that the intractable characteristic and high morbidity of CAG, UPLC-Q-TOF/MS method based on serum combined with urin metabolomics was firstly investigated in this study to clarify the protective effect of Pal on CAG and attempted to clarify the mechanisms of action.

Gastric infections due to H. pylori overgrowth are associated with reduced fundic ghrelin and G-17 expression and increased IFN-γ production (Strickertsson et al., 2011). Ghrelin plays an essential role in the mechanism of gastric mucosal defense, the reduction of ghrelin production in the fundic is the main reason for the decrease of serum ghrelin concentration, and it is closely related to the ratio of PG I/PG II, in which the PG I/PG II < 3 is considered a reliable sign of severe atrophic gastritis. PG I is secreted only by secretory glands of the corpus mucosa, PG II is synthesized by gastric antrum and duodenum, and G-17 is only expressed by G cells of the antral mucosa. Thus the combination of the results of the PG I, PG II, PG I/PG II and G-17 test can more comprehensively and accurately detect the presence of CAG (Osawa et al., 2005; Zagari et al., 2017). In this study, the model group had high levels of pro-inflammatory cytokines IFN-γ, low levels of ghrelin, G-17, PG I, PG II, and PGI/PGII ratios. However, the levels of biomarkers and proinflammatory cytokines was decreased in Pal treatment revealed that Pal could effectively ameliorate CAG triggered by H. pylori.

CAG induced by H. pylori is triggered by the destruction of gastric mucosal epithelial barrier function, which further leads to excessive response of immune cells to microbiota. The gastrointestinal mucosa can protect the digestive tract from harmful substances and is an important barrier to maintain environmental stability in the digestive tract (Zhang et al., 2014). This mucosal barrier is predominantly composed of apical junctional complex (AJC) and mucins. AJC include tight junctions (TJs), adherens junctions (AJs) and desmosomes. Muc1 is a prototypical member of the membrane bound mucin subfamily. In this study, the expression and distribution of TJ proteins (ZO-1), AJ proteins (E-cadherin), desmosome protein (DSG2), and Muc1 in gastrointestinal epithelial cells infected with H. pylori were systematically investigated. The mRNA and protein expression of AJC and Muc1 were significantly downregulated in the model group, suggesting that H pylori breached the mucosal layer and increased the permeability of gastric mucosa. However, Pal promoted the mRNA and protein expression of AJC and Muc1, indicating that Pal could protect the gastric mucosal barrier from the H.pylori elicited epithelial structural damage by increasing mucin synthesis and improving epithelial AJC.

Subsequently, UPLC-Q-TOF/MS metabolomic analysis was used to determine the fingerprints of serum and urine metabolic characteristics of GCA rats. PCA and OPLS-DA model showed sufficient sensitivity and specificity to distinguish model from control group. The significant difference between the PalH and model group suggested Pal protected CAG by reversing potential metabolites to normal levels. Meanwhile, the biological function and relevant pathway were identified by HMDB and MetaboAnalyst platform to elucidate the underlying mechanism. 10 related endogenous metabolites were selected as potential biomarkers which were associated with Taurine and hypotaurine metabolism, Glycerophospholipid metabolism, Pentose and glucuronate interconversions, Vitamin B6 metabolism, Pantothenate and CoA biosynthesis, Cysteine and methionine metabolism, Primary bile acid biosynthesis, Arginine and proline metabolism, TCA cycle.

According to the influence value threshold of 0.10, Taurine and hypotaurine metabolism, Glycerophospholipid metabolism, Pentose and glucuronate interconversions are selected as the most relevant pathways. Numerous studies have proved that the disorders of Taurine metabolism play a pivotal pathogenetic role in the initiation and progression of gastrointestinal diseases (Gu et al., 2020). Taurine has been well recognized as an antioxidant both in vitro and in vivo, and high concentrations of taurine probably contribute to the protection of gastric mucosa from oxidative stress. H. pylori infection leads to a decrease in taurine in model rats, indicating that the antioxidant activity decreased in the course of CAG. Glycerophospholipid metabolism was continually disturbed during CAG which has been demonstrated to be closely associated with the immune response. Glycerophospholipid levels are significantly reduced in GCA patients, indicated the disease related dysfunction in glycerophospholipid metabolism (Sun et al., 2020). As one of the subcategories of carbohydrate metabolism, Pentose and glucuronate interconversions is the basis for providing more carbohydrates to the gastrointestinal tract to resist the more complex environment caused by H. pylori. In this study, immune dysfunction and energy metabolism disorders together provide a favorable environment for the colonization of H. pylori. Pal has a significant callback function on related biomarkers, which may help to improve the CAG induced by H. pylori.

Vitamin B6 (VB6) metabolism is necessary to maintain normal physiological functions in vivo. Studies have shown that VB6 participates in cellular and humoral immunity during the process of immune response. VB6 deficiency can cause a decline in immunity and affect the expression of certain inflammatory factors (IFN-γ, IL-8), and plays an important role in inflammation caused by gastrointestinal injury (Zhou et al., 2019). As a multifactorial disease, gastrointestinal diseases is ultimately caused by the imbalance between acid secretion and cytoprotective factors. Pantothenate and Pantetheine are important metabolite of Pantothenate and CoA biosynthesis, which are significantly reduced metabolites in gastric ulcers, suggesting Pantothenate and CoA biosynthesis was closely related to the progress of gastrointestinal diseases (Farrokhi et al., 2019). The balance of amino acid metabolism often determines the progression of the disease. In this study, CAG caused an increase in S-adenosylmethionine indicated the imbalance of Cysteine and methionine metabolism and Arginine and proline metabolism. Arginine and proline are considered as potential plasma biomarkers of gastric injury, which can monitor various physiological and pathological conditions of the gastrointestinal tract in real time (Shin et al., 2019). High levels of amino acids is a nutritional requirements for growth of H. pylori (Nedenskov, 1994). Turning to another obviously affected amino acid, taurine also affects Primary bile acid biosynthesis. The synthesis and secretion of bile acids are blocked resulting in excessive bacterial growth and impaired epithelial barrier function (AJC and Mcu1), further promoting bacterial transmembrane invasion. It was worth noting that, similar to previous studies, the TCA cycle was down-regulated in this study (Nishiumi et al., 2017). As a critical metabolic checkpoint in the pathological environment, TCA cycle drives a variety of important metabolic pathways and eventually forms a closely related interactive network.

In summary, Pal could reverse the metabolic disorder caused by CAG induced by H. pylori, destroy the favorable conditions of H. pylori colonization, maintain the gastric mucosal epithelial barrier, restore the immune function of the body, and effectively curb the rapid development of CAG (Figure 11C).



Conclusion

This study was the first to systematically explore the efficacy and molecular mechanism of Pal in the treatment of CAG induced by H. pylori based on serum and urine metabolomics. The results showed that the metabolism of taurine and subtaurine, the metabolism of glycerol phospholipid and the mutual transformation of pentose and glucuronide played a dominant role in the Pal treatment of H. pylori–induced CAG. The selected metabolites and metabolic pathways might be served as potential drug targets for CAG diagnosis and treatment, which is of great significance for the development of Pal-related drugs for the treatment of CAG.
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Both acute and chronic hepatic inflammation likely result from an imbalance in the TH1/TH2 cell response and can lead to liver fibrosis and end-stage liver disease. More recently, a novel CD4+ T helper cell subset was described, characterized by the production of IL-17 and IL-22. These TH17 cells 50were predominantly implicated in host defense against infections and in autoimmune diseases. Interestingly, studies over the last 10 years revealed that the development of TH17 cells favors pro-inflammatory responses in almost all tissues and there is a reciprocal relationship between TH17 and TReg cells. The balance between TH17and TReg cells is critical for immune reactions, especially in injured liver tissue and the return to immune homeostasis. The pathogenic contribution of TH17 and TReg cells in autoimmunity, acute infection, and chronic liver injury is diverse and varies among disease etiologies. Understanding the mechanisms underlying TH17 cell development, recruitment, and maintenance, along with the suppression of TReg cells, will inform the development of new therapeutic strategies in liver diseases. Active manipulation of the balance between pathogenic and regulatory processes in the liver may assist in the restoration of homeostasis, especially in hepatic inflammation.
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Introduction

CD4 T cells play a central role in mediating the host immune response to pathogens and in autoimmunity, cancer, and chronic inflammation. They maintain and enhance CD8 T cell responses, interact with B cells to induce antibody development, regulate the function of monocytes/macrophages, and orchestrate the immune response to pathogens. CD4+ T cells also modulate immune homeostasis by suppressing pro-inflammatory immune responses, build immunologic memory, and control autoimmunity (Zhu et al., 2010). These functions are achieved through the differentiation of naïve CD4+ T cells into subsets of effector, memory, and regulatory T cells.

T cell activation and differentiation rely on different stimuli, and differentiation is initiated by a cognate antigen presented by specialized antigen-presenting cells (APCs) or other immune cells. Fragmented antigens are presented on major histocompatibility complex 2 (MHC-2) molecules and recognized by the T cell receptor (TCR). Various co-stimulatory receptors and cytokines are essential for T cell activation and determine the direction of T cell differentiation.

Distinct subpopulations of CD4 T cells originating from a common precursor were first described in 1986: in mouse T cell clones, Mosmann and Coffman found that two types of T helper cells could be distinguished by their cytokine production, lymphokine activity, and transcription factor and surface marker expression (Mosmann et al., 1986). The authors defined type 1 T helper cells (TH1) by their secretion of interferon-γ (IFN-γ), interleukin-2 (IL-2) and tumor necrosis factor-α (TNF-α). Type 2 T helper cells (TH2) were characterized by the expression of IL-4, IL-5, and IL-13. Interestingly, the cytokines secreted by each mature T helper cell subset directly antagonize the development and differentiation of the corresponding opposite T helper cell subtype, thereby sustaining lineage-specific immune responses.

This profile has since been refined. Intensive studies of the complex cytokine milieu and transcription factor networks involved in the differentiation of CD4 T helper cell subsets originating from the same naïve CD4 T cell precursor identified many more T helper cell subsets. The potentially distinct T cell lineages include not only TH1, TH2, TH17, and peripheral regulatory T cells (pTReg) cells, but also TH9, TH22, regulatory type 1 (Tr1), and follicular helper T cells (TFH) (Saravia et al., 2019). CD4+ T cell lineages are now understood to be a plastic and flexible network. One CD4+ subset cannot differentiate from only one distinct precursor cell, but rather differentiates from different subsets depending on the environmental milieu (Figure 1).




Figure 1 | After activation of the T cell receptor by antigen stimulation and co-stimulation, immature CD4+ naïve T cells proliferate and can differentiate into different effector T cells depending on the cytokine milieu. IL-21 stimulation promotes the TH1 subpopulation accompanied with T-bet/STAT4 expression and effector function against intracellular pathogens. TH2 cell populations develop after IL-4 stimulation with GATA3/STAT6 upregulation and supporting anti-parasite immune response and humoral activity. TGF-β in the presence of pro-inflammatory cytokines promotes TH17 cell differentiation. TH17 cells support the immune response against fungi and extracellular bacteria, whereas TReg cells have an immune tolerant function by producing anti-inflammatory cytokines and inhibiting TFH function. Although these specific cytokines are important for CD4+ T cell subpopulation development, the differentiation is a plastic and flexible network.



In this review, we discuss developmental differences between TH17 and TReg cells and their roles in health and disease, with a focus on liver disease. The fragile balance between these two cell types was recently found to play a crucial role in maintaining immune homeostasis. A shift of this balance drives pro-inflammatory immune responses, especially in chronic inflammatory diseases, cancer and autoimmunity. Here, we highlight the intrahepatic effects of this balance in acute and chronic inflammation as well as in liver cancer and autoimmunity.



TH17 Cells in Health and Disease

A T helper cell subset of IL-17 producing TH17 cells defends against fungal and extracellular bacterial infection and are integral in tissue inflammation and autoimmune diseases (Tesmer et al., 2008). While it was first believed that these cells are an inflammatory subset within the TH1 lineage, it was later determined that TH17 cells are an independent T helper cell lineage (Aarvak et al., 1999).


TH17 Cell Development

The discovery of a new T helper cell subset with pro-inflammatory properties, referred to as TH17 cells because of their expression of IL-17A, revolutionized the understanding of the adaptive immune system in the early 2000s (Park et al., 2005). TH17 cell differentiation in secondary lymphoid organs depends on an inflammatory cytokine milieu consisting of IL-23, TGF-β, IL-6, IL-1β, and IL-21 to activate the expression of the lineage-specific transcription factor RORγt, fostering TH17 cell generation. The role of RORγt was described by Ivanov et al. in 2006, who found this transcription factor to be expressed by IL-17 producing T helper cells in the lamina propria; in RORγt-deficient mice, IL-17+ cells were absent (Ivanov et al., 2006).

TH17 cells expand in the periphery and at the tissue site of inflammation and secrete a distinct group of effector molecules such as IL-17A, IL-17F, IL-21, IL-22, and IL-6 and express IL-23 receptor (IL-23R) on their surface (Bettelli et al., 2006; Mangan et al., 2006). Human TH17 cells originate from a CD161+ (the human equivalent to NK1.1) precursor in the thymus and umbilical cord blood and express CCR4 and CCR6 but not CXCR3 (Cosmi et al., 2008; Maggi et al., 2010).

Autocrine- and paracrine-derived TGF-β plays an interesting role during TH17 cell polarization. During the induction of RORγt expression, TGF-β synergizes with IL-6. TGF-β and IL-6 typically have opposing effects, but in this setting these proteins amplify the maturation of TH17 cells. In an autocrine amplification loop, TGF-β is further able to synergize with IL-21, which is predominantly produced by TH17 cells. This synergy promotes and enhances TH17 cell differentiation and pro-inflammatory immune responses (Gutcher et al., 2011). High concentrations of TGF-β in the absence of pro-inflammatory cytokines can lead to the inhibition of RORγt expression.

TGF-β can also induce the surface expression of IL-23R on differentiating TH17 cells, along with IL-6/IL-21, making the cells responsive to the inflammatory cytokine IL-23. IL-23 is a member of the IL-12 cytokine family and is mainly produced by APCs. It enhances the activation of STAT3, which together with RORγt stabilizes TH17 cell function. Therefore, IL-23 is not only important for TH17 cell generation and thereby the activation and maintenance of inflammatory responses at the tissue site of inflammation, but also promotes persistent chronic inflammation by supporting the proliferation of TH17 cells within the activated memory T cell pool (Aggarwal et al., 2003; Zhou et al., 2007; McGeachy et al., 2009).

In 2007, McGeachy et al. and Korn et al. described “classical” and “alternative” modes of TH17 cell activation that were further supported by a study from Ghoreschi et al. in 2010 (Korn et al., 2007; McGeachy et al., 2007; Ghoreschi et al., 2010). The different modes are driven by the availability of IL-23 and TGF-β. “Classical” TH17 cells, which arise from naïve CD4 T cells in the presence of TGF-β and IL-6 and the relative lack of IL-23, act through nonpathogenic expression of IL-10. Absence of expression of the TGF-β RII prevents the formation of TH17 cells that mediate the development of experimental autoimmune encephalomyelitis (EAE) (Veldhoen et al., 2006). The idea of a nonpathogenic TH17 cell subtype is further underlined by the fact that in homeostasis, TH17 cells are present in the intestine without detrimental effects. “Alternative” TH17 cells mature in the presence of IL-23 and are the pathogenic TH17 subtype. Overall, the development of TH17 cells is driven by a complex equilibrium of cytokine milieu, which influences many fine-tuning processes and a spectrum of effector functions.

The secretion of cytokines from either terminally differentiated TH1 (IFN-γ) or TH2 (IL-4) cells antagonizes the expansion of other T helper cell subtypes to sustain a lineage-specific immune response during infection. The differentiation of TH17 cells is negatively regulated by IFN-γ and IL-4 via the inhibition of IL-23 and by TReg cells via retinoic acid and IL-2. Opposingly, IL-17 and IL-23 hamper the development of TH1 cells (Harrington et al., 2005; Nakae et al., 2007). Interestingly, another IFN-γ and IL-4 independent pathway controls the development of TH17 cells. This process is driven by an additional member of the IL-12 family, IL-27. Like IL-12 and IL-23, IL-27 is secreted by APCs and acts independently of IFN-γR, IL-6R, and T-Bet but requires STAT1. Batten et al. and Stumhofer et al. found that a lack of IL-27 signaling lead to an increase in TH17 cells in autoimmune encephalomyelitis and chronic encephalitis (Batten et al., 2006; Stumhofer et al., 2006).

Unlike TH1 and TH2 cells, TH17 cells have an unstable cytokine memory and convey a surprising capacity of late-stage plasticity in their polarization status to adapt to a changing microenvironment. Because TH17 cells express low levels of IL-12R, they influence a phenotype shift after IL-12 stimulation that downregulates IL-17 and makes the cells susceptible to polarizing into a TH1-, but not a TH2-, like phenotype (Lee et al., 2009). This plasticity and the synergy between TH1 and TH17 cells is important for host defense mechanisms, as shown in a mouse model of Mycobacterium tuberculosis infection in which an early TH17 immune response recruited TH1 cells to the site of inflammation and promoted the development of T cell memory (Khader et al., 2007). It can also be a driving mechanism in autoimmunity and cancer.



TH17 Cells in Host Defense and Autoimmunity

Until 1996, it was assumed that autoimmune diseases are the consequence of a dysregulation of TH1 responses. A study by Ferber et al. showed that loss of IFN-γ did not prevent the development of EAE but rather worsened disease progression (Ferber et al., 1996). Based on those findings, Oppmann and colleagues described IL-23 as new cytokine secreted by dendritic cells (DCs) that can induce the production of IFN-γ and IL-17 (Oppmann et al., 2000). Antibody-mediated blockade of IL-23 and generation of IL-23 deficient mice highlighted its involvement in the development of Crohn’s disease, psoriasis, EAE, and collagen-induced arthritis and the experimental animals either showed delayed and reduced disease severity or never developed autoimmune disease (Cua et al., 2003; Murphy et al., 2003; Mannon et al., 2004; Krueger et al., 2007). Clinical trials using monoclonal antibodies interfering with IL-12 and IL-23, such as ustekinumab, showed promising results in the improvement of psoriasis and psoriatic arthritis symptoms. In chronic ulcerative colitis patients, blockade of the interaction of IL-12 and IL-23 and their specific receptors on TH1 and TH17 cells also showed beneficial effects (Sands et al., 2019). Other antibodies, such as secukinumab, specifically targeting IL-17A were also highly effective in psoriasis patients (Sanford and McKeage, 2015).

Additionally, blockade of IL-17 or the loss of the regulatory mediators RORγt and IL-6 resulted in comparable outcomes via a lack of infiltration of TH17 cells into the tissue sites of inflammation, pointing to a crucial role for these cells in the development and progression of autoimmune diseases. Finally, experiments performing an adoptive transfer of TH17 cells clearly showed that these cells, but not TH1 cells, modulate autoimmune conditions in mice. This finding was supported in human patients with multiple sclerosis, rheumatoid arthritis, and psoriasis, in whom increased levels of IL-17 and IL-23 were observed (Ziolkowska et al., 2000; Cho et al., 2004; Vaknin-Dembinsky et al., 2006). Although an increasing body of evidence points to a dominant role of TH17 cells as inducers of autoimmunity, it is important to note that TH1 cells are also crucial in the development of autoimmunity. Each target tissue of inflammation actively participates in the formation of a site-specific cytokine milieu through its cellular composition.

The gut is an especially interesting organ to investigate the plasticity of TH17 cells. In homeostasis, the intestine is the primary site of TH17 cell differentiation, and the gut microbiota heavily influences its regulation. The TCR of intestinal TH17 cells has a distinct specificity for antigens coming from segmented filamentous bacteria, suggesting that these bacteria are critical for the induction of gut-resident TH17 maturation (Huber et al., 2012). The function of these cells under non-pathogenic conditions is to protect against microbial invasion and maintain intestinal barrier function as well as to maintain other barrier sites of the body such as the lung epithelium or the skin. Non-pathogenic characteristics of these cells can specifically be found in the small intestine, where they limit inflammation in response to bacterial or parasitic infections via the secretion of IL-10. The fragile and complexly controlled phenotype of TH17 cells can easily shift to an activated state in which cells attain pathogenicity and induce tissue inflammation that often leads to autoimmunity in the intestine and in other distant organs (Wu et al., 2010). In Peyer’s Patches, TH17 cells transition into a phenotype similar to TFH cells producing IL-21 and Bcl-6 that can induce the production of IgA antibodies by germinal center B cells (Hirota et al., 2013). Upon bacterial infection in the colon, TH17 cells can transform into cells producing IL-17 and IFN-γ simultaneously in an IL-23 dependent manner and further develop into a TH1-like cell type. Transferring this cell type can lead to a TH17/TH1 cell-induced transfer-colitis (Morrison et al., 2013; Harbour et al., 2015).

In humans, T cells expressing IL-17 and IFN-γ were found in peripheral blood and the gut lamina propria of patients with inflammatory bowel disease (Globig et al., 2014). TH17/TH1 cells are present at the organ site of inflammatory responses in different models of autoimmune diseases, such as in the colon in chronic colitis or as revealed by single-cell RNA-sequencing analysis in experimental autoimmune encephalitis (EAE), which serves as model for human multiple sclerosis (Neurath et al., 2002; Gaublomme et al., 2015). Hirota and colleagues demonstrated that these cells derive from TH17 rather than from TH1 cells (Hirota et al., 2011). This was further supported by a study from Bettelli et al. who showed that animals deficient for the transcription factor T-bet were protected against the development of EAE (Bettelli et al., 2004).

These findings suggest that T cells expressing IL-17 and IFN-γ, also known as double producers, are highly pathogenic and predominantly involved in autoimmune diseases and tissue inflammation. However, it is not fully understood whether the production of IFN-γ by TH17 cells serves to limit TH17 cell-induced inflammation or rather promotes inflammation.




Regulatory T Cells (TReg) in Health and Disease


TReg Development

Regulatory T cells (TReg) balance host defense against foreign pathogens, foster immune tolerance, and orchestrate immune homeostasis. The two main TReg subsets are natural TReg cells (nTReg), which provide central tolerance against self-antigens, and peripheral TReg cells (pTReg), which develop extrathymically from conventional T cells and recognize non-self-antigens (Sakaguchi, 2004). T cells maintain peripheral tolerance by regulating inflammatory responses against the microbiota, commensals, and pathogens (Hadis et al., 2011; Lathrop et al., 2011) (Figure 2).




Figure 2 | Natural TReg cells (nTReg) maturate in the thymus. Their development requires the interplay of TCR-dependent recognition of self-antigen, a specific cytokine milieu (including TGF-β, IL-2, IL-7, IL-15) and the presence of co-stimulatory factors. They then infiltrate into the periphery. In the lymph node, T cells encounter a specific antigen from antigen presenting cells and become activated. Depending on the strength of the TCR binding and the presence or absence of co-stimulatory factors, cells either differentiate and proliferate into effector cells or undergo apoptosis. Peripheral TReg (pTReg) cells develop predominately in the periphery from naïve CD4+ T cells. However, nTReg and pTReg cells share the lineage markers CD25 and FoxP3 which are highly expressed in effector TReg cells (eTReg). eTReg cells suppress antigen presenting cells (APC) and effector T cells (Teff) and are thereby very efficient in inhibiting the pro-inflammatory immune response. Furthermore, TReg cells express CD39 on the cell surface to convert extracellular ATP (eATP) to adenosine and prevent a pro-inflammatory immune response. Follicular helper T (TFH) cells suppress the germinal center B cell reaction. Importantly, TRegs also inhibit Teff in the circulation. TH17 cells secret pro-inflammatory cytokines and attract neutrophils to the inflammation site, while TH1 cells promote macrophage development and function and TH2 cells lead to plasma, eosinophil, and mast cell differentiation and generate a pro-inflammatory immune response.




Natural TReg Development

nTRegs develop during the neonatal period during thymocyte maturation (Liston et al., 2008). Stable nTReg development requires a complex network of antigen presenting cells (APCs) and 1) TCR-dependent recognition of self-antigens, 2) cytokine stimulation (IL-2, IL-15, and IL-7), and 3) other costimulatory signals (Bayer et al., 2005). The TCR repertoire of nTReg cells varies from the effector T cell repertoire with only minor overlap (Wong et al., 2007). The recognition affinity of self-antigens by nTReg cells is crucial for nTReg development and must fall between positive and negative selection (Maloy and Powrie, 2001). In addition to affinity to the MHC self-antigen complex, the expression level on the APC is important for optimal nTReg maturation. Cytokine stimulation by IL-2, IL-15, and IL-7 promote nTReg development, function, and homeostasis (Vang et al., 2008). Costimulatory signals through CD28 stimulation are also essential to maintain nTReg survival and to avoid defective nTReg development (Tai et al., 2005). Thus, costimulatory signals function as expansion, rather than as selective, signals.

During thymic differentiation of nTReg cells, immature single-positive CD4+ T cells express the IL-2 receptor α chain (CD25) (Setoguchi et al., 2005). CD25 has high IL-2 affinity, is continuously expressed on TReg cells, and benefits TReg responsiveness in comparison to effector cells when IL-2 concentrations are low. CD25 deficiency is related to defective TReg development, function, and an imbalanced immune system (Goudy et al., 2013). After differentiation, nTReg cells stabilize their lineage specific transcription factor forkhead box protein 3 (FOXP3) and gain suppressive functions (Fontenot et al., 2017). They further exhibit a specific CpG hypomethylation at three conserved non-coding DNA sequences (CNS) at the FOXP3 promotor, influencing the overall transcriptional activity of the cell (Toker et al., 2013). These epigenetic modifications are obligatory for TReg lineage stability, because they influence the activity of central signaling pathways like NF-κB, NFAT, STAT5, mTOR, and the binding of transcription factors to the FOXP3 promotor (Zheng et al., 2010). Further, TReg-specific demethylation regions (TSDRs) contribute to a specific demethylation signature abundant in TReg function-defining genes (e.g., CTLA-4, IL-2RA, IKzf4) which regulate the overall transcriptional activity, development, and function of TReg cells.

Although FOXP3 is interrelated with TReg function, its expression is not exclusive for TReg cells as it can be transiently upregulated in activated T cells and likewise several TReg specific genes are FOXP3 independent. However, FOXP3 is necessary but not sufficient to induce TReg cells (Hill et al., 2007).



Peripheral TReg Development

In contrast to nTReg cells, pTReg cells develop in the peripheral tissue from naïve CD4+ T cells across the lifespan of an individual. pTReg cells also have a slightly different TCR repertoire and prevent an overwhelming immune response from occurring in response to microbiota, commensals, and pathogens (Hadis et al., 2011; Lathrop et al., 2011). pTReg and nTReg cells share the expression of the lineage defining molecules CD25 and FOXP3. Although, the frequency of pTReg cells is low, their percentage can be enriched in different tissues under inflammatory conditions (Curotto de Lafaille et al., 2008). Like nTReg cells, the promotion of pTReg differentiation is driven by TCR signaling, TGF-β, and IL-2 and costimulatory signals (Chen et al., 2003). The importance of TGF-β signaling was demonstrated in mice, when TGF-β deficiency prevented pTReg differentiation and FOXP3 stabilization (Marie et al., 2005) suggesting that specific demethylation at the FOXP3 promotor is important for pTReg differentiation, function, and lineage stability (Takimoto et al., 2010).

pTReg development can differ by tissue. The process is highly induced in the intestine because of the special immune demands at this site. Primarily, mucosal DCs support pTReg development by producing TGF-β and retinoic acid (Coombes et al., 2007). The latter supports FOXP3 stabilization by CNS1 (Mucida et al., 2009). In addition, pTReg differentiation is enhanced by metabolites produced by the microbiota in the intestine, along with chromatin structure and FOXP3 stabilization facilitated by short chain fatty acids (Arpaia et al., 2013). Fascinatingly, a high percentage of the pTReg population in the intestine co-expresses RORγt and FOXP3 while preserving the overall epigenetic and genetic signature and function of TReg cells (Yang et al., 2016).

The peripheral FOXP3+ cell population is very heterogenous and can be divided into different subpopulations according to FOXP3, CD25, and CD45RA expression profiles reflecting their activation, cytokine expression, and manifestation of epigenetic changes. CD45RA+FOXP3lowCD25low are defined as resting or naïve TReg cells. CD45RA-FOXP3highCD25high are described as effector TReg cells (eTReg), and CD45RA-FOXP3lowCD25low cells are non TReg cells and represent activated conventional T cells. The CD45RA+FOXP3lowCD25low subpopulation is further characterized by the expression of naïve T cell markers, the majority of which express CD31, a thymic emigrant marker, and the TSDR is widely conserved. The CD45RA-FOXP3highCD25high subpopulation, in contrast, exhibits a highly suppressive and proliferative capacity and is profoundly demethylated (Miyara et al., 2009).




The Role of TReg Cells in Immune Homeostasis and Inflammation

TReg cells balance the immune response in homeostasis and inflammation. These cells orchestrate the immune response of effector T cells (Teff) and initiate anti-inflammatory mechanisms.


Basic Mechanism of TReg Function

TReg cells influence the immune response by producing anti-inflammatory cytokines such as IL-10 and TGF-β. IL-10 has a potent immunosuppressive function by inhibiting the production of pro-inflammatory chemokines and cytokines and establishing immune balance in response to a pathogen, autoimmune disease, and allergy (O’Garra et al., 2004). IL-10 directly inhibits co-stimulation via CD28 and ICOS and indirectly by the downregulation of co-stimulatory molecules on APCs (Taylor et al., 2007). In addition, IL-10 produced by TReg cells orchestrates antibody production in allergies from IgE toward IgG4. IgG4 and IL-10 production is upregulated in a course of allergen-specific immunotherapies and inhibits IgE-mediated anaphylaxis (Epp et al., 2018).

Interestingly, TRegs producing TGF-β may not be required for complete TReg function and influence overall TReg differentiation (Piccirillo, 2008). Numerous studies revealed the importance of TGF-β mediated TReg function and the upregulation of TGF-β to amend their suppressive function. TGF-β represses the cytolytic function of effector CD8+ cells by downregulating cytolytic genes (e.g., Fas ligand, perforin, granzyme A, B and IFN-γ) in autoimmune diseases and cancer (Thomas and Massague, 2005). In addition, TGF-β produced by TReg cells inhibits natural killer cell function and contributes to the overall anti-inflammatory effects of TGF-β (Cortez et al., 2017). Furthermore, TReg-mediated TGF-β can suppress naïve T cell activation and differentiation and can function as a self-regulating stimulus to maintain TReg development (Tran, 2012). Although the role of TGF-β in direct suppressive TReg function remains controversial, this cytokine seems important but not obligatory.

Another anti-inflammatory cytokine that complements the inhibitory repertoire of TReg cells is IL-35. IL-35 plays a suppressive role in autoimmune diseases, allergies, and cancer models. In addition to TReg cells, IL-35 is secreted by BReg cells and CD8+ cells. Thus, this cytokine prevents effector T cell expansion, cytokine production, and TH17 differentiation (Collison et al., 2007; Niedbala et al., 2007). IL-35 also supports TReg and BReg expansion and activation by influencing the immune response in autoimmunity (Dambuza et al., 2017). In sum, cytokines fundamentally contribute to suppressive TReg function.

TReg cells express various inhibitory receptors on the cell surface. One of the most important and well-studied inhibitory receptors is the cytotoxic T lymphocyte antigen-4 (CTLA-4), which is functionally and structurally related to CD28 and can bind B7 with a 50–100-fold higher affinity. CTLA-4 is upregulated in activated and exhausted T cells but continuously expressed on TReg cells and supports their inhibitory function. By binding to B7, CTLA-4 inhibits T cell activation, proliferation, and cytokine production including IL-2 (Krummel and Allison, 1996). CTLA-4 further leads to the removal of costimulatory receptors on APCs (Sansom, 2015). A defect in CTLA-4 function, for example by non-sense mutation in the gene encoding CTLA-4, leads to defective TReg function and is accompanied by complex autoimmune disorder and immunodeficiency in humans. Interestingly, patients had a higher TReg abundancy but decreased CTLA-4 expression on the TReg cell surface. Patients with the inherited heterozygous loss of function mutation develop systemic autoimmune disorders like type 1 diabetes, autoimmune thyroid disease, systemic lupus erythematosus, and inflammatory bowel disease (Kuehn et al., 2014; Schubert et al., 2014).

TReg cells also express the inhibitory receptors programmed cell death protein 1 (PD-1) and lymphocyte-activation gene function 3 (LAG-3). PD-1 and FOXP3 work collaboratively to maintain immune tolerance, with PD-1 important to maintaining the activation balance between effector T cells and TReg cells (Zhang B. et al., 2016). In a course of anti-PD-1 therapy in cancer, PD-1+ TReg cells were amplified and mediated cancer growth (Kamada et al., 2019). LAG-3 contributes to immunosuppressive TReg function in a tumor environment and promotes maternal tolerance during pregnancy (Camisaschi et al., 2010; Zhang and Sun, 2020). Hence, LAG-3 inhibits DC maturation and function. Thus, inhibitory receptors play a fundamental role in TReg function but remain poorly understood.

In addition to cytokines and inhibitory receptors, TReg cells use metabolic disruption to influence the immune response. IL-2 is one of the most important cytokines for T cell expansion and is mandatory for TReg function and differentiation (Davidson et al., 2007). TReg cells express the high-affinity IL-2 receptor CD25 on their surface and could have a metabolic advantage in comparison to effector T cells, especially in a milieu where the IL-2 concentration is low. Accordingly, cytokine deprivation by TReg cells induced apoptosis in effector T cells (Pandiyan et al., 2007). In contrast, IL-2 consumption was not required for TReg suppression (Oberle et al., 2007). Nevertheless, modern low-dose IL-2 therapies in various diseases could demonstrate a preferential TReg expansion and thereby have a positive effect on patient outcome (Hartemann et al., 2013; Matsuoka et al., 2013; He et al., 2016).

TReg cells use the membrane-bound ectonucleotidases CD73 and CD39 to generate adenosine from extracellular ATP to influence the immune response. Extracellular ATP usually promotes inflammation, whereas adenosine leads to anti-inflammatory effects. CD39 is abundant on TReg cells, whereas CD73 is intracellularly enriched in human TReg cells and upregulated after TReg activation (Schuler et al., 2014). TReg cells are sensitive to extracellular ATP, and the upregulation of CD39 is accompanied by remission of inflammatory bowel disease (Gibson et al., 2015). Thus, CD39 signaling is primarily a mechanism to suppress TH17 function and development. Adenosine leads to CTLA-4 and PD-1 upregulation in TReg cells and promotes TReg suppression of DC function (Ring et al., 2015).

The first indication that cytolytic mechanisms play a role in TReg function came from studies of granzyme B. In particular, granzyme B is upregulated in activated TReg cells and mediates suppression of B cell function, and granzyme B deficiency reduces TReg suppression. Granzyme B-expressing TReg cells are enriched in human colorectal cancer and potent suppressors of effector T cells. Further, TReg cells protect themselves from granzyme B-mediated killing by upregulating serine protease inhibitor 6 (Azzi et al., 2013; Sun et al., 2020).



TReg Function in Autoimmunity

Defects in molecules important for TReg function can lead to autoimmune diseases, underlying the importance of TReg effector proteins in pathophysiology. For example, the inherited IPEX syndrome (X-linked autoimmune syndrome immunodysregulation polyendocrinopathy enteropathy X-linked) is caused by different loss of function mutations in the FOXP3 gene. These defects can further lead to the development of autoimmune diseases like diabetes type 1, autoimmune colitis, or hepatitis (Le Bras and Geha, 2006). IL-2RA mutations cause a phenotype similar to IPEX syndrome and CD25 deficiency can increase the vulnerability to viral infection (Goudy et al., 2013). In addition to these monogenetic TReg diseases, TReg dysfunction appears in other immune deficient syndromes. Autoimmune diseases like type 1 diabetes, multiple sclerosis, systemic lupus erythematosus, myasthenia gravis, and rheumatoid arthritis are associated with altered TReg quantity or quality (Wakabayashi et al., 2006; Lapierre et al., 2013).

The direction of TReg alteration is controversial. Different studies show either an increase or decrease in TReg cell numbers based on the stage of the disease and the heterogeneous use of TReg-defining molecules. In addition, as explained above, TReg defining molecules can be upregulated after general T cell activation in humans (Pillai et al., 2007). Nevertheless, TReg cells are an important target for therapy of autoimmune diseases and remission can partly reverse the defective TReg function (Hartemann et al., 2013; Humrich et al., 2015; Rosenzwajg et al., 2015; He et al., 2016). Treatment with tocilizumab in patients with rheumatoid arthritis, for example, increased TReg frequency and restored TReg function (Kikuchi et al., 2015). Another therapeutic approach is the adoptive transfer of in vitro-expanded TReg cells. This strategy was beneficial in mouse models and is now being tested in humans (Morgan et al., 2005; Mathew et al., 2018).

Tumor tissue is especially challenging for the immune system. TReg cells impair the immune response against tumor antigens by effector T cells that evolve from potential self-reactive cells. In general, a TReg-enriched tumor tissue with decreased abundancy of CD8+ cells is associated with poor prognosis, metastasis, and reduced survival (Mougiakakos et al., 2010). Tumor-infiltrating TReg cells are primarily effector TReg cells (CD45RA-FOXP3highCD25high), which are active and proliferative. Furthermore, these cells differ in the expression of activation markers, TReg markers, and inhibitory receptors on their cell surface. Tumor-infiltrating TReg cells also express several chemokine receptors such as CCR4 and CCR8 (De Simone et al., 2016). In the tumor, TReg cells interact with immune cells, cancer cells, and fibroblasts to influence tumor immunity. Tumor-associated fibroblasts promote tumor progression and positively regulate TReg function and frequency (Kato et al., 2018). Furthermore, TReg cells and cancer cells bidirectionally support their growth and function. Immunosuppressive TReg function enables tumor progression, while cancer cells secrete TGF-β, IDO, and COX-2 to promote TReg trafficking and differentiation (Costa et al., 2018). Adenosine is produced by cancer cells and TReg cells and functions as a mediator, encouraging cancer cell growth, angiogenesis, and metastasis (Chimote et al., 2018). In addition to cancer cell effects, TReg cells have a tremendous impact on tumor-infiltrating immune cells. They reciprocally promote nonclassical monocytes, BReg differentiation, and MDSCs trafficking to create an immunosuppressive cell composition. Furthermore, TReg cells inhibit proinflammatory immune cells such as NK cells and cytotoxic lymphocytes to prevent an effective anti-tumor immune response (Chang et al., 2016; Sarhan et al., 2018). Modern immunotherapies use anti-CTLA-4 and anti-PD-1, which mainly target the TReg immune response (Ha et al., 2019).

An important cell subpopulation that balances the immune response in the course of pathogen infection and vaccination are follicular regulatory T cells (TFR). TFR cells affect the humoral immune response by influencing B cell maturation in the germinal center (GC). During this process, B cells undergo somatic hypermutation to establish a high affinity and effective humoral immune response. This development is supported by TFH cells and is tightly regulated by TFR to prevent autoimmunity and an imbalanced immune response (Wollenberg et al., 2011). TFR influence TFH frequency and function and in addition B cells directly by inhibiting their activation. Interestingly, TFR express a distinct TCR repertoire for foreign antigens and potential self-antigens. TFR resemble TFH cells in CXCR5, ICOS, and BCL-6 expression but TFR also express CD28, FOXP3, and Blimp1 (Chung et al., 2011). TFR cells differentiate from CD25+FOXP3+ cells and function as an effector TReg subpopulation (Linterman et al., 2011). CTLA-4 is the most important mode of TFR-mediated immune cell regulation, but PD-1 also contributes to full TFR function (Sage et al., 2014). TFR and TFH influence one another reciprocally, and the interaction can be influenced by the microenvironment. In a recently published study, different adjuvants balanced TFR frequency and function during vaccination (Bartsch et al., 2020). The TFR function was affected by IL-6 signaling and the altered TFR cell frequency influenced antibody glycosylation and the overall humoral immune response (Bartsch et al., 2020).

In addition to the GC reaction, TFR can be detected in the blood even at low frequency. Circulating TFR cells have a memory-like phenotype and fine tune the secondary response to an antigen by influencing reactivation of DCs to GC and cytokine production, antibody class-switching, and B cell activation (Sage et al., 2014). TFR dysfunction can be associated with autoimmune diseases, graft versus host reactions, and allergies (He et al., 2013). Overall, TReg cells play an important role in orchestrating the immune response in health and disease.





The TH17/TReg Cell Balance in the Liver

The liver is an immunogenetic organ exposed to a variety of antigens and pathogens from the digestive tract and is essential to building an effective immune response. Interestingly, and in contrast to the blood, the CD4/CD8 ratio is reversed in the liver (Doherty and O’Farrelly, 2000). The liver is naturally enriched with innate immune cells, namely, macrophages (Kupffer cells), natural killer (NK) cells, and NK T cells. Especially during fibrogenesis, infiltrating monocytes are important for continuous inflammation and the activation of extracellular matrix producing hepatic stellate cells (HSCs). The adaptive immune system also plays a critical role in these processes. The intrahepatic TReg frequency can differ from 1% to 5% among all intrahepatic lymphocytes (Oo et al., 2012). The expression of IL-17RA was observed on parenchymal and non-parenchymal cells including hepatocytes, HSCs, Kupffer cells, and endothelial cells, all of which exacerbate inflammatory reactions upon injury. In two different mouse models of hepatic fibrosis (bile duct ligation and carbon tetrachloride), the deletion of IL-17A, IL-23, and IL-17RA inhibited HSC activation and fibrosis development. This finding implies a direct functional link between IL-17A mediated stimulation of HSCs by activation of STAT3-dependent signaling (Meng et al., 2012). Further, isolation experiments in primary liver-resident cells revealed IL-17 production and IL-17 signal transmission by almost all liver-resident cell types. Kupffer cells especially express high levels of IL-17 and show significant upregulation of IL-17 and IL-1β upon stimulation. mRNA expression of IL-17RA and IL-17RC could additionally be found in hepatocytes, Kupffer cells, HSCs, and liver endothelial cells. Despite IL-17RA expression, hepatocytes and liver endothelial cells do not express IL-17 themselves (Zenewicz et al., 2007). Another study using a cell transplantation model pointed to a direct interaction between HSCs and TReg cells. Jiang et al. found that upon transplantation, HSCs in allogeneic recipients convey the selective expansion of CD4+CD25+FoxP3+ cells in an IL-2-dependent fashion to protect parenchymal cells from rejection (Jiang et al., 2008).

In contrast, CD4+ and CD8+ T cells, NK T cells, γδT cells, neutrophils, and macrophages do express IL-17 in the liver. The equilibrium of TH17 and TReg cells is regulated not only by differentiation but also at the epigenetic level. Interestingly, recent studies show that in the presence of IL-1β, IL-2, IL-21, and IL-23, IL-17 producing cells can also develop from TReg cells due to a differentiation switch that removes their suppressive function (Koenen et al., 2008; Deknuydt et al., 2009).

TReg and TH17 cells are also often significantly increased in chronic inflammatory liver diseases and are important to balance the persisting pro-inflammatory immune response. Interestingly, a reciprocal relationship between TH17 and TReg cells exists in their differentiation as in their effector function (Figure 3).




Figure 3 | In acute and chronic liver diseases, T cells are crucial to either initiate, maintain, or terminate pro-inflammatory immune responses. Different T cell subpopulations develop, expand, and function based on a distinct cytokine milieu influenced by the presence of different types of immune cells. Different CD4+ cells recognize certain chemokine receptors within the liver and are thereby attracted by different cell types and stimuli to infiltrate the liver tissue. The differentiation of these subsets requires a specific cytokine milieu generated by non-parenchymal cells (e.g. monocytes) or parenchymal cells [e.g., hepatic stellate cells (HSCs)]. TH1 cell cells promote alternatively activated macrophage development (M2), whereas TH2 cells additionally promote liver myofibroblast (MFB) activation. TH17 cells leads to the recruitment of neutrophils, granulocytes, and macrophages to the site of inflammation to induce and sustain a pro-inflammatory immune response. Regulatory T (TReg) cells and follicular T (TFH) cells prevent the pro-inflammatory immune response of several parenchymal and non-parenchymal cells within the liver tissue in course of an inflammatory immune response.



TReg and TH17 cells can co-express the lineage defining transcription factors RORγt and FOXP3. Environmental conditions such as the tissue-specific cytokine milieu at the site of infection can influence this expression and influence the balance by fostering either TReg or TH17 cell development by simultaneous inhibition of the other cell type. TGF-β, for example, is required for the differentiation of both subsets; the absence or presence of proinflammatory cytokines defines whether a TH17 or TReg cell develops (Yang et al., 2008; Hammerich et al., 2011). In contrast, TH17 cells express IL-10 receptor α, which can convey a TReg-induced decrease in TH17 cells in an IL-10-dependent manner (Huber et al., 2011). Recent studies point to a delicate balance between TH17 and TReg cells crucial to maintaining tissue homeostasis. In addition to IL-6, other factors such as retinoic acid, rapamycin, or cytokines (e.g., IL-2 and IL-27) influence this balance significantly. TReg cells are assigned a decisive role in hepatic immunity. Results obtained in mouse models of acute and chronic liver disease also point to a major involvement of TH17 and TReg cells in a variety of human inflammatory liver diseases. For example, in a cancer milieu, glucose consumption by tumor cells preferentially promotes TReg differentiation and decreases TH17 cell development thereby supporting the immune escape strategy of tumor cells. Another important ubiquitous environmental condition during chronic and acute infection is hypoxia. Hypoxia can induce the hypoxia inducible factor 1α (HIF-1α) as an adaptive mechanism of the cells to low oxygen concentration. HIF-1α stabilization supports RORγt and IL-17 production while targeting FOXP3 to proteasomal degradation. Manipulation of the balance between pathogenic and regulatory processes in the liver are believed to allow the focused restoration of homeostasis especially during hepatic inflammation.

The detailed analysis of TH17 cells in human liver remains difficult because the cell frequency is low and cells can only be analyzed after their in vitro activation with phorbol 12-myristate 13-acetate (PMA) and ionomycin. This in vitro activation is interesting but must be critically considered because the extent to which it reflects the in vivo situation and cell status upon isolation is unknown.


Autoimmune Diseases

One example of specific immune change in the liver is autoimmune hepatitis (AIH). Although the cause of AIH is not fully understood, T cell mediated liver tissue destruction is involved and AIH could be associated with genetic and environmental alterations. AIH leads to chronic liver inflammation, circulating autoantibodies, and elevated liver enzymes (Tait et al., 1989). Zhao et al. showed that patients with AIH have increased serum levels of IL-17 and IL-23 together with an increased frequency of TH17 cells in the liver compared to controls. Furthermore, the frequency and function of TReg cells in the blood was decreased (Ferri et al., 2010). By analyzing the T cell composition in the liver, it was demonstrated that the total TReg number was not altered in AIH patients. In contrast, these patients displayed higher hepatic expression of the TH17-related cytokines IL-17, IL-23, IL-6, and RORγt. In vitro experiments showed that IL-17 induces IL-6 via MAPK signaling in hepatocytes, which in turn stimulates TH17 cell differentiation and infiltration in a positive feedback loop (Zhao et al., 2011). These results are supported by a retrospective study of 100 AIH patients. In addition to elevated serum levels of IL-17, IL-6, IL-21, and TNF-α, an increased frequency of TH17 cells was observed. Pro-inflammatory cytokines were positively correlated with liver injury, whereas IL-10 was negatively regulated with autoantibodies (An, 2019). Likewise, TReg cells from AIH patients had decreased CD39 expression and functionally failed to prevent TH17 accumulation mediated by extracellular ATP (Grant et al., 2014). Remission in AIH patients was associated with restored T cell balance, and the infusion of ex vivo expanded TReg cells was beneficial in a murine model (Lapierre et al., 2013). In sum, the balance of TReg and TH17 composition at the site of inflammation and TReg function is critical in AIH pathomechanisms.

Primary biliary cirrhosis (PBC) is a chronic cholestatic liver disease characterized by the loss of immune self-tolerance leading to the chronic injury of biliary epithelial cells. Ninety percent of affected patients are women older than 40 years. The importance of the TH17/TReg balance in disease progression of primary biliary cirrhosis (PBC) is evident when considering that a knockout for CD25 (IL-2Rα) in mice serves as an animal model for this disease. Mice spontaneously develop autoantibodies caused by a loss of function of TReg cells and acquire biliary duct damage similar to that observed in PBC patients (Wakabayashi et al., 2006). Deficiency of functional TReg cells leads to elevated TH17 cell numbers in the liver and elevated IL-17 levels in these mice compared to wildtype controls. A possible explanation might be the missing repressive function of IL-2 during TH17 cell differentiation. In line with the results obtained in mice, patients suffering from liver fibrosis due to PBC show a higher frequency of TH17 cells in blood than healthy control patients. Liver biopsy samples of PBC patients point to a dislocation of these cells around the portal tracts (Shi et al., 2015). Patients with cirrhosis secondary to PBC displayed an even higher infiltration of TH17 cells into liver tissue (Tan et al., 2013). However, the exact mechanisms that cause an induction of TH17 cells in livers of IL-2RA knockout animals remain elusive.

Primary sclerosing cholangitis (PSC) is another chronic-inflammatory liver disease with an unknown pathogenesis. Similar to PBC, PSC can lead to liver fibrosis and obliteration of intra-and extrahepatic bile ducts. PSC is often associated with chronic ulcerative colitis, and there is no effective treatment (Hirschfield et al., 2013). Patients with also have a decreased peripheral TReg frequency with epigenetic changes. Furthermore, a decrease in TReg numbers was associated with an IL-2RA gene polymorphism and lead to reduced TReg function (Sebode et al., 2014), (Figure 4).




Figure 4 | A reciprocal relationship exists between TH17 and TReg cells. Their balance is found to be important in the persistence or recovery from liver injury. A shift of the balance to a more dominant TH17 cell response favors pro-inflammatory reactions and persisting damage. In viral infections, TH17 are especially important for viral clearance but at the same time cause liver damage. TReg cell on the other hand prevent liver damage but also trigger viral persistence by strengthening the anti-inflammatory immune response. An imbalance of the TH17/TReg milieu to a dominant TH17 cell response favors disease development and progression in NAFLD. In autoimmune diseases a TReg cell responses have beneficial effects in regards to self-tolerance, restore immune homeostasis and are even proposed as a treatment option in acute and chronic transplant rejection reactions. In a tumor environment TReg cells support tumor cells from being targeted by the immune system and hence promote tumor growth and metastasis.





Acute Liver Injury

Mouse models of acute liver injury were used to further investigate the role of TH17 cells in the liver. In the concanavalin A- (ConA-) model of acute T cell induced hepatitis, IL-1- deficient animals were challenged and knockout mice developed less severe injury with higher TReg numbers compared to wildtype mice (Nagata et al., 2008). However, these results are controversial; another study found in the same model that IL-17-deficient mice seemed to develop a comparable level of liver injury after ConA-treatment (Zenewicz et al., 2007). In another interesting mouse model of drug-induced liver injury (halothane injection intraperitoneally), mice had increased serum levels of IL-17. After the administration of an IL-17 neutralizing antibody serum, liver enzymes AST and ALT had significantly decreased levels, with a downregulation of inflammatory cytokines such as TNF-α. These beneficial effects could be directly reversed by the application of recombinant IL-17 (Kobayashi et al., 2009).



Viral Infection

The TReg/TH17 balance is essential for an effective immune response and at the same time preventing excessive liver injury during viral infection. Thus, the liver is affected by several viruses, and some of them lead to persistent infection and can cause liver cirrhosis, organ failure, and cancer. During acute hepatitis A virus (HAV) infection, serum IL-17 levels are correlated with liver injury, and liver resident and circulating TReg frequencies are negatively linked to elevation of ALT and AST (Choi et al., 2015).

The major problem in persistent viral infection is a failure of the T cell response involving T cell exhaustion due to persistent antigen presentation. TReg cells also play a role in the immunopathology of persistent viral infection. It was demonstrated that liver sinusoidal endothelial cells (LSEC) are potent enough to promote TReg differentiation by the continuous induction of FOXP3 in conventional T cells, although all liver cells were able to induce TReg differentiation. TReg stabilization did not require inflammation but did require TGF-β, which is abundant on the LSEC cell membrane. Experimentally, LSEC-induced TReg cells expressed FOXP3 and had efficient inhibitory functions on effector T cells in vitro and in vivo (Carambia et al., 2014). Antigen presentation on LSECs and thereby an early TReg development in a course of sub-infectious viral infection of hepatotropic viruses, e.g., chronic hepatitis C virus (HCV), can support ineffective virus clearance and chronic infection (Park et al., 2013). In contrast, virus-specific TH17 cells were correlated with liver injury and inflammation, but TH17 quantity could not be linked to effective viral clearance. Furthermore, IL-23 and IL-17 levels in HCV-infected patients were elevated, and IL-23 therapy was reported to modulate the antiviral response by preferentially promoting TH17 immune cells (Meng et al., 2016). In a course of HCV infection, TReg cells were mainly found in necro-inflammatory liver areas to inhibit the effector CD8 T cell response, which is the main cause of liver damage in HCV and hepatitis B virus (HBV) infection. Isolated TReg cells from HCV-infected patients suppressed virus-specific CD8+ cells, whereas the depletion of TReg cells increased their proliferation. Furthermore, TCR analysis demonstrated that the effective TReg population during chronic HCV infection is heterogeneous and consists of nTReg and pTReg cells (Losikoff et al., 2012). In comparing the TReg cells of patients who spontaneously resolved the infection and patients with persistent infection, core virus-specific TReg cells were primarily found in patients with chronic HCV infection. They inhibit the virus-specific T cell response by producing IL-10 and IL-35 (Langhans et al., 2010). Furthermore, several studies investigated a positive correlation between TReg quantity and function with chronic HCV progression (Cabrera et al., 2004; Ebinuma et al., 2008). TH17 cells on the other hand are enriched in livers of patients with chronic HCV infection mainly driven by Tim-3, which leads to a differential regulation of IL-12 and IL-23 (Wang et al., 2013).

The TReg/TH17 balance also plays an important role in chronic HBV infection. TReg cells inhibit the antiviral response of effector T cells (Yan et al., 2014). The frequency of circulating TReg cells is differently described in chronic HBV infection, but there are some indications that the TReg frequency is increased in severe chronic HBV infection. Furthermore, TReg frequencies could be positively correlated with viral load, HBeAg (Hepatitis B envelope Antigen), and HBsAg (Hepatitis B surface Antigen) (Manigold and Racanelli, 2007; TrehanPati et al., 2011). Patients with a predominant TH17 response have high plasma viral loads. Especially in HBV infection and HBV-induced cirrhosis, IL-17+ cells increase with cirrhosis stage and the HBcAg (Hepatitis B core Antigen) mediates TH17 cell responses by an IL-17R-induced activation of monocytes/macrophages. This effect leads to the production of elevated levels of pro-inflammatory cytokines such as IL-6, TNF-α, IL-12, and IL-23 (Sun et al., 2012). Further, the elevation of TReg and TFR cells in chronically HBV infected patients associated with elevated IL-10 and TGF-β levels in comparison to healthy individuals (Liu et al., 2020). TReg differentiation was thereby promoted by TGF-β production of hepatic stellate cells and activation of Notch signaling during chronic inflammation. In a course of antiviral response, TH17 cells increased in quantity accompanied with an increase in viral load (Ichikawa et al., 2011; Yan et al., 2014). In addition, in course of antiviral therapy, PD-1 expression decreased on TH17 cells and other effector T cells, indicating an improved T cell exhaustion; however, PD-1 was not present on TReg cells (Wei et al., 2013). The TH17/TReg balance is critical in the development of liver cirrhosis in chronically-infected patients. An imbalance in TH17/TReg cells was thereby an independent predictive factor for decompensated liver cirrhosis (Lan et al., 2019). In addition, Yang et al. demonstrated that IL-35 is responsible to balance the TReg and TH17 balance in acute and chronic HBV infection by preferentially increasing virus-specific TReg cells and the prevention of TH17 cell differentiation (Yang et al., 2019). In conclusion, TReg and TH17 cells contribute to the immune response during viral liver infection and the optimal balance is important for an effective antiviral immune response and prevention of complications (Figure 4).



Alcoholic and Nonalcoholic Steatohepatitis (ASH and NASH)

Patients with alcoholic steatohepatitis (ASH) show a direct correlation between the severity of inflammation and the amount of liver damage. The degradation of ethanol mediated by cytochrome P450 2E1 (CYP2E1) is associated with various inflammatory responses within the liver. The immune response leads to the production of reactive oxygen species (ROS) and TNF-α and the infiltration of immune cells. T cells infiltrating into the liver secrete high levels of pro-inflammatory cytokines, thereby attracting neutrophils to the tissue site of inflammation. Neutrophil recruitment could be closely linked to the prominence of TH17 cells. This in turn leads to increased IL-17 serum levels in ASH patients, which could be directly linked to progressive liver damage. Further, the number of TReg cells decreases in the blood of these patients (Lemmers et al., 2009).

Nonalcoholic steatohepatitis (NASH) is related to metabolic syndrome. This condition has become the most common cause of chronic liver disease and will likely be the main cause for liver transplantations within the next decade (Younossi et al., 2019). Patients with non-alcoholic fatty liver disease (NAFLD) have a high risk to progress from simple steatosis to more advanced disease stages such as NASH, cirrhosis, and hepatocellular cancer (HCC). The exact mechanisms of the pathogenesis of NASH are poorly understood. However, the role of the activation of the adaptive immune system via a TH17-mediated immune responses is becoming evident.

Targeting the balance between TH17 and TReg cells is a relatively new approach and currently topic of many research studies. The lack of available human tissue samples makes it difficult to investigate this as a potential new treatment option. Nevertheless, recent studies in mice and few data from humans indicate a decisive role of CD4+ T cells in the progression from NAFLD to NASH up to HCC development (Hammerich et al., 2011; Rau et al., 2016). A key mechanism within this process is a strong infiltration of neutrophils together with an increased IL-6 signaling and TH17 accumulation (Hubscher, 2006). This further leads to a depolarization of the intrahepatic CD4+ cell response to a more TH17 cell-driven reaction; at the same time, TReg cell activity is suppressed (Gomes et al., 2016; Rau et al., 2016). Although the total TReg number of circulating and intrahepatic TReg cells is not altered, the overall TH17/TReg balance is shifted to a more dominant pro-inflammatory immune response.

The majority of data on TH17 cells in NASH is limited to mice. Different mouse models for diet-induced nonalcoholic steatohepatitis, such as the methionine-choline deficient-diet (MCD-diet) and the widely used high fat diet (HFD) model, can lead to steatohepatitis and subsequent fibrosis. Disease development and progression in these models is accompanied with an increase in TReg cell numbers at early disease stages in which only steatosis is present, and shifts significantly to a more dominant TH17 cell-driven response at later time points when steatohepatitis and beginning fibrosis are present. In the liver fibrosis CCL4 mouse model, increased IL-17 levels led to an elevated collagen1α1 expression in HSCs triggered by STAT3 signaling (Meng et al., 2012). Gomes et al. showed in 2016 that the excess of nutrients leads to the expression of the factor unconventional prefoldin RPB5 interactor (URI) in liver of mice treated with different steatohepatitis-inducing diets. URI promoted HCC development via a shift of the CD4+ T cell composition during NASH and NASH-HCC development. The overexpression of human URI in mouse hepatocytes led to spontaneous development of steatohepatitis, which could be strengthened by feeding steatohepatitis-inducing diets (CD-HFD) or MCD. Disease was accompanied by increased IL-17 and TH17 cells in blood and liver. Mice with a heterozygous, hepatocyte-specific deficiency for URI were protected from the development of steatohepatitis together with decreased numbers of TH17 cells. Inhibiting the differentiation of TH17 cells through the blockade of RORγt lead to an improved in lipid metabolism, insulin resistance, and HCC development. The application of recombinant IL-17 in wildtype mice induced steatohepatitis, the infiltration of neutrophils to white adipose tissue, and led to an increased number of TH17 cells.

Interestingly, data from human NASH patients correlated with the expression of URI with high IL-17 levels and hepatic steatosis (Gomes et al., 2016). Another study points to overall diminished CD4+ T cell numbers in NASH, and that this reduction is an essential factor in the progression from NASH to HCC development (Ma et al., 2016). The observed changes in the T helper cell profile during NASH development can be caused either by a depolarization of CD4+ T cells to a TH17 cell phenotype, or by a relative shift of the CD4+ T cell composition in the liver due to depletion of other T helper cell subsets, or driven by an altered infiltration of distinct CD4+ T cell subsets.

A study from Rau et al. in 2016 showed that the progression from NAFLD to NASH is directly correlated with an increased frequency in TH17 cells in blood and liver of NAFLD and NASH patients together with an altered TH17/TReg balance depicted by an increased TH17/TReg cell ratio in both compartments (Rau et al., 2016). In visceral adipose tissue and subcutaneous adipose tissue of morbid obese patients, an increase in the mRNA expression of IL-17 was found compared to normal weight patients. The same patients also showed increased numbers of TH17 cells in both adipose tissues and peripheral blood mononuclear cells (PBMCs), while TReg cell numbers were decreased due to impaired survival of these cells (McLaughlin et al., 2014). A recent study published in April 2020 further points to the direct relationship between liver and adipose tissue in regulating the TH17/TReg balance. Van Herck and colleagues demonstrated that mice fed a high-fat high-fructose diet displayed an increase in TH17 cells in both compartments, with a simultaneous decrease in TReg cells. After removing the steatohepatitis-inducing diet, the disruption in the TH17/TReg balance persisted. The administration of an IL-17 neutralizing antibody subsequently decreased the pro-inflammatory immune response in the liver (Van Herck et al., 2020). NASH is further closely related to the development of HCC. The involvement of TH17 cells in tumor formation and patient survival was recently described as influencing the prevention of apoptosis in tumor cells induced by TH17 cells due to IL-17 promoting angiogenesis and an IL-23 driven tumor growth (Langowski et al., 2006; Zhang et al., 2009). Understanding the role of TH17/TReg balance and targeting it therapeutically is an interesting approach for the treatment of NASH (Figure 4).



Liver Fibrosis and Hepatocellular Carcinoma

Chronic liver disease changes and impairs organ structure and function. Liver disease leads to tissue replacement and scaring subsequently leading to liver fibroses and cirrhosis. Several studies describe the importance of TH17 and TReg cells in this process. Although the exact role of TReg cells in liver fibrogenesis is not fully understood, TReg cells support liver fibrosis by influencing metalloproteinases activation (Zhang X. et al., 2016). TH17 cells further signal on non-lymphoid cells such as endothelial cells, fibroblasts, and keratinocytes inducing the production of inflammatory cytokines such as IL-6, GM-CSF, IL-1, TGF-β, TNF-α, and MCP-1 to attract immune cells thereby promoting pro-inflammatory immune responses. IL-17 receptor signaling further activates the expression of antimicrobial peptides and matrix metalloproteinases, whereas the latter are important for the degradation of scar tissue during infection (Bettelli et al., 2008). In patients with more severe liver cirrhosis, an increased frequency of circulating TReg cells, but a decreased TReg/TH17 ratio was positively correlated with disease progression (Li et al., 2012). More particularly, the abundant expression of TGF-β and IL-6 in the liver, which both favor the differentiation of TH17 cells, points to a major contribution of these cells during this process. Liver cirrhosis is one of the major risk factors for the development of HCC. Thus, 80%–90% of HCC develop in the course of chronic inflammation (Refolo et al., 2020). HCC is associated with a poor prognosis, is hard to detect, is aggressive, and has limited therapeutic options. TReg and TH17 cells were increased in tumor tissue in comparison to the surrounding liver tissue. Not only high intra-tumoral TReg frequencies and a decreased TH17 quantity but also CD39 expressed by tumor cells and TReg cells facilitated HCC growth, metastasis, and poor prognosis by mainly affecting TH17 function and differentiation (Bettini et al., 2012). TReg cell depletion, however, negatively influenced HCC growth (Cany et al., 2011). Interestingly, high IL-17 and IL-17R expression in the tumor tissue and elevated circulating TH17 cells are also associated with poor survival and early HCC recurrence. Sorafenib is currently used in HCC treatment and targets varies kinases expressed in TReg cells. This therapy negatively affects the TReg frequency, which can be correlated to overall improved survival (Voron et al., 2014). To improve the overall survival of HCC patients, new therapeutic approaches are essential. A defect in T cell function is described and immunotherapies are potential effective treatment strategies. One possibility could be checkpoint inhibition. PD-1 upregulation for example can be detected in circulating TReg cells in HCC patients, supporting the overall immune dysregulation. Therefore, anti PD-1 is a promising strategy. This therapy reverses the TReg mediated inhibition of TH17 cells and other effector T cells (Langhans et al., 2010) (Figure 4).



Liver Transplantation

Liver transplantation is in many cases the only possibility to cure end-stage liver disease. The short-term outcome has significantly improved, but chronic organ rejection and the side effects of immunosuppressive therapy remain a concern. The optimal immunosuppressive treatment to prevent organ rejection and toxicity and at the same time avoid opportunistic infections must be tightly balanced and will vary between individuals. The state of optimal immunotherapy, called operational tolerance, is difficult to achieve, and most patients require a life-long therapy with numerous side effects. Thus, new therapeutic approaches following liver transplantation are urgently needed.

TReg cells play a leading role in averting the cause of graft-versus-host disease (GvHD) which leads to organ rejection. TReg/TH17 balance plays a fundamental role in rejection pathogenesis (Wang et al., 2019), and TH17 cells were found to be elevated during acute and chronic organ rejection. In addition, the pro-inflammatory cytokine milieu during organ rejection can induce RORγt and IL-17 expression in TReg cells. Thus, TReg cells seem to contribute to organ rejection. Indeed, an early decrease in TReg frequency is a risk factor for suspected acute and biopsy proven acute rejection (Han et al., 2020). In addition, CD39 expression in the transplanted liver tissue influences the TReg and TH17 immune response and thereby organ rejection and GvHD (Yoshida et al., 2015). Adoptive TReg transfer was protective in mice, and currently several clinical trials are testing the efficiency and safety in humans (Romano et al., 2017). Another study tested the TReg therapy in patients 6–12 months after liver transplantation and demonstrated an increase in circulating TReg cells and reduced anti-donor T cell response (Sanchez-Fueyo et al., 2020). Although the long-term effects are not evaluated, TReg therapy could be a promising therapeutic approach. In contrast to the beneficial effects, in transplant patients with HCV infection, early high levels of TReg cells and TH1 cells after liver transplantation are associated with severe recurrent HCV infection (Ghazal et al., 2019).

In addition to T cell-mediated organ rejection, danger associated molecular patterns (DAMPs) play an important role in triggering sterile inflammation in the liver after organ transplantation. Sterile inflammation could be detected in different solid organs after implantation, and sterile inflammation influences the transplant tolerance and chronic rejection. A recently published study described the correlation between elevated DAMPs and acute postoperative multi-organ dysfunction (Nagakawa et al., 2020). In sum, several studies implicate the contribution of sterile inflammation in acute and chronic organ rejection and are reviewed elsewhere (Braza et al., 2016) (Figure 4).




Conclusion

TH17 and TReg cells are essential in orchestrating the intrahepatic immune response in health and disease. Under homeostatic conditions their balance must be tightly regulated to have an effective immune response and to prevent tissue damage. In the course of several diseases, their balance is shifted. Especially in the liver, the TH17/TReg response is tremendously important. An overwhelming TH17 response, for example in NASH, can promote the inflammatory state of disease and is associated with disease progression. On the other hand, TReg cells prevent the anti-tumoral immune response in HCC and promote metastasis and cancer growth. Furthermore, both cell subsets can be beneficial in different liver diseases settings. Thus, TH17 cells are necessary for effective pathogen clearance in the liver and TReg cells are important to coordinate the immune response in autoimmunity and after liver transplantation. Most of the findings on the role of TH17 and TReg cells were generated in mice. The importance of investigating their influence in humans is highlighted in several disease settings. Many studies demonstrate the necessity of investigating the function and quantity of these cells in liver tissue specifically, as circulating cells may not reflect intrahepatic conditions. In addition to altered function and quantities in liver diseases, TH17/TReg cell balance could be a therapeutic target in disease settings.

Future studies should investigate the function of TH17 and TReg cells in liver tissue and review their balance. Furthermore, different signals that might influence TH17/TReg cells, especially in the liver, must be analyzed to fully understand the liver-specific pathomechanism and to inform a liver-specific therapy.
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Background: Rutaecarpine (RUT), a major quinazolino carboline alkaloid compound from the dry unripe fruit Tetradium ruticarpum (A. Juss.) T. G. Hartley, has various pharmacological effects. The aim of this present study was to investigate the potential gastroprotective effect of rutaecarpine on ethanol-induced acute gastric mucosal injury in mice and associated molecular mechanisms, such as activating Nrf2 and Bcl-2 via PI3K/AKT signaling pathway and inhibiting NF-κB.
Methods: Gastric ulcer index and histopathology was carried out to determine the efficacy of RUT in gastric ulceration, and the content of SOD, GSH in serum and CAT, MDA, MPO, TNF-α, IL-6, IL-1β in tissue were measured by kits. Besides, in order to illustrate the potential inflammatory, oxidative, and apoptotic perturbations, the mRNA levels of NF-κB p65, PI3K, AKT, Nrf2, Nqo1, HO-1, Bcl-2 and Bax were analyzed. In addition, the protein expression of NF-κB p65 and Nrf2 in cytoplasm and nucleus, AKT, p-AKT, Bcl-2 Bax and Caspase 3 were analyzed for further verification. Finally, immunofluorescence analysis was performed to further verify nuclear translocation of NF-κB p65.
Results: Current data strongly demonstrated that RUT alleviated the gross gastric damage, ulcer index and the histopathology damage caused by ethanol. RUT inhibited the expression and nuclear translocation of NF-κB p65 and the expression of its downstream signals, such as TNF-α, IL-6, IL-1β and MPO. Immunofluorescence analysis also verifies the result. In the context of oxidative stress, RUT improved the antioxidant milieu by remarkably upregulating the expression Nqo1 and HO-1 with activating Nrf2, and could remarkably upregulate antioxidant SOD, GSH, CAT and downregulate levels of MDA. Additionally, RUT activate the expression of Bcl-2 and inhibited the expression of downstream signals Bax and Caspase 3 to promote gastric cellular survival. These were confirmed by RUT activation of the PI3K/AKT pathway manifested by enhanced expression of PI3K and promotion of AKT phosphorylation.
Conclusion: Taken together, these results strongly demonstrated that RUT exerted a gastroprotective effect against gastric mucosal injury induced by ethanol. The underlying mechanism might be associated with the improvement of anti-inflammatory, anti-oxidation and anti-apoptosis system.
Keywords: rutaecarpine, ethanol, gastric mucosal injury, anti-inflammation, anti-oxidation, anti-apoptosis
INTRODUCTION
Gastric ulcer (GU) is a common multifactorial gastrointestinal disease worldwide, affecting the quality of life of millions of patients. According to the survey, 20–60 people out of every 100,000 population suffer from GUs, accounting for 5–10% of the world's mortality (Sung et al., 2010). Under normal physiological conditions, the mucosa maintains its integrity through defense, thus maintaining the gastric epithelial barrier and blood flow, as well as the presence of protective factors such as mucus, prostaglandins, bicarbonate, heat shock protein (HSP) and growth factors. Mucosal damage may occur when the toxic factors such as gastric acid, pepsin, bile acid, ethanol, Helicobacter pylori and nonsteroidal anti-inflammatory drugs (NSAIDs) invade and exceed the defense function load of gastric mucosa (Guth et al., 1979; Lee et al., 2017; Khan et al., 2018). Some other factors, such as inadequate dietary habits, excessive ethanol consumption, cigarette smoking, stress and hereditary predisposition, also may lead to the development of GU (Søreide et al., 2015; Jeon et al., 2020). Yet, the clinical treatment for the disease focuses on the use of antisecretory drugs such as H2 receptor antagonist (cimetidine) or proton pump inhibitors (omeprazole), antibiotics (clarithromycin), antacids (aluminum hydroxide), prostaglandin analogues and mucosal protective agents (bismuth) currently (Wallace, 2008). Although the use of these drug is associated with the problem of reoccurrence of GU and several undesirable side effects, the usage is still on the rise, which brings more risks (Piao et al., 2018). Therefore, the search for alternative drugs or natural resources has attracted many scholars.
With the deepening of the research on natural drugs, the characteristics of some natural drugs with rich sources and less side effects have been recognized. Rutaecarpine (RUT, Figure 1), a major quinazolino carboline alkaloid compound from the dry unripe fruit (named “Wu-Chu-Yu” in China) of Tetradium ruticarpum (A. Juss.) T. G. Hartley. It is a longstanding and multipurpose Chinese medicine traditionally used for the treatment of abdominal pain, vomiting and pyresis (Zhao et al., 2015). As one of the main active components of “Wu-Chu-Yu”, RUT has a wide range of biological and pharmacological effects, such as diuresis, perspiration, uterotonic action, cardiovascular protection, improving brain function, protecting gastric mucosa, anti-inflammatory and anti-oxidation, and its pharmacological mechanism involves a variety of biological targets (Jia et al., 2010; Tian et al., 2019). Several in vitro studies acknowledged positive effect of RUT in peritoneal resident macrophages (Li et al., 2019), monocytes (Liu et al., 2016), osteoclast (Fukuma et al., 2018), HepG2 cells (Jin et al., 2017; Surbala et al., 2020) and Hepa-1c1c7 cells (Lee et al., 2012). Meanwhile, RUT has shown versatile beneficial effects on several experimental models, such as colitis (Zhang et al., 2020), atherosclerosis (Luo et al., 2020), cerebral ischemia-reperfusion (Han et al., 2019), hypertension (Ma et al., 2019), Acute kidney injury (Liu et al., 2020a; Liu et al., 2020b), type 2 diabetic (Surbala et al., 2020), Alzheimer’s disease (Ahmad et al., 2020; Huang et al., 2020) and so on. Notably, RUT exerted definite anti-inflammatory, anti-oxidation and anti-apoptosis effects in several experimental pathology with the signaling of NF-κB, Nrf2/HO-1, Bcl-2/Bax pathways (Jin et al., 2017; Li et al., 2019a; Li et al., 2019b; Han et al., 2019). Yet, few reports focused on the effect of RUT on the ethanol-induced gastric ulcer based on above pathways. Hence, the aim of the current study was to investigate the ameliorative activity of RUT on ethanol-induced gastric ulcer and explore its underlying mechanisms.
[image: Figure 1]FIGURE 1 | The chemical structure of rutaecarpine.
MATERIALS AND METHODS
Reagents
In this study, RUT (pure: ≥98%) were purchased from Chengdu Chroma-Biotechnology Company (Chengdu, China). As the positive control, omeprazole (OME) was supplied by AstraZeneca Research-based Biopharmaceutical Company (Sweden). Biochemical indicator kits for SOD (Cat.No.: A001-3-2), GSH (Cat.No.: A006-2-1), CAT (Cat.No.: A007-1-1), MDA (Cat.No.: A003-1-1) and MPO (Cat.No.: A044-1-1) were provided by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China) and enzyme-linked immune sorbent assay (ELISA) kits for TNF-α (Cat.No.: ml002293), IL-6 (Cat.No.: ml002293) and IL-1β (Cat.No.: ml063132) were provided by Shanghai enzyme linked biology Co., Ltd. (Shanghai, China). All antibodies were provided by Cell Signaling Technology, Inc. (Danvers, MA, United States), Abcam plc. (Cambridge, United Kingdom) or Proteintech Group, Inc. (Rosemont, IL, USA), and the specific information is shown in Table 1. All other experimental supplies were purchased from commercial sources.
TABLE 1 | Antibodies information.
[image: Table 1]Animals and Treatments
A total of 50 male specific pathogen-free (SPF) KM mice weighting 20 ± 2 g were obtained from SPF (Beijing) Biotechnology Co., Ltd. (Permission No. SCXK-(A) 2012-0004). All the animals were maintained in the same temperature (25 ± 2°C) and lighting (12:12 h light:dark cycle) conditions for 1 w and provided with water and standard chow ad libitum. All experimental procedures were approved by the Animal Experiment Committee of Fifth Medical Centre, General Hospital of Chinese People’s Liberation Army, and carried out in accordance with the guidelines of the Council on Animal Care of Academia Sinica.
All the animals were randomly assigned five groups with ten mice in each group. RUT and OME were prepared as a stock solution in 0.5% carboxymethyl cellulose sodium (CMC-Na) and diluted to the appropriate dosage or concentration. In the first 3 days, RUT of 450 and 900 μg/kg were administered intragastrically to RUT low dose group and RUT high dose group, respectively. OME group were administered omeprazole 20 mg/kg, while normal control group and model group were given the vehicle (0.5% CMC-Na). On the third day, 2 h after each group administration, normal control group received normal saline while other groups intragastrically received ethanol (10 ml/kg) instead. The animals were deprived of food for 24 h before the experiments but allowed free access to water and placed in wire cages to avoid interference from litter and feces. Finally, the animals were sacrificed after 2 h and their serum and gastric tissues were harvested for the further studies.
Macroscopic Assessment of Mucosal Lesions
Stomachs were removed and expanded along the larger curvature and rinsed thoroughly in saline solution. Then two observers who unaware of the treatment measured the lesion size with a vernier caliper and a magnifying glass, and calculated the ulcer index (UI) according to the Guth standard (Guth et al., 1979): no lesion (score 0), epithelial lesion or the lesion <1 mm (score 1), 1 mm ≤ lesion < 2 mm (score 2), 2 mm ≤ lesion <3 mm (score 3), 3 mm ≤ lesion <4 mm (score 4), 4 mm ≤ lesion (score segmentally), and twice for width > 1 mm. The scores were relative values, and the average UI of each group was obtained by dividing the total scores by the number of animals. The inhibition effect (%) of each protective material was calculated by using the following formula:
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Histological Analysis
Gastric tissues were excised and fixed in 10% buffered formalin for more than 48 h. After dehydrating in gradient alcohol and embedding in paraffin, three or four paraffin-embedded sections (4–5 μm thick) were prepared and stained with hematoxylin and eosin (H&E) for histological evaluation. Then the pathological changes in the gastric tissues were observed under a Nikon microscope (Nikon Instruments Inc., Japan) and analyzed by NIS-Elements (version F 4.0, Japan) software.
Determinations of GSH, SOD, CAT, MDA, MPO, TNF-α, IL-6, IL-1β Levels
Blood samples were collected and centrifuged at 3,000 rpm for 10 min, and then the serum samples were stored at −80°C until analysis. Gastric tissues were homogenized with cold saline and centrifuged at 12,000 rpm at 4°C for 10 min, and the supernatant of the homogenate was collected and stored at −80°C. The serum levels of SOD, GSH and the tissue levels of CAT, MDA, MPO, TNF-α, IL-6, IL-1β were measured (Liu et al., 2010; Yang et al., 2019). In brief, according to the manufacturer’s protocols, the level of SOD were tested by water-soluble tetrazolium-1 (WST-1) method, the final color was read at 450 nm. Then we used ammonium molybdate method to measure the change of CAT at 405 nm and the protein level was detected by BCA Protein Assay kit (Beijing Solarbio Science & Technology Co., Ltd. Beijing, China), because ammonium molybdate can stop decomposition of H2O2 by CAT and form a yellow complex with remaining H2O2. Based on the principle that GSH can react with dithiodinitrobenzoic acid (DTNB), we quantitatively determined the content of GSH in serum by colorimetry at 405 nm. Additionally, the MDA activity were detected by thiobarbituric acid (TBA) method, the final color was detected at 450, 532, and 600 nm. According to the capability of MPO contained in neutrophils to reduce the hydrogen peroxide, we quantitatively detected the content of MPO at 460 nm to determine the number of neutrophils. For TNF-α, IL-6, IL-1β, we used enzyme-linked immune sorbent assay (ELISA) to implement. The detection operations of all these experiments were carried out on Synergy Hybrid Reader (Biotek, Winooski, VT, United States).
Quantitative RT-PCR Analyses
The mRNA expressions of NF-κB, PI3K, Nrf2, Nqo1, HO-1, Bcl-2, and Bax in the gastric tissue were detected by quantitative reverse transcription polymerase chain reaction (RT-PCR). According to the manufacturer’s protocol, total RNA was isolated from about 40 mg frozen gastric tissues of each group using Trizol reagent (Life Technologies, CA, United States). The RNA concentration was measured at 260 and 280 nm on a spectrophotometer (Purity (A260/A280) was considered qualified within the threshold of 1.8–2.2). Hereafter, RNA (2 μg) was reverse-transcribed using a RevertAid First Strand cNDA Synthesis Kit (Thermo Fisher Scientific, MA, United States). The program setting was: incubate for 5 min at 25°C followed by 60 min at 42°C and terminate the reaction by heating at 70°C for 5 min, and the obtained cDNA was stored at −20°C for subsequent PCR reactions. At last, 2 μL cDNA and SYBR™ Select Master Mix (Applied Biosystem, CA, United States) was used and then PCR amplification was carried out by ABI 7500 Real Time PCR machine (Applied Biosystems Inc., Carlsbad, CA, United States), running 45 cycles at 95°C for 5 s and 60°C for 60 s. The method recommended in Minimum Information for the Publication of Quantitative Real-Time PCR Experiments (MIQE) was strictly followed (Bustin et al., 2009). The data was calculated through 2−△△CT method with β-actin as an endogenous reference. Table 2 listed the primers used in this study.
TABLE 2 | Primers sequences for RT-PCR.
[image: Table 2]Western Blot Analysis
Mice gastric tissue (50 mg) was homogenized and lysed in ice-cold radio immunoprecipitation assay (RIPA) lysis buffer containing 1% phenylmethylsulfonyl fluoride (PMSF), phosphatase inhibitor and protease inhibitor cocktail. Subsequently, the samples were centrifuged at 10,000 g and 4°C for 10 min. After centrifugation, the supernatant was collected and subjected to BCA Protein Assay kit (Beijing Solarbio Science & Technology Co., Ltd. Beijing, China) to measure protein concentration. In addition, nuclear and cytoplasmic extraction were performed using a nuclear extraction kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) to detect the presence of NF-κB and Nrf2 in nuclear and cytoplasmic proteins. Specifically, according to the manufacturer's instructions, 20 mg gastric tissue homogenate was vortexed at high speed for 15 s in 100 μl cytoplasmic protein extraction reagent containing 1% PMSF and then ice bath for 10 min. Subsequently, the samples were vortexed again for 10 s and centrifuge at 15,000 g at 4°C for 10 min. The resulting supernatant was cytoplasmic protein, whereas the precipitate was nuclear protein. Later, the supernatant was separated completely and 50 ul nuclear protein extraction reagent was added into the nuclear protein. The supernatant containing nucleoprotein was obtained by the same method. Similarly, their protein concentration was determined by BCA Protein Assay kit. The samples were denatured with reducing Laemmli SDS sample buffer and soaked in water at 95°C for 5 min. For Western blot analysis, the same amount of protein from all lysates of each sample was separated by 10–12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred onto the polyvinylidene fluoride (PVDF) membranes. Then immunodetection was carried out using corresponding primary antibodies (Table 1) in a solution of 5% bovine serum albumin (BSA), Tris-buffered saline (TBS), and 0.05% Tween 20 overnight at 4°C after blocked in BSA at room temperature for 2 h. GAPDH was used as the control for total and cytosolic protein extract, while Histone H3 was the control for nuclear protein extract. After incubation with the appropriate secondary antibodies at room temperature for 2 h, the membranes were washed 3 times in TBST (TBS with Tween 20), and the immunoreactive protein was measured using a chemiluminescence system. All Western blot studies were repeated three times.
Immunofluorescence Analysis
In order to further verify that RUT reversed ethanol-induced NF-κB translocation from the cytoplasm to the nucleus, immunofluorescence analysis was performed. After deparaffinization and dehydration in gradient alcohol, gastric tissue paraffin sections were placed in ethylenediaminetetraacetic acid (EDTA) for antigen retrieval. Then the sections were washed three times with phosphate-buffered saline (PBS) and blocked with 1% BSA for 30 min at room temperature. Subsequently, sections were incubated with anti-NF-κB p65 antibody (1:500, Table 1) in a solution of 5% BSA and PBS at 4°C overnight in a damp box. After washed three times the next day, the sections were incubated with the appropriate secondary antibody for 1 h at room temperature. Later, 4,6-diamidino-2-phenylindole (DAPI) was used to stain nuclei and images were taken with a confocal microscope (NIKON Eclipse C1, Nikon Instruments Inc., Japan) and analyzed by NIKON DS-U3 (Nikon Instruments Inc., Japan). Finally, we use Image-Pro Plus (version 6.0, Media Cybemetics, INC., Rockville, MD, United States) to measure and inregrate the optical density and total per area for a statistical analysis of Immunofluorescence staining.
Statistical Analysis
The experimental data were expressed as mean ± standard deviation (SD), and analyzed with the SPSS software program (Version 24.0, SPSS Inc., Chicago, IL, United States). Differences between groups were evaluated by one-way analysis of variance (ANOVA). Statistical analysis was performed using the GraphPad Prism Software (Version 8.0.1, California, United States). A value of p < 0.05 was considered statistically significant, and a value of p < 0.01 was considered highly significant.
RESULTS
Effect of RUT on Gross Evaluation of the Gastric Mucasa in Mice
Acute gastric mucosal injury was induced by intragastric administration of absolute ethanol. Figure 2 shows that no visible lesions developed in the normal control group. The RUT groups or OME group showed extensively reduced gastric injury compared with the model group, which showed severe gastric mucosal damage appearing as glandular area hyperemia, mucosal edema accompanied by dot and linear hemorrhage necrosis.
[image: Figure 2]FIGURE 2 | Effect of RUT on ethanol-induced gastric mucosa injury in mice in different groups. Note: (A–E) Macroscopic representative images; (F) Ulcer index and ulcer inhibition; (G–K) Microscopic representative images (H&E stained, ×200 magnification; Scare bar: 100 μm. Blue →: loss of gastric epithelial cells; Black →: hemorrhagic injury; Yellow →: vascular congestion; Green →: edema; Red →: inflammatory cells infiltration). (A,G) Normal control group; (B,H) Model group; (C,I) RUT 450 μg/kg group; (D,J) RUT 900 μg/kg group; (E,K) OME 20 mg/kg group. Values are expressed as mean ± SD (n = 8). #p < 0.05 and ##p < 0.01 when compared with the control group. *p < 0.05 and **p < 0.01 when compared with the model group.
Then, in order to reflect the effect of RUT on ethanol stimulation, we used the Guth standard to quantitatively assess the gastric lesions and calculate ulcer inhibition rate. As shown in Figure 2F, the model group indicated by an average UI of 51.25 ± 6.09 (p < 0.01). However, pre-treatment with RUT at doses of 450 and 900 μg/kg or omeprazole (20 mg/kg) produced a significant reduction in the percentage of UI (by 39.76, 58.28 and 59.75%, respectively) when compared to the model group (p < 0.01).
Effect of Rutaecarpine on Histopathological Assessment of Gastric Damage
In order to evaluate the protective effect of RUT on the stomach in microscopic conditions, we conducted histopathological analysis. Figures 2G–K shows the histopathological alterations in gastric specimens of different experimental groups. The normal control group showed normal histological structures of the mucosa, submucosa as well as the muscularis. Serious damage of gastric mucosa was found in the submucosa of the model group, and the superficial gastric epithelium was disrupted and exfoliated. Moreover, vascular congestion, edema and inflammatory cells infiltration were also observed. It was clear that the gastric mucosa damages were attenuated with omeprazole or RUT demonstrated by the integrity of superficial gastric epithelium and improvement of hemorrhagic injury, edema and inflammatory infiltration Notably, the pretreatment of mice with 900 μg/kg of RUT conferred the most gastroprotection.
Effect of Rutaecarpine on Gastric NF-κB Activation and Its Downstream Inflammatory Cytokines Levels
Next, we assessed the variation of inflammatory factors in gastric mucosa aiming at exploring the intervene of RUT on inflammation. As revealed in Figure 3, the inflammatory disturbances were evaluated by monitoring the NF-κB nuclear translocation and alterations in its downstream signals. In terms of results, ethanol intake leaded to a sharp increase in NF-κB expression and nuclear translocation compared with control group (Figures 3A–D). Meanwhile, it also upregulated the level of some proinflammatory cytokines, such as TNF-α, IL-1β, IL-6 as well as MPO (Figures 3E–H). While performance of RUT pretreatment attenuated the expression and nuclear translocation of NF-κB. In addition, RUT reversed the level of TNF-α, IL-1β, IL-6 and MPO effectively, which is consistent with the results after OME processing. We also additionally used immunofluorescence to analyze the nuclear translocation of NF-κB, and the result also verified the previous results (Figure 4). All of which prove that the anti-inflammatory effect of RUT can relieve gastric mucosal damage.
[image: Figure 3]FIGURE 3 | Effect of RUT on inflammatory factors levels in gastric damage induced by ethanol. Note: (A) Western blot images of cytosolic and nuclear NF-κB p65; (B) Cytosolic NF-κB p65 protein level; (C) Nuclear NF-κB p65 protein level; (D) NF-κB p65 mRNA level; (E) Tissue TNF-α level; (F) Tissue IL-1β level; (G) Tissue IL-6 level; (H) Tissue MPO level. Values are expressed as mean ± SD (n = 6). #p < 0.05 and ##p < 0.01 when compared with the control group. *p < 0.05 and **p < 0.01 when compared with the model group.
[image: Figure 4]FIGURE 4 | Immunofluorescence analysis for the effect of RUT on NF-κB nuclear translocation (IF ×400 magnification; Scare bar: 50 μm; n = 3).
Effect of Rutaecarpine on Ethanol-Triggered Oxidative Stress and Antioxidant Enzumes Activity
Then, we explored the stimulation of oxidative stress in the gastric mucosa by monitoring changes in antioxidants and lipid peroxidation levels. Exposure to ethanol presented a high level of lipid peroxidation, which was indicated by the increase of MDA (Figure 5I). In addition, the intake of ethanol significantly inhibited the activity and nuclear translocation of the antioxidant element Nrf2 (Figures 5A–D), accompanied by a decrease in its downstream signals levels, such as Nqo1, HO-1, SOD, CAT and GSH (Figures 5E–H), of which the levels of SOD, CAT and GSH were the same as those after OME treatment. RUT obviously offsets these oxidation distortions as proved by the reversal of the levels of these factors. Therefore, these results indicated that the involvement of RUT antioxidation activity for the restoration of gastric damages partly.
[image: Figure 5]FIGURE 5 | Effect of RUT on oxidative stress factors levels in gastric damage induced by ethanol. Note: (A) Western blot images of cytosolic and nuclear Nrf2; (B) Cytosolic Nrf2 protein level; (C) Nuclear Nrf2 protein level; (D) Nrf2 mRNA level; (E) Nqo1 mRNA level; (F) HO-1 mRNA level; (G) Serum SOD level; (H) Serum GSH level; (I) Tissue MDA level. Values are expressed as mean ± SD (n = 6). #p < 0.05 and ##p < 0.01 when compared with the control group. *p < 0.05 and **p < 0.01 when compared with the model group.
Effect of Rutaecarpine on Apoptosis Factors Levels and PI3K/AKT Pathway
At last, for effect of RUT on apoptosis, we measured the production of apoptotic signals and the activation of the PI3K/AKT pathway. It could be clearly observed that ethanol triggered gastric apoptosis as proved by the pronounced reduction in the level of Bcl-2 (Figures 6A–C) and the increase in the level of Bax (Figures 6A,D,E), and Caspase 3 (Figures 6A,F) when compared with the normal control group. In addition, ethanol inhibited the activity of PI3K/AKT pathway significantly. It is worth noting that RUT counteracted these mutations as demonstrated by the decline of Bax and restoration of Bcl-2. And Caspase 3 maintained its previous level after OME treatment. Besides, RUT restored the mRNA expression of PI3K and protein expression of pAKT. These results demonstrate that RUT plays a considerable role in ameliorating the apoptosis situation in gastric mucosa and activating PI3K/AKT pathway, which is implicated in RUT gastroprotective effects.
[image: Figure 6]FIGURE 6 | Effect of RUT on apoptosis factors levels and PI3K pathway in gastric damage induced by ethanol. Note: (A) Western blot images of Bcl-2, Bax, pAKT and total AKT; (B) Bcl-2 protein level; (C) Bcl-2 mRNA level; (D) Bax protein level; (E) Bax mRNA level; (F) Tissue Caspase 9 level; (G) Caspase 3 mRNA level; (H) Tissue Caspase 3 level; (I) PI3K mRNA level. (J) pAKT protein level; Values are expressed as mean ± SD (n = 6). #p < 0.05 and ##p < 0.01 when compared with the control group. *p < 0.05 and **p < 0.01 when compared with the model group.
DISCUSSION
GU is a multifactorial gastrointestinal disease, of which alcohol is the biggest contributing factor (Das and Banerjee, 1993). In this previous study, due to the functional and anatomical similarity to the human stomach, the mice were chosen as the model and administered ethanol intragastrically to simulate human GUs caused by excessive drinking. Additionally, in several frequently used models, such as ethanol, pylorus ligation, non-steroidal anti-inflammatory drugs (NSAIDs) and stress-induced GU, the ethanol model is one of the widely used experimental models, which is similar to lots of characteristics of human acute peptic ulcer disease (Deding et al., 2016; Li et al., 2018). However, the mechanism of ethanol damage to gastric mucosa is not completely clear. Previous studies have shown that it is related to the direct damage of gastric epithelial cells (Zhao et al., 2009) and mucus layer (da Silva et al., 2018), or the indirect damage such as the influence of gastric mucosal hemodynamics (Kawano and Tsuji, 2020), infiltration of leukocytes and ensued inflammatory (Li et al., 2017) and oxidative stress (Loguercio et al., 2009; Salaspuro, 2011) and apoptosis distortion (Arab et al., 2019). Thus, this present study focused on the forthputting of RUT to treat ethanol-induced gastric injury through anti-inflammatory, anti-oxidation and anti-apoptosis.
In term of our results, ethanol intake could trigger severe inflammation in stomach, accompanied by activation of the NF-κB pathway and up-regulation of its downstream signal, such as TNF-a, IL-1B, IL-6 and MPO. These findings are in line with previous researches (Raish et al., 2018; Yeo et al., 2018; ). In fact, NF-κB is expressed in almost all cells and performs a nonnegligible role in the pathogenesis of GU. Four transcript variants encoding different isoforms have been found including NF-κB p65/p105/p50/p52. In this article, we detected NF-κB p65 due to its contribution to inflammation. Many pro-inflammatory stimuli and ROS can lead to the activation of NF-κB through the phosphorylation of inhibitors of κB (IκBs) by the IκB kinase (IKK) complex (Akanda et al., 2018; Chen et al., 2001; Arab et al., 2019). Afterwards, free NF-κB translocates into the nucleus and consequently results in the transcriptional activation of a variety of pro-inflammatory mediators, such as TNF-α, IL-1β and IL-6 and MPO (Mitsuyama et al., 2006). Interestingly, RUT mitigated the gastric damage by inhibiting the NF-κB pathway, and then suppressed downstream proinflammatory elements. These correlates were consistent with mitigation of leukocyte infiltration. It is undoubtedly an efficacious strategy for the treatment of GU to ameliorate the aberration of these inflammatory pathological factors. In fact, RUT has pronounced anti-inflammatory capabilities in a variety of disease models according to the reports (Li et al., 2019a; Li et al., 2019b; Luo et al., 2020), which also corroborates our results from the side.
It is familiar that in addition to inflammation, the excessive generation of ROS also affects oxidative stress, which leads to altering the endogenous antioxidant defense system, including SOD and GSH (Arunachalam et al., 2019). The main source of ROS in ethanol-damaged gastric tissue is infiltration of activated neutrophils, which MPO is a crucial indicator of neutrophil infiltration in ulcer-induced injuries (Arab et al., 2015; Paulrayer et al., 2017). Lipid peroxidation is consequence of ROS reaction against cell membrane and produces significant levels of MDA, which leads to oxidative gastric damage (Yu et al., 2017). The present findings indicated that the application of ethanol indulged MDA and significantly inhibited the production of the Nrf2. These changes prevented transcription factor Nrf2 from serving as a sensor to regulate the expression of antioxidant enzymes (HO-1 and Nqo1) driven by antioxidant response elements (ARE) in response to oxidative stimulation. The observations were consistent with previous researches (Nguyen et al., 2009; Itoh et al., 2010). Interestingly, our results show that RUT remarkably reverses the redox induced by ethanol. A good explanation for inhibiting oxidative stress was the observed remission of neutrophil infiltration and the decrease of membrane lipid peroxidation level. Ample evidence demonstrated the antioxidants plays a central role in process of GU (Kwiecien et al., 2002; Raish et al., 2018; Mohan, et al., 2020). Our data validated the restoration of Nrf2 along with the prototypical Nrf2 target genes (HO-1 and Nqo1) and the replenish of crucial antioxidation elements (SOD, CAT and GSH) in the wake of RUT treatment. All of data suggest the potential prospects of RUT in treating GU through anti-oxidation.
Numerous studies demonstrated that apoptosis also goes hand in hand with the occurrence of GU, and the continuous excessive production of apoptosis will destroy the integrity of gastric mucosa and eventually induce gastric mucosa dysfunction (Liu et al., 2020). Mechanistically, our data indicated ethanol intake made the anti-apoptosis gene Bcl-2 down-regulated markedly driven by ROS and pro-inflammatory signals. In this circumstance, the restriction to the apoptotic protein Bax was limited, which in turn leaded to the mitochondrial escape of cytochrome C and subsequently activated Caspase 9 and Caspase 3. This is consistent with previous studies (Raish et al., 2018; Xie et al., 2020). After receiving RUT, it could be clearly observed that the anti-apoptosis capacity of gastric mucosa was enhanced, manifested in the recovery of BCL-2 level and the control of Bax and Caspase 3. Actually, previous studies have demonstrated the latent anti-apoptosis activity (Li et al., 2019a; Li et al., 2019b; Han et al., 2019). And our data strongly indicated that RUT could partly participate in the palliation of the damage caused by ethanol though anti-apoptosis.
The present findings also revealed that ethanol inhibited PI3K/AKT pathway, which is consistent with previous literature (Zhang et al., 2019). In fact, the activation of PI3K/AKT pathway is essential for cell resistance to oxidation and apoptosis (Arab et al., 2019; Cao et al., 2020). Our data suggest that the activation of AKT phosphorylation promoted by RUT was associated with the Nrf2 and Bcl-2 up-regulation and in turn to the down-regulation of Bax.
In summary, inflammation, oxidative stress and apoptosis are closely related to the occurrence of GU. The excessive production of ROS released inflammation and apoptosis signals, and inhibited antioxidant elements to promote the continuous production of oxidative stress. Our findings clearly revealed that RUT augments cellular anti-inflammation, antioxidant and anti-apoptosis defense capacities, thereby protecting cells from ethanol damage. The potential mechanism seems to be related to the induction of antioxidant and anti-apoptosis enzymes synthesis by activating Nrf2 and Bcl-2 through PI3K/AKT-dependent pathway, and to the inhibition of NFKB pathway and inflammation signals. Figure 7 showed their complex relationship. These findings indicate that RUT might be a potential therapeutic agent for GU.
[image: Figure 7]FIGURE 7 | Schematic diagram of signal pathway that mediates ethanol-induced gastric mucosal injury and the ameliorative effects of RUT on mice. (→: activate; ˧: inhibit).
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Aromatic vinegar with abundant bioactive components can be used as a food additive to assist the treatment of various diseases. However, its effect on non-alcoholic fatty liver disease (NAFLD) is still unknown. The purpose of this study was to investigate the mechanism of Hengshun aromatic vinegar in preventing NAFLD in vivo and in vitro. Aromatic vinegar treatment was applied to rats fed with a high-fat diet (HFD) and HepG2 cells challenged with palmitic acid (PA). Our results showed that aromatic vinegar markedly improved cell viabilities and attenuated cell damage in vitro. The levels of TC, TG, FFA, AST, ALT, and malondialdehyde (MDA) in HFD-induced rats were significantly decreased by aromatic vinegar. Mechanism investigation revealed that aromatic vinegar markedly up-regulated the level of silent information regulator of transcription 1 (Sirt1), and thereby inhibited inflammation of the pathway through down-regulating the expressions of high mobility group box 1, toll-likereceptor-4, nuclear transcription factor-κB, tumor necrosis factor receptor-associated factor-6, and inflammatory factors. Aromatic vinegar simultaneously increased the expression of farnesoid X receptor and suppressed expressions of lipogenesis related proteins, including fatty acid synthase, acetyl-CoA carboxylase-1, sterol regulatory element binding transcription factor 1, and stearoyl-CoA desaturase-1. These results were further validated by knockdown of Sirt1 using siRNAs silencing in vitro. In conclusion, Hengshun aromatic vinegar showed protective effects against NAFLD by enhancing the activity of SIRT1 and thereby inhibiting lipogenesis and inflammation pathways, which is expected to become a new assistant strategy for NAFLD therapy in the future.
Keywords: non-alcoholic fatty liver disease, aromatic vinegar, inflammation, lipid metabolism, silent information regulator of transcription 1
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a clinicopathological syndrome characterized by excessive fatty deposition of hepatocytes, excluding alcohol and other well-defined liver damage factors. It is strongly associated with dyslipidemia, obesity, hypertension, and insulin resistance (Dowman et al., 2011). NAFLD encompasses a series of pathological changes ranging from simple hepatic lipid accumulation (steatosis) to non-alcoholic steatohepatitis (NASH) accompanied by inflammation and varying degrees of fibrosis (Soares e Silva et al., 2015). What is more serious is that NAFLD may even develop into eventual cirrhosis, hepatocellular carcinoma, and death related to liver disease (Farrell and Larter, 2006). In 2016, the global prevalence of NAFLD was about 25%, with the highest rates in South America and the Middle East and the lowest in Africa (Younossi et al., 2016). Statistics showed an upward trend in global morbidity, with an estimated increase of 3.6 million cases per year. It is estimated that the overall prevalence of NAFLD among adults will reach 33.5% by 2030 (Estes et al., 2018). Therefore, NAFLD has become an increasingly serious public health problem due to its rising incidence whether in developed or semi-developed countries.
Due to the occult nature of the disease, the specific pathogenesis of NAFLD is still unclear, and it is believed that NAFLD is affected by a variety of factors. At present, the “two-hit” hypothesis on the pathogenesis of NAFLD has been widely summarized and provides a profound theoretical basis for a series of subsequent studies (Basaranoglu et al., 2013). In the development of NAFLD, the “first hit” refers primarily to the abnormal accumulation of triglyceride (TG) in hepatocytes which has been confirmed to be associated with excessive lipid intake and insulin resistance (IR) (Bugianesi et al., 2010). Based on the first attack, the accumulation of lipids in hepatocytes destroys the oxidative capacity of mitochondria, leading to an increase in the number of reactive oxygen species involved in the re-reaction. Under the combined action of multiple cytokines, such mitochondrial oxidative stress ultimately leads to the “second hit” of NAFLD. It may trigger inflammation, fibrosis, and even hepatocytes apoptosis, ultimately causing end-stage liver disease (Rolo et al., 2012; Xia et al., 2019). Accordingly, we conclude that targeting the regulation of blood lipids and inflammatory responses will play an important role in the treatment of NAFLD.
At present, there is no effective treatment method for NAFLD, and commonly accepted treatment strategies mainly include weight loss, dietary changes, and physical exercise. With the widespread prevalence of NAFLD, people pay more and more attention to dietary changes as a preventive measure and therapeutic strategy for the disease. Studies have shown that Patchouli alcohol, a kind of medicinal food in Asian countries, has a protective effect against NAFLD by altering the metabolism (Wu et al., 2019). Other studies have indicated that tomato juice intake reduces triglycerides and cholesterol levels in the liver and serum, as well as the degree of hepatic steatosis (García-Alonso et al., 2017). Therefore, consumption of tomato juice or its extracts can improve the metabolic patterns of NAFLD induced by a high-fat diet (HFD). In addition, spinach can alleviate HFD-induced obesity, through increasing the number of Lactobacillus counts, lowering fasting blood glucose and total LDL-cholesterol, and preventing excessive cholesterol accumulation in the liver (Elvira-Torales et al., 2019).
Vinegar is a kind of fermented acidic liquid food, which is used as a condiment in cuisine. Previous studies have indicated that vinegar supplementation has a positive effect on the prevention of cardiovascular diseases, ulcerative colitis (UC), the recurrence of kidney stones, and that it can regulate blood glucose and blood pressure (Jing et al., 2015; Shen et al., 2016; Zhu et al., 2019). Moreover, dietary vinegar plays a certain role in reducing body weight, visceral and subcutaneous fat, and regulating lipid metabolism, it also has functional properties including antibacterial effects, antioxidation, control of blood glucose, anticancer properties and so on ( Kondo et al., 2009; Budak et al., 2014; Chen et al., 2016). A recent study demonstrated that synthetic acetic acid vinegar and Nipa vinegar had weight loss and anti-inflammatory effects on mice maintaining a HFD (Beh et al., 2017). However, the effect and molecular mechanism of aromatic vinegar on NAFLD remains unclear. Therefore, we conducted the following studies to investigate the hypolipidemic and hepatoprotective effects of Hengshun aromatic vinegar on NAFLD rats induced by a HFD and HepG2 cells induced by palmitic acid (PA) and elucidate the underlying molecular mechanism.
MATERIALS AND METHODS
Chemicals and Materials
Hengshun aromatic vinegar was obtained from Jiangsu Hengshun Vinegar Industry Co., Ltd. (Zhenjiang, China). Dulbecco’s Modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco (California, United States). Oil Red O staining kit, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), PA, and simvastatin were supplied by Solarbio Science and Technology Co., Ltd. (Beijing, China). Total cholesterol (TC), TG, alanine aminotransferase (ALT), aspartate amino-transferase (AST), free fatty acids (FFA), and malondialdehyde (MDA) detection kits were obtained from Nanjing Jiancheng Institute of Biotechnology (Nanjing, China). The tissue protein extraction kit was purchased from KEYGEN Biotech (Nanjing, China). Enhanced bicinchoninic acid (BCA) protein assay kit was purchased from Beyotime Institute of Biotechnology (Jiangsu, China). TransZolTM, TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR, TransStart Top Green qPCR SuperMix, protein marker, EasySee Western blot kit were purchased from TransGen Biotech (Beijing, China). silent information regulator of transcription 1 (Sirt1) SiRNA (Sequences, sense: 5′-GGA​GAU​GAU​CAA​GAG​GCA​ATT-3′, antisense: 5′-UUG​CCU​CUU​GAU​CAU​CUC​CTT-3′) was designed and obtained from GenePharma Co., Ltd. (Shanghai, China). Lipofectamine2000 reagent was purchased from Thermo Fisher Scientific (Waltham, America).
Cell Culture
HepG2 cells were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China) and cultured in DMEM medium supplemented with 10% FBS in a humidified environment containing 5% CO2 and 95% O2 at 37°C.
Cytotoxicity of Aromatic Vinegar
HepG2 cells were seeded into 96-well plates at a density of 5 × 104 cells/well overnight, and treated with various concentrations of aromatic vinegar (0.125, 0.25, 0.5, 1, 1.5, 2, 3, and 4%) for 12, 24 and 36 h, respectively, and then the toxicity of the compound was assayed through the MTT method. A total of 10 µl MTT solution (5 mg/ml) was added to each well and incubated for 4 h, and then the formazan crystals were dissolved by 150 µl of DMSO. The absorbance of the specimen was quantified at 490 nm by a microplate reader (Thermo Fisher Scientific, MA, United States), and cell viabilities were calculated.
Palmitic Acid Induced Injury in HepG2 Cells
A series of working dilutions of PA were prepared in a serum-free DMEM medium. HepG2 cells were seeded into 96-well plates at a density of 5 × 104 cells/well overnight, and then treated with various concentrations (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8 and 1.0 mmol/L) of PA for 12, 24 and 36 h. Cell viabilities were detected using the MTT method as described above and a suitable concentration of PA (0.3 mmol/L) was optimized.
HepG2 cells (5 × 104 cells/well) were seeded into 96-well plates and incubated overnight. The cells in treatment groups were pretreated with aromatic vinegar at concentrations of 0.5, 1, and 1.5% for 24 h, and then treated with 0.3 mmol/L of PA for 24 h. Cells in the control group were cultured in serum-free DMEM medium under normal conditions for 48 h, and those for the model group were treated with 0.3 mmol/l of PA for 24 h. Finally, the viability of cell was determined with the MTT method as described above.
Animals and Treatment
Seventy male Sprague-Dawley (SD) rats, weighing 180–220 g, were obtained from Liaoning Changsheng Biotechnology (SYXK (Liao) 2018-0007). The rats were kept under the controlled condition with constant temperature (23 ± 2°C), relative humidity (55% ± 5%), a 12 h light/dark cycle, and free access to water and food.
After 1 week of acclimatization, the rats were randomly divided into seven groups (n = 10), including the control group, the aromatic vinegar control group, the model group, the aromatic vinegar-treated groups (2.50, 1.25, 0.83 ml/kg aromatic vinegar), and the positive control group (4 mg/kg simvastatin). Normal saline was intragastrically administrated to the rats in the control and model group, and Hengshun aromatic vinegar and simvastatin were given to the treated animals once daily for 9 weeks. During this period, rats in the control and aromatic vinegar control group were fed a normal chow diet, while rats in other groups were fed a (HFD, consisting of 10% fat, 20% sucrose, 2.5% cholesterol, 1% cholate, 1% egg, 30% bean sprout and 35.5% chow diet) (Qin et al., 2018; Tang et al., 2018). Finally, the animals were sacrificed after an overnight fast, and serum samples were extracted from blood samples, centrifuged (3,500 rpm, 4°C) for 10 min and stored at −20°C until detection. The liver tissues were rapidly collected and stored at −80°C for other assays.
Biochemical Assay
The levels of AST, ALT, TC, TG, and FFA in serum, and MDA in the liver tissue were determined using the detection kits based on the manufacturer’s instructions.
H&E and Oil Red O Staining
In vivo experiments, liver tissues were fixed in 10% polyoxymethylene solution, processed by standard histological procedures, and ultimately embedded in paraffin wax. Then, the tissues were sectioned into 5-μm slices, which were stained with H&E. To evaluate lipid droplets in the liver, the frozen liver sections were stained with Oil Red O. In vitro experiments, HepG2 cells were treated with vinegar for 24 h and then the PA model was established for 24 h. After washing with PBS for 3 times, the cells were fixed with 10% paraformaldehyde solution for 30 min, and then stained with Oil Red O for 30 min finally washed with 60% isopropanol and PBS in sequence. Eventually, images of the stained sections and cells were obtained using a light microscope (NIKON, Tokyo, Japan).
Immunofluorescence Assay
The paraffin sections of the liver were dewaxed twice with xylene for 15 min each time and rehydrated with different concentrations of alcohol (100, 90, 80, 70, and 60%) for 5 min. We then treated them with citrate buffer (pH = 6.0) in boiling water for 15 min for thermal repair. The deparaffinized liver tissue sections were incubated with rabbit anti-Sirt1, anti-farnesoid X receptor (FXR), or anti-high mobility group box 1 (HMGB1) (1:70, dilution) antibodies in a humidified box at 4°C overnight. After washing with PBS three times, the sections were incubated with a fluorescein-labeled secondary antibody for 1 h at 37°C. Eventually, the immunostained samples were imaged by fluorescence microscopy (Olympus, Tokyo, Japan).
Real-Time PCR Assay
Total RNA samples were obtained from HepG2 cells and liver tissues using RNAiso Plus reagent following the manufacturer's protocol. After purity determination, cDNA was synthesized using a PrimeScript® RT reagent Kit with a TC-512 PCR system (TECHNE, United Kingdom). The levels of mRNA were performed by using real-time PCR with SYBR® PremixEx Taq TM II (Tli RNaseH Plus) in an ABI 7500 Real Time PCR System (Applied Biosystems, United States). The forward (F) and reverse (R) primers for the tested genes are listed in Table 1. Among the data from each sample, the Ct value of the target genes was normalized to that of GAPDH. The relative quantification of mRNAs was calculated using the 2−△△Ct method.
TABLE 1 | The primer sequences used for real-time PCR assay.
[image: Table 1]Western Blotting Assay
Total protein samples from the liver tissues of rats and cells were extracted using a protein extraction kit and the protein content was determined by BCA Kit. Then, the proteins were loaded onto the SDS-PAGE gel (8–12%), separated electrophoretically, and transferred to PVDF membranes (Millipore, Massachusetts, United States). After being blocked with 5% dried skim milk for 3 h, the membranes were incubated with appropriate primary antibodies overnight at 4°C. The blots were then incubated with the goat anti-rabbit IgG-horseradish peroxidase-conjugated secondary antibody for 3 h. Protein expressions were detected by the enhanced chemiluminescence (ECL) method and the images were obtained by Bio-Spectrum Gel Imaging System (UVP, Upland, CA, United States). The intensity values of the relative protein levels were normalized with GAPDH as an internal control.
Silent Information Regulator of Transcription 1 siRNA Treatment
HepG2 cells were cultured for approximately 24 h to 70–80% confluence in six-well plates. The cells were then transfected with Sirt1-targeted siRNA or empty vector plasmid (negative control, NC) using lipofectamine2000 reagent according to the manufacturer’s protocol. After transfection for 6 h, the medium was replaced with a complete medium. When the cells reached the appropriate density, they were exposed to aromatic vinegar (1.5%) for 24 h and treated with PA (0.3 mmol/l) for an additional 24 h. Then, the cells were collected for further experiments.
Statistical Analysis
All data were expressed as the mean ± SD. Statistical analysis was performed using GraphPad Prism 5.0 software (San Diego, CA, United States). Significant differences among multiple groups were analyzed by a one-way ANOVA test followed by the Newman-Keuls test when comparing multiple independent groups. An unpaired t-test was carried out in the comparison two different groups. The results were considered to be statistically significant at p < 0.05. The data and statistical analysis were in accordance with standard recommendations for pharmacological experiment design and analysis.
RESULTS
Aromatic Vinegar Attenuates Palmitic Acid-Induced Damage in HepG2 Cells
The results indicate that when the concentration of aromatic vinegar was higher than 1.5%, aromatic vinegar induced cell damage in HepG2 cells (Figure 1A). When the concentration of aromatic vinegar was less than 1.5%, the viability of HepG2 cells has no significant difference compared with the control group, indicating that aromatic vinegar was safe for HepG2 cells under the treatment conditions. Therefore, aromatic vinegar at concentrations of 0.5, 1, and 1.5% for 24 h were selected to protect HepG2 cells against PA-induced injury.
[image: Figure 1]FIGURE 1 | Protective effects of aromatic vinegar on palmitic acid (PA)-induced damage in HepG2 cells. (A) Cytotoxicity of aromatic vinegar (Vin) on HepG2 cells; (B) Effects of PA on cell viability; (C) Effects of aromatic vinegar attenuated on PA-induced cell damage; (D) Effects of aromatic vinegar on Oil Red O staining in HepG2 cells (×400 magnification; Scale bar = 50 µm). Values are expressed as the mean ± SD (n = 5). *p < 0.05, **p < 0.01 compared with model groups.
According to the results, the suitable concentration and treatment time of PA in vitro experiments were optimized. As shown in Figure 1B, compared with control groups, the viability rates of HepG2 cells were significantly decreased by 0.1–1.0 mmol/L PA treatment, which was decreased to 64.31% by 0.3 mmol/L of PA treatment for 24 h. Therefore, HepG2 cells were treated with 0.3 mmol/L PA for 24 h to establish the injury model.
In treatment groups, HepG2 cells were pretreated with aromatic vinegar at the concentrations of 0.5, 1, and 1.5% for 24 h, and then treated with 0.3 mmol/L of PA for 24 h. Subsequently, the results showed that aromatic vinegar pretreatment can significantly reverse the PA-induced cell damage and has an obvious protective effect on cells in a dose-dependent manner (Figure 1C).
As shown in Figure 1D, Oil Red O staining indicated that a large number of lipid droplet accumulations were observed in HepG2 cells after PA modeling, while aromatic vinegar treatment groups improved PA-induced lipid droplet accumulation compared with the model group.
Effects of Aromatic Vinegar on Body Weight and Biochemical Indexes in Rats With Non-Alcoholic Fatty Liver Disease
The body weights of each group of rats were measured weekly. As shown in Figures 2A,B, the body weight of rats increased in each group after 10 weeks of feeding, while it was significantly improved in the aromatic vinegar and simvastatin administration groups compared with that of the model group. Similarly, the ratios of liver to body weight in aromatic vinegar groups and the simvastatin group were dramatically decreased compared with the model group (Figure 2C).
[image: Figure 2]FIGURE 2 | Effects of aromatic vinegar on biochemical indexes of rats. (A,B) Effect of aromatic vinegar on body weight (C) Effects of aromatic vinegar on the ratio of liver to body weight (%); (D–I) Effects of aromatic vinegar on the levels of alanine transaminase (ALT), aspartate transaminase (AST), TG, total cholesterol (TC), and free fatty acid (FFA) in serum and malondialdehyde (MDA) in liver tissue. Values are expressed as the mean ± SD (n = 8). *p < 0.05, **p < 0.01 compared with model groups.
AST and ALT are specific aminotransferases in the liver, and their levels increase when the liver is damaged. As shown in Figures 2D,E, the levels of serum ALT and AST were significantly increased in the model group, while aromatic vinegar and simvastatin could markedly reduce these levels. Therefore, we concluded that feeding a HFD can cause liver damage in rats, while aromatic vinegar or simvastatin treatment can ameliorate liver damage. Similar results were shown in Figures 2F,G,H, the TG, TC, and FFA levels significantly increased in rats fed a HFD compared with the control group, while those were significantly reduced in aromatic vinegar groups. Moreover, as shown in Figure 2I, aromatic vinegar significantly reduced the MDA level in liver tissue compared with the model group. These data indicated that aromatic vinegar can ameliorate obesity and dyslipidaemia induced by a HFD, and significantly alleviate NAFLD via suppressing oxidative stress.
Effect of Aromatic Vinegar on Liver Pathology
H&E staining showed that livers had an intact lobular architecture with a clear central vein and radiation line, and the cell cord is arranged neatly in the control group and vinegar control group. A large number of fat vacuoles and inflammatory cell infiltration appeared in the liver tissues of the model group, while aromatic vinegar and simvastatin administration significantly improved this condition (Figure 3A). In addition, compared with the control group, lipid droplets increased significantly in the HFD induced model, while administration groups significantly improved lipid accumulation in a dose-dependent way (Figure 3B). Oil Red O staining further showed that aromatic vinegar could inhibit excessive lipid accumulation in the liver. These data indicated that aromatic vinegar had a good effect on protecting the liver and reducing lipid.
[image: Figure 3]FIGURE 3 | Effects of aromatic vinegar against non-alcoholic fatty liver disease in rats based on staining. (A) Effects of aromatic vinegar on HE staining images of liver tissues in rats (×200 magnification); (B) Effects of aromatic vinegar on Oil Red O staining images of liver tissues in rats (×200 magnification). Scale bar = 100 µm. Values are expressed as the mean ± SD. *p < 0.05, **p < 0.01 compared with model groups.
Aromatic Vinegar Activates Silent Information Regulator of Transcription 1 Pathway to Regulate Hepatic Lipid Synthesis and Inflammation In Vitro and In Vivo
As shown in Figures 4A,B, the expression levels of SIRT1, FXR and HMGB1 in HepG2 cells and the liver tissues of rats were assessed by western blotting assay. The results indicated that the expression levels of SIRT1 and FXR were significantly down-regulated, and the level of HMGB1 was markedly up-regulated compared with control groups in vitro and in vivo. However, compared with model groups, aromatic vinegar significantly increased the expression levels of SIRT1 and FXR, and decreased the levels of HMGB1.
[image: Figure 4]FIGURE 4 | Aromatic vinegar activates the silent information regulator of transcription 1 pathway in vitro and in vivo. (A) Effects of aromatic vinegar on the expression levels of SIRT1, farnesoid X receptor (FXR) and high mobility group box 1 (HMGB1) in vitro; (B) Effects of aromatic vinegar on the expression levels of SIRT1, FXR and HMGB1 in vivo; (C) Effects of aromatic vinegar on SIRT1, FXR and HMGB1 levels based on immunofluorescence staining in vivo (×200 magnification). Scale bar = 100 µm. Values are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01 compared with model groups.
As shown in Figure 4C, the results indicate that the levels of SIRT1 and FXR-positive cells were substantially increased, and HMGB1-positive areas were obviously decreased in liver tissues by aromatic vinegar compared with the control groups based on immunofluorescence assays. These results indicated that aromatic vinegar activated the SIRT1 pathway, and then affected the expression levels of FXR and HMGB1.
Aromatic Vinegar Ameliorates Lipid Metabolism In Vitro and In Vivo
The results in Figure 5 show that aromatic vinegar markedly down-regulated the expression levels of proteins and genes associated with lipogenesis compared with the model groups in vitro and in vivo, including sterol regulatory element binding transcription factor 1 (SREBP1), fatty acid synthase (FASN), acetyl-CoA carboxylase-1 (ACC1) and stearoyl-CoA desaturase-1 (SCD1). The data indicated that aromatic vinegar could play an anti-NAFLD role by regulating lipid metabolism related proteins. 
[image: Figure 5]FIGURE 5 | Effect of aromatic vinegar on the levels of some proteins related to lipid metabolism. (A) Effects of aromatic vinegar on the protein levels of fatty acid synthase (FASN), acetyl-CoA carboxylase-1 (ACC1), sterol regulatory element binding transcription factor 1 (SREBP1) and stearoyl-CoA desaturase-1 (SCD) in vitro; (B) Effects of aromatic vinegar on the protein levels of FASN, ACC1, SREBP1 and SCD in vivo. Values are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01 compared with model groups.
Aromatic Vinegar Attenuates Inflammation In Vitro and In Vivo
As shown in Figures 6A,B, compared with control groups, the protein levels of toll-like receptor-4 (TLR4), nuclear transcription factor-κB (NF-κB) and tumor necrosis factor receptor-associated factor-6 (TRAF6) were all significantly increased, while the expression of which was significantly reversed by administrating aromatic vinegar in vitro and in vivo. As shown in Figures 6C,D, in vitro and in vivo, increased mRNA levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) were observed in the model groups, which were markedly decreased by aromatic vinegar. These results indicated that aromatic vinegar delayed NAFLD through ameliorating inflammation.
[image: Figure 6]FIGURE 6 | Effect of aromatic vinegar on the levels of some proteins related to inflammation and inflammatory mediators. (A) Effects of aromatic vinegar on the protein levels of toll-likereceptor-4 (TLR4), nuclear transcription factor-κB (NF-κB) and tumor necrosis factor receptor-associated factor-6 (TRAF6) in vitro; (B) Effects of aromatic vinegar on the protein levels of TLR4, NF-κB and TRAF6 in vivo; (C) Effects of aromatic vinegar on the mRNA levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) in vitro; (D) Effects of aromatic vinegar on the mRNA levels of TNF-α, IL-1β and IL-6 in vivo. Values are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01 compared with model groups.
Effect of Aromatic Vinegar on Lipid Metabolism and Inflammation After Transfecting Silent Information Regulator of Transcription 1 SiRNA In Vitro
To further determine the effect of aromatic vinegar on SIRT1 pathway, HepG2 cells were transfected with SIRT1 siRNA and pretreated with aromatic vinegar for 24 h before other tests. As shown in Figure 7A, transfecting SIRT1 siRNA aggravated PA-induced injury compared with the group transfected with negtive control siRNA. In addition, the protein levels of SIRT1 and FXR were markedly increased, and HMGB1 was markedly decreased in aromatic vinegar-treated groups after transfection. Obviously, SIRT1 siRNA reduced the protective effect of aromatic vinegar on PA-induced injury. What’s more, SIRT1 siRNA blocked the effects of aromatic vinegar on the mRNA levels of IL-1β, IL-6 and TNF-α (Figure 7B). Based on the Oil Red O staining shown in Figure 7C, aromatic vinegar treatment groups obviously improved PA-induced lipid droplet accumulation with or without SIRT1 siRNA. These results further strongly demonstrated that the regulatory effect of aromatic vinegar on lipid metabolism and inflammation was achieved through regulation of the SIRT1/FXR and SIRT1/HMGB1 signal pathways.
[image: Figure 7]FIGURE 7 | Effffect of aromatic vinegar on silent information regulator of transcription 1 (SIRT1)/FXR and SIRT1/high mobility group box 1 (HMGB1) pathway in HepG2 cells transfected with SIRT1 siRNA. (A) The protein levels of SIRT1, FXR and HMGB1; (B) The mRNA levels of interleukin-1β (IL-1β), interleukin-6 (IL-6) and TNF-α; (C) Oil Red O staining (×400 magnification; Scale bar = 50 µm). Values are expressed as the mean ± SD (n = 3). *p < 0.05, **p < 0.01 compared with model group transfected with negtive control siRNA (NC + Model); #p < 0.05, #p < 0.01 compared with model group transfected with SIRT1 siRNA (siSirt1 + Model).
DISCUSSION
NAFLD is a type of acquired metabolic stress liver injury, which is closely related to insulin resistance and genetic susceptibility (Cheung and Sanyal, 2010). With the epidemic trend of obesity caused by unhealthy diet, the prevalence of NAFLD are rising worldwide, and NAFLD has become the main cause of chronic liver disease in developed countries (Safari and Gérard, 2019; Stefan et al., 2019). NAFLD is a major global health issue that deserves close attention. The pathogenesis of NAFLD is a complex process, in which the occurrence of hepatic lipotoxicity may further lead to mitochondrial dysfunction, thereby activating inflammatory responses (Zhang et al., 2018). The liver provides a central store for excessive lipid accumulation (Chung et al., 2017). NAFLD is characterized primarily by fatty deposition of hepatocytes, which accounts for more than 5% of the liver weight (Gong et al., 2017). As is known to all, Hengshun aromatic vinegar is one of the most famous traditional fermented vinegars in China, and is generally produced from glutinous rice, wheat bran, and rice hulls through a unique solid layered fermentation process (Xu et al., 2011a). It has the characteristics of “color, fragrance, acid, alcohol, thick,” and has a strong taste that is sour and not astringent, fragrant and slightly sweet, colory and strong taste. Although there is no accurate formulation for aromatic vinegar, it has a hundred years of mature, reliable production technology and quality control. What’s more, Chinese literature has found that Hengshun aromatic vinegar contains 88.09% water and volatile matter and 11.91% solid matter (w/v), and is rich in organic acids, sugar, protein, amino acids and other aromatic ingredients, which largely affect its taste characteristics and organoleptic quality (Zhao et al., 2018). The effective components in it are relatively abundant and stable through the fingerprint analysis and amino acid analysis. During the brewing process, aromatic vinegar produces many bioactive compounds, such as organic acids, amino acids and phenolic compounds, which play important roles in antioxidant activities (Zhang et al., 2019). In addition, polyphenols, flavonoids, and melanoidins were found in Hengshun aromatic vinegar, which play crucial roles in diseases prevention and contribute benefits to human health (Zhao et al., 2018; Duan et al., 2019). Studies have also showed that the alkylpyrazine named ligustrazine was found as a bioactive compound in Hengshun aromatic vinegar, which has the health effects such as reducing blood pressure, promoting blood circulation and removing stasis, improving coronary heart disease, thrombolytic therapy and liver protection (Xu et al., 2011b; Chen et al., 2019). In the present study, PA-induced HepG2 cells and HFD-induced SD rats were used as NAFLD models in vitro and in vivo to investigate the pharmacodynamic actions and molecular mechanism of Hengshun aromatic vinegar. Aromatic vinegar showed significant effects against NAFLD due to the evidences with the decreased levels of AST, ALT, TC, TG, FFA and MDA, and the alleviation of histopathological changes.
SIRT1, a nonamide adenine dinucleotide (NAD+)-dependent protein deacetylase, acts as an important modulator of metabolic pathways and plays a critical role in the pathophysiology of many metabolic diseases. It’s a member of silent information regulator 2 family, which are a group of proteins with either histone deacetylase or mono-ADP-ribosyltransferase activity (Colak et al., 2011). In recent years, studies have shown that SIRT1 with an extensive spectrum of biological functions plays an important role in the regulation related to metabolism, cell survival and apoptosis (Silva and Wahlestedt, 2010). In addition, it has been found that the pathophysiological mechanism of NAFLD may be affected by the activation of SIRT1 (Colak et al., 2014). Studies have shown that dioscin regulated lipid metabolism through SIRT1/AMPK signal pathway and significantly prevented NAFLD (Yao et al., 2018). Similarly, it has also been reported that celastrol ameliorated NAFLD by SIRT1 pathway, which had an important role in improving liver metabolic injury induced by HFD (Zhang et al., 2016). In this study, we did find the result that the expression of SIRT1 was down-regulated in model group, which was consistent with SIRT1 expression in other studies. Moreover, our SIRT1 siRNA experimental results proved that the main target of aromatic vinegar was SIRT1. It attenuated NAFLD by activating the SIRT1 pathway to regulate liver lipid metabolism and inflammation in vitro and in vivo.
As a key regulator of hepatic metabolic homeostasis, hepatic SIRT1 acts as an endogenous activator of its downstream protein FXR in hepatocytes (Yang et al., 2017). FXR, a member of the nuclear receptor super family of ligand-activated transcription factors, has recently been demonstrated to play a key role in the molecular mechanism of regulating lipid glucose homeostasis (Nie et al., 2017). At the same time, FXR is the primary nuclear receptor for bile acids and plays an important role in bile acid homeostasis (Yang et al., 2017). In addition, FXR is a crucial target protein downstream of SIRT1, which plays a connecting role after being regulated by SIRT1. Generally speaking, hepatic FXR regulates lipid homeostasis through a variety of mechanisms, including reducing fatty acid synthesis, decreasing fatty acid uptake, and increasing β-oxidation (Cave et al., 2016). Celastrol has a protective effect on cholestatic liver injury by regulating SIRT1/FXR pathway (Zhao et al., 2019). Other research revealed that imperatorin exerts the protective effect against hepatotoxicity induced by excessive acetaminophen similarly by stimulating the SIRT1/FXR pathway (Gao et al., 2020). Moreover, studies have showed that NAFLD may be mitigated through the regulation of SIRT1/FXR signaling pathway (Han et al., 2019). Through the activation of FXR, a major adipogenic regulator called SREBP1 will be regulated and further reduced the protein levels of FASN, ACC1 and SCD in its downstream which are related to lipogenesis (Dong et al., 2019). Consistent with other research results, we found that FXR regulated by SIRT1 activates downstream protein SREBP1, which affects the protein levels of FASN, ACC1 and SCD, thereby reducing adipogenesis (Figure 8). Our results indicated that aromatic vinegar could alleviate NAFLD by reducing lipogenesis through SIRT1/FXR signaling pathway. What’s more, the SIRT1 siRNA experimental results also confirmed this conclusion.
[image: Figure 8]FIGURE 8 | Schematic diagram of the anti-lipid metabolism and anti-inflammatory effect of Hengshun aromatic vinegar.
It has been confirmed that SIRT1 not only regulates FXR, but also activates HMGB1, a key inflammatory mediator in the inflammatory signaling pathway (Qi et al., 2017). Recent study has demonstrated that SIRT1 is a key factor in the negative regulation of HMGB1, whose release is regulated by SIRT1 acetylation mediated direct interaction (Hwang et al., 2015). It has been reported that SIRT1 induces HMGB1 expression, thereby modulating ovarian cancer behaviors (Jiang et al., 2018). Le K et al. have demonstrated that resveratrol plays a neuroprotective role in neonatal hypoxic-ischemic brain injury by activating SIRT1 to inhibit HMGB1 signaling (Le et al., 2019). Moreover, The SIRT1/HMGB1 pathway has been proved to be an important target for inhibiting of NAFLD inflammation (Zeng et al., 2015). HMGB1, ubiquitously and highly expressed in hepatocytes, is a critical chromosomal non-histone protein that can regulate DNA structure. As we all know, it plays a pivotal role in the initiation and maintenance inflammation responses, which is a key process that takes place in ordinary liver diseases such as NAFLD (Khambu et al., 2019). The inflammation responses during NAFLD may be the result of stress, damage and cell death of hepatocytes caused by lipid, and such lipotoxicity further leads to the release of HMGB1 (Ibrahim et al., 2018). The downstream inflammation-related proteins such as TLR4, TRAF6 and NF-κB are activated due to the release of HMGB1 (Li et al., 2011; Lan et al., 2017). Researches have shown that liver inflammation is caused by pro-inflammatory cytokines and chemokines generated by adipocytes, lipid-laden hepatocytes and hepatic macrophages (Manne et al., 2018). NF-κB, activated by HMGB1, acts as a major transcriptional regulator regulating inflammation and cell death during the development of NAFLD (Jiang et al., 2019). After NF-κB activation, it is transferred from the cytoplasm to the nucleus, releasing a great deal of inflammatory factors. The alteration of NF-κB activity can affect the expression of hepatic pro-inflammatory cytokines, such as IL-1β, IL-6 and TNF-α, and the excessive production of which may lead to inflammatory reaction (Gäbele et al., 2009). In the present study, we obtained the following results that SIRT1 induced the release of HMGB1, which regulated the downstream inflammation-related proteins TLR4, TRAF6, and NF-κB. After activation, NF-κB released a large number of inflammatory factors including IL-1β, IL-6, and TNF-α (Figure 8). These results supported the view that aromatic vinegar played a critical role in relieving NAFLD by regulating inflammation through SIRT1/HMGB1 signaling pathway. In addition, the experimental results of SIRT1 siRNA also confirmed this conclusion.
There are some shortages in the current study. The anti-NAFLD effects of aromatic vinegar were evaluated only in cell and rats model, which needs to be further evaluated in clinical studies. It has been reported in Chinese journal that Hengshun aromatic vinegar concentrate, extract and its different molecular weight components could inhibit the oxidative modification of human low density lipoprotein. It provids the possibility for the clinical application of aromatic vinegar in treating NAFLD combined with our findings in this study. As flavoring, aromatic vinegar is difficult to be developed into a medicine for the treatment of diseases. Previous studies have suggested that osteoporosis was alleviated in rats by consumption of aromatic vinegar alone or in combination with calcium salt (Yu et al., 2020). Consequently, it will be a direction in the future that aromatic vinegar could be developed as a clinical adjunctive therapy to alleviate NAFLD and further studies could investigate the combination effect of Hengshun aromatic vinegar with other medicines.
CONCLUSION
Our study demonstrated that Hengshun aromatic vinegar showed valid effects against NAFLD via regulating lipid metabolism and inflammation by targeting SIRT1. This study provided new evidence for the recommendation that Hengshun aromatic vinegar can be used as an adjuvant strategy for the therapy and health care of NAFLD.
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Binge drinking, i.e., heavy episodic drinking in a short time, has recently become an alarming societal problem with negative health impact. However, the harmful effects of acute alcohol injury in the gut-liver axis remain elusive. Hence, we focused on the physiological and pathological changes and the underlying mechanisms of experimental binge drinking in the context of the gut-liver axis. Eight-week-old mice with a C57BL/6 background received a single dose (p.o.) of ethanol (EtOH) [6 g/kg b.w.] as a preclinical model of acute alcohol injury. Controls received a single dose of PBS. Mice were sacrificed 8 h later. In parallel, HepaRGs and Caco-2 cells, human cell lines of differentiated hepatocytes and intestinal epithelial cells intestinal epithelial cells (IECs), respectively, were challenged in the presence or absence of EtOH [0–100 mM]. Extracellular vesicles (EVs) isolated by ultracentrifugation from culture media of IECs were added to hepatocyte cell cultures. Increased intestinal permeability, loss of zonula occludens-1 (ZO-1) and MUCIN-2 expression, and alterations in microbiota—increased Lactobacillus and decreased Lachnospiraceae species—were found in the large intestine of mice exposed to EtOH. Increased TUNEL-positive cells, infiltration of CD11b-positive immune cells, pro-inflammatory cytokines (e.g., tlr4, tnf, il1β), and markers of lipid accumulation (Oil Red O, srbep1) were evident in livers of mice exposed to EtOH, particularly in females. In vitro experiments indicated that EVs released by IECs in response to ethanol exerted a deleterious effect on hepatocyte viability and lipid accumulation. Overall, our data identified a novel mechanism responsible for driving hepatic injury in the gut-liver axis, opening novel avenues for therapy.
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INTRODUCTION
Alcohol abuse is a leading cause of liver-related morbidity and mortality, which has become a global problem due to the financial burden on society and the healthcare system (Dolganiuc and Szabo, 2009; Gao and Bataller, 2011). While the adverse effects of long-term chronic alcohol abuse have been widely studied, the underlying mechanisms of short-term binge and sporadic drinking, also termed acute alcohol-derived tissue injury, remain elusive.
Binge drinking refers to an excessive consumption of large amounts of alcohol in a very short period of time, in which increases the blood alcohol concentration (BAC) levels to at least 0.08 g/dl (Ventura-Cots et al., 2017). The National Institute on Alcohol Abuse and Alcoholism defines binge drinking as a consume of four (women) or five (men) standard drinks per day within 2 h at least once during Binge drinking refers to excessive consumption of large amounts of alcohol in a short period of time, in which the (BAC) levels increase to at least 0.08 g/dl (Ventura-Cots et al., 2017). The National Institute on Alcohol Abuse and Alcoholism defines binge drinking as the consumption of four (women) or five (men) standard drinks per day within 2 h at least once during the past 30 days (Ventura-Cots et al., 2017). However, the standard drink varies significantly from country to country from 7.9 g of alcohol in the United Kingdom to 14 g in the United States or 19.75 g in Japan (Dolganiuc and Szabo, 2009).
Noticeably, the rate of alcohol absorption depends on several factors, including the amount and concentration of alcohol ingested and physiological factors determined by gender (Cederbaum, 2012; Kim et al., 2015; Griswold et al., 2018). Furthermore, sex differences such as body fat, body water, levels of alcohol dehydrogenase (ADH), and hormones affect the hepatic metabolism of alcohol (Gill, 2000; Naugler et al., 2007; Griswold et al., 2018; Lamas-Paz et al., 2018).
Upon acute alcohol injury, alterations of the intestinal epithelial barrier occur at multiple levels including tight junctions (TJs), between gut epithelial cells, production of mucin, recruitment and activation of inflammatory cells to the intestinal wall. In addition, the composition of the gut microbiome changes as a result of alcohol consumption. These result in increased translocation of microbial product from the gut to the liver via the portal circulation. Besides increased levels of lipopolysaccharides, other microbial components may also reach the liver where in the liver sinusoids Kupffer cells and other recruited immune cells become activated and produce large amounts of pro-inflammatory cytokines (e.g., TNF, IL-1β), which further increase gut permeability, thus fueling inflammation in the gut and favoring the development of liver disease (Szabo, 2015; Gao et al., 2019).
Emerging evidence showed that EVs are important contributors to the coordinated signaling events between the gut and the liver (Bui et al., 2018), a bidirectional axis linking the biliary tract, the portal vein, and the systemic circulation (Tripathi et al., 2018).
In the present study, we aimed to evaluate the underlying mechanisms driving acute alcohol injury in vitro and in female and male mice in the context of the gut-liver axis.
MATERIALS AND METHODS
Cell Culture and Cell Viability
HepaRG cells (BioPredict International, Rennes, France) were seeded following the supplier’s protocol, and Caco-2 cells, a human intestinal cell line widely used as a model of the intestinal barrier, were cultured in Dulbecco’s modified Eagle’s medium (Gibco, Rockville, MD) containing 20% heat-inactivated FBS, 1% penicillin/streptomycin, and 2 mM l-glutamine (ICN Pharmaceuticals, Costa Mesa, CA). Once HepaRGs or Caco-2 cells reached approximately 85% confluence, starving was performed for 4 h, and cells were challenged with EtOH [0–100 mM] (Panreac AppliChem, Darmstadt, Germany) for another 24 h. Cells were kept at 37°C in an atmosphere with 5% CO2. Pictures of cells were taken in an optical microscope (DMIL LED, Leica, Wetzlar, Germany) connected to a camera (Leica MC170HD, Leica). Cell viability was determined by CCK8 (Merck, Munich, Germany) following the manufacturer’s instructions. After fixing the cells with 4% PFA, cell death and lipid accumulation were tested by TUNEL (Roche, Rotkreuz, Switzerland) and oil red O (ORO) (Merck), respectively, as previously described (Cubero et al., 2015; Liao et al., 2019).
Animal Model of Acute Alcohol Injury
Healthy C57BL/6J mice purchased from ENVIGO (Valencia, Spain) were bred and maintained in the Animal Facility of the Faculty of Biology at UCM, Madrid, in a temperature-controlled room with 12 h light/dark cycles and allowed food and water ad libitum. For our study, we used female and male 8 week-old mice. Animal studies were approved by the local authority (Consejería de Medio Ambiente, Administración Local y Ordenación del Territorio; PROEX-154/16).
Acute alcohol injury was performed by oral gavage. Briefly, mice (n = 8–10/group) were fasted overnight for 12 h. In the morning, they were fed with a dose of 30% EtOH (gavage of 6 g/kg b.w.) (Pruett et al., 2020) using a gavage needle (Kent Scientific, Torrington, CT). Mice fed with PBS instead of EtOH served as controls. All animals were sacrificed at 8 h after the EtOH challenge using an overdose of isoflurane (Solvet, Segovia, Spain) inhalation.
Intestinal Permeability In Vivo
Isothiocyanate conjugated dextran (FITC-dextran, molecular mass 4.0 kDa) (TdBCons, Uppsala, Sweden) was dissolved in PBS at a concentration of 200 mg/ml and administrated to 12 h fasted mice (10 ml/kg body weight) using a gavage needle (Kent Scientific). After 4 h, mice were sacrificed by an overdose of isoflurane (Solvet) inhalation. Concentration of FITC was determined in serum by fluorometry with an excitation of 485 nm and an emission wavelength of 528 nm using serially diluted FITC-dextran (0, 125, 250, 500, 1,000, 2,000, 4,000, 6,000, 8,000, 10,000 ng/ml) as standards.
Histological and Morphological Analyses
Livers from mice were harvested, fixed with 4% PFA, and embedded in paraffin for histological evaluation using hematoxylin and eosin (H&E), performed by Dr Juana Flores, an experienced pathologist (School of Veterinary, UCM). Photomicrographs of stained sections were randomly taken in a ×20 magnification in an optical microscope (Nikon Eclipse Ci, Tokyo, Japan), and ORO-positive areas were quantified using free NIH Image/J software (National Institutes of Health, Bethesda, MD).
Immunofluorescence Staining
Liver and colon from each mouse were preserved in cassettes in Tissue-Tek (Sakura Finetek U.S.A, Torrance, CA) at −80 C. Immunostainings for ZO-1 (Invitrogen, Paisley, FL), MUCIN-2 (Santa Cruz, Dallas, TX), TUNEL (Roche), and CD11b (BD, Madrid, Spain) were performed as previously described (Liao et al., 2019). Anti-mouse and anti-rabbit Alexa Fluor 488 (Invitrogen) were used as secondary antibodies.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was purified from liver tissue using Trizol reagent (Invitrogen). Total RNA [1 µg] was used to synthesize cDNA using Super Script first Stand Synthesis System (Invitrogen) and was resuspended in 100 µl of RNAse-free water (Merck). Quantitative real-time PCR was performed using SYBR Green Reagent (Invitrogen) by the Genomics and Proteomics Facility (School of Biology, UCM). The mRNA expression of il1β, Srebp1, Tlr4, Tnf, and Gapdh expression was studied (Supplementary Table S1). Relative gene expression was normalized to the expression of Gapdh. Primer sequences are provided upon request.
Microbiota Analysis
DNA was extracted from foecal content as previously described (Sydor et al., 2020). All samples were resampled to the minimum sequencing depth of 17719 reads using phyloseq package (Mcmurdie and Holmes, 2013) and returning 2,167 phylotypes (Supplementary Figure S2).
Biochemical Measurements
Serum transaminases in blood and cell’s supernatant were analyzed in the Central Laboratory Facility at the Gregorio Marañón Research Health Institute at Madrid (iISGM) using automated analyzers. For the evaluation of intrahepatic triglycerides, liver samples were homogenized in a specific Tris buffer (10 mM Tris, 2 mM EDTA, 0.25 M sucrose, and pH 7.5) and successively processed using a commercial colorimetric kit (Human Diagnostics, Wiesbaden), according to the manufacturer’s instructions.
Isolation of Extracellular Vesicles
For in vivo experiments, blood from the cava vein was collected in 1.1 ml serum gel polypropylene microtubes (Sarstedt, Barcelona). Serum was obtained by centrifugation at 12,000 g for 10 min at 4°C. Serum was then centrifuged using a Microliter Centrifuge Z233 MK-2 (Hermle, Wehingen, Germany) at 10,000 g during 30 min. Then, the supernatant was ultracentrifuged twice at 100,000 g using a Hitachi micro ultracentrifuge CS150FNX (Hitachi, Tokyo, Japan) with an S5AA2 rotor in 1.5 ml Eppendorf tubes (Fisher Scientific, Madrid, Spain) during 75 min each. Finally, the pellet containing EVs was resuspended in 50 µl of PBS. Samples were measured by dynamic light scattering (Malvern Instruments, United Kingdom). Next, recollected samples were filtered through 0.44 µm filters, and the obtained sample was diluted 1:10 for nanoparticle tracking analysis (NTA).
For in vitro tests, supernatants were collected from cultures of Caco-2 and HepaRG cells treated with EtOH [0–100 mM]. EVs were isolated from supernatants using ultracentrifugation. Briefly, the culture supernatant was centrifuged at 2,000 g and 10,000 g for 20 and 30 min, respectively, to remove cellular debris and larger vesicles. The resultant supernatant was ultracentrifuged twice at 100,000 g for 75 min. The pellet was resuspended in 50 µl of PBS and stored at −80°C. Free EVs medium was prepared by ultracentrifugation of 10% FBS for 16 h on a Hitachi micro ultracentrifuge CS150FNX (Hitachi, Japan).
Experiments With Extracellular Vesicles
HepaRG cells were cultured with EVs isolated from the supernatant of Caco-2 cells previously treated with EtOH [0–100 mM] and diluted into EVs-free medium. Controls were challenged with EVs-free medium. Twenty-four hours later, cells were washed and fixed with 4% PFA. Cell viability, cell death, and lipid deposition were then evaluated.
Nanoparticle Tracking Analysis
The number and size of EVs were quantified and characterized using NTA with the Nanosight NS300 instrument equipped with a 405 nm green laser and an sCMOS high sensitivity camera with NTA (Malvern Instruments). Particles were recorded in five different 60-s videos. The data were analyzed using NTA software SOPs v3.4, following the manufacturer’s instructions.
Statistical Analysis
All statistical analyses consisted of One-Way ANOVA followed by Tukey post-hoc test using GraphPad Prism version 8.0 software (San Diego, CA). A p < 0.05 was considered statistically significant. Data were expressed as mean ± SD of the mean (SEM).
RESULT
Experimental Acute Alcohol Injury Induces Gut Dysbiosis
The gut mucosa is particularly susceptible to alcohol-induced tissue injury (Molina and Nelson, 2018). Thus, we first focused on evaluating the impact of binge alcohol drinking via the circulatory system in the large intestine. Histopathological evaluation of experimental acute alcohol injury revealed mixed inflammation in the colon, oedema in the submucosa, and cellular degeneration of crypt basal cells in colons of female mice exposed to acute alcohol injury (Figure 1A). In contrast, male-EtOH treated colon displayed mild hypertrophy in Goblet cells (Figure 1A). No relevant findings were observed in mice challenged with PBS (Figure 1A).
[image: Figure 1]FIGURE 1 | Acute alcohol injury disrupts the gut intestinal barrier in female and male mice. (A) Representative H&E staining was performed in paraffin colon sections of female and male mice treated with EtOH [6 g/kg] or PBS (n = 5–7/group). (B) Quantification of the ZO-1 positive area was performed and graphed (n = 4/group). (C) ZO-1 immunofluorescence staining was performed in colons of male and female mice. (D) FITC-dextran levels in serum from female and male mice was quantified as a measure of intestinal permeability (n = 3–4/group). (E) MUCIN-2 immunofluorescence staining was performed in colons of female and male mice. (F) Quantification of the MUCIN-2 positive area was done and graphed (n = 4–5/group; **p < 0.01, ****p < 0.0001). In female mice, arrows mark mixed inflammation; double arrow, oedema in submucosa and a star, degeneration of crypt basal cells. In male mice, arrows mark mild hypertrophy in Goblet cells.
Since acute alcohol exposure induces gut permeability by disrupting not only the epithelial cells, but also the space between them that is controlled by (TJs) (Fanning and Anderson, 2009), we next evaluated whether changes in intestinal TJs that result in leaky gut occurred during experimental acute alcohol injury in female and male mice. Interestingly, the expression of zonula occludens-1 (ZO-1) was significantly decreased in colons of female and, to a bigger extent, of male mice, compared with PBS-fed animals (Figures 1B,C).
Next, we used the FITC-dextran gavage method to determine the impact of acute alcohol injury on intestinal permeability in vivo. Compared with PBS-treated animals, intestinal permeability tended to increase in female mice and was significantly increased in male mice exposed to EtOH (Figure 1D). Altogether, these results indicated that experimental acute alcohol injury increased intestinal permeability in mice.
The intestinal mucous layer prevents direct contact between the intestinal epithelium and bacteria by avoiding its way through. The major component of the intestinal mucous layer is MUCIN-2, which is secreted by Goblet cells (Van Der Sluis et al., 2006). Immunofluorescent staining of MUCIN-2 revealed thinner layers in the large intestine of EtOH-treated female and, to a bigger extent, male mice, compared with PBS-treated animals (Figures 1E,F).
Characterization of Changes in Gut Microbiota During Acute Alcohol Injury
Overwhelming evidence has shown that changes in the intestinal microbiome might contribute to alcohol-associated intestinal inflammation and permeability (Sarin et al., 2019). Therefore, foecal microbiota from all experimental groups was analyzed (Supplementary Figures S1A,B). No difference in gut microbiota composition was found between female or male mice treated with either PBS or EtOH (p value = 0.049). Principal coordinates analysis (Supplementary Figure S1A) revealed that six phylotypes, four of them belonging to the phylum Firmicutes, trended to increase under acute ethanol consumption. On the contrary, 12 phylotypes, seven belonging also to Firmicutes, trended to diminished in EtOH-treated mice. Especially Phy1 and Phy5 (both belonging to the family Erysipelotrichaceae) together with Phy2 (Lactobacillus sp.) were observed in more abundance in EtOH-treated mice, while Phy3 (Turicibacter sp.), Phy7 (Bifidobacterium pseudolongum), and Phy9 (Lactobacillus johnosonii or acidophilus) were observed in less abundances in EtOH-treated mice (Supplementary Figure S1B). Mann-Whitney test detected statistically significant differences between EtOH-treated and PBS-treated mice in three phylotypes. Phy2 (p value = 0.006) and Phy5 (p value = 0.006), both belonging to Lactobacillus sp., increased the relative abundance in EtOH-treated mice, while Phy63 (p value = 0.03), belonging to Lachnospiraceae, diminished in EtOH-treated mice.
Altogether, these results suggest that experimental acute alcohol-derived tissue injury triggers gut dysbiosis.
Steatosis and Inflammation Induced by Acute Alcohol Injury Is More Pronounced in Female Mice
The disruption of the intestinal barrier during alcohol exposure is related to liver injury (Sambrotta et al., 2014; Roychowdhury et al., 2019). Since experimental binge EtOH exposure impaired intestinal barrier integrity, we subsequently investigated the effects of acute alcohol injury on the liver. Light microscopy revealed normal lobular architecture with sinusoidal hepatic cords and typical liver architecture in PBS-treated mice (Figure 2A). In contrast, the structure of the hepatic lobules was disordered in mice with acute alcohol injury, with noticeable swelling around the central vein. The cytoplasm was translucent, exhibiting ballooning degeneration, some extent of hepatocellular necrosis, and visible inflammatory cell infiltration (CD11b+ cells). Interestingly, female livers exhibited extensive degeneration of hepatocytes (eosinophil cytoplasm) and nuclear lysis (Figure 2A). In line with these data, the LW/BW ratio of EtOH-treated female mice was significantly higher compared with PBS-treated mice (Figure 2B;Supplementary Figure S2A,B).
[image: Figure 2]FIGURE 2 | Binge ethanol exposure to mice causes changes in liver architecture and cell death. (A) H&E staining in female and male mice treated with EtOH [6 g/kg] or PBS performed in paraffin liver sections (n = 6–8/group). (B) Liver-to-body weight (LW/BW) ratio in female and male mice after acute alcohol injury (n = 5–8/group). Serum (C) ALT and (D) ALP levels in female and male mice (n = 7–8/group). (E) TUNEL staining was performed in liver cryosections of female and male mice. (F) Quantification of TUNEL positive cells was done and graphed (n = 3/group;*p < 0.05, ***p < 0.001, #p < 0.05).
Next, serum markers of liver damage were evaluated. ALT levels were increased in male EtOH-treated mice compared with female or vehicle-treated mice (Figure 2C). ALP–a marker of cholestasis–was elevated in male mice after acute alcohol injury, while a tendency toward increased ALP was observed in female mice compared with PBS-treated animals (Figure 2D). Alcohol triggers hepatocyte cell death; thus, we investigated cell death in the liver using TUNEL. The percentage of TUNEL-positive cells increased after acute alcohol injury in female livers and, to a lesser extent, in male mice. In contrast, no relevant cell death was found in PBS-treated mice (Figures 2E,F).
Ethanol is metabolized in the liver by hepatocytes, being a primary inducer of liver injury and hepatic steatosis (Diehl et al., 1988; Ji et al., 2006; Kwon et al., 2014; Steiner and Lang, 2017). The staining of neutral lipids with ORO staining indicated an increase of lipid accumulation in livers of female and, to a lesser extent, of male mice, challenged with experimental acute alcohol injury (Figures 3A,B). Moreover, quantification of hepatic triglycerides showed an increase in both female and male animals, and activation of srebp-1, associated with increased expression of lipogenic genes, was also induced by EtOH predominantly in female mice (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Hepatic lipid accumulation and inflammation are characteristic of female mice. (A) ORO staining performed in liver cryosection of female and male C57BL/6J mice treated with EtOH [6 g/kg] or PBS. (B) Quantification of lipid droplets by ORO positive area was done and graphed (n = 5–6/group). (C) Quantification of hepatic triglycerides was done and graphed (n = 8/group). (D)Srbp-1 mRNA expression was determined by qPCR and normalized to the amount of GAPDH in the liver of female and male mice (n = 5–8/group). (E) Quantification of CD11b positive cells was done and graphed (n = 3/group). (F)Tnf-α, (G)Il1β, and (H)Tlr4 mRNA expression determined by qPCR and normalized to the amount of gapdh in liver of female and male mice (n = 4–10/group; *p < 0.05, ****p < 0.0001, #p < 0.05, ##p < 0.01).
Since immune infiltration and inflammation are characteristic of alcohol-induced liver injury, quantification of CD11b-positive cells and markers of inflammation, including tnf-α, il1β, and tlr4, were also evaluated. The number of CD11b positive cells was increased in female livers (Figure 3E), in agreement with the upregulation of mRNA transcripts for tnf-α, il1β, and tlr4 observed in female mice (Figures 3F–H). In summary, our data suggest that female mice are more sensitive to liver injury due to acute alcohol injury in terms of steatosis and inflammation.
Assessment of Acute Alcohol Injury-Derived Damage in an In Vitro Model
In order to reproduce an in vitro model of the intestinal epithelial barrier, Caco-2 cells were plated and regularly monitored visually using a light microscope. First, Caco-2 cells were challenged with EtOH [0–100 mM], which caused cytoplasmic retractions, cell shrinkage, and cell death. High EtOH concentrations evidenced loss of cell-cell contact and detachment after 24 h EtOH exposure as observed under the visible light (Supplementary Figure S3A,B). Cell viability tested by CCK8 showed decreased cell viability along with increasing concentrations of EtOH (Supplementary Figure S3C). These data were corroborated using TUNEL staining, which also showed an elevation of the number of Caco-2 TUNEL-positive cells with increasing concentrations of alcohol (Supplementary Figure S3B,D).
As an in vitro model of hepatocytes, we also used the well-characterized HepaRG hepatocyte human cell line to understand the effect of alcohol exposure in the liver. HepaRG cells were challenged by exposure to EtOH [0–100]. The loss of cell architecture was evident with a concentration of 50 mM EtOH (Supplementary Figure S3A). Cell viability assay revealed a decrease of alive cells proportionally associated with increasing concentrations of EtOH (Supplementary Figure S3B,C). Moreover, TUNEL staining also confirmed that the number of dead HepaRG cells increased after exposure to EtOH (Supplementary Figures S3D). Besides, lipid deposition evaluated by ORO staining showed higher lipid accumulation with increasing EtOH concentrations (Supplementary Figures S3C,F).
Intestinal Epithelial Cells Secrete Factors That Modulate Hepatocyte Injury During Acute Alcohol Injury
To replicate the effect of acute ethanol-derived injury on intestinal epithelial permeability and its impact on liver cell injury, 85% confluent HepaRG cells cultured in 12-well plates were challenged with 1 ml of supernatant from Caco-2 cells treated with EtOH [0–100 mM] (Figure 4A). The viability of HepaRG cells decreased at the higher concentrations of EtOH in the Caco-2 supernatant (Figures 4B,E), and these data correlated with the percentage of TUNEL positive cells (Figures 4C,F). Increased lipid accumulation, as assessed by ORO staining, was also found in HepaRG cells challenged with the supernatant of EtOH-treated Caco-2 cells (Figures 4D,G). These data indicate that the release of mediators from (IECs) might be responsible for hepatocyte injury during acute alcohol injury.
[image: Figure 4]FIGURE 4 | HepaRG cells challenged with supernatant from EtOH-treated Caco-2 cells displayed exacerbated cell damage. (A) Experimental in vitro model of the effect of acute alcohol injury on intestinal epithelial permeability and on liver injury: cultures of HepaRG cells were exposed to the supernatant from Caco-2 cells that had been previously treated with different concentrations of EtOH [0–100 mM]. (B) HepaRG cells exposed to the supernatant of Caco-2 cells treated with EtOH [0–100 mM] showed by visible light (n = 4/group). (C) TUNEL staining was performed in HepaRG cells exposed to the supernatant of Caco-2 cells treated with EtOH [0–100 mM]. (D) Oil Red O (ORO) staining was performed in HepaRG cells exposed to the supernatant of Caco-2 cells treated with EtOH [0–100 mM]. (E) Cell viability of HepaRG cells challenged with supernatant from EtOH-treated Caco-2 cells determined by CCK8 (n = 6/group). (F) Quantification of TUNEL positive cells HepaRG cells exposed to supernatant from EtOH-treated Caco-2 cells (n = 3/group). (G) Quantification of lipid droplets by ORO positive area in HepaRG cells exposed to supernatant from EtOH-treated Caco-2 cells (%) (n = 3–4/group; *p < 0.05, ***p < 0.001).
Extracellular Vesicles Released From Intestinal Epithelial Cells Trigger Hepatocyte Damage In Vitro
It has been well-documented that the release of EVs, produced under pathological conditions, might be responsible for cell damage. To understand whether the release of EVs by IECs might trigger liver damage during acute alcohol injury, we tested this hypothesis by isolating EVs from our in vitro model of the intestinal epithelial barrier.
Cell cultures of differentiated hepatocytes were exposed to EVs treated with EtOH [0–100 mM] (Figure 5A). HepaRG cells changed the morphology and lost the polarity when challenged with EVs from EtOH-pretreated Caco-2 cells (Figure 5B).
[image: Figure 5]FIGURE 5 | Extracellular vesicles released from IECs trigger hepatocyte cell damage in vitro. (A) Cultures of HepaRG cells were treated with EVs isolated by ultracentrifugation from the supernatant of Caco-2 cells previously exposed to different concentrations of EtOH [0–100 mM]. (B) Morphology analysis of HepaRG cells by visible light. (C) TUNEL staining was performed in HepG2 cells exposed to EVs from EtOH-pretreated Caco-2-cells. (D) ORO staining performed in HepaRG cells challenged with EVs from EtOH-pretreated Caco-2-cells. (E) Quantification of TUNEL positive HepaRG cells after challenge with EVs isolated from the supernatant of Caco-2 cells previously treated with different concentrations of EtOH [0–100 mM] (n = 3/group). (F) Quantification of lipid droplets by ORO positive area in HepaRG cells challenged with EVs isolated from the supernatant of Caco-2 cells previously treated with different concentrations of EtOH [0–100 mM] (n = 3/group; *p < 0.05, ***p < 0.001).
Concomitant with these changes, the cell viability of HepaRG cells decreased, as observed by the increase of positive TUNEL cells after in vitro acute alcohol injury (Figures 5C,E). Next, we measured lipid deposition in hepatocytes in response to EVs released by EtOH-pretreated Caco-2 cells. Interestingly, EVs from EtOH-pretreated Caco-2 cells caused an increase in lipid deposition of differentiated hepatocytes (Figures 5D,F), suggesting a possible role for EVs released by IECs in liver damage during acute alcohol injury.
Characterization of Extracellular Vesicles During Acute Alcohol Injury In Vitro and In Vivo
EVs were isolated from the supernatant of Caco-2 cells exposed to EtOH [0–100 mM] and from serum extracted from the portal vein of mice challenged to experimental acute alcohol injury, respectively, using a sequential ultracentrifugation method. Dynamic Light Scattering analysis showed the size distribution by intensity, confirming the existence of different populations of EVs (Supplementary Table S2), and NTA validated the morphology, size, and concentration of EVs in the diverse experimental groups (Figure 6 and Supplementary Figures S5B–D). Although the concentration of particles was significantly increased to 2.34 E9 ± 1.14 E8 and 2.9 E9 ± 5.82 E8 particles/ml in the supernatant of Caco-2 cells exposed to 50 and 100 mM EtOH, respectively, compared with the control group 1.17 E9 ± 2.31 E8 (Figure 6A), no differences were found in the size of EVs upon EtOH exposure (Figure 6B).
[image: Figure 6]FIGURE 6 | Characterization of extracellular vesicles in vitro and in vivo. Isolated EVs from the supernatant of Caco-2 cells challenged with different concentrations of EtOH [0–100 mM] were measured by NTA, and (A) particles/ml and (B) size of EVs were represented. Isolated EVs were extracted from the serum of female and male mice treated with EtOH or PBS, and they were analyzed using NTA. (C) Particles/ml and (D) size of EVs were graphed (n = 3/group; *p < 0.05, **p < 0.01). (E) Schematic representation of the pathophysiological events that occur during acute alcohol exposure. Acute alcohol ingestion triggers damage to the intestinal epithelial barrier. Increased FITC-Dextran, disruption in tight junctions (ZO-1), and loss of mucosa (MUCIN-2) and alteration of the gut microbiota (increased Lactobacillus and decreased Lachnospiraceae) indicate damage to the intestinal epithelial barrier and gut dysbiosis. Translocation of microbial bacterial products through the leaky gut causes overexpression of tlr4 and intestinal-derived inflammation in the liver–presence of CD11b-positive cells, tnf-α, and il1β, and mild steatosis and lipid accumulation. Our in vitro experiments suggest that ethanol triggers the release of EVs by intestinal epithelial cells (IECs), which exert a deleterious effect on hepatocyte viability and lipid accumulation.
Next, we measured the number of particles in serum extracted from mice subjected to experimental acute alcohol injury. While no differences were found in the number of particles/ml between PBS and EtOH-treated animals, the concentration of particles was 1.12 E9 ± 1.40 E8 and 1.59 E9 ± 2.00 E8 in EtOH-fed male and female mice, respectively, compared with PBS-injected male and female mice 1.30 E9 ± 1.61 E8 and 1.80 E9 ± 3.99 E8. These results might indicate a tendency toward a reduced particle concentration in male animals after acute alcohol exposure (Figure 6C). NTA showed mean particle size of 90 nm in serum samples consistent with the size of exosomes (Figure 6D).
DISCUSSION
Scientific research on alcohol abuse has traditionally focused on the mechanisms of chronic toxicity, given its financial burden and societal costs. More recently, acute alcohol injury has emerged as a social problem since binge drinking is alarmingly increasing both in women and in men (Dolganiuc and Szabo, 2009; Mcketta and Keyes, 2019). However, the mechanisms by which acute alcohol injury affects human health are not fully understood. Thus, there is a need for preclinical and translational studies focused on the effects of binge alcohol drinking.
In the present study, we first used a suitable in vivo model for assessing the effects of a single binge episode by administering 6 g/kg b.w. of EtOH to mice, based on previous studies (Carson and Pruett, 1996).
Intestinal barrier function is key to preventing the alcohol-induced inflammation locally and systemically. Goblet cells in the intestinal epithelium produce protective trefoil factors and mucins, which are abundantly core glycosylated and either localized to the cell membrane or secreted into the lumen to form the mucous layer (Shao et al., 2018). Decreased expression of MUCIN-2 protein in the large intestine of female and male mice was observed after acute alcohol exposure. Interestingly, mucin-2 knockout mice are protected against alcohol feeding-induced dysbiosis (Hartmann et al., 2013), likely due to higher expression of antimicrobial peptides.
Additionally, paracellular permeability in the intestinal epithelium sealed by TJs (Shao et al., 2018) was disrupted in the colon of EtOH-treated female and male mice, in which the loss of ZO-1 was characteristic. These results are in agreement with previous observations reporting that chronic-binge ethanol feeding impaired intestinal TJs (Cresci et al., 2017). Moreover, occludin deficiency increases susceptibility to EOH-induced mucosal dysfunction and liver damage in mice (Mir et al., 2016).
Alcohol ingestion causes intestinal bacterial overgrowth and changes in microbial composition in preclinical models as well as in patients with alcohol use disorder (Sarin et al., 2019). In our study, one alcohol binge increased the Lactobacillus phylum and decreased the Lachnospiraceae family. A decrease in Lactobacillus species and Lachnospiraceae family has been reported in alcohol consumption/feeding and alcoholic cirrhosis (Bajaj et al., 2012; Sarin et al., 2019). However, Lactobacillus species are increased in hepatic steatosis (Jang et al., 2019), which was observed in acute alcohol injury-exposed animals, and bacterial microbiota also change with the progression of alcoholic liver disease. Moreover, in a similar preclinical model that used a lower EtOH dosage (3 g/kg b.w.), Chen and colleagues (2016) reported no changes in intestinal microbiota and relative abundance of Lactobacillus and Firmicutes. Moreover, it is very likely that Lactobacillus elevation acts to counteract lipid metabolism imbalance as previously reported (Martin et al., 2008). Overall, these data suggest that alterations to the gut mucus layer, together with intestinal hyperpermeability and bacterial overgrowth, trigger bacterial translocation. Therefore, microbial products that reach the liver might contribute to hepatic injury during acute alcohol exposure.
Hepatic steatosis develops acutely in most individuals that consume even moderate amounts of alcohol. Steatosis changes are also seen in rodent models of binge drinking (Massey and Arteel, 2012). Although steatosis is an inert pathology per se, it sensitizes the liver to injury caused by a second insult. Binge drinking is a major risk factor for advanced liver disease (Ventura-Cots et al., 2017). Ethanol-treated mice displayed increased hepatic lipid accumulation, and this effect was more noticeable in female animals. This phenomenon was associated with increased immune infiltration (CD11b putative macrophages) and pro-inflammatory mediators of hepatic inflammation (e.g., tnf-α, il1β), which contribute to alcohol-related liver injury (Kawaratani et al., 2013; Bala et al., 2014; Rocco et al., 2014; Cresci et al., 2017).
Ethanol pre-exposure can prime Kupffer cells to lipopolysaccharides stimulation, resulting in enhanced tnf-α release, and binge drinking can impair the immune response via alteration of tlr4 signaling (Massey and Arteel, 2012; Bala et al., 2014), as observed in our acute alcohol injury model. Moreover, our data demonstrated a significant increase in cell death in EtOH-treated mice, corroborated by elevated serum markers of liver injury (e.g., ALT). In agreement with other publications (Wagnerberger et al., 2013; Cresci et al., 2017), the more pronounced liver damage observed after acute alcohol injury in the liver of female mice may result from increased activation of TLR4-dependent signaling in this gender. However, in-depth studies need to be performed to shed light on the activation of specific molecular mechanisms that might be sex-dependent in the gut-liver axis.
Gender-related differences in total liver (ADH) and aldehyde dehydrogenase activity among different animal species have been observed in many studies. The differential liver injury between female and male animals could be explained by various factors, including the lower activity of class I and II ADH isoenzymes in females (Chrostek et al., 2003). This difference could help explain the fact that after men and women ingest the same dose of alcohol, women have higher BAC levels and increased injury. Corrao and colleagues (1998) reported that the same amount of average alcohol consumption was related to a higher risk of liver cirrhosis in women than in men. In contrast, women displayed slower gastric metabolism. Additionally, the levels of hormones, such as estrogen, might also influence several of the above factors (Wagnerberger et al., 2013).
Next, we sought to mechanistically approach the pathomechanisms underlying acute alcohol injury in the context of the gut-liver axis by modeling our experimental model in vitro. First, the effects of EtOH were assessed in Caco-2 cells, a human cell line of IECs. Concomitant with Wang’s study (Wang et al., 2014), acute alcohol injury in culture decreased cell viability and exacerbated cell death, even though our results were collected 24 h after challenge (Dolganiuc and Szabo, 2009). Furthermore, EtOH caused changes in cell death and lipid deposition in HepaRGs, a human hepatoma cell line, in a dose-dependent manner, data that agree with previous publications (Tuoi Do et al., 2011). However, these authors observed that exposure to 100 mM ethanol significantly raised caspase 3/7 activity between 48 and 72 h, suggesting that apoptosis might occur later in time in culture. However, in vivo, we observed TUNEL-related cell death 8 h after acute ethanol injury. Others reported maximal apoptotic rate levels 4 h after ethanol exposure but TUNEL-positivity from 1 to 9 h (Yun et al., 2014), which might be increased levels of expression of CYP2E1 at these times after acute ethanol-derived tissue injury.
Accumulating evidence supports a role for EVs in regulating hepatic function. The gut-liver axis communication was modeled in vitro by challenging HepaRG cells with supernatant of Caco-2 cells. Human HepaRG hepatocytes treated with the supernatant of EtOH-pretreated Caco-2 cells dramatically changed their morphology, increased cell death, and accumulated lipids, as it occurs in vivo. This set of results suggested that the release of mediators by IECs may play a crucial role in the initiation and development of liver injury, and thus hepatocyte might uptake EVs as observed in models of viral hepatitis, partial hepatectomy and ischemia-reperfusion injury (Hirsova et al., 2016).
Recent studies pointed to a defined group of biological nanovesicles, namely exosomes or extracellular vesicles, as a key player in modulating the deleterious effects of alcohol in different tissues (Eguchi and Feldstein, 2018). Since our data indicated that EVs might be potential communicating tools in the gut-liver axis, we performed an in vitro model whereby EVs secreted by IECs (Caco-2 cells) in response to EtOH were added to HepaRG hepatocytes. EtOH significantly increased the number of nanoparticles released by Caco-2 cells, which were challenged to HepaRG cells. Decreased cell viability and high lipid accumulation were observed in this cell line of human hepatocytes, concomitant with our in vivo results.
In parallel, EVs isolated from portal blood of EtOH- and PBS-treated mice were collected and characterized. Our goal was to demonstrate that EVs released specifically by IECs can be used as potential biomarkers of acute alcohol injury. Our data showed a mean size of 90 nm in serum samples consistent with the size of EVs. However, hepatocytes also release EVs that are detected in blood as well, as previously reported (Eguchi et al., 2017), suggesting that the gut-liver axis is a bidirectional communication pathway.
Our results show that mice develop alterations in the gut-liver axis in response to experimental acute alcohol injury. Overall, alterations in the intestinal epithelial barrier associated with increased permeability, a thinner mucous protective layer, and changes in gut microbiota were evident. Interestingly, female mice were more prone to hepatic injury in response to a single binge episode, specifically in markers of steatosis and inflammation. Moreover, we showed that the release of mediators by IECs might have an impact on liver cells during acute alcohol injury, and demonstrated the presence and the effects of EVs both in vivo and in vitro (Figure 6E). These findings further deepen in the mechanisms triggered by acute alcohol exposure and open new therapeutic windows.
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Acetaminophen (N-acetyl p-aminophenol or APAP) is used worldwide for its antipyretic and anti-inflammatory potential. However, APAP overdose sometimes causes severe liver damage. In this study, we elucidated the protective effects of carveol in liver injury, using molecular and in silico approaches. Male BALB/c mice were divided into two experimental cohorts, to identify the best dose and to further assess the role of carveol in the nuclear factor E2-related factor; nuclear factor erythroid 2; p45-related factor 2 (Nrf2) pathway. The results demonstrated that carveol significantly modulated the detrimental effects of APAP by boosting endogenous antioxidant mechanisms, such as nuclear translocation of Nrf2 gene, a master regulator of the downstream antioxidant machinery. Furthermore, an inhibitor of Nrf2, called all-trans retinoic acid (ATRA), was used, which exaggerated APAP toxicity, in addition to abrogating the protective effects of carveol; this effect was accompanied by overexpression of inflammatory mediators and liver = 2ltoxicity biomarkers. To further support our notion, we performed virtual docking of carveol with Nrf2-keap1 target, and the resultant drug-protein interactions validated the in vivo findings. Together, our findings suggest that carveol could activate the endogenous master antioxidant Nrf2, which further regulates the expression of downstream antioxidants, eventually ameliorating the APAP-induced inflammation and oxidative stress.
Keywords: acetaminophen, carveol, hepatotoxicity, anti-inflammatory, Nrf2 pathway
INTRODUCTION
Liver diseases are associated with an increased number of disability cases, and approximately 50 million liver-associated morbidity and mortality reports are documented each year (Gorrell, 2005). Because of the persistent and continuous involvement of the liver in metabolic processes, the accumulation of free radicals overwhelms the natural defense system, making the liver one of the most vulnerable organ. These free radicals are the prominent cause of oxidative stress-induced thiol depletion and lipid peroxidation, which subsequently trigger toxic cascading events and eventually lead to various hepatic pathologies, such as cirrhosis and acute or chronic hepatitis (Abo-Haded et al., 2017).
Paracetamol (acetaminophen, N-acetyl p-aminophenol, or APAP) is a non-prescription drug with both analgesic and antipyretic activities, and this drug is included in several preparations, either as a single moiety or in combination (Ghaffar and Tadvi, 2014). It has a large therapeutic window and is generally safe; however, when abused in large doses, it leads to severe hepatic necrosis and hepatic failure (Al-Fartosi et al., 2011). Currently, paracetamol is considered the chief causative agent of acute liver failure due to accidental overdose, which requires a liver transplant in some extreme cases (Gopal et al., 2011; Du et al., 2016). At a high dose, APAP is metabolized to glucuronic acid or sulfate conjugates (Sharma et al., 2016) and is transformed into the pro-reactive cytotoxic intermediate N-acetyl-phenzoquinoneimine (NAPQI), which is responsible for oxidative stress and intracellular glutathione (GSH) depletion (Shah et al., 2014; Hellerbrand et al., 2017; Zai et al., 2018). The covalent binding of NAPQI to mitochondria initiates cascading pathological processes, such as free radical formation and peroxynitrite accumulation, further supplemented by the release of pro-inflammatory cytokines and mediators, all of which collectively exacerbate acute and chronic liver necrosis (Dalaklioglu et al., 2013; Hennig et al., 2018). Various hepatoprotective strategies have been evaluated to protect the liver from toxins. The current clinical practice recommends silymarin as a hepatoprotective supplement to cope with various liver insults, including APAP and methotrexate (MTX) (Crowell et al., 1992). The transcription factor Nrf2 is an integral part of the host cellular defense mechanism against oxidative stress and electrophilic insult. Nrf2 binds to antioxidant response elements (ARE) at the promoter site, which in turn encodes several antioxidant/phase-II detoxifying enzymes and other relevant stress-responding factors (Thompson Coon and Ernst, 2002). Previous studies have revealed the involvement of Nrf2-ARE signaling in attenuating inflammation in several pathologies, such as stroke, and other disorders (Ma and He, 2012; Ning et al., 2018). Hence, dysregulation of Nrf2 signaling results in increased susceptibility to oxidative stress and inflammatory damage. Previous studies have demonstrated that Nrf2 plays a critical role in the regulation of inflammation and oxidative stress, which are linked to the pathophysiologies of several diseases. Therefore, Nrf2 can be considered a potential pharmacological target to be investigated against various insults, including APAP.
Natural drug moieties are an attractive source of new drugs, owing to their rich antioxidant potential. Several natural drugs have hepatoprotective potential against a variety of mediators, including free radicals and inflammatory factors (James et al., 2003; Lee et al., 2006). Carveol, a monoterpene phenol, is isolated from the essential oils extracted from the plant family Lamiaceae or Labiatae, which includes the genera Thymbra, Origanum, Corydothymus, Satureja, and Thymus (Figure 1) (Pastore et al., 2003). It has long been used in traditional Chinese medicine as an antispasmodic, a carminative, and an astringent (Aleksunes et al., 2008) and has been evaluated in the treatment of indigestion and dyspepsia (Guo and White, 2016). Carveol has been demonstrated to have antioxidative, antihyperlipidemic, and anti-inflammatory activities, and ameliorate liver toxicity in a mouse model of carbon tetrachloride (Patterson et al., 2013). However, to date, the potential hepatoprotective effects of carveol against APAP have not been evaluated. Taking into consideration the pharmacological value of essential oils extracted from plant sources and the significance of new drug discovery, the current study sought to investigate whether carveol mitigates APAP-induced detrimental effects. If so, the potential underlying molecular and cellular mechanisms should be further delineated to explain the effects of carveol on hepatocellular protection. This will not only expand the understanding of the molecular cascading mechanism of cell death but will also provide some clues to unveil the therapeutic potential of carveol.
[image: Figure 1]FIGURE 1 | Chemical structure of (A) carveol and (B) paracetamol.
MATERIALS AND METHODS
Chemicals and Reagents
The pharmaceutical drugs (silymarin and N-acetyl para aminophenol (paracetamol CAS: 103-90-2, C8H9NO2: APAP) of HPLC grade (99%) were supplied by a local pharmaceutical manufacturer and used as raw material. All the antibodies were procured from Santa Cruz Biotechnology, United States, or Abcam, United Kingdom. Phosphate-buffered saline (PBS) tablets were used for all morphological analyses or fresh buffers were prepared for each use. The details and corresponding catalog numbers of the primary antibodies are HO-1 (SC-13691), TRX (SC-20146), Nrf2 (SC-722), COX-2 (SC-514489), p-JNK (SC-6254), TNF-α (SC-52B83), and p-NFκB (SC-271908). Other immunohistochemistry-related consumables, such as AB and C Elite kit (two vials-SC-2018) and 3,3-diaminobenzidine (DAB) (SC-216567), were also provided by Santa Cruz Biotechnology, United States. The biotin secondary antibody (ab-6789) and DPX mounting media were purchased from Abcam United Kingdom. The p-NFκB enzyme-linked immunosorbent assay (ELISA) kit (Cat # SU-B28069) and Nrf2 kit (cat. no. SU-B30429) were purchased from Shanghai Yuchun Biotechnology, China. HO-1 (cat. No. E-EL-R0488), and TNF-α (E-EL-R0019) ELISA kits were purchased from Elabscience.
Animals and Drug Treatment
Male BLAB/c mice, weighing 30–35 g and 8–10 weeks old, were housed (three per cage) at the facility of the Riphah Institute of Pharmaceutical Sciences (RIPS), under-documented protocols (temperature: 22 ± 1 °C; humidity: 50 ± 10%). Strict laboratory protocols were followed during all experimental procedures. The animals were kept for some days at the facility before the experimental procedures, and the body weights were constantly checked every day throughout the study. Furthermore, we strictly followed the approved protocols and guidelines of the institutional research ethical committee (REC) of the Riphah Institute of Pharmaceutical Sciences (RIPS), Islamabad (Approval ID: Ref. No. REC/RIPS/2018-19/A202), which are similar to the ARRIVE guidelines, with some minor exemptions. We adopted the human endpoint criteria for euthanizing the mice if they displayed a severe sign of distress or suffering. The mice were subjected to the following experimental protocols. Two separate cohorts of animals were used for the experiments as follows:
Experimental Cohort 1
The mice treatment protocol is indicated in Figure 2A, and the following groups were employed. 1) Saline group: the mice received saline (0.9% NaCl) injection intraperitoneally (i. p.) for seven consecutive days, 2) APAP group: the mice received a single dose of paracetamol orally/per os (400 mg/kg, p. o.) for 7 days, 3) Three different groups of APAP + carveol: the mice received paracetamol orally for seven consecutive days, followed by a single i. p. injection of different doses of carveol, namely APAP + carveol 5 mg (5 mg/kg, i. p.); APAP + carveol 10 mg (10 mg/kg, i. p.); APAP + carveol 15 mg (15 mg/kg, i. p.), 4) APAP + silymarin group: the mice received paracetamol orally for seven consecutive days, followed by silymarin (50 mg/kg, i.p). Carveol, APAP, and silymarin were prepared in 0.9% NaCl (n = 14 per/group). At the end of the experiment, the mice were anesthetized with xylazine and ketamine (i. p.); blood was collected via cardiac puncture and was processed for biochemical analysis. Samples from the liver were taken and frozen at −50 °C or preserved in 4% paraformaldehyde for ELISA or paraffin sectioning, respectively. Next, 4 μm thin hepatic tissue sections were made with a rotary microtome from the paraffin block, for histological analysis. Overall, three mice died during the experimental procedures, two from APAP and one from the Carveol + APAP groups, which we excluded from the experiment. The saline-treated mice survived throughout the experiments.
[image: Figure 2]FIGURE 2 | Experimental design 1 (A). Carveol, APAP, and silymarin were prepared in 0.9% NaCl, while ATRA was prepared in a mixture of 2% dimethyl sulfoxide and 0.9% NaCl (n = 10/group). Baseline reading was recorded at the beginning (0th day of the experiment), and mean weight and food intake were monitored during the entire experiment (B) Diagrammatic illustration of in vivo study for the Nrf2 signaling pathway. The treatment protocol was continued for 3.5 days. In all these groups, a single loading dose of paracetamol was injected (400 mg/kg, i. p.) 15 min after the last dose of ATRA or carveol or silymarin, except in the saline group. Serum samples and liver tissues were collected after 6 h of the last dose.
Experimental Cohort 2
The mice treatment protocol is indicated in Figure 2B, and the following groups were employed with n = 10/gp. 1) Saline group: the mice received saline (i. p.), 2) APAP + ATRA group: the mice received seven injections of ATRA (10 mg/kg, i. p.) at 12 h intervals, 3) APAP + ATRA + Carveol group: the mice received carveol 15 mg/kg i.p 4 h after each ATRA dose, and 4) APAP + ATRA + silymarin group: the mice received silymarin 50 mg/kg i.p 4 h after each ATRA dose. For all the groups except saline, APAP 400 mg/kg was administered (i. p.) 15 min after the last dose of ATRA (APAP + ATRA group) or carveol (APAP + ATRA + carveol) or silymarin (APAP + ATRA + silymarin). At the end of the treatment, the mice were sacrificed and samples were collected.
Hematoxylin and Eosin (H and E) Staining
Hematoxylin and eosin staining was performed according to our previous protocols (Ali et al., 2019; Ansari et al., 2019; Ullah et al., 2020). Briefly, the non-coated slides initially underwent a deparaffinization step with xylene, followed by hydration (graded ethanolic series), and finally with water. The slides were incubated in a Coplin jar containing hematoxylin to stain the nucleus. The slides were washed with water and traced for nuclear staining, using a compound microscope. The slides were then dipped in 1% HCl, 1% ammonia water, and rinsed with water. Eosin staining was then performed, the slides were subjected to dehydration, fixed in xylene, and covered with coverslips. Five images per slide were obtained using a light microscope (Olympus, Japan) at the same threshold intensity, and were later analyzed using ImageJ software to quantify the number of distorted, vacuolated, infiltrated, and surviving cells.
Liver Functional Biomarkers
Enzymes, such as AST, ALT, phosphatases, and total bilirubin (TB), were spectroscopically analyzed using an autoanalyzer (Olympus AU-2700) according to the manufacturer’s instructions.
Oxidative Enzyme Analysis and Lipid Peroxidation
The non-enzymatic glutathione (GSH) level and the enzymatic glutathione S-transferase (GST) activity were determined as previously described (Ullah et al., 2020). After homogenizing liver tissue samples (cohort 1), the supernatant was collected. For the assay, the stock of 0.2 M sodium phosphate buffer was prepared as Na2HPO4.2H2O and NaH2PO4 (pH 8). For sample loading, buffer (153 μL), freshly prepared 1 mmol DTNB (40 μL), and the supernatant (6.6 μL) were sequentially mixed, and after 15 min, the absorbance of this mixture was determined using a spectrophotometer at 412 nm. A mixture of DTNB solution and phosphate buffer served as the control, whereas the buffer was used as a blank. The absorbance was calculated from the values of the absorbance of the control and the sample and expressed as µmol/mg protein. To detect GST activity (Imran et al., 2020), the stock of 0.1 M potassium phosphate buffer was prepared as KHPO4 and KH2PO4 (at a 1:2 ratio, pH 6.5). For the assay, 1 mmol GST and 1 mmol CDNB were also prepared; then GST solution, CDNB, potassium buffer, and tissue homogenate were mixed (at a 1:1:27:1 ratio) and the optical density was determined at 340 nm. The phosphate buffer was used as a blank, and the assay mixture without homogenate was used as a control. GST activity was calculated using the extinction coefficient of the product and expressed as nmoles of CDNB conjugated/min/mg protein.
Determination of Lipid Peroxidation (LPO) in Tissue
Oxidative stress augmented the oxidation of macromolecules, such as lipids, which can be quantified by the thiobarbituric acid reactive substance (TBARS) levels. A previously reported protocol was adopted for the LPO assay, with minor changes (Imran et al., 2020). Approximately 40 µL of tissue supernatant was added to a freshly prepared solution of ferric ammonium sulfate and incubated for some time. Next, after the addition of 75 μL of thiobarbituric acid (TBA) to the mixture, the color changed, and the absorbance of the resultant mixture was immediately measured using a microplate reader (at 532 nm). The levels were expressed as nmol Tbras/min/mg protein (Iqbal et al., 2020).
Immunohistochemical Analysis
We used coated slides for immunohistochemical studies as described in a previous study (Rana et al., 2020). The slides were subjected to deparaffinization and hydration protocols as discussed for H and E. To unlock the antigenic epitopes from paraformaldehyde, proteinase K was applied to the tissue, followed by PBS rinsing. After hydration, the slides were not allowed to dry at any stage of the immunohistochemical analysis. Before blocking with normal goat serum the slides were treated with H2O2 to eradicate peroxidase activity. The selectivity of serum depends upon the source of the secondary antibody. After blocking for an appropriate time, primary antibodies, such as nuclear factor-κB (p-NFκB), COX2, c-Jun N-terminal kinase (p-JNK), HO-1, TNF-α, and Nrf2 (dilution 1:100, Santa Cruz Biotechnology), were applied overnight in a moistened box in the refrigerator. The following morning, the slides were removed and kept for 1 h at room temperature in a moistened chamber. After rinsing with PBS, the biotinylated secondary antibody (goat anti-mouse and goat anti-rabbit) was applied, followed by the application of ABC reagent (SCBT United States) in a humidified chamber, and the slides were rinsed with PBS and stained with DAB. The slides were then dried, dehydrated in ascending ethanolic series, fixed in xylene, and covered with coverslips. The liver positive cells for all the primary antibodies were quantified using the ImageJ software.
Enzyme-Linked Immunosorbent Assay (ELISA)
p-NFκB, HO-1, Nrf2, and TNF-α levels were quantified using an ELISA kit as per the manufacturer’s instructions (for detailed chemicals and reagents). Approximately 50 mg of the tissue sample was homogenized, using PBS (also containing PMSF as a serine inhibitor), at 15,000 RPM, followed by centrifugation and collection of the supernatant. Protein concentration in each homogenate was calculated using the BCA kit (Thermo Fisher), and the resultant protein concentration was added to each well to determine the level of the respective proteins, using an ELISA reader. The resultant picograms of cytokines per milliliter (pg/ml) were then converted pg/mg total protein).
Real-Time Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from the freshly isolated liver of mice in experimental duplicates using the TRIzol method. 20 µL of M-MuLV reverse transcriptase was used to dilute 1 μg of RNA and used this mix to synthesize cDNA with a cDNA synthesis kit (vivantis cDSK01-050 Sdn. Bhd, Malaysia). To estimate the gene expression of Nrf2 quantitatively, real-time PCR was performed using the 2X HOT SYBR Green qPCR master mix (Solar Bio cat # SR1110) and real-time Mic PCR (BioMolecular System) according to the manufacturer specifications. The sequence of the primers used for amplification was Nrf2 Forward: CCA​TTT​ACG​GAG​ACC​CAC​CGC​CTG and Reverse: CTC​GTG​TGA​GAT​GAG​CCT​CTA​AGC​GG and GAPDH, Forward: AGG​TCG​GTG​TGA​ACG​GAT​TTG and Reverse: TGT​AGA​CCA​TGT​AGT​TGA​GGT​CA (Wakabayashi et al., 2014). The relative gene expressions of Nrf2 was determined by the 2 ^−ΔΔCT method for real-time quantitative PCR.
Bioinformatic Studies
In silico studies were performed as previously described (Shah and Rashid, 2020). Briefly, the 3-dimensional structures of cyclooxygenase (COX2) PDB ID: IPXX, interleukin (IL-1β) PDB ID: 2MIB, PDB ID: 2TNF for TNF-α, PDB ID: 3TTI for JNK, PDB ID: ILE5 for nuclear factor-kB (NFκB), PDB ID: 1DVE for HO-1, and PDB ID: 2LZ1 for Nrf2 were downloaded from the RCSB protein data bank in Discovery Studio (DSV). Docking studies require PDB and mol2 format, for which the 3D structure of the proteins and ligand carveol were downloaded in the respective format. Both protein and ligand were loaded into the PyRx docking software, and drug-receptor interactions were evaluated by binding the energy values (E-value). The E-values further validated the best pose of the ligand in the complex, and by DSV, the best orientation and interaction were prepared and analyzed. The structure of carveol was collected from online sources.
Statistical Analysis
The symbols ∗, #, $, and β were used to indicate a significant difference. * or β indicates differences compared to saline, while # to APAP and $ represents a significant difference to APAP + ATRA. All the data are expressed as mean ± SEM, and ImageJ software was used to analyze all the histological data (ImageJ 1.30; https://imagej.nih.gov/ij/). Bodyweight and food intake data were analyzed using a repeated two-way ANOVA, and the remaining data were analyzed using one-way ANOVA with Tukey’s multiple comparison test as a post-hoc test.
RESULTS
Results of Experimental Design one
Effect of Carveol on Body Weight and Food Intake
Our results showed that APAP induced a dramatic and persistent loss of body weight. However, carveol prevented body weight loss in a dose-dependent manner (Figure 3A). Carveol, at 15 mg/kg per day, showed the most significant effect on body weight (p < 0.001). Bodyweight reduction could be attributed to decreased food intake, as APAP-treated mice consumed significantly less amount of food; however, carveol ameliorated this effect in a dose-dependent manner, which is comparable to that of silymarin (50 mg/kg) (Figure 3B, p < 0.001).
[image: Figure 3]FIGURE 3 | Effect of carveol treatment on physical parameters, such as body weight and food intake. (A) Bodyweight changes (B) Mean food intake. The number of animals was 14/group, and the results were analyzed using a repeated two-way ANOVA test. ###p < 0.001, ##p < 0.01 compared to the APAP group, ***p < 0.001, compared to the saline group.
Carveol Improved the Liver Detriments of APAP
Table 1 shows that APAP significantly disturbed the functional markers (p < 0.001), while carveol at different doses normalized the values in the APAP-administered group; carveol at 15 mg exhibited similar effects as those of silymarin.
TABLE 1 | The protective effect of carveol on liver functional enzymes: APAP augmented the serum level of LFTs and attenuated high-density lipoprotein (HDL) level, while carveol, with respect to APAP, mitigated LFT levels and increased HDL levels.
[image: Table 1]Carveol Alleviated the Liver Metabolic Deficits Induced by APAP
The liver plays a principal role in the synthesis, storage, secretion, and catabolism of proteins, bilirubin, lipoproteins, and lipids, which represent sensitive markers during liver damage. Our results showed a significant increase in the levels of total protein (TP), albumin, and HDL, accompanied by decreased total bilirubin (TB) and low-density lipoprotein levels (Table 1). These results suggest that liver anabolic and catabolic functions were both severely hampered. Moreover, carveol showed a dose-dependent protective effect, which was comparable to the effects of silymarin at a dose of 15 mg/kg. Furthermore, the effect of carveol on HDL levels was more significant (p < 0.01) than that of the silymarin-treated group (p < 0.05).
Effects of Carveol on Antioxidant Enzymes
Table 2 summarizes the effects of carveol on changes in endogenous enzyme activities, following APAP treatment. APAP stimulated GSH depletion (6.30 ± 4.97), and antioxidant enzyme glutathione-S-transferase (GST) (1.78 ± 1.50) in the hepatic tissue (p < 0.001). Treatment with carveol at different doses attenuated the downregulation of GSH (62.29 ± 8.82) and GST (14.2 ± 1.43).
TABLE 2 | Effect of carveol on oxidative enzymes.
[image: Table 2]Effect of Carveol on LPO
The LPO content in the liver homogenate of the APAP group was increased to 215.58 ± 5.82, compared to that in the saline group (p < 0.001, Table 2). Carveol at 15 mg/kg dose significantly (p < 0.01, Table 2) attenuated this content (131.74 ± 0.64), an effect that could be matched to that of the silymarin group.
Carveol Protected the Liver From APAP-Induced Cellular Damage
The results of H and E staining revealed significant histopathological changes in the APAP-intoxicated animals (Figure 4, ###p < 0.001). Significant alterations were observed in the APAP group, compared to those in the saline-treated animals. The saline group showed normal hepatic cell shape, and there was no vacuolization or lipid globule. Nevertheless, many aberrant morphological features, such as sinusoidal dilatation, hepatocyte degeneration with loss of lobular architecture/hepatocyte disarray, pericentral lymphocytic infiltration, moderate steatosis/fatty degeneration, and abundant inflammatory cell infiltration, were observed in the APAP-treated groups (Table 3). Carveol treatment significantly reversed these histopathological abnormalities induced by APAP, in a dose-dependent manner, as revealed by the microscopic scores (Carveol histopathological score).
[image: Figure 4]FIGURE 4 | Carveol restored the morphological integrity of the liver, as shown by histological examination. Liver tissue was stained with H and E (magnification, ×10 scale bar 75 μm and 40× scale bar 20 µm). The data are presented as means ± SEM and were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test; n = 7/group. The symbols ∗∗∗ and ### represent significant difference values of p < 0.001, and ## or # represent significant difference values of p < 0.01 or p < 0.05 respectively. The slides were processed from cohort 1.
TABLE 3 | Effect of carveol on histopathological scoring.
[image: Table 3]Effect of Carveol on APAP-Mediated Inflammatory Markers
The JNK signaling pathway mediates the stress-induced inflammatory cascade and is implicated in mitochondrial apoptosis, and its activation results in the phosphorylation of numerous transcription factors, such as AP-1, p53, Bax, and Bim. Furthermore, JNK can trigger other mediators, such as TNF-α, p-NFκB, and COX-2 (Ali A et al., 2020). To reveal the possible involvement of JNK and TNF-α, immunohistochemical staining was performed, and the results showed higher expression of these mediators in the APAP-administered group (p < 0.001) (Figures 5A,B), whereas carveol dose at 15 mg significantly reduced their hyperexpression (p < 0.01, Figure 5A, p < 0.001, Figure 5B). Moreover, COX-2 and p-NFκB expression were also evaluated, and the results showed that both were highly expressed in the APAP group (p < 0.001, Figures 5C,D). Carveol attenuated the expression of p-NFκB and TNF-α in a dose-dependent manner.
[image: Figure 5]FIGURE 5 | Effect of carveol on inflammatory mediators. The presented images indicate immunoreactivity of (A) p-JNK (B) TNF-α (C) COX-2, and (D) p-NFκB. Scale bar = 25 μm, magnification ×40 with n = 7/group. The data presented are relative to saline and the number of experiments performed = 3. The data are presented as means ± SEM and were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. The symbols ∗∗∗ and ### represent significant difference values of p < 0.001, while the symbol ## represent p < 0.01 values for significant differences and # represents p < 0.05. The slides were processed from cohort 1.
Effect of Carveol on the Nrf2 Signaling Pathway
To examine the possible effect of carveol on the Nrf2 signaling pathway, the expression of Nrf2, HO-1, and TRX was determined via immunohistochemistry (Figure 6). APAP activated the expression of Nrf2 (Figure 6A) and TRX (p < 0.05, Figure 6C) due to oxidative stress, and carveol, at 15 mg/kg, further expressed these antioxidative proteins to counteract oxidative stress (p < 0.001, Figure 6A, p < 0.01, Figure 6C). HO-1 and thioredoxin TRX exhibit similar characteristics, as both are antioxidants and eradicate reactive oxygen species, thereby protecting the cell from inflammation and apoptosis (Shah et al., 2018; Li and Liu, 2019). The effect of carveol on the thioredoxin protein level was evaluated in different experimental groups. Representative images and densitometric analysis are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Effect of carveol on immunohistochemistry expression (A) Nrf2 (B) HO-1, and (C) TRX with magnification ×40, and scale bar = 25 μm, n = 7/group. Representative histograms indicate a comparatively lower expression of (A) Nrf2 (B) HO-1, and (C) TRX in the APAP group than the carveol group. The data are presented as means ± SEM and were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. The symbols ### represent significant difference values of p < 0.001, while the symbol ## represents p < 0.01 values of significant differences, and ∗ or # represents p < 0.05. # is significantly different from APAP.
Results of Experimental Design 2
Carveol Enhances the Antioxidant Capacity of the Liver via the Nrf2 Signaling Pathway
To further investigate whether the antioxidative effects of carveol against APAP-induced liver injury, in vivo, are Nrf2-dependent, we blocked the Nrf2 effect by using ATRA at a dose of 10 mg/kg. As shown in Figure 7A, Nrf2 gene expression was elevated by carveol at 15 mg dose, while ATRA downregulated this expression. To further validate the hepatoprotective effect, we performed ELISA and we demonstrated similar results for Nrf2 (Figure 7B). The level of HO-1 was also decreased by ATRA (p < 0.001). Treatment with carveol at 15 mg/kg modulated the level of Nrf2 and HO-1, whereas ATRA treatment blocked the effects of carveol on Nrf2 (p < 0.05, Figures 7B,C). The expression of p-NFκB and TNF-α was also evaluated in these groups, and the results coincided with the Nrf2 findings, with hyperexpression in the ATRA + APAP group (p < 0.001). Moreover, carveol (15 mg/kg) attenuated the expression of p-NFκB and TNF-α in the carveol + ATRA + APAP group (p < 0.05, Figure 7D, p < 0.001, Figure 7E). The results were further validated using biochemical analysis (Tables 4) and H and E staining (Figure 8), with amassing of inflammatory cell migration observed in the APAP + ATRA group (p < 0.001, Supplementary Image S1).
[image: Figure 7]FIGURE 7 | Carveol produces Nrf2-dependent effects. (A) qPCR analysis, (B) Nrf2 (C) HO-1, (D) p-NFκB, and (E) TNF-α were quantified using ELISA. The data are expressed as mean ± SEM and were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test, and n = 5/group. The symbols ∗∗∗, βββ and represent significant difference values of p < 0.001, while the symbol $ represents significant difference values of p < 0.05. The symbol ∗ or β represents a significant difference relative to saline, while $ represents a significant difference relative to the APAP + ATRA group. The samples were collected 6 h later, for biochemical and morphological analyses. The samples were processed from cohort 2.
TABLE 4 | ATRA abrogated the effects of carveol.
[image: Table 4][image: Figure 8]FIGURE 8 | Histological examination and morphological changes in liver tissues. Liver tissues stained with H and E (magnification ×10 and 40×) (n = 5/group). The necrotic cells are marked and shown by an arrow; abundant inflammatory cell infiltration can be seen in the APAP + ATRA group. The data are presented as means ± SEM and were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. The symbols βββ and $$$ represent significant difference values of p < 0.001, the symbol β shows a significant difference relative to the saline, and the symbol $ shows a significant difference relative to the APAP + ATRA group. The slides were processed from cohort 2.
Docking Studies
Comprehensive docking studies were conducted to explore the possible targets of carveol. Cis-carveol was docked in the active catalytic pocket of COX-2, HO-1, IL-1, NFκB, inducible nitric oxide (iNOS), Nrf2, and TNF-α. Table 5 shows the binding energies after docking analysis, and Figure 9 shows the best pose of cis-carveol fitting to COX-2, HO-1, IL-1, NFκB, iNOS, Nrf2, and TNF-α after docking studies. The active sites of these proteins were retrieved from the literature. It was perceived that the hydroxyl group (OH-) of carveol participated in hydrogen bond formation with a protein molecule (Figure 9). The OH- groups of carveol, in these interactions, acted as hydrogen bond donors and the respective protein molecules were hydrogen bond acceptors. ASP-140 and ARG-136 of HO-1, LEU-80, and THR-79 of IL-1β, GLY 61 of NFκB, LEU-365 of Nrf2, and GLU-115 of TNF-α were involved in hydrogen bond interactions. In addition, non-covalent alkyl and Pi-alkyl interactions were observed, which are crucial for temporary interactions, specifically for the drug activity to be proficient in a system.
TABLE 5 | Binding energy values.
[image: Table 5][image: Figure 9]FIGURE 9 | Computational and docking analyses; (A) Tertiary structures of the proteins Nrf2, HO-1, NFκB, JNK3, COX-2, TNF-α, and IL-1β. (B) The docking results show the best pose of carveol that fitted to Nrf2, HO-1, NFκB, JNK3, COX-2, TNF-α, and IL-1β. The post-docking analysis was visualized using DSV in both 2D and 3D poses. The interaction between carveol and Nrf2 is shown in the panels (A, B), HO-1 in the panels (C, D), NFκB in the panels (E, F), JNK in panels (G, H), COX-2 in the panels (I, J), IL-1 in the panels (K, L), and TNF-α in the panels (M, N). The 3D poses are shown in the panels (A, C, E, G, I, K, M) and the 2D in the panels (B, D, F, H, J, L, N). Abbreviations: iNOS, inducible nitric oxide; TNF-α, tumor necrosis factor; IL-1β, interleukin; HO-1, heme oxygenase 1, COX-2, cyclooxygenase.
DISCUSSION
The clinical syndrome of a higher dose of APAP has long been established, and the potent natural antioxidant carveol attenuates APAP-induced detrimental outcomes in hepatic tissue; thus, this study further attested to our previously published data. We previously demonstrated that carveol treatment attenuated ischemic stroke-induced neurodegeneration, by positively affecting the Nrf2 pathway, thereby leading to a reduced infarction area (Malik et al., 2020). We demonstrated here that carveol reversed the oxidative and inflammatory cascades of APAP, possibly by triggering the Nrf2-dependent antioxidative mechanism, which is cross-linked to the pro-survival pathways (Figure 10). Moreover, the low energy values and relatively higher hydrogen bond formation further enhanced complex stability, as revealed through the molecular docking analysis. Additionally, previous studies have reported that targeting inflammation and oxidative stress-coupled targets could provide better therapeutic outcomes (Ali T et al., 2020; Ling et al., 2020), which opens several avenues for the use of natural drug substances.
[image: Figure 10]FIGURE 10 | The graphical representation indicates and elaborates the underlying antioxidant and anti-inflammatory mechanisms of carveol against the APAP-induced liver toxicity.
Paracetamol is an established inducer of liver toxicity in laboratory animals, but the exact pathological mechanism for this toxicity is not well known, and several mechanisms have been proposed. NAPQI, which is a highly reactive metabolite, is mostly attributed to this effect owing to its electrophilic nature, and it attacks several macromolecular targets (Shah et al., 2014; Sharma et al., 2016; Hellerbrand et al., 2017). The reactivity of NAPQI can be abolished by endogenous antioxidant enzymes, such as glutathione (James et al., 2003; Pastore et al., 2003; Lee et al., 2006). We observed a dose-dependent effect. Interestingly, carveol, at both doses, attenuated AST, ALT, and lactate dehydrogenase, along with favorable histological findings.
We have shown here that carveol treatment stimulates Nrf2, a key protein that combats various reactive oxygen species and other stress kinases, thereby halting necrotic and apoptotic cell death in the liver. The implications of inflammation, oxidative stress, and antioxidative mechanisms have been established previously. Our protein analysis using ELISA demonstrated that carveol alleviated the expression of different inflammatory mediators and cytokines, such as TNF-α and NFκB, which is further linked to increasing Nrf2 nuclear translocation and activation of the antioxidant machinery. Furthermore, such cascading events diminished the release of pro-inflammatory mediators and cytokines, by downregulating the NFκB signaling pathway, similar to previously reported data (Ali A et al., 2020). Nrf2 played a pivotal role in our model, as it reciprocally modulated the oxidative stress-induced inflammation. This notion was further demonstrated when ATRA treatment wore off the hepatoprotective effects of carveol and elevated the expression of the inflammatory markers. These results are consistent with other experimental models, in which Nrf2 shields against inflammation (Mohsin Alvi et al., 2020). Thus, its activation, either pharmacological or signaling cascades, rescues the tissue from the hallmarks of inflammation and oxidative stress, while its pharmacological inactivation deteriorates the pathological conditions in several other related degenerative models. Furthermore, the downstream targets of Nrf2, such as HO-1 and TRX, later mediated the protective mechanism of Nrf2. It is worth mentioning here that natural drugs are frequently reported to activate the cleavage of Nrf2-Keap1 dimer and thus allow the translocation of Nrf2 to the nucleus, to stimulate antioxidant machinery, including HO-1 and NAPDH quinine dehydrogenase-1 (NQO1), and thus provide a notable antioxidative mechanism to reverse the oxidative stress-induced inflammation (Jaiswal, 2004).
GSH, SOD, and CAT are among the first-line defense antioxidants that are important and indispensable in the defense of oxidants, particularly in the liver. SOD catalyzes the conversion of superoxide free radicals to H2O2 and O2, while CAT helps in protecting against the harmful effects of superoxide and lipid peroxidation in the liver. Our results demonstrated that carveol significantly attenuated hepatic MDA, a biomarker of lipid peroxidation, and leveled the GSH, SOD, and CAT contents, indicating a strong and complex effect of carveol in alleviating the APAP-induced oxidative stress. GSH activity is vital both for sustaining cellular homeostasis and for eliminating free radicals, such as superoxide. Furthermore, consistent studies have reported the detoxifying effect of GSH against electrophiles, such as NAPQI (Zai et al., 2018). Moreover, several protective agents act against liver insults, by normalizing GSH content. Thus, increased GSH, SOD, and CAT biosyntheses could account for the underlying mechanism of carveol against the NAPQI-induced oxidative stress and inflammation.
The Nrf2 pathway has a prominent protective role in the liver, while APAP exerts a detrimental effect on the Nrf2 pathway. A higher level of toxicity was observed in Nrf2-null mice than in wild-type mice when exposed to hepatotoxic agents (Aleksunes et al., 2008; Patterson et al., 2013; Guo and White, 2016). Previous studies on traditional Chinese drugs have shown their ability to activate Nrf2 and protect against the APAP-induced liver injury in mice. Consistent literature suggests that activation of the antioxidant machinery, such as Nrf2, could downregulate oxidative stress and the inflammatory cascade machinery, such as the NFκB pathway and cytokines (TNF-α and COX-2) (Ali A et al., 2020). The critical role of carveol in mediating the antioxidative effect of Nrf2 was further validated with the Nrf2 antagonist ATRA (Mohsin Alvi et al., 2020). ATRA administration removed the hepatoprotective effect of carveol, abolished the increased levels of Nrf2 and HO-1, and further exaggerated p-NFκB and TNF-α levels.
Several studies have documented the cross-talk between oxidative stress and the inflammation process (Al Kury et al., 2019; Al Kury et al., 2020). Therefore, drug therapeutics should be designed to subside the inflammatory process and oxidative distress, by triggering the endogenous antioxidant defense system. We also studied the expression profile of a thiol-related protein, thioredoxin (TRX), an integral enzyme in hemostatic redox reactions (Patterson et al., 2013). Carveol treatment boosted the TRX level, which further validated the antioxidant nature of carveol in APAP-induced liver injury. However, the exact mechanism of how carveol abrogated liver injury needs to be explored in detail.
APAP provokes free radical formation and subsequent pro-inflammatory mediators. Moreover, role of the JNK pathway in inflammatory cascades and cellular death has been strongly established (Ali A et al., 2020), and ROS and inflammatory cytokines can trigger JNK activation (Ali A et al., 2020; Ali T et al., 2020; Ling et al., 2020). Furthermore, the p-JNK pathway has been implicated in various animal models and human diseases (Shah et al., 2018; Li and Liu, 2019; Ali A et al., 2020; Ling et al., 2020; Malik et al., 2020), and the downregulation or inhibition of this pathway has been found to contribute to the protective strategy (Shah et al., 2019). We observed similar activities in the APAP-intoxicated group, and carveol significantly reduced p-JNK expression. Furthermore, hepatic necrosis can be attenuated by downregulating p-NFκB expression, which may further act on the downstream COX-2 and iNOS and thus reduce ROS generation. Moreover, the expression of COX-2 and iNOS can be prevented by antagonizing p-NFκB expression (Ali A et al., 2020). Natural drug substances have significant anti-inflammatory potential, and we previously showed the inhibitory effect of carveol, polydatin, and Ginkgo biloba on NFkB, COX-2, and iNOS expression in different experimental models (Al Kury et al., 2019; Al Kury et al., 2020; Malik et al., 2020). We postulated here that carveol reduces hepatocellular necrosis by negatively modulating the expression of mitogen kinase and other inflammatory cytokines.
We performed docking analysis using the Autodock Vina program. The binding energy was evaluated for carveol and the respective proteins (Figure 9; Table 5). Different intermolecular interactive forces are vital for energetically stabilizing the drug-receptor complex. Carveol is flexibly complexed with protein targets, by establishing H-bonds and other hydrophobic interactions. Hydrogen bond formation is important for stabilization, recognition, and molecular movement (Baker and Hubbard, 1984; Desiraju and Steiner, 2001). Several studies have revealed the importance of this kind of bonding in ligand-protein complex stability, at a bond distance of 2.6Ao–3.2Ao (Glusker, 1995; Sarkhel and Desiraju, 2004; Panigrahi and Desiraju, 2007). We speculate that the formation of H-bonds between the ligand carveol and the respective protein supports the corresponding complex stability.
CONCLUSION
In summary, our in vivo results demonstrate that carveol could be a potent antioxidant and anti-inflammatory agent that mediates protective properties in APAP-induced liver toxicity. Furthermore, our proposed mechanism suggests that carveol may activate the master endogenous antioxidant protein Nrf2 and may be associated with the negative modulation of p-JNK and other neuroinflammatory mediators; it may, thus, offer a new therapeutic option for preventing and managing oxidative stress and inflammation in degenerative disorders.
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Crohn’s disease (CD)-related fibrotic stricture remains a clinical challenge because of no effective treatments. This study aimed to evaluate the potential efficacy of rapamycin in patients with CD-related strictures in different locations in gastrointestinal tract. A pilot prospective study on using rapamycin for CD-related stricture was performed from April 2015 to August 2020 in a single center in China. Fifteen patients were enrolled into the study. The clinical efficacy was evaluated by diet score and gastrointestinal obstruction symptoms score. Clinical responses were defined as the ability to tolerate the regular diet with vegetable fiber combined with a reduction of ≥75% in overall target score and a score of less than two points for each item. Three patients discontinued rapamycin for less than 1-month due to intolerance to adverse events, then, 12 patients received ≥1 dose of the rapamycin and provided ≥1 post-baseline target score after baseline were included for intent-to-treat (ITT) analysis. 100% (5/5) of patients with upper gastrointestinal strictures achieved clinical response after using rapamycin. However, no clinical response was observed in those patients with CD lesions in lower gastrointestinal tract. Adverse events occurred in 40% (6/15) of patients. No death or serious opportunistic infections were observed in the present study. This study firstly reported that rapamycin might be effective for CD-related stricture in the upper, but not in lower gastrointestinal tract.
Keywords: Crohn’s disease, rapamycin, fibrosis, stricture, inflammatory bowel diseases, duodenum obstruction
INTRODUCTION
Crohn’s disease (CD) is a chronic relapsing inflammatory disease that can occur in any segment of the gastrointestinal tract. However, the naturally progressive disease course culminates in stricture formation (Cosnes et al., 2011), often leading to repeated bowel obstruction and surgery (Rieder et al., 2013; Singh et al., 2017). Mostly, strictures are caused by the combination of inflammation and fibrosis, and the intensity of fibrosis is almost impossible to determine (Feakins, 2020). Clinically, CD-related stenosis can be silent or symptomatic. Symptomatic stenosis may manifest as postprandial bloating, or significant intestinal obstruction, causing nausea, vomiting, and abdominal pain. Up till now, the therapy of choice for CD with fibrotic strictures, mainly comprises endoscopic dilation endoscopic stricturotomy and surgery (Kanazawa et al., 2012; Singh et al., 2017; Shen et al., 2020), in conjunction with purely anti-inflammatory therapy. Although endoscopic dilation procedures for stricturing CD are usually technically successful, the majority of patients still required multiple sessions of endoscopic dilation, and some might develop perforation (Kanazawa et al., 2012; Singh et al., 2017). A significant number of patients have to undergo multiple surgeries, with the attendant risk of developing short bowel syndrome and intestinal failure (Rieder et al., 2013). Therefore, there is necessity to explore more effective treatments for patients with CD-related fibrotic stricture.
In recent studies, rapamycin, a serine/THR kinase inhibitor of mammalian target (mTOR), has been reported as potentially effective treatment in limited populations with refractory CD (Massey et al., 2008; Mutalib et al., 2014). Rapamycin has also been reported to inhibit the progression of kidney fibrosis (Chen et al., 2012), cardiac fibrosis (Haller et al., 2016), and pulmonary fibrosis (Xu et al., 2017). A recent study has shown that rapamycin can reduce intestinal fibrosis by inhibiting CX3Cr1+ mTOR/autophagy in mononuclear phagocytes and up-regulating the IL-23/IL-22 axis (Mathur et al., 2019). Based on the consideration on the two facts: the very low incidence of CD patients with upper gastrointestinal fibrotic stricture (Nugent et al., 1989; Van Assche et al., 2004), and the hypothesis on the local anti-fibrosis effect of rapamycin in upper section of small intestine, the present study aimed to evaluate the potential efficacy of rapamycin for patients with CD-related gastrointestinal stricture.
MATERIALS AND METHODS
Study Design and Participants
Patients with CD from the nation came to the Second Affiliated Hospital of Nanjing Medical University for seeking fecal microbiota transplantation based on automatic filtration and washing process and the related delivery, which was called as washed microbiota transplantation (WMT) (Fecal Microbiota Transplantation-standardization Study Group, 2020; Zhang et al., 2020). However, these patients with CD-related strictures were not considered for WMT, but invited to attend the present trial (NCT02675153). The study was approved by the Second Affiliated Hospital of the Nanjing Medical University Institutional Ethical Review Board (2016KY001), and written informed consent was obtained from all patients. Demographics (age, gender) and disease characteristics (disease location, duration, duration of stricture and other CD drug medications) of each patient were noted before the study.
Inclusion and Exclusion Criteria
Inclusion criteria were: (1) Patients (≥18 years of age) with a documented definite diagnosis of CD; and 2) the presence of a clinically symptomatic stricture; and 3) strictures confirmed by endoscopy (passing endoscope with difficulty) or typical image by CT enterography (CTE) or MR enterography (MRE). Patients were excluded: 1) patients who were pregnant, diagnosed with intestinal perforation, complete intestinal obstruction, any signs of dysplasia or malignancy, or use of anti-tumor necrosis factor (TNF) in the last three months; and 2) patients who were not followed up between the inception of medication and any other subsequent treatments.
Procedures and Outcome Measures
Patients were treated with rapamycin (2 mg/day, Sirolimus, Roche) and short-term enteral nutrition. Patients with colitis were also treated with 5-aminosalicylic acid (5-ASA). The intent-to-treat (ITT) population comprised all patients who received ≥1 dose of the study drug and provided ≥1 post-baseline target score after baseline.
We used a composite score considering all the essential elements including the gastrointestinal obstruction symptoms score and diet score to assess the effectiveness of treatment in clinical practice during follow-up. Response should meet the following three criteria: (a) the ability to tolerate a normal diet (vegetable fiber), with a reduction of ≥75% in overall baseline target score and sub-score ≤ 2 (Table 1); (b) no need for endoscopic dilation or surgery; (c) no severe adverse events or any other reasons leading to rapamycin withdrawal. The primary aim was the rate of clinical response focusing on obstruction after using rapamycin. The follow-up was at least 6 months for patients with unclear efficacy. Patients who prematurely discontinued rapamycin due to severe adverse events or who did not meet clinical response criteria after 6 months medication usage were considered treatment failure. The secondary aim was to evaluate the adverse events during medication usage in all enrolled patients. In this study, new onset of symptoms and the exacerbation of previous symptoms were recorded as adverse events. We also evaluated the primary endpoint was the rate of surgery or ED after rapamycin as the long-term treatment outcomes.
TABLE 1 | Definition of each target and scoring method in patients.
[image: Table 1]Statistical Analysis
Data were analyzed using IBM SPSS Statistics 23.0.0 (SPSS Inc., Chicago, IL, United States). Continuous variables were expressed using median and interquartile range and tested by Analysis of Variance test. Categorical data were described as number (percentages) and were tested by Chi-square analysis or Fisher’s exact test. The paired data were compared using the Paired t test. p < 0.05 was indicative of statistical significance.
RESULTS
From April 2015 to August 2020, totally 15 patients were enrolled. The follow-up finished on December 1, 2020. The patient demographics, characteristics of CD, and previous history of drug therapy at the baseline were well balanced between the treatment groups (as shown in Table 2) and three of them with lesions in ileum or colon were administered oral 5-ASA simultaneously. One patient in the upper gastrointestinal group and two patients in the lower gastrointestinal group stopped to take the medication within one month because of adverse events (Table 2) and did not provide a post-baseline target score. Therefore, 15 patients were included in the safety population and 12 patients were included for in the ITT population (Table 3).
TABLE 2 | Characteristics of the patients at baseline.
[image: Table 2]TABLE 3 | Medications and clinical outcomes of patients.
[image: Table 3]Response rate was 41.7% (5/12) in this study. The patients achieved response were all patients with upper gastrointestinal stricture (lesions in stomach and duodenum), but clinical failure was confirmed in all patients with lower lesions. 100% (5/5) of patients with upper gastrointestinal strictures achieved clinical response within 6 months after using rapamycin, with the mean time of 4.4 months. The overall target score of the patients decreased from the mean of 12.0 at baseline to 1.6 at 4.4 months (Paired t test, p = 0.005), with each target ≤2. By contrast, the mean score for patients with lower gastrointestinal lesions dropped to 8.7 at 6 months from 10.0 at baseline (Paired t test, p = 0.022). The adverse events as the secondary aim of the present study occurred in six patients (6/15, 40%) (Table 2). No death or serious opportunistic infections were reported.
The median duration of rapamycin in patients with upper gastrointestinal stenosis was 17 (Interquartile range (IQR): 9–24) months. At a median follow-up of 49 (IQR: 42–53.5) months, three of these patients were identified to be in long-term success and have been able to completely cease medication for more than one year without relapse. One case reported clinical improvement on her obstruction in upper gastrointestinal tract after 6 months of rapamycin, but she developed rectovaginal fistula after the cessation of rapamycin for 16 months. Rapamycin was discontinued in four patients with lower gastrointestinal tract stenosis after 6 months, and three of them continued to receive rapamycin for several months of their own volition, with a median duration of 6 (IQR: 6.0–9.5) months. The median time to follow-up was 37 (IQR: 29–46) months in the lower lesions group. One patient underwent surgery 17 months after rapamycin withdrawal, while the others were treated with other immunosuppressive agents after failure of rapamycin treatment.
DISCUSSION
Treatment of CD-related stricture is a clinical challenge, especially the lesions located in upper gastrointestinal tract, and is also a high socio-economic burden due to frequent hospitalizations and surgery (Bodger et al., 2009). Despite advances in anti-inflammatory therapies in recent decades, the incidence of intestinal stenosis in CD has not changed significantly. Inflammation and fibrosis are associated, in most cases, but to different degrees. Although surgery is the choice for fibrotic stenosis, post-operative disease recurrence and re-stricture are common (Rieder et al., 2013). Endoscopic dilatation is relatively safe for patients, but the efficacy is of limited duration (Hassan et al., 2007; Taida et al., 2018). Given the current uncertainties of the medical treatment regarding the formation and progression of fibrotic strictures, new treatments are welcome.
The efficacy of mTOR inhibitors in the treatment of CD varies from studies (Massey et al., 2008; Reinisch et al., 2008; Mutalib et al., 2014). This pilot case series study explored the efficacy and safety of rapamycin in CD-related strictures. Overall, five patients (100%) with duodenum stricture achieved clinical response after rapamycin treatment, but none of patients with lower gastrointestinal stricture reported improvement. The present findings inspire us to precisely select the clinical application of rapamycin in CD-associated stenosis in duodenum or lesion close to duodenum.
In the present study, we found that Harvey-Bradshaw Index (HBI) could not accurately reflect the changes in the patients with CD-related gastrointestinal stricture. The evaluation based on clinical outcomes, including symptoms and tolerability, might be the better than using imaging changes. Therefore, the gastrointestinal symptoms and diet assessment were used for the clinical evaluation in these patients. We observed that clinical responses were only achieved in patients with upper gastrointestinal stricture by oral rapamycin, but not in patients with lower lesions. In this population, one male teenager with duodenum stricture who underwent repeated endoscopic dilation and percutaneous endoscopic gastrojejunostomy (PEG-J) for exclusive enteral nutrition, remained unresponsive for two years. After two months of treatment with rapamycin, he switched from enteral nutrition via tube to regular taking food by oral with normal diet, and the total score dropped from 10 at baseline to two at two months. He maintained clinical response to rapamycin for two years. Unfortunately, 10 months after withdrawal of rapamycin, gastroscopy revealed the progression of stenosis. Then he was treated with rapamycin again and has maintained response to date. Another patient with upper lesions took rapamycin continuously for only 6 months and developed rectovaginal fistula after stopping the medication. In view of these results, we suggest that rapamycin should be used as a long-term or maintenance therapy to achieve the best treatment response.
The enteral nutrition via tube can solve the nutritional needs of patients and relieve inflammatory bowel stricture in CD (Hu et al., 2014), but it seems not effective on fibrotic stenosis. Therefore, our results suggest that rapamycin may have a role in the treatment of fibrotic strictures. The present study showed a new treatment option for CD related strictures and further studies are expected to investigate the underlying mechanisms of this effect in the future.
An important question is whether rapamycin could prevent or delay surgery in this category of patients. We observed that 11/12 patients (91.7%) initially treated with rapamycin were surgery-free after a median follow-up of more than 3 years. The results may suggest that rapamycin has changed the natural history of the disease and is able to reverse strictures to some extent, which were thought to be non-reversible according to the Lemann Index in some patients with CD (Fiorino et al., 2015). In our study, the most common adverse event was mouth ulcer, and three patients discontinued the treatment due to adverse events within one month. However, adverse events occurred in patients after one month subsided spontaneously, indicating that the severity of adverse reactions may gradually decrease over time.
There were some limitations in the present study. The simple size was small, and the result might not be representative of the general population. In addition, the evaluation based on endoscopy or radiology was not performed for each patient. The benefits and risks of rapamycin for fibrotic strictures in long term should be assessed in randomized controlled trials.
In conclusion, although CD-related fibrotic stricture in upper gastrointestinal tract is rare, we had opportunity to enroll this specific population for this pilot study in China. We first time reported that the rapamycin should be effective in patients with CD-related fibrotic stricture in upper gastrointestinal tract, not those lesions in lower tract. Further case-control studies with appropriate sample and randomization are required to support the use of rapamycin in this specific subpopulation.
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Background: The excessive consumption of free sugars is mainly responsible for the high prevalence of obesity and metabolic syndrome in industrialized countries. More and more studies indicate that fructose is involved in the pathophysiology and also in the degree of disease of non-alcoholic fatty liver disease (NAFLD). In epidemiologic studies, energy-adjusted higher fructose consumption correlates with NAFLD in overweight adults. In addition to glucose, fructose, as an equivalent component of conventional household sugar, appears to have negative metabolic effects in particular due to its exclusive hepatic metabolism. Liver-related mortality is strictly associated with the degree of fibrosis, whereas the most common cause of death in patients suffering from NAFLD and non-alcoholic steatohepatitis (NASH) are still cardiovascular diseases. In this review article, we have summarized the current state of knowledge regarding a relationship between fructose consumption, liver fibrosis and life expectancy in NASH.
Method: Selective literature search in PubMed using the keywords ‘non-alcoholic fatty liver’, ‘fructose’, and ‘fibrosis’ was conducted.
Results: The rate of overweight and obesity is significantly higher in both, adult and pediatric NASH patients. The consumption of free sugars is currently three times the maximum recommended amount of 10% of the energy intake. The current literature shows weight gain, negative effects on fat and carbohydrate metabolism and NASH with hypercaloric intake of fructose.
Conclusions: Excessive fructose consumption is associated with negative health consequences. Whether this is due to an excess of energy or the particular metabolism of fructose remains open with the current study situation. The urgently needed reduction in sugar consumption could be achieved through a combination of binding nutritional policy measures including taxation of sugary soft drinks. Previous studies suggest that diet-related fructose intake exceeding the amount contained in vegetables and fruits lead to an increase of hepatic lipogenesis. Thus, further studies to clarify the protective contribution of low-fructose intake to positively influence NAFLD in industrial population are urgently required.
Keywords: non-alcoholic fatty liver, obesity, diabetes, lipogenesis, sugar, fructose, inflammation, fibrosis
INTRODUCTION
A positive energy balance and the consumption of free sugars are particularly the basis for the development of overweight and the metabolic syndrome. Fructose as a simple sugar occurs naturally in pome fruit (in apples and pears each about 6/100 g), berries (about 7.5/100 g), in exotic fruits (pomegranate and persimmon), and in honey (about 40/100 g) as well as in synthetic honey (US Food and Drug Administration, 2018). Table sugar normally is a double sugar, which is composed of one molecule each of glucose (grape sugar) and fructose. A significant proportion of the sugar intake nowadays comes from industrially manufactured foods that contain fructose-glucose syrup (i.e., high-fructose corn syrup). The term "free sugar" describes monosaccharides (glucose, fructose) and disaccharides (sucrose, table sugar) that either occur naturally in foods such as fruit and fruit juices or are added to industrially manufactured foods and beverages (US Food and Drug Administration, 2018).
The current WHO guideline recommends that free sugar should not be more than 10% of the total energy requirement of adults and children (Guideline, 2015). With an energy demand of 2000 kcal for an average adult, this would correspond to an amount of 50 g of sugar (17 sugar cubes ≈ 12 teaspoons of household sugar ≈ 500 ml of orange juice ≈ 5 oranges). A further reduction of free sugars to 5% of the estimated guide value of the total energy consumption to diminish the risk of dental caries is recommended by the WHO with limited informative value (Guideline, 2015; Schwingshackl et al., 2020). Children have a special role with regard to sugar intake, as they have an innate, evolutionarily advantageous preference for energy-dense and sweet foods (Rabenberg and Mensink, 2013). The uptake of sugar leads to an endogenous release of opioids, an effect that is used in pediatrics for painful procedures in newborns (Stevens et al., 2016; Gibbins and Stevens, 2001).
Both, prenatally and postnatally, exposure to certain flavors through amniotic fluid and breast milk has an influence on the development of taste preferences (Mennella et al., 2001; Nehring et al., 2015). In general, breast milk seems to have a positive effect on the diversity of food accepted by children due to the greater variety of flavors compared to infant formula (Fidler Mis et al., 2017). The individual sensitivity for sweets is also influenced by genetic polymorphisms of the taste receptors. The phenomenon of “flavor learning” in childhood was taken into account within the framework of the guideline of the ESPGHAN (European Society of Paediatric Gastroenterology, Hepatology and Nutrition), which recommends a maximum sugar intake of 5% of the overall energy requirement for children aged 2–18, corresponding to 16 g sugar (4 teaspoons) in a 4 year old boy. An even lower intake is recommended for children under 2 years of age, whose taste preference appears to be influenced more better (Fidler Mis et al., 2017). The actual proportion of free sugars in total energy intake is currently 13–14% for adults and 15–17.5% for children, and is thus still well above the maximum recommended amount (Schwingshackl et al., 2020; Bagus et al., 2016; Perrar et al., 2019). Sweets (34%) and fruit juices (22%) make up the main part of the intake of free sugars in childhood, but sugar-sweetened beverages also play a role, as they hardly lead to a feeling of satiety despite their high energy density contribute (Neuenschwander-Tetri, 2013). The intake of free sugars and sugary soft drinks correlates with a low socio-economic status (Rabenberg and Mensink 2013; Richter et al., 2012). The ‘German Health Interview and Examination Survey for Children and Adolescents‘ (KiGGS) study showed that children between 3 and 17 years of age consumed an average of two glasses (1 glass = 200 ml) of sugary drinks (juices, soft drinks, etc.) per day. Assuming a sugar content of around 10 g/100 ml of drink, this corresponds to around 40 g of free sugar or 160 kcal (Rabenberg and Mensink 2013; Ventura et al., 2011).
FRUCTOSE AND NON-ALCOHOLIC FATTY LIVER DISEASE
Fructose-rich diet forms can very quickly lead to almost all basic diseases of the metabolic syndrome. (Hannou et al., 2018). This medical condition is associated with trunk obesity, arterial hypertension, high serum sugar/impaired glucose tolerance (diabetes), elevated serum triglycerides, and reduced high-density lipoproteins (Figure 1).
[image: Figure 1]FIGURE 1 | Deleterious effects of a high fructose intake on human health. Excessive fructose consumption is a risk factor for several chronic diseases including non-alcoholic fatty liver disease (NAFLD), obesity, dyslipidemia, insulin resistance/diabetes type 2, arterial hypertension, and hyperuricemia.
Due to its hepatic metabolism, fructose is suspected to be partly responsible for the development of non-alcoholic fatty liver disease (NAFLD). Most prandial fructose is not metabolized in the intestine but rather passes via the portal vein to the liver (Brown et al., 1997). The term NAFLD includes on the one hand the potentially reversible NAFL (non-alcoholic fatty liver), defined by a fat content of more than 5% of the hepatic parenchymal surface, as well as NASH (non-alcoholic steatohepatitis) with additional mixed-cell inflammatory infiltrates. NAFLD is etiologically closely linked to the metabolic syndrome and hyperalimentation and can lead to liver cirrhosis and/or liver cancer, especially hepatocellular carcinoma (HCC) (Roeb et al., 2015). The prevalence of NAFLD is estimated at around 26% in industrialized nations and has been characterized by a particularly significant increase in the number of cases in recent years. From 18.9% for men and 22.5% for women in 1998, the prevalence increased to 23.3% and 23.9% respectively by 2010 (Lammert et al., 2019). Fructose is the main nutrient responsible for the fatty degeneration of the liver, which can significantly lead to excess hepatic energy and, moreover, to fatty liver cells. Partly controversial retrospective data indicate higher fructose consumption in NAFLD patients and an influence on the extent of liver fibrosis (Figure 2) (Ouyang et al., 2008; Mosca et al., 2017; Abdelmalek et al., 2010).
[image: Figure 2]FIGURE 2 | Histopathology of nonalcoholic steatohepatitis (NASH). Compared to normal liver (left), histologic features of NASH include steatosis, ballooning, and lobular inflammation (middle). Although not a requirement for the histological diagnosis NASH, fibrosis is often paired with the pathological changes (right).
Animal experiments have shown that diets enriched in fructose (70% of total energy intake) compared with a high glucose content show significant histological fatty liver disease and laboratory signs of liver cell damage (Jürgens et al., 2005; Kawasaki et al., 2009; de Castro et al., 2013). A prospective case-control study also found a connection between increased consumption of soft drinks and NAFLD (Abid et al., 2009). The enhanced intake of sugar and fructose is of great importance for the simple steatosis but also for the progression to severe forms of nonalcoholic fatty liver disease (NAFLD), such as nonalcoholic steatohepatitis (NASH), fibrosis (NASH fibrosis), and hepatocellular carcinoma (Lim et al., 2010). The aim of the present review is a compilation of the current data that support the importance of fructose intake for the development of liver fibrosis and life expectancy in NASH.
METHODS
A selective literature search in PubMed using the keywords ‘non-alcoholic fatty liver’, ‘fructose’, and ‘fibrosis’ was conducted at the beginning of December 2020. Using these search teams, a total of 135 publications were detected. After excluding pure in vitro trials and animal experiments, 35 publications were finally used for this review.
ASSOCIATION OF FRUCTOSE AND NON-ALCOHOLIC FATTY LIVER DISEASE
Two meta-analyses dealt with the connection between fructose consumption and fatty liver disease. In 2014 Chiu et al. as well as Chung et al. were unable to demonstrate any effect of fructose on the intrahepatocellular fat content and the alanine aminotransferase level in studies in which fructose was used in an isocaloric exchange with other carbohydrates, while the hypercaloric intake of fructose negatively affects both parameters (Chiu et al., 2014; Chung et al., 2014). The findings of these studies suggest that the study situation is sometimes controversial. However, a high fructose consumption, which is accompanied by an excess of energy, seems to be associated with increased plasma glucose and triglyceride levels and significantly contributes to hepatic steatosis (Ter Horst and Serlie 2017). The extent to which fat as a macronutrient contributes to the development of NAFLD as well as the effects of high carbohydrate intake is the subject of current research.
According to the experimental studies carried out so far, fructose acts as nutritional regulator impacting the expression of many genes engaged in fructolysis, de novo lipogenesis, gluconeogenesis, glycolysis, and lipolysis (e.g., fatty acid oxidation) by mechanisms associated with transcriptome analysis and epigenetic (Figure 3). We suspect that these effects of fructose intake are related to the respective nutritional status and gender of the test subjects. These effects persist in spite of fructose reduction, are passed on from mothers with high fructose consumption to their offspring and might influence the hepatic fat metabolism long before obesity and insulin resistance occur (DiStefano 2020). An important regulator of cholesterol metabolism showed decreased gene expression in males from fructose-fed mothers. In accordance Liver X-receptor gene promoter methylation was increased in males from fructose-fed mothers. Thus, maternal fructose intake produces a fetal programming that influences transcription epigenetically, and both hepatic mRNA gene expression and plasma parameters of cholesterol metabolism in adult progeny (Rodrigo et al., 2018).
[image: Figure 3]FIGURE 3 | Fructose impacts hepatic energy metabolism. Fructose modulates the expression of a large number of genes that are involved in regulation of glycolysis, lipogenesis, β-oxidation/lipolysis, fructolysis and gluconeogenesis. Gene symbols (in alphabetical order) correspond to: Acaca, acetyl-CoA carboxylase-α; Acly, ATP citrate lyase; Acox1, acyl-coenzyme A oxidase one; Aldob, aldolase B; Chrebp, carbohydratre response element-binding protein; Cpt1a, carnitine palmitoyltransferase 1 (isoform a); Elovl5, elongation of very long chain fatty acids-like five; Elovl6, elongation of very long chain fatty acids-like six; Fasn, fatty acid synthase; Fbp2, fructose-1,6-bisphosphatase two; G6pc, glucose-6-phosphatase; Gpat, glycerol-3-phosphate acyltransferase (mitochondrial); Khk, ketohexokinase; Lipe/Lpl, lipase/lipoprotein lipase; Pdk3, pyruvate dehydrogenase kinase, isoenzyme three; Pepck, phosphoenolpyruvate carboxykinase one; Pfk1, phosphofructokinase (muscle type); Pklr, pyruvate kinase (liver and red blood cell); Ppara, peroxisome proliferation-activated receptor-α; Pparg, peroxisome proliferation-activated receptor-γ; Ppargc1a, peroxisome proliferation-activated receptor-γ coactivator 1-α; Scd, stearoyl-Coa desaturase; Sirt1, sirtuin one; Slc2A5, solute carrier family 2 (facilitated glucose/fructose transporter) member five; Srebp1c, sterol regulatory element-binding transcription factor 1 (isoform c). Adapted from (DiStefano 2020).
The association between high fructose intake and obesity has led to analyze fructose and its impact on NAFLD. The consumption of sucrose and high fructose corn syrup rose exponentially about 1,000% during 1970 and 2010 and makes up to 10% of the calories in the daily diet (Abdelmalek et al., 2010). Of 60 ultrasound-proven NAFLD patients, 80% had an excessive soft drink intake compared to 17% of healthy controls. In this same study, NAFLD subjects consumed five times more carbohydrates from soft drinks compared to controls (Abid et al., 2009). Thus, regular soft drink consumption seems to be a predictor of NAFLD and the metabolic syndrome with hypertriglyceridemia, pathological glucose tolerance in liver, weight gain, and insulin resistance (Nseir et al., 2010). High fructose concentrations were found in dates, honey, raisins, and sweet cherries as well as in cola (see Table 1).
TABLE 1 | Fructose in different foods.
[image: Table 1]In adults with NAFLD, daily fructose ingestion was associated with reduced hepatic steatosis but increased fibrosis (Abdelmalek et al., 2010). In addition, Abdelmalek et al. stated that in older patients, e.g., in adults age > or = 48 years, a daily fructose consumption was associated with histologically proven significant increased hepatic inflammation and hepatocyte ballooning. Even in healthy adult men high-fructose intake was associated with increased DNL and liver fat in healthy men fed weight-maintaining diets (Schwarz et al., 2015).
THE WAY HOW FRUCTOSE INFLUENCES NON-ALCOHOLIC FATTY LIVER DISEASE
The individual diet is highly relevant for the development of NAFLD and both, risky (e.g., fructose) and protective eatables (Mediterranean diet), have been identified, but the contribution of exorbitant calories remains crucial (Marchesini et al., 2016). Fructose metabolism in the liver is not a tightly regulated biochemical pathway in contrast to glycolysis, where the rate-limiting enzyme phosphofructokinase, is present (Nd 2019). Fructose consumption enables disturbances of metabolic pathways that might result in excessive hepatic fat accumulation. As a central organ involved in regulating energy homeostasis, the liver coordinates interactions with other organs that are critical for the maintenance of energy homeostasis. Dietary sugars such as fructose move from the small intestine into the blood circulation by means of a passive transport process throughout the apical border of enterocytes that is triggered by members of the facilitative glucose/fructose transporter (GLUT) family such as GLUT5 (Merino et al., 2019) (Figure 4). Thereafter, the sugar is transported toward the liver via the hepatic portal vein where it activates the production of glucose and lipid synthesis. Increased hepatic lipogenesis results in steatosis and elevated concentrations of triglycerides that on long-term give cause to adiposity. Under physiological conditions, these processes are tightly regulated. Chronic fructose consumption leads to activation of the sterol regulatory element-binding protein 1c (SREBP1c) and the carbohydrate-responsive element-binding protein (ChREBP) that in turn provokes the expression of the liver-derived hormone fibroblast growth factor 21 (FGF21) regulating energy homeostasis and protecting the liver from fructose-induced metabolic disease (Hannou et al., 2018). Moreover, ChREBP transactivates expression of the apolipoprotein C-III (APOC3) and angiopoietin-like 8 (ANGPTL8), which both lower the activation of lipoprotein lipase (LPL) and limit the clearance of very low density lipoproteins (VLDL) (Hannou et al., 2018). The metabolic activity of the liver is further modulated in crosstalk with the brain, which modulates different aspects of metabolism, including food ingestion, energy consumption, insulin secretion, glucose metabolism, and fatty acid production in adipose tissue (Roh et al., 2016).
[image: Figure 4]FIGURE 4 | Elevated fructose intake trigger fatty liver disease. Consumed sugar such as fructose moves from the intestinal lumen to the blood circulation through a facilitated passive transport across the apical border of enterocytes using the facilitative glucose/fructose transporter GLUT5. It is then transported into the liver through the hepatic portal vein. In the liver fructose is metabolized to glucose and drives lipid synthesis resulting in steatosis, elevated concentrations of triglycerides, and adiposity. Under physiological conditions, these processes are tightly regulated finely adjusted in crosstalk with the brain, which integrates signals impacting food intake, energy expenditure, insulin secretion, hepatic glucose production, and fatty acid metabolism. For details see text. Abbreviations used are: APOC3, apolipoprotein C-III; ANGPTL8, angiopoietin-like eight; FGF21, fibroblast growth factor 21; VLDL, very low density lipoprotein. Adapted from (Hannou et al., 2018).
Taken together fructose seems to functions as both, as a substrate and as an inducer of hepatic de novo lipogenesis (DNL) (Jegatheesan and De Bandt, 2017). Fructose absorbed from the portal blood into the liver cells is converted to fructose-1-phosphate by fructokinase and thereby activated for further metabolic steps. Fructose-1-phosphate is split into d-glyceraldehyde and dihydroxyacetone phosphate by the liver-specific fructose-1,6-diphosphate aldolase. The latter can be broken down further via the corresponding reaction of glycolysis or used for gluconeogenesis. Thus, fructose can be broken down into pyruvate more quickly than glucose since the rate-limiting reactions of glycolysis (glucokinase and phosphofructokinase reaction) are bypassed (Jegatheesan and De Bandt, 2017). By saturating the glycolytic pathway, high fructose intake might result in an accumulation of glycolysis intermediates which can be converted to glycerol-3-phosphate used in triglyceride (TG) synthesis. Excessive consumption of fructose, however, might additionally induce the deterioration of the intestinal barrier and induce inflammation (Kawabata et al., 2019). Very recently it was shown that fructose-elicited endotoxaemia activates Toll-like receptor (TLR) signaling in liver macrophages, a process that could be blocked experimentally. To prove that hypothesis in a murine model, the restoration of barrier function was associated with reduced DNL and reduced hepatosteatosis, attenuated HCC formation and minor expression of lipogenic and inflammatory genes. In addition, an antimicrobial peptide prevented fructose-induced NAFLD (Todoric et al., 2020).
Also Lambertz et al. reviewed that fructose ingestion provokes a transformation of the gut microbiome, leading to leaky gut with enhanced permeability of the intestinal barrier, hepatic inflammation, increasing insulin resistance and - last but not least - liver fibrosis (Lambertz et al., 2017). In addition, they discuss fructose-associated changes of tight junction proteins affecting the intestinal permeability, thus resulting in an entry of bacteria and bacterial endotoxins into the blood stream. A cross-sectional epidemiological study has associated fructose uptake to the degree of hepatic fibrosis, eg fibrosis grade, in fatty liver disease. Clinical trials revealed that ingestion of fructose-containing beverages, with either fructose or sucrose, contribute to the development of NAFLD in comparison to isocaloric alternative soft drinks. In addition genetic polymorphisms increasing the uptake of glucose into lipogenic pathways are associated with NAFLD (Neuschwander-Tetri 2013). Moreover, Silbernagel et al. detected a correlation of visceral and liver fat content with cholesterol synthesis even in wholesome humans. In addition, they showed that cholesterol synthesis seems to depend on the uptake of fructose and glucose. (Silbernagel et al., 2012). However, prospective multicenter studies analyzing whether marked transformations of hepatic fat amount will influence cholesterol homeostasis are still missing.
Fructose intake increased hepatic de novo lipogenesis, and lipoprotein lipase activity was downregulated postprandial in humans consuming fructose in comparison with subjects consuming glucose. The authors conclude that increased de novo lipogenesis as well as decreased lipoprotein lipase-mediated clearance are part of the fructose-induced postprandial hypertriglyceridemia (Stanhope et al., 2009). Some years later, fructose was proposed as a key player in the formation of NAFLD (Basaranoglu et al., 2013). High-fructose corn syrup in soft drinks and other carbohydrate-sweetened beverages is a blend that is typically composed of 55% fructose, 41% glucose, and 4% complex polysaccharides. A higher intake of these beverages meaning enhanced fructose consumption has been associated with obesity, type 2 diabetes, and NAFLD in the USA. Thus, fructose provokes hepatic stress, phosphorylation of JNK and finally reduced hepatic insulin signaling (Basaranoglu et al., 2013). Moreover, it is indisputable that fructose decreases insulin sensitivity, and increases visceral adiposity in overweight/obese adults. But how does it work in lean subjects with NAFLD?
‘LEAN NAFLD’ SUBJECTS
The term ‘lean NAFLD’ quotes to liver steatosis in slim patients or patients of normal weight, according to the per region-specific body mass index (BMI). Similar to the pathogenesis of NAFLD in obese persons, fructose consumption may also be important in the development of NAFLD in leans (Kumar and Mohan, 2017). Soft drink consumption for example seems to be associated with NAFLD in the absence of conventional risk factors (Assy et al., 2008). Independent of the diagnosis metabolic syndrome, NAFLD patients displayed higher soft drink consumption in a study published by Abdi and coworkers (Abid et al., 2009). In particular the study revealed that the NAFLD patients ingested five times as much carbohydrates in soft drinks in comparison to healthy controls (40% vs. 8%, p < 0.001). About 7% of patients just drank one soft drink daily, over 50% consumed two to three soft drinks per day, and 38% had more than four soft drinks per day for most days within a half year. The most popular drink was Coca-Cola (regular: 32%; diet: 21%), the second most popular fruit juices (47%) (Abid et al., 2009). Table 1 gives an overview of the fructose content of various fruits and fruit juices.
On the other hand, patients with fructose 1-phosphate aldolase B deficiency characterized by hereditary fructose intolerance also exhibit increased intrahepatic triglyceride accumulation suggesting that both the increasing concentration of fructose-1-phosphate and the derogation of β-oxidation seem to be involved in NAFLD pathogenesis. In patients with this inborn error, a higher intrahepatic triglyceride concentration with regard to controls was associated with impaired glucose tolerance. The accumulation of intermediates of fructolysis might cause intrahepatic triglyceride accumulation via impaired β-oxidation (Simons et al., 2019).
NO HINTS FOR NEGATIVE EFFECTS OF FRUCTOSE
We don't want to conceal that there are other statements to fructose consumption in men. Three review articles argue indeed against any negative effects of fructose on human health (Tappy and Lê 2010; Rippe et al., 2017; White 2013). In addition, there is no concrete evidence that fructose consumption in normal ranges has serious consequences (Tappy and Lê 2012). Whether ingestion of smaller amounts of fructose over longer time periods stimulates de novo lipogenesis or increases intrahepatic fat concentration has not been circumstantiated in epidemiological studies and has to be assessed (Tappy and Lê 2012).
The ingestion of fruits and vegetables seems to represent a protection for various diseases, such as type 2 diabetes. In addition fruits and vegetables were correlated with a lower risk of overall and cardiovascular disease (Wang et al., 2016). In an interventional clinical trial in order to unravel the pathogenetic mechanisms of fructose in comparison to glucose consumption Smajis et al. demonstrated that the consumption of a high dose of fructose over 8 weeks had no influence on important metabolic consequences in case of a stable energy intake, slightly lower body weight, and potentially incomplete absorption of the ingested fructose (Smajis et al., 2020). Thus, young and healthy humans might at least for a short time period be able to compensate a higher fructose intake.
LIPOGENIC MARKERS AND TRIACYLGLYCEROL SYNTHESIS
Liver fibrosis induced by a high fructose intake was associated with increased body weight, hunger-satiety system dysregulation, increased insulin concentration, dysregulated lipid metabolism, lipoperoxidation and inflammation. In addition, enhanced levels of hepatic glucose-6-phosphate dehydrogenase (G6PD) and malic enzyme activity, the NAD(p)H/NAD(p)+ ratios, the reduced glutathione concentration and increased expression of lipogenic and fibrotic markers were described. All these changes were reduced by the application of nicotinamide (Loza-Medrano et al., 2020). Specifically, nicotinamide reduced the activity and expression of G6PD and malic enzyme. This finding was associated with a reduction of the NADPH/NADP+ ratios, rising GSH levels and decreased lipoperoxidation and inflammation, improving fibrosis and NASH development. The manipulation of NADPH-producing enzymes was attended by the antifibrotic, antioxidant and antilipemic effects of nicotinamide (Loza-Medrano et al., 2020).
Diacylglycerol acyltransferase (DGAT)1 and DGAT2, catalyze the final step of triglyceride synthesis (Harris et al., 2011). A recent study indicates that hepatic DGAT2 deficiency leads to a reduction of diet-induced hepatic steatosis, thus supporting the application of DGAT2 inhibitors as a therapeutic approach to ameliorate NAFLD and associated diseases (Gluchowski et al., 2019). Based on these findings, the inhibition of DGAT2 is regarded as a promising therapeutic approach for NAFLD/NASH in humans.
During cholestasis, the expression of genes encoding proteins involved in triacylglycerol (TAG) synthesis and de novo lipogenesis (AGPAT1, GPAT1, MGAT1, DGAT1, DGAT2, FASN, HMGCS1, ACC1, SREBP1c, and PPARγ) was downregulated (Irungbam et al., 2020). The reduced expression of AGPAT1, GPAT1, MGAT1, and DGAT2 implicated that FFAs cannot be utilized for TAG synthesis. But increased free fatty acid (FFA) levels in parallel with reduction a of TAG synthesis and accumulation along with increased lipolysis during cholestasis seems to facilitate the acceleration of liver injury (Zahner et al., 2017).
INTERVENTION AND THERAPEUTIC APPROACHES IN NON-ALCOHOLIC FATTY LIVER DISEASE
Presently, there is no approved pharmacologic therapy to universally treat NAFLD. However, intensive lifestyle modifications such as drinking of unsweetened coffee and avoiding fructose corn syrup are reasonable specific dietary recommendation for patients suffering from NAFLD (Malhotra and Beaton 2015). Mediterranean diets high in vegetables, fish, nuts, grains, fruits, and olive oil enriched with unsaturated fats have been shown to beneficially effect or negatively correlate with NAFLD. In contrast, consumption of a typical Western diet, which includes soft drinks, fructose, red meat and saturated fatty acids predispose for NAFLD development (Zelber-Sagi et al., 2017). Short-term interventions by macronutrient manipulations might influence hepatic steatosis illustrating both pro- and anti-steatitic effects. In line, macronutrient manipulations that restrict uptake of carbohydrates and saturated fatty acids are reported to have efficacious effects (Stokes et al., 2019). A detailed literature review focusing on established principal has developed five key dietary recommendations including 1) traditional dietary patterns such as the Mediterranean diet, 2) limiting of excess fructose consumption and processed foods and beverages enriched in fructose, 3) replacement of dietary saturated fatty acids by long-chain omega-3 rich foods and monounsaturated fatty acids, 4) substitution of processed food, fast food, commercial bakery goods, and sweets by unprocessed or minimally processed foods that are high in fiber, including whole grains, vegetables, fruits, legumes, nuts, and seeds, and finally 5) reduction of excess alcohol consumption (George et al., 2018). Consequently, NAFLD incidence and progression is significantly reduced by improving diet quality following these guidelines. It is supposed that these benefits result from the collective effect of dietary patterns rather than from one single measure (George et al., 2018).
There is also clear evidence that regular exercise is beneficial to reduce the overall hepatic lipid content. In particular, diverse studies have shown that vigorous-intensity exercise is inversely correlated with NAFLD severity (Schon and Weiskirchen, 2016). This was particularly demonstrated in a study that enrolled more than 5,700 participants and found a dose-response relationship between physical activity and the occurrence of NAFLD (Kalathiya et al., 2015). Moreover, some clinical studies have demonstrated that short-term exercise, when conducted regularly, is already sufficient to reduce hepatocyte apoptosis in obese patients suffering from NAFLD by improving insulin sensitivity and restoration the general oxidative capacity, suggesting that active lifestyle and caloric restriction are beneficial in decreasing histological signs of fatty liver disease (Schon and Weiskirchen, 2016).
CONCLUSION
NAFLD representing a form of chronic hepatitis is one of the most important and rising causes of liver disease worldwide. Respective patients have a high frequency of metabolic comorbidities such as obesity, impaired insulin resistance and dyslipidemia. Presently, there are only limited treatment options. The current standard of care for NAFLD patients is the limitation and control of risk factors and the advice to follow recommendations for lifestyle changes. In particular, weight loss provoked by dietary restriction and regular physical exercise can be beneficial in regress of liver disease. A Mediterranean diet can significantly reduce liver fat mass even without weight loss and is most recommended. However, there are also a substantial proportion of lean patients with NAFLD. The consumption of unsweetened coffee, reduction in fructose intake, and the avoidance of foods enriched in saturated fats are reasonable specific dietary recommendations for NAFLD and NASH patients. Sedentary activity patterns contribute as well as ingestion of low amounts of polyunsaturated fatty acid to NAFLD and metabolic syndrome. But in the case of a diverse diet, it is very difficult to emphasize the importance of one single nutrient. Thus, high-quality basic research and well-defined randomized clinical trials assessing dietary interventions that focus on liver-specific endpoints-are urgently needed as a priority.
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Background and Purpose: Activation of hepatic stellate cells (HSC) is a central driver of liver fibrosis. 5-lipoxygenase (5-LO) is the key enzyme that catalyzes arachidonic acid into leukotrienes. In this study, we examined the role of 5-LO in HSC activation and liver fibrosis.
Main Methods: Culture medium was collected from quiescent and activated HSC for target metabolomics analysis. Exogenous leukotrienes were added to culture medium to explore their effect in activating HSC. Genetic ablation of 5-LO in mice was used to study its role in liver fibrosis induced by CCl4 and a methionine-choline-deficient (MCD) diet. Pharmacological inhibition of 5-LO in HSC was used to explore the effect of this enzyme in HSC activation and liver fibrosis.
Key Results: The secretion of LTB4 and LTC4 was increased in activated vs. quiescent HSC. LTB4 and LTC4 contributed to HSC activation by activating the extracellular signal-regulated protein kinase pathway. The expression of 5-LO was increased in activated HSC and fibrotic livers of mice. Ablation of 5-LO in primary HSC inhibited both mRNA and protein expression of fibrotic genes. In vivo, ablation of 5-LO markedly ameliorated the CCl4- and MCD diet-induced liver fibrosis and liver injury. Pharmacological inhibition of 5-LO in HSC by targeted delivery of the 5-LO inhibitor zileuton suppressed HSC activation and improved CCl4- and MCD diet-induced hepatic fibrosis and liver injury. Finally, we found increased 5-LO expression in patients with non-alcoholic steatohepatitis and liver fibrosis.
Conclusion: 5-LO may play a critical role in activating HSC; genetic ablation or pharmacological inhibition of 5-LO improved CCl4-and MCD diet-induced liver fibrosis.
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INTRODUCTION
Liver fibrosis is a common outcome of chronic liver injury such as chronic hepatotoxicity and non-alcoholic steatohepatitis (NASH) (Yu et al., 2018). If unmanaged, liver fibrosis can advance to cirrhosis and portal hypertension and often requires liver transplantation.
Hepatic stellate cells (HSC) play a key role in the formation of hepatic fibrosis (Higashi et al., 2017). In normal liver, HSC stay quiescent (Ogawa et al., 2007). With injurious stimuli, HSC transdifferentiate from a quiescent to activated state (Puche et al., 2013), becoming proliferative and producing a high amount of α-smooth muscle actin (α-SMA) and collagens (De Minicis et al., 2008). When this extracellular matrix accumulates excessively, it causes a fibrotic outcome and scars on the liver (Wu et al., 2018). The mechanism of HSC activation is not fully understood. Several signaling pathways participate in activating HSC (Woodhoo et al., 2012). Transforming growth factor-β (TGF-β) induces the phosphorylation of Smad2/3, which in turn promotes HSC activation and regulates the expression of fibrotic genes (Feng and Derynck, 2005). Activation of extracellular signal-regulated kinase (ERK) also contributes to HSC activation (Chen et al., 2016; Xie et al., 2017).
Arachidonic acid is the precursor of biologically and clinically important eicosanoids (Harizi et al., 2008). 5-lipoxygenase (5-LO) is the key enzyme that catalyzes arachidonic acid into leukotrienes (Alexander et al., 2011). Upon activation of 5-LO-activating protein (Flap), 5-LO oxidases arachidonic acid to the unstable intermediate 5-hydroperoxyeicosatetraenoic acid (5-HPETE), which is further dehydrated to form leukotriene A4 (LTA4) (Silverman and Drazen, 1999). LTA4 is converted to LTB4 via LTA4 hydrolase enzymes or to LTC4 via LTC4 synthase (Hofmann and Steinhilber, 2013). Both LTB4 and LTC4 are inflammatory lipid mediators that have important effects on the development of allergic rhinitis, bronchial asthma and atherosclerosis (Kowal et al., 2017). Inhibiting 5-LO by an inhibitor such as zileuton or blocking the effect of leukotrienes by their receptor antagonist such as montelukast, have been clinically used for asthma treatment (De Corso et al., 2019).
Recent studies indicated that the 5-LO pathway is associated with fibrosis (Qian et al., 2015; Su et al., 2016). 5-LO is expressed in human dermal fibroblasts, synovial fibroblasts, pulmonary fibroblasts and rat adventitial fibroblasts (Lin et al., 2014; Su et al., 2016). Activation of these cells can be restrained by 5-LO inhibitors (Lin et al., 2014; Su et al., 2016). LTB4 and LTC4 are secreted from lung fibroblasts (Shiratori et al., 1989; Paiva et al., 2010) and contribute to the proliferation and migration of these cells (Hirata et al., 2013). However, the role of 5-LO in HSC activation and liver fibrosis remains unknown.
In this study, we first used metabolomics to reveal that LTB4 and LTC4 are highly secreted during the activation of HSC. Secreted LTB4 and LTC4 promoted HSC activation via an ERK signaling pathway. Ablation or inhibition of 5-LO could suppress HSC activation. In mouse fibrotic models, ablation or targeted inhibition of 5-LO in HSC relieved liver fibrosis and injury. Finally, we found increased expression of 5-LO in liver sections of patients with NASH and fibrosis.
MATERIALS AND METHODS
CCl4- and Methionine-Choline–Deficient Diet-Induced Models of Liver Fibrosis
For CCl4-induced liver fibrosis, 8-week-old C57 BL/6J (WT) and 5-lipoxygenase knockout (5-LO−/−) mice received an intraperitoneal (i.p.) injection of CCl4 (1 ml/kg body weight) twice a week. For MCD diet-induced liver fibrosis, WT and 5-LO−/− mice were fed a methionine-choline-supplied (MCS) or MCD diet (TROPHIC Animal Feed High-Tech, China) for 6 weeks. For therapeutic experiments, zileuton loaded in cRGDyK (Cyclo [Arg-Gly-Asp-DTyr-Lys])-guided liposome (RGD-Lip; 10 mg/kg) or vehicle was given by tail vein injection once every 3 days during the last 4 weeks of CCl4 or MCD diet treatment. All mice were housed at West China Hospital, Sichuan University in accordance with the guidelines of the animal care utilization committee of the institute. Food and water were freely available to mice, except otherwise stated.
Preparation and Characterization of RGD-Lips
Liposome (Lip) were prepared by the thin-film hydration method as described (Li et al., 2019; Zhang et al., 2020). Zileuton-loaded RGD-Lips (RGD-Lip/zileuton) were prepared by adding zileuton to the lipid organic solution before the solvent evaporation. The mean particle size and zeta potential of Lip were measured by dynamic light scattering with the Zetasizer Nano ZS90 instrument (Malvern, United Kingdom). The morphology of Lip was examined by transmission electron microscopy (H-600, Hitachi, Japan) with 2% phosphotungstic acid staining.
Serum Alanine Aminotransferase and Aspartate Aminotransferase Measurement
Serum ALT and AST levels were detected by using commercial kits (BioSino Bio-Technology and Science).
Hydroxyproline Assay
An amount of 50 mg liver tissue was dissolved in acid hydrolysate in glass tube and heated in boiling water bath for 20 min. Hydroxyproline was extracted according to the manufacturer's instructions and measured by using kits (Nanjing Jiancheng Bioengineering Institute).
Histology Analysis
The left lobe of the mouse liver was removed and immediately fixed in 10% neutral-buffered formalin, embedded in paraffin, and sectioned at 4 μm. Liver sections were stained with hematoxylin and eosin (H&E). For picrosirius red staining, liver sections were incubated with 0.1% sirius red in saturated picric acid for 60 min at room temperature. The Sirus Red positive area were detected by Image J. Fibrosis was assessed by picrosirius red staining according to the Ishak fibrosis criteria (Ishak et al., 1995).
Isolation and Culture of HSC
HSC were isolated from livers of WT mice and 5-LO−/− mice via in situ collagenase perfusion and underwent differential centrifugation on Optiprep (Sigma) density gradients, as described (Kwon et al., 2014). Isolated HSC were cultured in collagen-coated dishes with DMEM supplemented with 10% fetal bovine serum and antibiotics at 37°C. The purity of HSC was >95% as determined by their typical star-like shape and abundant lipid droplets.
Measurement of Zileuton Concentration in Different Types of Liver Cells
Mice were injected with CCl4 to cause liver fibrosis and treated with RGD-Lip/zileuton (10 mg/kg) for 4 h. Primary hepatocytes were isolated as described (Chen et al., 2019). The remaining cells were divided into three groups, fixed, perforated and stained with anti-α-SMA (HSC), anti-F4/80 (Kupffer cells) and anti-CD31 antibodies. HSC, Kupffer cells and LSECs were sorted by flow cytometry. Biliary epithelial cells were isolated as previously described (Li et al., 2019). Before extraction, cells were added to 30 μl ddH2O and underwent repeated freezing and thawing 5 times. A 25-μl aliquot of samples was added to a 1.5-ml polypropylene tube followed by 200 μl methanol. The mixture was vortex-mixed for 5 min and centrifuged at 14,000 rpm for 10 min at room temperature. The top layer was transferred to a new 1.5 ml polypropylene tube and evaporated to vacuum dryness at 37°C. Samples were re-dissolved with 50 μl 80% methanol. The mixture was vortex-mixed for 30 s and centrifuged at 14,000 rpm for 5 min at 4 °C. The 40-μl supernatant was transferred to a 250 μl polypropylene autosampler vial and sealed with a Teflon crimp cap. Partially purified cell samples were analyzed by using LC-MS/MS.
Systematic Metabolomic Analysis of Arachidonic Acid in 5-Lipoxygenase Pathway
Serum-free supernatant from primary mouse HSC were collected in an ice bath and extracted by solid-phase extraction. The metabolomics of arachidonic acid were detected and analyzed as described (Zhang et al., 2015).
LTB4 and LTC4 Measurement
Serum-free primary mouse HSC were collected in an ice bath and protected from light. Samples were centrifuged (600 × g, 5  min, 4°C), and with the resulting supernatant, LTB4 and LTC4 levels were determined by using ELISA kits (Cayman Chemical).
Immunofluorescence Staining
Primary HSC were fixed in 4% paraformaldehyde for 15 min, incubated in 0.2% Triton X-100 1×PBS for 15 min for permeabilization of cytomembrane. Antigens in paraffin sections were repaired by microwaving in 0.01 M citrate buffer (pH = 6.0) for 15 min. Both cells and tissue samples were incubated with antibodies in 4°C for 12 h. Immunoreactive compounds were incubated in room temperature for 1 h for conjugating with fluorescence-labeling secondary antibodies. All antibodies used in these experiments are in Supplementary Supplementary Table S1.
Western Blot Analysis
Western blot analysis was performed as described (Chen et al., 2019). The antibodies were listed in supplementary Supplementary Table S1. The expression of β-tubulin was a loading control. Immunoreactive bands were visualized on nitrocellulose membranes by using fluorescence-conjugated secondary antibodies (LI-COR, United States). The relative density was calculated by the ratio of the density of the protein of interest to β-tubulin.
Real-Time PCR Analyses
Total RNA isolation and PT-PCR was performed as described (Chen et al., 2019). The primers for detected genes are in Supplementary Table S2.
Statistical Analysis
Experiments were repeated at least 3 times with similar results. Quantitative results are expressed as the mean ± SEM. Statistical significance was determined by Student’s unpaired two-tailed t test or one-way ANOVA multiple comparison test as indicated in legends. p < 0.05 was considered statistically significant.
RESULTS
LTB4 and LTC4 were Enriched in Supernatant of A-HSC
To explore the potential role of lipoxygenase pathway in arachidonic acid during HSC activation, we collected cell supernatants from quiescent HSC (q-HSC) and activated HSC (a-HSC, culture activated for 7 days) (Thi Thanh Hai et al., 2018). Among metabolites identified in the lipoxygenase pathway, target metabolomics revealed that LTB4 level was selectively increased in a-HSC (Supplementary Figure S1). ELISA further confirmed the increased LTB4 level in the supernatant of a-HSC (Figure 1A). Consistently, the level of LTC4, another metabolite of 5-LO, was also increased (Figure 1B).
[image: Figure 1]FIGURE 1 | LTB4 and LTC4 levels were elevated during HSC activation and promote HSC activation. (A,B) Primary HSC were isolated from wild-type (WT) mice and cultured for 2 days (quiescent HSC [q-HSC]) or 7 days (activated HSC [a-HSC]). ELISA detection of secretion of LTB4 and LTC4 in supernatant from q-HSC or a-HSC. (C–G) Primary HSC were isolated from 5-LO−/− mice and cultured in DMEM with high glucose with 10% heat-inactivated fetal bovine serum for 2 days. Cells were co-cultured with vehicle (Veh), LTB4, or LTC4 for 4 days. (C,D) qRT-PCR analysis of mRNA levels of fibrotic genes. (E) Immunofluorescence analysis of effect of LTB4 or LTC4 treatment on α-SMA expression. (F,G) The protein level of α-SMA and Col1a1 protein. Data are mean ± SEM, n = 5, *p < 0.05, **p < 0.01.
LTB4 and LTC4 Contributed to Activating HSC via Phosphorylation of the ERK Pathway
The high level of LTB4 and LTC4 released by a-HSC prompted us to explore their function in activating HSC. To exclude the influence of endogenous LTB4 and LTC4, we isolated primary HSC from 5-LO−/− mice and added exogenous LTB4 or LTC4 to these cells for 4 days. Treatment with LTB4 or LTC4 significantly increased the expression of fibrotic genes including α-SMA, collagen 1a1 (Col1a1), Col3a1, Col5a1, tissue inhibitor of metalloproteinase 1 (Timp-1) and plasminogen activator inhibitor 1 (PAI-1) (Figures 1C,D). On immunofluorescence staining, LTB4 and LTC4 increased α-SMA accumulation in HSC as compared with controls (Figure 1E). Western blot analysis further confirmed that LTB4 and LTC4 elevated the protein levels of α-SMA and Col1a1 (Figures 1F,G). Therefore, LTB4 or LTC4 could promote HSC activation. We next explored the signaling pathway conveying the effect of LTB4 or LTC4. LTB4 or LTC4 seemed not to induce the phosphorylation of Smad2/3, a key pathway molecule for TGF-β-induced fibrosis (Supplementary Figure S2A). Instead, we found that LTB4 and LTC4 induced phosphorylation of the ERK1 signaling pathway (Figures 2A,B). The phosphorylation of ERK is necessary for LTB4- and LTC4-induced fibrosis because PD98059, a mitogen-activated protein kinase inhibitor, abolished their effects (Figures 2C,D; Supplementary Figure S2B). Other MAP kinases, according to p-p38 and p-JNK, were no change after LTB4 or LTC4 administration (Supplementary Figure S2C). Therefore, the effect of LTB4 and LTC4 on HSC may be mediated by ERK1 signaling.
[image: Figure 2]FIGURE 2 | LTB4 and LTC4 promote HSC activation via ERK signaling pathway. (A,B) The protein levels of p-ERK, t-ERK and β-tubulin in HSC after treatment with LTB4, LTC4 or TGF-β1 for 30 min (C,D) Western blot analysis of protein levels of α-SMA and Col1a1 in primary HSC isolated from 5-LO−/− mice and pre-treated with PD98059 before administration of LTB4 or LTC4. Data are mean ± SEM, n = 5, *p < 0.05, **p < 0.01.
5-LO was Upregulated and Promoted HSC Activation
5-LO is the key enzyme in the synthesis of LTB4 and LTC4 (Alexander et al., 2011). We further investigated whether the high level of LTB4 and LTC4 released by a-HSC resulted from the increased expression of 5-LO. The mRNA and protein levels of 5-LO were significantly upregulated in a-HSC as compared with q-HSC (Figures 3A–C). In contrast, the expression of Flap was not changed by HSC activation (Figure 3B). In CCl4-induced liver fibrosis, 5-LO was also significantly increased along with other fibrotic genes (Figures 3D–F). Again, Flap expression was not significantly changed (Figure 3E). Liver fibrosis occurs during the progression of non-alcoholic steatohepatitis (NASH) (Nasr et al., 2018). Both the mRNA and protein levels of 5-LO were increased in an independent model of MCD diet-induced NASH (Anstee and Goldin, 2006) (Supplementary Figures S3A–C). These results suggest that increased 5-LO level may be responsible for the high level of LTB4 and LTC4 in a-HSC.
[image: Figure 3]FIGURE 3 | 5-LO was upregulated in a-HSC and fibrotic livers. The mRNA and protein levels of 5-LO detected in q-HSC and a-HSC (A–C) and with CCI4 treatment in mouse livers (D–F). The protein levels of Flap, Col1a1, α-SMA and β-tubulin were also detected in all above groups (B,E).
To further investigate the effect of 5-LO in HSC activation, we isolated primary HSC from wild-type and 5-LO−/− mice, then compared the expression of fibrotic genes after culture activation. Ablation of 5-LO significantly inhibited the expression of culture-induced fibrotic genes, such as α-SMA, Col1a1, Col3a1, Col5a1, Timp1 and PAI-1 (Figures 4A,B), indicating that 5-LO was involved in HSC activation. Inhibition of HSC activation was confirmed by immunofluorescent staining, which showed the expression of α-SMA less detectable in 5-LO−/− HSC (Figure 4C). Western blot analysis revealed that ablation of 5-LO suppressed α-SMA and Col1a1 expression (Figures 4D,E). The incubation of supernatant from WT a-HSC (WT-CM) was more effective to activate HSC than that from 5-LO−/− a-HSC (5-LO−/−-CM) (Supplementary Figures S4A,B).
[image: Figure 4]FIGURE 4 | Genetic ablation of 5-LO restrained activation of primary HSC. Primary HSC were isolated from WT and 5-LO −/− mice. (A,B) qRT-PCR of mRNA levels of fibrosis genes. (C) Immunofluorescence analysis of effect of 5-LO ablation on α-SMA expression. (D,E) Western blot analysis of α-SMA and Col1a1 protein levels in q-HSC and a-HSC. Data are mean ± SEM, n = 5, *p < 0.05, **p < 0.01.
Genetic Ablation of 5-LO Ameliorated CCl4- and MCD Diet-Induced Liver Fibrosis, Inflammation and Hepatic Injury
To explore the in vivo function of 5-LO in liver fibrosis, we first exposed WT and 5-LO−/− mice to CCl4 twice a week for 8 weeks by intraperitoneal injection. As expected, CCl4 caused significant hepatic fibrosis as compared with olive oil, as assessed by picrosirius red staining (Figures 5A,B). In contrast, 5-LO−/− mice showed improved liver fibrosis and decreased hepatic fibrosis scores (Figure 5C). Consistently, the level of hydroxyproline was significantly lower in 5-LO−/− than WT mice (Figure 5D), which suggests that 5-LO deletion conferred resistance to CCl4-induced hepatic fibrosis. Among the fibrotic markers, α-SMA, collagens, TGF-β1, Timp-1/2 and PAI-1 were greatly suppressed in 5-LO−/− mice after CCl4 treatment (Figures 5E,F). The protein levels of α-SMA and Col1a1 were also greatly reduced in 5-LO−/− mice with chronic CCl4 injection (Figure 5G). CCl4 administration showed an increasing serum levels of ALT and AST (Supplementary Figure S5A). However, this liver injury was significantly decreased in 5-LO−/− mice. Chronic liver injury accelerated the accumulation of inflammatory cells around the vessels (Supplementary Figure S5B). Ablation of 5-LO greatly suppressed CCl4-induced inflammatory cell infiltration (Supplementary Figures S5B,C). These results were further supported by the decreased expression of inflammatory genes seen in the liver of 5-LO−/− mice (Supplementary Figure S5D).
[image: Figure 5]FIGURE 5 | Genetic ablation of 5-LO ameliorated liver fibrosis after CCl4 injection. WT and 5-LO −/− mice were treated with olive oil or CCl4 for 8 weeks. Fibrosis stage was assessed by picrosirius red staining (A,B) for collagen according to the Ishak criteria (C). (D) Detection of hepatic hydroxyproline level. (E,F) qRT-PCR analysis of mRNA levels of fibrosis genes in livers of 4 groups. (G) Western blot analysis of the protein levels of α-SMA and Col1a1. Data are mean ± SEM, n = 7, *p < 0.05, **p < 0.01.
In another independent model of MCD diet-induced NASH, collagen deposition was reduced in livers of 5-LO−/− mice along with decreased fibrosis scores and hydroxyproline levels (Supplementary Figures S6A–D). Improved liver fibrosis was further confirmed by gene expression and protein analysis. Indeed, 5-LO ablation decreased the mRNA levels of fibrotic genes (α-SMA, Col1a1, Col3a1, Col5a1, TGF-β1, Timp-1/2 and PAI-1) (Supplementary Figures S6E,F) and the protein levels of α-SMA and Col1a1 (Supplementary Figures S6G,H). 5-LO ablation was protective in MCD-diet induced liver injury, as indicated by reduced serum levels of ALT and AST and inflammation scores (Supplementary Figures S7A–C). Inflammation plays an important role in MCD diet-induced NASH (Locatelli et al., 2014). Consistently, the mRNA levels of inflammatory genes including tumor necrosis factor α (TNF-α), interleukin 1β (IL-1β) and monocyte chemoattractant protein 1 (Mcp-1) were decreased in 5-LO/− mice (Supplementary Figure S7D). The hepatic expression of CD68, a marker of macrophages, was also reduced (Supplementary Figure S7D). Therefore, 5-LO ablation ameliorated CCl4- and MCD diet-induced hepatic fibrosis, inflammation and liver injury.
Pharmacological Inhibition of 5-LO by Targeted Delivery Suppressed HSC Activation
The protective effect of 5-LO ablation prompted us to explore whether pharmacological inhibition of 5-LO would have a similar effect in restraining the activation of primary HSC. We used an HSC-specific drug delivery system by modifying sterically stable liposome (Lip) with cRGDyK, a pentapeptide that binds to integrin αvβ3 on the surface of a-HSC (Li et al., 2019). cRGDyK-guided Lip showed high selectivity toward activated but not quiescent HSC, and preferentially accumulated in the fibrotic liver (Li et al., 2019; Zhang et al., 2020). We loaded with zileuton, an inhibitor of 5-LO, into this delivery system (RGD-Lip/zileuton). The schematic illustration, particle size, morphology and entrapment efficiency were comparable to regular liposome (Supplementary Figures S8A,B, Supplementary Table S3). As expected, RGD-Lip/zileuton significantly suppressed the secretion of LTB4 by a-HSC (Supplementary Figure S9), which indicates the inhibition of 5-LO. In a-HSC, zileuton delivered by RGD-Lip greatly inhibited the expression of fibrotic genes including α-SMA, Col1a1, Col3a1, Col5a1, Timp-1 and PAI-1 (Figures 6A,B). These effects were further confirmed by immunofluorescent staining and western blot analysis (Figures 6C–E). Therefore, pharmacological inhibition of 5-LO suppressed HSC activation.
[image: Figure 6]FIGURE 6 | Pharmacological inhibition of 5-LO suppressed activation of HSC. Primary HSC were isolated from WT mice and cultured in DMEM with high glucose and 10% heat-inactivated fetal bovine serum for 2 days (q-HSC) or 7 days (a-HSC). Primary HSC were treated with RGD-Lip or RGD-Lip/zileuton for 48 h (A,B) qRT-PCR analysis of effect of RGD-Lip/zileuton treatment on the mRNA expression of fibrotic genes. (C) Immunofluorescence analysis of effect of RGD-Lip/zileuton treatment on α-SMA expression. (D,E) Western blot analysis of α-SMA and Col1a1 protein levels in q-HSC and a-HSC. Data are mean ± SEM, n = 5, *p < 0.05, **p < 0.01.
Targeted Delivery of Zileuton to HSC Is Efficient Against Liver Fibrosis
We then evaluated the in vivo therapeutic effect of RGD-Lip/zileuton in CCl4-and MCD diet-induced liver fibrosis. In this experiment, mice were injected with CCl4 for 4 weeks, then treated with RGD-Lip/zileuton (10 mg/kg) every 3 days (Supplementary Figure S10A). RGD-Lip could specifically deliver zileuton to HSC because the concentration of zileuton in HSC was about 28.99-, 4.71-, 4.67- and 34.01-times higher than that in hepatocytes, Kupffer cells, endothelial cells and biliary epithelial cells, respectively (Supplementary Figure S10B). Specific inactivation of 5-LO by RGD-Lip/zileuton in HSC greatly decreased liver fibrosis as shown by picrosirius red staining and liver hydroxyproline quantification (Figures 7A–D). The expression of fibrotic genes such as α-SMA, Col1a1, Col3a1, Col5a1, Timp1 and PAI-1 was also mitigated (Figures 6E,F). Western blot analysis confirmed the reduced protein levels of Col1a1 and α-SMA (Figures 6G,H). Targeted inhibition of 5-LO in HSC also alleviated CCl4-induced liver injury and hepatic inflammation (Supplementary Figures S11A–C), but did not reduce the accumulation of F4/80 positive cells (Supplementary Figure S11D).
[image: Figure 7]FIGURE 7 | Targeted delivery of zileuton to HSC is efficient against CCl4-induced liver fibrosis. WT mice were treated with olive oil or CCl4 for 8 weeks. During the last 4 weeks, mice given RGD-Lip or RGD-Lip/zileuton (10 mg/kg) every 3 days by tail vein injection. (A,B) Liver sections were collected for picrosirius red staining. (C) Fibrosis score was assessed for collagen according to the Ishak criteria. (D) Detection of hepatic hydroxyproline level. (E,F) qRT-PCR analysis of mRNA levels of fibrotic genes in livers of 4 groups. (G) Western blot analysis of the protein levels of α-SMA and Col1a1. Data are mean ± SEM, n = 7, *p < 0.05, **p < 0.01.
The therapeutic effects of RGD-Lip/zileuton were further demonstrated in an MCD diet-induced NASH model (Supplementary Figure S12). Specific inactivation of 5-LO in HSC explicitly alleviated MCD diet-induced liver fibrosis (Supplementary Figures S13A–D). Expression of fibrotic genes was suppressed in RGD-Lip/zileuton-treated mice (Supplementary Figures S13E,F) and α-SMA and collagen accumulation was reduced (Supplementary Figures S13G,H). Targeted delivery of zileuton also relieved liver injury in MCD-induced NASH (Supplementary Figure S14A). H&E staining and the expression of proinflammatory genes such as TNF-α and Mcp-1 indicated decreased inflammation in livers of RGD-Lip/zileuton-treated mice (Supplementary Figures S14B–D).
Increased Expression of 5-LO in Patients with Hepatic Fibrosis
We next determined whether 5-LO expression was changed in patients with NASH or liver fibrosis. The diagnosis of NASH and fibrosis was confirmed by H&E and picrosirius red staining (Supplementary Figures S15A–C). As compared with healthy individuals, the expression of 5-LO was increased in liver sections from patients with NASH and fibrosis (Figure 8). The expression of 5-LO was largely co-localized in α-SMA-positive cells, which were HSC (Figure 8). These results were consistent with 5-LO possibly having a positive role in activation of HSC in rodents.
[image: Figure 8]FIGURE 8 | The expression of 5-LO was increased in liver sections of patients with fibrosis. Liver sections were collected from normal individuals or patients with non-alcoholic steatohepatitis or liver fibrosis and were stained with 5-LO and α-SMA. Data are mean ± SEM, n = 3.
DISCUSSION
In this study, we found increased secretion of LTB4 and LTC4 in a-HSC. LTB4 and LTC4 contributed to HSC activation via ERK signaling. Elevated LTB4 and LTC4 was likely a result of increased expression of 5-LO during HSC activation. Genetic ablation of 5-LO protected mice against CCl4- and MCD diet-induced fibrosis and liver injury. Pharmacological inhibition of 5-LO in HSC by targeted delivery of zileuton prevented CCl4- and MCD diet-induced liver fibrosis. Finally, we found 5-LO level increased in liver sections of patients with liver fibrosis.
Several reports have suggested that 5-LO may play a role in fibrosis (Titos et al., 2004). 5-LO is expressed in various fibroblast cells, such as pulmonary fibroblasts, human myofibroblasts and skin fibroblasts (Nagy et al., 2011; Xiao et al., 2011) (Su et al., 2016). Titos et al. found 5-LO expressed in Kupffer cells (Titos et al., 2004). Pharmacological inhibition of 5-LO protected mice from CCl4-induced liver fibrosis (Horrillo et al., 2007). However, the following study could not confirm the expression of 5-LO in Kupffer cells (Takeda et al., 2017). Also, 5-LO expression was detected in HSC isolated from mice and rats (Paiva et al., 2010; Shajari et al., 2015). However, the function of 5-LO in HSC was not known. In our study, we found 5-LO expressed in HSC, and its expression was increased during their activation. With increased expression of 5-LO, the secretion of LTB4 and LTC4 was significantly elevated in a-HSC (Figures 1A,B; Supplementary Figure S1). LTB4 and LTC4 promoted HSC activation via ERK1 signaling pathway. This finding was consistent with a previous report of LTB4 and LTC4 leading to pulmonary fibrosis because of stimulating the activation and differentiation of fibroblasts (Hirata et al., 2013). Other lipoxygenases, such as 12-lipoxygenase, was also upregulated in a-HSC compared with q-HSC (Mori et al., 2020). However, we did not found the difference of 12-HETE, a metabolic of arachidonic acid through 12-lipoxygease, in q-HSC and a-HSC supernatant (Supplementary Figure S1). The role of 12-lipoxygenase in HSC deserves further study.
Liver fibrosis homeostasis is maintained by the balance of extracellular matrix synthetic machinery, contributing to increased rate of collagen synthesis and activities of the cellular fibrinolytic system. Timp-1 belongs to the Timp family and participates in degrading the extracellular matrix (Iredale, 2007). PAI-1 is a member of the serine protease inhibitor family, the main physiological inhibitor of serine protease, and contributes to the fibrinolytic system (Wang et al., 2007). Several studies have shown that Timp-1 and PAI-1 are key factors modulating fibrolysis and extracellular matrix deposition (Iredale, 2007; Wang et al., 2007). Knockout or pharmacological inhibition of Timp1 and PAI-1 inhibited fibrosis in liver (Parsons et al., 2004). Our in vitro results showed significantly increased expression of Timp-1 and PAI-1 in culture-activated HSC as compared with q-HSC. However, genetic ablation of 5-LO in HSC decreased levels of Timp1 and PAI-1, which may contribute to suppressed extracellular matrix deposition. In vivo, 5-LO ablation or pharmacological inhibition reduced the Timp-1 and PAI-1 expression, which helped reduce hydroxyproline level in mouse liver.
Oral treatment or injection of the 5-LO inhibitor zileuton causes systemic pharmacological side effects. Zileuton could increase oxidative stress in hepatocytes and may cause hepatocyte damage (Altumina, 1995). In addition, zileuton treatment was found to increase serum ALT and AST levels (Watkins et al., 2007). These results suggest that systemic zileuton administration may cause drug-induced side effects. cRGD is pentapeptide that binds with high affinity to integrin αV and β3 which are highly expressed in a-HSC (Li et al., 2019). It was also confirmed that cRGD-guided Lips specifically target activated HSC in vitro and vivo (Li et al., 2019; Zhang et al., 2020). In agreement with a previous report, we found that RGD-Lip-delivered zileuton was highly enriched in HSC but not hepatocytes, Kupffer cells, endothelial cells or biliary cells (Supplementary Figure S9B). RGD-Lip/zileuton administration significantly protected mice against CCl4-and MCD diet-induced liver fibrosis (Figure 7; Supplementary Figure S12). Therefore, targeted delivery of zileuton to inhibit 5-LO by RGD-Lip may be a promising way to manage liver fibrosis.
Obviously, both CCl4 and MCD-diet treatments induce inflammation, which were reduced by 5-LO ablation or RGD/Lip-zileuton administration. Horrillo et al. also found that 5-LO inhibitor protected mice from CCl4-induced liver inflammation (Horrillo et al., 2007). In our study, knockout of 5-LO did reduce the accumulation of F4/80 positive cells in fibrotic liver (Supplementary Figure S5C). However, treatment of RGD/Lip-zileuton did not reduce the accumulation of F4/80 positive cells (Supplementary Figure S11D). It was reported that activation of HSC mediated immune response (Chou et al., 2011; Chang et al., 2013; Bigorgne et al., 2016). We speculate that the beneficial effect of RGD/Lip-zileuton is more due to reduce in the HSC fibrosis compartment than reduced inflammation in the Kupffer cell compartment. The changes of these inflammatory indicators are related to the decrease of HSC activation.
LTB4 and LTC4 were reported as lipid mediators for attracting neutrophils and for lipid accumulation (Lund et al., 2017). Induction of LTB4 and LTC4 biosynthesis might cause hepatotoxicity via neutrophil activation (Shiratori et al., 1989; Takeda et al., 2017). 5-LO is the key enzyme that catalyzes arachidonic acid to form LTB4 and LTC4 (Alexander et al., 2011). In our study, both deletion of 5-LO and targeted inhibition of 5-LO in HSC protected mice against CCl4-and MCD diet-induced liver injury, at least in part by reducing LTB4 and LTC4 production in the liver.
In summary, we demonstrate that 5-LO inhibition confers resistance to CCl4- and MCD diet-induced hepatic fibrosis. The protective effect of 5-LO deletion was partially due to decreased level of LTB4 as well as LTC4 and reduced activation of HSC. Our data show that 5-LO is critical for liver fibrosis in the setting of supporting HSC activation. 5-LO expression was also increased in HSC in liver sections of patients with fibrosis. Strategies to target inhibition of 5-LO in HSC may be useful for treating liver fibrosis.
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The liver is a major metabolic organ and an immunologically complex organ. It produces and uses many substances such as acute phase proteins, cytokines, chemokines, and complementary components to maintain the balance between immunity and tolerance. Interleukins are important immune control cytokines, that are produced by many body cells. In liver injury, interleukins are produced in large amount by various cell types, and act as pro-inflammatory (e.g. interleukin (IL)-6, IL-13, IL-17, and IL-33) as well as anti-inflammatory (e.g. IL-10) functions in hepatic cells. Recently, interleukins are regarded as interesting therapeutic targets for the treatment of liver fibrosis patients. Hepatic cells such as hepatocytes, hepatic stellate cells, and hepatic macrophages are involved to the initiation, perpetuation, and resolution of fibrosis. The understanding of the role of interleukins in such cells provides opportunity for the development of therapeutic target drugs. This paper aims to understand the functional roles of interleukins in hepatic and immune cells when the liver is damaged, and suggests the possibility of interleukins as a new treatment target in liver fibrosis.
Keywords: interleukins, hepatocytes, macrophages, hepatic stellate cells, CD4+ T helper cells, liver fibrosis
INTRODUCTION
Fibrosis is the pathological feature and the end result of chronic inflammatory reaction induced by various types of injuries in several organs including skin, kidney, lung, heart, intestine, and liver. Therefore chronic fibroproliferative diseases is a major public health problem (Nanchahal and Hinz, 2016). In the liver, progressive fibrosis caused by injury, inflammation, and extracellular matrix (ECM) accumulation ultimately results in cirrhosis or hepatocellular carcinoma. The only effective treatment for these terminal liver disorders is liver transplantation (Bataller and Brenner, 2005; Bansal et al., 2016). For this reason, treatment at the liver fibrosis stage that prevents the progression of the disease, and that leads to resolution is very important.
The initiation, perpetuation and resolution of liver fibrosis is a complex process of communication between cells receiving a multitude of signals consisting of various growth factors, chemokines and cytokines (Kubes and Jenne, 2018). Interleukins, a cytokine family that include chemokines, interferons, lymphokines, and tumor necrosis factors, were first thought to be expressed in leukocytes alone, but it was later found that about 40 types of interleukins were produced by many other body cells. Interleukins play an essential role in the activation and differentiation of immune cells as well as proliferation, maturity, migration, and adhesion. They can also have pro-inflammatory or anti-inflammatory or both properties (Hammerich and Tacke, 2014).
IL-6 and IL-1 are representative keystone cytokines in liver disease and have both pro and anti-inflammatory properties. IL-6 is a main regulatory factor in processes of wound healing and tissue regeneration related to various liver injures. It was concluded that IL-6/STAT3 signaling prevents cholestasis and liver fibrosis and has role in regulation of hepatocyte and cholangiocyte functions in the model of sclerosing cholangitis (Mair et al., 2010). However, more recent publications reveal negative effects of IL-6 which can directly induce transition of HSCs to myofibroblast-like cells, in hepatic fibrosis (Kagan et al., 2017). Very recent studies on the role of JAK-STAT signaling in hepatocellular carcinoma (HCC) emphasized that members of IL-6 family of cytokines have emerged as important regulatory factors and are considered to be targets for therapeutic intervention (Lokau et al., 2019). IL-1 family consists of 11 cytokines of the innate immune system. These cytokines trigger various immune responses to liver injuries, i.e. IL-1α, β and IL-33 are proinflammatory cytokines; in contrast, IL-1Ra, IL-36Ra, IL-37, and IL-38 have anti-inflammatory responses, while IL-18 was found to be pro- and anti-inflammatory under different circumstances (Barbier et al., 2019; Chan and Schroder, 2020). Additionally, IL-1 cytokines activate mast cells (MCs) to secrete inflammatory mediators (chemokines and cytokines including IL-1, IL-33 and TNF), and this effect can be counteracted by IL-37 (Gallenga et al., 2019). Thus, it has been determined that IL-37 is an anti-inflammatory cytokine that interacts with IL-18Ra chain and decreases the inflammatory effects of IL-1 cytokines (Toniato et al., 2017; Caraffa et al., 2019; Gugliandolo et al., 2019). Cytokines from IL-36 subfamily of IL-1 are produced by activated MCs and have strong pro-inflammatory effects which can be balanced by IL-38 which binds to IL-36R inducing anti-inflammatory activity (Varvara et al., 2018; Gallenga et al., 2019). Numerous studies have investigated the role of each cytokine and receptor from this family in various types of liver injuries, and have been reviewed in detail recently (He et al., 2021).
This review presents and emphasizes certain interleukins as potential therapeutic targets for liver fibrosis. We specifically focused on the pro-inflammatory interleukins: interleukin (IL)-13, IL-17, and IL-33, anti-inflammatory interleukin: IL-10 based on the numerous studies published in recent years that clearly showed their functions and effects. Furthermore, this review summarizes the origin, function, and signal pathway of these selected interleukins and, also shows the functions of these specific interleukins in hepatocytes, hepatic stellate cells (HSCs), and hepatic macrophages which are main players in liver fibrosis.
CD4+ T HELPER CELLS
The innate and adaptive immune responses occurring simultaneously or sequentially in time, are initiated by Kupffer cells that recognize liver damage. Following liver injury, inflammatory lymphocytes infiltrate the damaged hepatic parenchyma (Dong et al., 2019; Li et al., 2019). T lymphocytes, which are activated through antigen-specific manner of dendritic cells, help the B lymphocytes to create antigen-specific antibodies, or to remove infected cells. Specially, CD4+ T helper cells (CD4 T cells) serve as the total commander of immunity. CD4 T cells can be classified into at least four subsets, referred to as T helper (Th) cells type 1, Th2, Th17, and induced regulatory T cells (Tregs). These cells play a major role in mediating immune response through the secretion of specific cytokines (Luckheeram et al., 2012).
Th1 cells play a particularly important role in mediating immune responses against intracellular pathogens, resistance to mycobacterial infections, and induction of some autoimmune diseases. Their principal cytokine products are interferon gamma, lymphotoxin α, and IL-2 (Paul and Seder, 1994). Th2 cells mediate immune response to extracellular parasites, including helminths, and play an important role in induction and persistence of asthma and other allergic diseases. Th2 cells produce IL-4, IL-5, IL-9, IL-13, IL-10, IL-25, and amphiregulin (Luckheeram et al., 2012). Th17 cells are responsible for mediating immune responses against extracellular fungi and bacteria, and for inducing the many organ-specific autoimmune diseases. Th17 cells produce IL-17, IL-17f, IL-21, and IL-22 (Zhu and Paul, 2008). IL-17 leads to the induction of pro-inflammatory cytokines, including IL-6, IL-1, tumor necrosis factor-α (TNF-α), and thus has an important role in inducing inflammatory responses (Luckheeram et al., 2012). Tregs play a critical role in the maintenance of self-tolerance to self and foreign antigen. Increasing Tregs numbers and/or enhancing their suppressive function may be beneficial for preventing allograft rejection and treating autoimmune diseases. The main effector cytokines of Tregs include IL-10, transforming growth factor-β (TGF-β), and IL-35 (Zhu and Paul, 2008; Luckheeram et al., 2012).
CD4 T cells release a wide range of inflammatory intermediates, particularly interleukins, which can act as the pro-inflammatory, anti-inflammatory, or two functions in liver fibrosis (Hammerich and Tacke, 2014; Sziksz et al., 2020). However, selecting interleukins with conflicting functions depending on the stage of liver disease as a therapeutic target requires more attention in the treatment process. In the case of IL-6 or IL-22, it prevents fibrogenesis but promotes hepatocellular carcinoma, so the risk of tumor occurrence should be considered in the treatment of patients with hepatic fibrosis (Schmidt-Arras and Rose-John, 2016; Wu et al., 2020). Therefore, it is very important to select and study targets capable of blocking pro-inflammatory (IL-13, IL-17, and IL-33) or inducing anti-inflammatory interleukin (IL-10) in the complex process of liver fibrosis.
TARGET INTERLEUKINS
Interleukin-10
IL-10, one of the major anti-inflammatory cytokines, controls neutrophil infiltration and suppresses various pro-inflammatory mediators (Louis et al., 1998; Sziksz et al., 2020). IL-10 can be produced by Th2 cells but also by Th1, Th17, Tregs, CD8+ T, and B lymphocytes. In the liver, IL-10 is expressed in various cell types, including hepatocytes, Kupffer cells, sinusoidal endothelial cells, HSCs, and lymphocytes (Hammerich and Tacke, 2014; Sziksz et al., 2020). Functional IL-10 receptor (IL-10R) complexes are tetramers consisting of two IL-10R1 and two IL-10R2 chains. IL-10 homodimer binding to its receptor activate Janus kinase (JAK) 1 and Tyrosine kinase (TYK) 2. Signal transducer and activator of transcription (STAT) 3 binds to IL-10R1 and phosphorylates, and then phosphorylated STAT3 translocate to the nucleus (Figure 1) (Verma et al., 2016).
[image: Figure 1]FIGURE 1 | Schematic representation of IL-10, 13, 17, and 33 interaction mechanism with their specific receptors. IL-10 can form a homodimer that binds to the tetrameric heterodimer IL-10 receptor and initiates an intracellular signaling pathway involving STAT3 as key translocation nuclear factor. IL-13 binding to type II receptor complex leads to activation of JAK and phosphorylation of members of the STAT family. The IL-17 receptor complex, which consists of IL-17RA and IL-17RC, activates downstream signaling pathways by recruiting an adaptor molecule named Act1. IL-33 triggers MAPK and NF-κB leading to inflammatory response.
Interleukin-13
IL-13 is an immunoregulatory cytokine secreted by predominantly Th2 cells. IL-13 has multiple effects on the differentiation and function of monocytes and macrophages. Although IL-13 plays an important role in the induction of allergic responses and inflammation as anti-inflammatory cytokine, it is a critical pro-fibrotic factor in liver fibrosis associated with Schistosoma and non-Schistosoma infection (De Vries, 1998; Liu et al., 2012). Additionally, IL-13 has been implicated in inflammatory bowel disease, asthma, and parasitic nematode expulsion (Grunig et al., 1998; Hershey, 2003). IL-13 induces many of the same responses and functional properties as IL-4 and shares a receptor subunit, the α subunit of the IL-4 receptor. IL-13 binds to the complex receptor system comprised of IL-4 receptor and two IL-13 binding proteins, IL-13Rα1 and IL-13Rα2. Signaling through the type II receptor (IL-4 receptor and IL13Rα1) leads to activation of JAK1 or JAK2/TYK2, STAT6, STAT3, and STAT1. Then, STAT dimerization and nuclear translocation occurs, followed by activation of gene transcription (Figure 1) (McCormick and Heller, 2015). IL-13 receptor is expressed on human B cells, basophils, eosinophils, mast cells, endothelial cells, fibroblasts, monocytes, macrophages, respiratory epithelial cells, and smooth muscle cells (Hershey, 2003).
Interleukin-17
IL-17 (now IL-17A) is an ancient pro-inflammatory cytokine with important roles in defense against bacteria and fungi. IL-17 are produced primarily by a T-cell subset termed Th17 cells, but can also be produced by neutrophils and other lymphocytes (Onishi and Gaffen, 2010). IL-17 signals through the IL-17RA-RC complex, and the IL-17 receptor recruits Act1 for downstream signaling. The Act1 with the IL-17 receptor complex contributes to the recruitment of Tumor necrosis factor receptor associated factor 6 (TRAF6). Then, these kinases promote the production of pro-inflammatory cytokines, chemokines, and-microbial peptides, through the pathway such as nuclear factor-κB (NF-κB), activator protein, and CCAAT/enhancer binding protein pathways (Figure 1) (Onishi and Gaffen, 2010; Meng et al., 2012).
Interleukin-33
IL-33 is the most recently identified member of IL-1 family of cytokines and is mainly expressed by stromal cells. IL-33 has been shown to induce the Th2 phenotype in Th cell, and therefore promotes progression of Th2-related diseases like several acute and chronic inflammatory diseases, including asthma, atopic dermatitis, rheumatoid arthritis, and ulcerative colitis among others (Schmitz et al., 2005; Sanada et al., 2007). The activity of IL-33 is mediated by binding to the heterodimeric ST2/IL-1 receptor associated protein receptor. Afterward, the complex recruits intracellular signaling molecules, including myeloid differentiation primary response 88 (MyD88)/IL-1 receptor-associated kinase/TRAF6, activating NF-κB, as well as extracellular signal regulated kinase (ERK) 1/2, c-Jun N-terminal kinase, p38 and phosphatidylinositol 3-kinase/protein kinase B (Figure 1) (Pinto et al., 2018; Barbier et al., 2019). Recently, IL-33 has gained attention as a new target or as an early alarm of liver fibrogenesis, as Th2 cells are strongly associated with fibrosis progression (Hammerich and Tacke, 2014; Weiskirchen and Tacke, 2016).
CONTRIBUTION OF THESE TARGET INTERLEUKINS IN THE HEPATIC CELLS
Interleukins in Hepatocytes
Hepatocytes are the major parenchymal cells that are important for liver function in metabolism, detoxification, and alcohol processing, and protein synthesis. Hepatocytes also activate innate and adaptive immunity when they are damaged by hepatotropic virus, an intracellular bacterium, or repeated or continuous injury (Crispe, 2016; Zhou et al., 2016). The initial reaction of hepatocytes injury by multiple factors is cell stress and cell death. The stressed and dying hepatocytes release damage-associated molecular patterns (DAMPs), reactive oxygen species, pro-inflammatory signals, and proliferation-associated cytokines through cross-talk with surrounding cells such as HSCs, endothelial cells, and immune cells (Tu et al., 2015; Yan et al., 2018). The reaction of hepatocytes indicate that hepatocytes contribute to the progress and resolution of liver fibrosis as active participants, not victims or bystanders (Tu et al., 2015).
McHedlidze et al. showed that damaged hepatocytes secreted IL-33 and that extracellular IL-33 leads to accumulation and activation of innate lymphoid cells (ILC2) (McHedlidze et al., 2013). Activated ILC2 by IL-33 produce IL-13, which induced the activation and trans-differentiation of HSCs through type-II IL-4 receptor-dependent signaling and STAT6. Further studies have identified IL-33 as key mediator of hepatic fibrosis by demonstrating that IL-33 deficiency ameliorates liver fibrosis induced by bile duct ligation and carbon tetrachloride (CCl4) (McHedlidze et al., 2013).
Hepatocytes produce IL-10 which downregulates pro-inflammatory responses and has a potential modulatory effect on liver fibrosis (Sziksz et al., 2020). IL-10 gene therapy attenuated hepatic fibrosis and prevented cell apoptosis in a thioacetamide-treated liver. IL-10 gene transfer reduced not only mRNA level of liver TGF-β1, TNF-α, collagen α1, and cell adhesion molecule, but also decreased the activation of α-smooth muscle actin (α-SMA) and cyclooxygenase-2 (Hung et al., 2005). Other studies have shown that the modification with the IL-10 gene on the buffalo rat liver cells, a rat hepatocytes line, decreased a marked ability to stimulate the primary HSCs proliferation and their expression of α-SMA and procollagen type I, and an accelerated apoptosis of the HSCs was induced (Chen et al., 2012). These results suggest that IL-10 gene therapy might be an effective therapeutic reagent for liver fibrosis.
Interleukins in HSCs
HSCs play a pivotal role in the initiation, perpetuation, and resolution of liver fibrosis. In response to liver injury, quiescent HSCs trans-differentiate into myofibroblasts, and activated HSCs secrete pro-fibrogenic cytokines, growth factors, and ECM molecules (Higashi et al., 2017). Action of HSCs is also regulated by several soluble factors such as TGFβ, platelet-derived growth factor (PDGF), IL-1β, and interleukins. These soluble factors are derived from hepatocytes, macrophages, and other immune cells. In the case of interleukins, IL-17, IL-13, and IL-33 promote hepatic fibrogenesis through activation of hepatic stellate cells. In contrast, IL-10 and IL-22 protect from development of fibrosis by suppressing pro-fibrogenic function of HSCs (Hammerich and Tacke, 2014).
Many studies demonstrated that IL-13 is the pre-dominant profibrotic Th2 cytokine in Schistosomiasis infection which leads to granuloma formation and subsequent fibrosis development in the liver. Also, they show that blockade of IL-13 prevented liver fibrogenesis (Chiaramonte et al., 1999; Fallon et al., 2000; Chiaramonte et al., 2001). In the liver, IL-13 directly induces expression of collagen I and other critical fibrosis-associated genes such as α-SMA and connective tissue growth factor (CTGF) in HSCs (Liu et al., 2012). In HSCs, IL-13 induced CTGF by activating TGF-β-independent activin receptor-like kinase/Smad signaling via the Erk-mitogen-activated protein kinase (MAPK) pathway (Liu et al., 2011). A different study by Sui et al. showed that IL-13 stimulated proliferation of HSCs and secretion of TGF-β and PDGF by activation protein kinase C in LX-2, a cell line of human HSCs (Sui et al., 2018).
Numerous studies show that levels of IL-17 and its receptor increased in response to liver injury. Specially, the pro-inflammatory signaling of IL-17 has been widely studied in HSCs and Kupffer cells (Meng et al., 2012; Tan et al., 2013). Meng et al. demonstrated that IL-17 induced production of collagen type 1 in HSCs through activation of STAT3 signaling pathway. In addition, the author has demonstrated that the activation of fibrin in IL-17-induced HSCs required STAT3 by showing failure to induce collagen-a1 expression in STAT3-deficient HSCs (Meng et al., 2012). A different study showed that pharmacologic inhibition of IL-17-induced ERK1/2 or p38 significantly attenuated HSCs activation and collagen expression (Tan et al., 2013). In vivo experiments demonstrated that blocking IL-17 with anti-IL-17A mAb significantly improved liver function and decreased hepatocellular necrosis, pro-inflammatory cytokines, neutrophils and macrophages influx in bile duct ligation-induced liver fibrosis mice (Zhang et al., 2016).
Previous studies have shown that soluble IL-33 increases the secretion of Th2 cytokines such as IL-6, IL-4 and IL-13, which promote HSCs proliferation, TGF-β synthesis and fibrogenesis (Wynn, 2004; Schmitz et al., 2005). Meanwhile, another study showed that activated HSCs with recombinant IL-33 released IL-6, TGF-β, α-SMA, and collagen via MAPK pathways mediated by ERK, c-Jun N-terminal kinase, and p38 protein kinases. Furthermore, the activation of HSCs, liver injury, and inflammatory cell infiltration were reduced in ST2 (IL-33 receptor)-deficient mice (Tan et al., 2017). Marvie et al. identified that IL-33 is upregulated in human and murine fibrosis, and is expressed by HSCs. Activated HSCs was a source of IL-33 that is strongly associated with fibrosis in chronic liver injury (Marvie et al., 2009). These results suggest that IL-33 can play an important role in the cross-talk between HSCs and Th2 cells in liver fibrosis.
The profibrogenic function of HSCs is suppresses by IL-10 which is one of the major anti-inflammatory cytokines. The increase of α-SMA and NF-κB in HSCs was attenuated by ectogenic IL-10 in CCl4-induced liver fibrosis (Zhang et al., 2006). Recently, studies demonstrated that IL-10 induced senescence of activated HSCs via STAT3-p53 pathway to attenuate liver fibrosis (Huang et al., 2020). The therapeutic effects of IL-10 were shown in experiments in vivo in which IL-10 gene therapy reduced the expression of fibrosis-related genes including TGF-β, TNF-α, and collagen α1, and also decreased the activation of α-SMA in thioacetamide-induced liver fibrosis (Hung et al., 2005).
Interleukins in Hepatic Macrophages
Hepatic macrophages consist of Kupffer cells, the largest population of liver resident macrophages, and inflammatory monocytes-derived macrophages (MoMFs) recruited from blood circulation and originated from bone marrow, spleen, and peritoneum. Recruited MoMFs undergo a process of differentiation into M1 (classically activated) or M2 (alternatively activated) species depending on the micro-environment (Van der Heide et al., 2019). Generally, following liver injury by many different factors, the resident Kupffer cells are activated and produce cytokines and chemokines to recruit monocytes and neutrophils. The recruited Ly6C+ MoMFs release pro-fibrotic molecules like TGF-β, TNF-α, IL-1β, PDGF and CC chemokine ligand 2, and these cytokines activate HSCs and promote liver fibrosis (Dong et al., 2019; Van der Heide et al., 2019). Recently, novel methods on targeting liver macrophages in fibrosis focus on regulating the activation of Kupffer cells, MoMFs recruitment, and macrophage polarization and differentiation (Tacke, 2017).
Kupffer cells not only express the receptor of IL-17, but also produce IL-17 which is mainly produced by Th17 cells (Ge and You, 2008). Meng et al. demonstrated that Kupffer cells, stimulated by IL-17, expressed inflammatory cytokines IL-6, IL-1β, TNF-α, and TGF-β1, which in turn, induced trans-differentiation of HSCs into fibrogenic myofibroblasts, and further facilitated differentiation of IL-17 producing cells (Meng et al., 2012). A very recent study showed that IL-17 is a cytokine that promotes tumors, critically controlling the inflammatory response in macrophages and the cholesterol synthesis in steatotic hepatocytes in the experimental model of alcohol-induced hepatocellular carcinoma. Therefore, the authors suggested the possibility of IL-17 as a potential treatment target for patients with alcohol-induced hepatocellular carcinoma as well as fibrosis (Ma et al., 2020).
Kupffer cells provide an anti-inflammatory microenvironment by secreting the anti-inflammatory cytokines IL-10 (Heymann et al., 2015; Van der Heide et al., 2019). Antigen presentation to Kupffer cells induces the arrest of CD4 T cells and the secretion of IL-10, an immunosuppressive cytokine, which results in promoting the immune tolerance (Van der Heide et al., 2019). Alternatively, activated M2 macrophages inhibit inflammatory reactions and secrete IL-10, IL-4/IL-13, TGF-β, and vascular endothelial growth factor-α to facilitate tissue repair. In contrast to the M2, M1 is pro-inflammatory, microbicidal, and tumoricidal. M1 also releases numerous inflammatory cytokines e.g., TNF-α, IL-1, IL-6, IL-12, IL-15, and IL-18 (Roszer, 2015; Wang et al., 2018). IL-10 mRNA was upregulated from both Kupffer cells in vitro and in whole liver after treatment with lipopolysaccharide or CCl4. Also, IL-10 inhibited production of superoxide and TNF-α in rat Kupffer cells following lipopolysaccharide treatment. Furthermore, IL-10−/− mice showed significantly more severe fibrosis than wild type controls after 70 days of injection with CCl4. The authors concluded that synthesized IL-10 may modulate Kupffer cells action during the liver inflammation and fibrosis, and influence subsequent progression of fibrosis (Thompson et al., 1998).
DISCUSSION
In this review, we have shown the main roles of interleukins in a complex and active cross-talk between hepatic cells responses during liver injury, and their potential as therapeutic targets. Fibrosis is characterized by abnormal ECM derived from HSCs, but it is a dynamic process driven by cytokine-mediated signaling pathways, starting with hepatocytes which are directly involved in the initiation and progression of fibrosis, continuing with macrophages that promote inflammation and present antigens to CD4 T cells which then adjust the immune responses. Interleukins are an immunomodulatory cytokine that is deeply involved from the initiation to the resolution of fibrosis. Recently, the development of a targeted therapy related to liver fibrosis using monoclonal antibodies against interleukins has received considerable interest (Table 1). This antibody treatment targeting interleukins has shown potential as a therapeutic agent in various liver diseases through animal experiments. Treatment with monoclonal antibody neutralizing IL-1β and IL-1 receptor antagonist have been tested in clinical trials. While the anti-cytokine therapies can prevent the progression of hepatic fibrogenesis in the early stages of liver injury, they are not a cure for advanced liver fibrosis. Therefore, treatment at the liver fibrosis stage that prevents the progression of the disease, and that leads to resolution is very important. In addition, hepatic fibrosis treatment strategies using various fusion proteins are detailed in Table 1. Targeting IL-22 is particularly promising as an alternative strategy to directly break the cycle of inflammatory cytokine and chemokine signaling, and the fusion protein using the IL-22 gene and nanocomplex is considered a new strategy to improve liver disease (Chen et al., 2017; Chen et al., 2018; Chen et al., 2020).
TABLE 1 | Strategies targeting interleukins for liver disease.
[image: Table 1]Damaged hepatocytes activate hepatic macrophages, and release DAMPs and IL-33. ILC2, which is activated by IL-33 released by hepatocytes, secretes IL-13, that can induce the activity of HSCs. Stimulated macrophages modulate antigen-presentation of CD4 T cells and produce IL-17 together with CD4 T cells, directly affecting the activity of HSCs and collagen production. Additionally, CD4 cells can promote fibrosis by stimulating macrophages and HSCs with IL-17 or IL-13. The quiescent HSCs receiving various pro-inflammatory signals not only transdifferentiate into myofibroblasts to produce collagen, but secrete pro-fibrogenic cytokines such as IL-33 to play pivotal role in fibrosis. On the other hand, during fibrosis resolution, these cells reverse myofibroblast activation with IL-10 and regulate the restoration of homeostasis (Figure 2). This suggests that strategies using prevention of pro-inflammatory interleukins or induction of anti-inflammatory interleukins for the treatment of liver fibrosis may be effective.
[image: Figure 2]FIGURE 2 | Role of interleukins in development and resolution of liver fibrosis. The combination of signals from inflammatory environment, hepatocytes death, activated macrophages and CD4 T cells stimulates HSCs to proliferate and synthesize collagen and induce fibrosis. IL-33 induces the production of IL-13, and IL-13 and IL-17 directly mediate the activation of HSCs. In the model of fibrosis resolution, hepatocytes, macrophages, HSCs, and CD4 T cells activate the negative feedback loops that reduce immune-mediated fibrosis by secreting IL-10 that prevent activation of HSCs and production of collagen.
IL-3, IL-17 and IL-33 induce liver fibrosis through various mechanisms, therefore an approach targeting them as a major participant in the “fibrosis pathway” is expected to be worthwhile. The blockade of IL-13 can be reversed to reduce liver pathology even when fibrosis is already established. IL-17 signals contribute to the pathogenesis of liver damage and IL-17 inhibition can potentially be an effective treatment for liver disease. Furthermore, IL-17 may be a treatment target for alcohol-induced liver damage and hepatocellular carcinoma. An approach aimed at the IL-33/ST2 path could be a potential therapeutic target for human patients suffering from chronic hepatitis and liver fibrosis (Hammerich and Tacke, 2014; Weiskirchen and Tacke, 2016; Zhang et al., 2016; Ma et al., 2020). IL-10 is a typical anti-inflammatory cytokine that shows signals of conservation mechanism in multiple organs. Specially in the fibrous liver, IL-10 has been proven to induce resolution of fibrosis, therefore it is suggested as a potential therapeutic target (Steen et al., 2020). However, the half-life of recombinant IL-10 in vivo is relatively short, and non-targeted administration can cause systemic side effects (Chen et al., 2012). Therefore, increasing numbers of studies have aimed to use IL-10 gene transfer and IL-10 gene therapy might be an effective treatment for liver fibrosis.
Fibrosis can occur in almost any organ or tissue, including lung, heart, and intestine, and is associated with a variety of diseases. Although liver fibrosis has been addressed in this review, treatment with specific interleukins can be applied to several tissue fibrosis. Table 2 shows studies using interleukin 10, 13, 17, and 33 in various fibrotic tissues (Ng et al., 2018; Wijsenbeek et al., 2018; Sziksz et al., 2020). However, there are some practical problems such as the relevant doses of recombinant interleukins, the route of administration, and the costs of production of the cytokine itself, that need to be addressed to move from the experimental stage to the clinical stage. If these hurdles are overcome, a new treatment strategy targeting specific interleukins will be able to deliver expected therapeutic effects not only in the liver, but also in other tissues as well.
TABLE 2 | Roles of IL-10, 13, 17, and 33 in fibrotic disease.
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Placebo and nocebo responses are mostly discussed in clinical trials with functional bowel disorders. Much less has been investigated and is known in gastrointestinal diseases beyond irritable bowel syndrome (IBS), especially in inflammatory bowel diseases (IBD). For the purpose of this review, we screened the Journal of Interdisciplinary Placebo Studies (JIPS) database with approximately 4,500 genuine placebo research articles and identified nine meta-analyses covering more than 135 randomized and placebo-controlled trials (RCTs) with more than 10,000 patients with Crohn´s disease (CD) and another five meta-analyses with 150 RCTs and more than 10,000 patients with ulcerative colitis (UC). Only three discussed nocebo effects, especially in the context of clinical use of biosimilars to treat inflammation. The articles were critically analyzed with respect to the size of the placebo response in CD and UC, its effects on clinical improvement versus maintenance of remission, and mediators and moderators of the response identified. Finally, we discussed and compared the differences and similarities of the placebo responses in IBD and IBS and the nocebo effect in switching from biologics to biosimilars in IBD management.
Keywords: placebo and nocebo effects, clinical trial, systematic (literature) review, inflammatory bowel disease, Crohn´s disease, ulcerative colitis
INTRODUCTION
According to consented definitions, “placebo and nocebo response includes all health changes that result after administration of an inactive treatment (i.e., differences in symptoms before and after treatment), thus including natural history and regression to the mean. The placebo and nocebo effect refers to the changes specifically attributable to placebo and nocebo mechanisms, including the neurobiological and psychological mechanisms of expectancies” (Evers et al., 2018). In this respect, this article will exclusively deal with the placebo and nocebo response in randomized controlled trials (RCTs), as little to nothing has been investigated related to the underlying mechanisms of the response in inflammatory bowel diseases (IBD), in sharp contrast to functional bowel disorders such as the irritable bowel syndrome (IBS) (Enck and Klosterhalfen, 2020), but also to other and specifically pain-associated disorders (Elsenbruch and Enck, 2015). However, as we have argued before (Enck and Klosterhalfen, 2019), meta-analyses and systematic reviews of RCTs in specific areas can generate substantial contributions to the understanding of the responses (Weimer et al., 2015a; Weimer et al., 2015b), even though they would need empirical, experimental validation. An excellent example for this is the old question of whether or not there are sex differences in the placebo response: As we (Enck and Klosterhalfen, 2019) have shown, experimental work underlines that men and women differ with respect to the utilized mechanisms (learning and expectation) for the placebo effects, while in clinical trials, these differences are equalized, resulting in similar placebo responses. A similar challenging task is evaluating whether or not age affects the placebo response and whether children exhibit more or less placebo/nocebo responses in RCT (Weimer et al., 2013; Weimer et al., 2015b)—this question still awaits its answer.
While we are aware that the placebo and nocebo responses have substantial effects on the design of clinical trials (Enck and Klosterhalfen, 2019), we will abstain from discussing this in more detail and rely on the traditional concept (Figure 1); that is, in placebo-controlled RCT, the placebo response includes not only the placebo effect (as defined above) but also other factors such as the spontaneous course of the disease if untreated and response biases and regression-to-the-mean effects. This is of specific relevance in chronic diseases where remission rather than healing is the primary goal of treatment. To uncover the contribution of spontaneous recovery, “no-treatment” control conditions would be needed that are deemed unethical in the care of IBD, at least in the acute disease condition.
[image: Figure 1]FIGURE 1 | The conventional model of the placebo response in randomized, placebo-controlled trials (RCT): It is assumed that in the drug arm of the RCT, the placebo response is equal to its size in the placebo arm. In both, the effects of the spontaneous course of symptoms, methodological effects such as the “regression to the mean,” and responses biases contribute to its size, in addition to the placebo effect, which is the individual response of a patient towards placebo provision.
Instead of questioning this principle concept, we imply that the global concept will remain valid, even if—for political, ethical, or other reasons—placebo-controlled trials are questioned or dismissed in the future. Comparator trials, where the placebo is replaced with an already drug available, have been shown to produce higher placebo response rates compared to placebos in a placebo-controlled trial; however, the true drug effect might be not identified and its efficacy tends to be overrated (Rutherford et al., 2009), and these trials require more patients to be included for statistical reasons (Weimer and Enck, 2014).
We will also abstain from discussing the option of “harnessing the placebo response” in clinical routine, beyond RCT (Enck et al., 2013), or implementing “open-label placebo” treatment (Ballou et al., 2017)—neither has yet been discussed for IBD patients. As mentioned above, IBD patients have rarely been exposed to placebo experiments, except in one brain imaging study (Schmid et al., 2015), discussed later.
In placebo research, nocebo responses and nocebo effects have only lately come into focus, which is evident from the small number of articles related to the topic in the specialized JIPS database (below): only about 650 of 4,500 genuine articles mention the term and a few have investigated such effects experimentally. Initially, the term was reserved for adverse events (AE) developed in RCT in the placebo arm of the trial, but the word “nocebo” has found a wider meaning, e.g., with the increased AE reports on patients switching from biologics to biosimilars in inflammatory diseases—we will get back to this later.
Definitions, Mechanisms, and Measures
By definition (Evers et al., 2018), placebo responses refer to the (averaged) symptom response of a group of patients receiving a placebo during a randomized, placebo-controlled trial, e.g., of drugs. In contrast, the placebo effects refer to the individual change in symptoms that can be attributed to a known mechanism eliciting this change. Therefore, the placebo response in RCT includes factors that may not be driven by placebo effects but by the natural course of the disease or by methodological biases, e.g., repeated measures eliciting the “regression-to-the-mean” effect. The placebo effect in individual patients (as well as in many patients) is thought to be due to two major mechanisms: expectations that treatment will result in improved or disappearing symptoms because this is the reason for the treatment; learning, based on previous experience with the same or different symptoms, treatments, or medical settings. In experimental medicine, both factors can be separated to investigate their contribution, whereas in clinical medicine, they are usually may be compounded but their relative contribution may vary between individual patients. In theory, however, learning and expectations are not completely independent drivers of the placebo response. And finally, the nocebo responses or nocebo effects are thought to be governed by similar mechanisms (Elsenbruch and Enck, 2015; Enck and Klosterhalfen, 2019; Enck and Klosterhalfen, 2020)
METHODS
The origin of the Journal of Interdisciplinary Placebo Studies (JIPS) database has been described previously (Colloca et al., 2016; Enck, 2018). Instead of a complex search algorithm, the search term “placebo” is applied to the PubMed metadatabase, resulting in between 150 and 250 new citations per week that are screened for relevance for placebo research. Searches were and still are supplemented by hand-searched articles from other publications and meanwhile members of the scientific community that submit their newly published placebo articles. JIPS is also distributed to members of the Society of Interdisciplinary Placebo Studies (SIPS, www.placebosociety.com) for both service and supplementation. This database currently contains around 4,500 genuine placebo articles of all kinds, experimental data, reviews, and meta-analyses.
This database was started in 2004, and it has been searched retrospectively for all papers published until 2004 (approximately 100,000) and prospectively ever since. All identified articles are added to an EndNote-type database, including all metadata available in PubMed. This database (but not the PDFs collected) is accessible for the scientific community (upon registration on the JIPS website, www.JIPS.online). Since 2016, a monthly newsletter is distributed to subscribers that contains new citations for the IPS community and interested scientists.
The most recent use of the database was to conduct systematic reviews of specific areas (Colloca et al., 2016). We have employed it to identify knowledge gaps in placebo research, e.g., related to food and nutrition trials, sport interventions, and physical therapies and ethical, legal, and cultural aspects of the placebo phenomenon; similarly, we have determined that eHealth and mHealth applications of the placebo response/effects are clearly underrepresented, as compared to their current and future relevance (Enck et al., 2017). JIPS was screened for the terms “inflammatory bowel diseases” or “Crohns disease” or “colitis”, as of December 2020, for the purpose of this article.
RESULTS
The database contained (as of Dec 2020) nine meta-analyses of placebo-controlled RCT of Crohn’s disease (CD); however, there was substantial overlap between the meta-analyses. The largest of these (Jairath et al., 2017) reported data from 100 studies (depending on the read-out, see below), including 7,638 patients that received placebo, but excluded studies on CD patients postsurgery, which were exclusively covered by another meta-analysis (Renna et al., 2008) (15 studies). A more recent meta-analysis of five trials (Duijvestein et al., 2020) analyzed these trials after access to individual patient data rather than relying on published reports. Ford (Ford et al., 2014) finally added ten more studies specifically related to CD patients with fistulas, assessing partial or complete fistula closure. In the oldest meta-analysis, ten studies conducted before 1990 were covered (Salomon et al., 1992). In summary, therefore, there are data from 135 RCTs with approximately 10,000 CD patients.
The situation is similar in ulcerative colitis (UC). There are five rather large meta-analyses, with the latest and largest, with respect to the number of patients (Ma et al., 2018), including 51 RCTs with 5,182 individuals. Earlier RCT from an early meta-analysis (Ilnyckyj et al., 1997; Garud et al., 2008) and additional studies from more recent analyses (Jairath et al., 2016; Macaluso et al., 2019) included more than 150 RCTs with more than 10.000 UC patients. An early meta-analysis (but according to today’s standards, a systematic review) of 11 RCTs on treatment active colitis and five on patients in remission (Kornbluth et al., 1993) does not add much to the outcome, as it was not focusing on the placebo response but rather on the drug-placebo difference. To the best of our knowledge, only one meta-analysis has investigated placebo response rates in RCTs in patients with pouchitis (Athayde et al., 2018).
Depending on the clinical status of patients included in RCTs, different read-outs from studies need to be distinguished. In acutely diseased CD and UC patients, clinical improvement can either be partial, based on clinical, histologic, or endoscopic findings, or complete (achieving remission), based on similar criteria. In CD, improvement and remission were mostly based on the Crohn’s Disease Activity Index (CDAI). In patients in remission, in contrast, the efficacy of interventions is assessed either via maintenance of remission or via recurrence of symptoms, in both cases measured as the duration of being symptom-free.
One of the pitfalls of merging data from different meta-analyses is the fact that studies reporting more than just one drug arm, e.g., with different dosing or with different compounds, compared to one placebo arm, often are counted as two (or more) studies—but this is a questionable practice, since increasing the drug: placebo ratio also may affect the placebo (and drug) response rates (Papakostas and Fava, 2009). It is at least confusing when meta-analyses are performed with multiple endpoints, of which some are identified in all studies, whereas others are only found in some; hence, the numbers of studies and patients are inconsistently reported.
Finally, while most but not all studies attempted to identify single predictors of high or low placebo response but regression analysis, a few have gone beyond to construct multifactorial prediction models and one (Duijvestein et al., 2020) has done the latter based on individualized patient data rather than summary data from published articles, usually not available for drug studies.
Size of the Placebo Response
Table 1 summarizes the pooled placebo response rates in CD and UC according to the meta-analyses performed and based on the clinical conditions and the respective endpoints of the studies.
TABLE 1 | Pooled placebo responses (%) in randomized placebo-controlled trials according to different meta-analyses in Crohn´s Disease (CD), Ulcerative Colitis (UC) and pouchitis in patients with active disease or in remission (CDAI: Crohn´s Disease Activity Index).
[image: Table 1]As can be seen both across the meta-analyses and within some of them [e.g., (Gallahan et al., 2010)], the placebo response rates vary between 5 and 50% in CD and between 10 and 35% in UC, with respect to clinical improvement and remission. As expected, remission rates are lower than improvement rates, and the higher the standard of criteria (clinical vs. endoscopic), the lower the placebo response. Remission maintenance rates can also vary between 15 and 50%, following similar rules. Postsurgery placebo remission and recurrence rates are as high as 50%, while placebo response rates for fistula closures are lower, below 20%. Only one study has focused on pouchitis, but the reported 24% placebo clinical improvement response is well within the range of the effects in CD and UC.
Some of the variances between studies may be due to different sensitivities and specificities of the various IBD activity scores used or differences in the cut-off or response criteria, e.g., CDAI-based definition of remission. How much of these placebo responses can be attributed to a true placebo effect or to the natural course of the disease cannot be judged from these meta-analyses. We will discuss this further below.
Predictors of the Placebo Response
While there is no consistent factor that has been reported in all or most meta-analyses, a few factors are listed more than once. They can be separated into disease, design, and other factors.
Disease factors: As with many other and noninflammatory diseases, lower disease activity at the beginning of the study was associated with higher placebo responses (Su et al., 2004; Jairath et al., 2016; Jairath et al., 2017); the same mechanism may be seen when “prior surgery, concomitant small bowel and colonic disease, fistulizing phenotype, or prior immunomodulator therapy” (Pascua et al., 2008), “prior exposure to TNF antagonists and increased concentrations of CRP at baseline” (Duijvestein et al., 2020), disease duration, and “ being non-naïve to anti-TNF’s"” (Macaluso et al., 2019) were found to be associated with lower placebo responses, while—not surprising—higher “placebo remission was associated with concomitant corticosteroids” (Ma et al., 2018; Macaluso et al., 2019).
Design factors: The study duration in CD (Su et al., 2004; Gallahan et al., 2010; Ford et al., 2014; Jairath et al., 2017) and UC (Garud et al., 2008; Jairath et al., 2016) is among the factors found to affect the placebo response, but data are less consistent in UC. Another factor associated with higher placebo responses is the number of study visits during the trials (Ilnyckyj et al., 1997; Su et al., 2004; Jairath et al., 2016) (Figure 2).
[image: Figure 2]FIGURE 2 | Dose-dependent function of the (pooled,%) placebo response in a meta-analysis of randomized and placebo-controlled trials (RCT) in ulcerative colitis (22): the number of doctor visits during the trial has an effect on all clinical outcome parameters, clinical benefit (improvement), endoscopically assessed remission, histologically assessed remission, and clinical remission measures.
A factor that has frequently been discussed in areas outside IBD, e.g., in depression and other neurological and psychiatric diseases [e.g., (Enck, 2016)], was explicitly found not to be of relevance in IBD, i.e., the increase of placebo response rates in RCTs over time, with more recent studies exhibiting higher rates (Gallahan et al., 2010; Ma et al., 2018). The number of study centers was found to be effective as well, with more centers being associated with lower placebo responses (Jairath et al., 2017). One meta-analysis of UC trials found the country to determine the placebo response, with higher values in European countries (pooled improvement rate 36.4%) than those in the United States (24.9%) (Garud et al., 2008).
Other factors: It is not surprising that studies providing a new and expensive class of drugs such as biologics produce higher placebo response rates (Jairath et al., 2017). They also found the route of administration to be predictive of the placebo response—this is in line with data from the general literature: the more invasive procedures produce higher responses and injections are more effective than pills.
Increased placebo response can also be expected when instead of biomarkers and clinical disease signs, subjective, patient-reported outcomes (PRO) are used to assess the clinical efficacy of an intervention—this was shown in a meta-analysis of 16 RCTs in IBD (11 UC and 15 CD) in which IBS-specific (IBDQL) and generic (SF36) health-related quality of life was measured as the primary outcome (Estevinho et al., 2018): while overall drug-over-placebo benefit was maintained, the placebo response rates were high with 41% for clinical improvement and 31% for remission. This effect is as well established in the literature, but for many diseases, appropriate biomarkers are unfortunately missing. However, as has been shown recently that for IBD, fecal calprotectin may serve as such an appropriate biomarker (Bertani et al., 2020), possibly able to reduce (or limit) placebo responses, specifically if coupled with PRO. The important role of disease biomarkers is also evident in Figure 2 (above), where histological and endoscopic findings produce overall lower placebo response rates than clinical assessments, irrespective of the number of study visits.
Placebo Effect Versus Spontaneous Remission (Natural Course)
To distinguish and parcel out true placebo effects from the placebo response as a summary of different mechanisms in RCT (Figure 1), it would be necessary to conduct a three-arm trial in which an equal fraction of patients would receive the active drug, the placebo, and no treatment, and this should be fully randomized and blinded—which of course is impossible for the “no-treatment” control, and ethically questionable as well. One way around this problem has been to install “waiting list controls” where patients are kept on a waiting list for a specific period of time before receiving treatment or being randomized into the RCT. In this case, the trial would be applied in clinical conditions of minor severity such as depression, nausea, and functional bowel disorders or with therapies other than drugs, e.g., with psychotherapy. Meta-analyses have shown that about 50% of the placebo response in RCT may be attributed to the spontaneous course of the disease—whether this holds true for IBD is an open question. When placebo arms of RCTs were used to estimate the natural course of IBD patients in remission (Meyers and Janowitz, 1989), about 50% of patients remained in remission for at least 1 year. Whether this allows concluding that a “true” placebo effect in IBS should be beyond 50% in remission trials remains to be known.
However, there should be better ways to test this hypothesis, at least in maintenance trials, e.g., with the cohort multiple randomized controlled trial (cmRCT) (Relton et al., 2010) or the so-called Zelen design (Zelen, 1979). Such a trial would follow a stacked approach with double recruitment: first for an observation-only study, a large cohort of IBD patients in remission are recruited who are not taking any remission drug; subsequently, a subset of them is recruited for an interventional, placebo-controlled trial of a maintenance trial. This, to the best of our knowledge, has never been tried in IBD (Figure 3).
[image: Figure 3]FIGURE 3 | Design scheme for a remission maintenance study in IBD that would allow including a “no-treatment” arm to assess the spontaneous course of the disease. The concept has been called “cohort multiple randomized and placebo-controlled trials (cmRCT)” (Relton et al., 2010); for a discussion see (Weimer and Enck 2014).
The ethical limitations of such a trial are at hand: leaving a group of patients with UC in remission untreated for some time can only be accomplished when narrow monitoring is warranted (Colombel et al., 2017), with patients who have minor symptoms during remission, and who, without the interference of the treating physician, would abstain from medication as long as possible anyway. Once remission is terminated, all patients need to receive appropriate standard treatment as soon as possible.
IBD Versus IBS
During the discussion of the placebo responses in IBD, as above, it occurred to us that while the placebo response may be somewhat higher in IBS (across around 100 RCTs approximately 40% (Ford and Moayyedi, 2010)) than in IBD, the moderators and mediators were remarkably similar. As we have shown in recent systematic reviews (Enck and Klosterhalfen, 2020), these factors may be grouped in both conditions into disease factors (severity, duration, and pre- and concomitant treatments), design factors (duration of treatment, number of visits, number of centers, and number of study arms), individual conditions (age, sex, race, and proxies), and environmental factors (setting, therapists, healthcare plans, nationality, etc.). Clearly, many have been found to be in effect also in IBD, but whether they can be ruled out as relevant or irrelevant also depends on the focus these factors given in RCT and whether such determinants are part of the study reporting and publishing routine. These arguments have also been summarized by other studies (Sands, 2009). Probably the most neglected area in IBD research is the influence of the treating physician and his/her empathy and management skills in the therapy procedure—but that has probably surfaced in the IBS world only because of the lack of effective drug therapies.
To the best of our knowledge, only one study (Schmid et al., 2015) has compared central processing of placebo analgesia using an established experimental model in both patients with IBS and IBD (UC), compared to healthy control volunteers, and found that while IBS patients lacked downregulation of brain activity in relevant areas of the pain matrix during placebo application, no difference was observed in UC patients and healthy controls in terms of their ability of proper pain control, indicating normal placebo responses in UC.
Nocebo Effects in IBD
To the best of our knowledge, there is only one meta-analysis (Ma et al., 2019) that has focused on AE reporting in the placebo arm of RCT, much in contrast to many such analyses in other areas of medicine, especially in the pain literature. This meta-analysis included 124 CD and 71 UC RCTs, so most of the trials that have also been included are the above placebo regression studies. The authors reported a pooled AE reporting of 70.6% in CD and 54.4% in UC and noted no differences in comparison to the respective active arms of the trials for AE reporting, severe AE reporting, and withdrawal due to AE, but a lower risk of symptom worsening in the active arms for both diseases. This is to some degree surprising given that overall AE reports are high compared to other reports on anti-inflammatory drug classes. This may support the notion that the high global symptom burden and the chronic nature of the IBD let the patients expect and tolerate substantially more AE anyway before leaving RCT.
Nocebo responses, the second aspect in IBD trials, are of a different nature, i.e., the report of increased AE when patients are switched from an established though expensive therapy with biologics to the more reasonably priced therapy with “biosimilars.” PubMed counts (as of Dec 2020) more than 50 publications in which biosimilar usage is linked to the term nocebo, despite the fact that direct (blinded) comparison of biologics with biosimilars usually does not result in higher AE and SAE reporting with biosimilars [e.g., (Boone et al., 2018)]. The nocebo reports in daily clinical routine, however, appears to be driven by media reports, self-aid groups, and Internet-based “fake” news. One may even wonder whether solely the selection of the term “biosimilar”—suggesting similarity but not equality—may have forced or supported this discussion.
However, since this phenomenon dominates medical practice but not medical research, e.g., in RCT, little is known about its mediators and moderators. It is, furthermore, not unique to biologics/biosimilars in IBD, but became visible also in other conditions, e.g., for statin use in blood pressure regulation (Pedro-Botet et al., 2019), lactose usage in individuals claiming lactose intolerance (Vernia et al., 2010), and wheat product consumption in nonceliac gluten hypersensitivity (Biesiekierski et al., 2013) and, in general, when patients are switched from a branded to a generic drug (MacKrill et al., 2019).
However, the pitfalls of this discussion are evident: with any drug taken, separating between an AE and a nocebo response is impossible in the individual patient, even if RCT provides some evidence for an AE being a nocebo response. Furthermore, nocebo responses are not personal characteristics of patients—anxiety may be a sign, but it is not proof of it. And as with the placebo response, the healthcare provider probably contributes as much or even more to a nocebo response as does the patient. In the early days of the biosimilar development, a survey among 1,200 physicians, nearly half of the physicians (and 43.8 in gastroenterology) questioned the equivalence and efficacy of biosimilars across many medical subspecialties (Cohen et al., 2017)—and this may reflect patients concerns and AE reports.
SUMMARY
While there are distinct differences between IBD and other conditions, especially IBS, the placebo response in RCT bears some similarities at different levels: the individual patient, the disease, the study design, and the healthcare system in general. Factors driving the placebo response have been identified in both conditions (IBD and IBS), but to a different degree. The size of the placebo response appears to be somewhat higher in IBS than in IBD, but in both cases, the contribution of the spontaneous course of the disease (e.g., spontaneous symptom recovery and remission) may contribute 50% or more to the placebo response. While nocebo responses in RCT are easy to identify—as AE in placebo arms, applying the label “nocebo effect” is difficult if at all possible in the individual patient in case of AE reports, e.g., following drug application or medication switch.
TABLE 2 | Mediators and moderators of the placebo response in RCT in inflammatory bowel diseases (IBD) and the irritable bowel syndrome (IBS) and other functional gastrointestinal disorders, as evidenced (yes) in this and in previous reviews (e.g. Enck and Klosterhalfen 2020); question marks indicate a lack of knowledge.
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The introduction of anti-tumor necrosis factor antibodies resulted in a considerable expansion of the options available for the treatment of inflammatory bowel disease. Unfortunately, approximately one third of treated patients do not respond to these modalities, and drug efficacy may be lost over time. These drugs are also associated with contraindications, adverse events, and intolerance. As such, there is an ongoing need for new therapeutic strategies. Despite several recent advances, including antibodies against pro-inflammatory cytokines and cell adhesion molecules, Janus kinase inhibitors, and modulators of sphingosine-1-phosphate receptors, not all problems associated with IBD have been solved. In this manuscript, we review the current state of development of several new treatment options. Ongoing evaluation will require specific proof of efficacy as well as direct comparisons with established treatments. Results from head-to-head comparisons are needed to provide clinicians with critical information on how to formulate effective therapeutic approaches for each patient.
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INTRODUCTION
Patients diagnosed with inflammatory bowel disease (IBD), including those with Crohn´s disease (CD) and ulcerative colitis (UC), can be difficult to manage clinically given the broad spectrum of disease, including both intestinal and extraintestinal manifestations. IBD is an immunologically-mediated disease with increasing prevalence across Western Europe, North America, and Australia, as well as in newly-industrialized areas of Asia and South America. The prevalence of IBD has been estimated at 0.3–0.5% in Western Europe, including at least 420,000 patients in Germany alone. Similarly, population-based data from Canada predict that the prevalence of IBD, estimated at 725 patients per 100,000 (0.73%) in 2018 will increase to as many as 981 patients per 100,000 (0.98%) in 2030 (Coward et al., 2019). If we apply this calculation to the current patient population in Germany, we might anticipate an increase to 0.67% in 2030, representing >560,000 patients.
While the physiologic mechanisms contributing to the development of IBD have not been fully clarified, current research suggests that genetically-susceptible individuals respond to routine environmental factors with alterations at the gastrointestinal barrier and exaggerated (or poorly-suppressed) innate and adaptive immune responses. These findings have provided a theoretical and practical basis for the development of new therapies. Indeed, the introduction of the anti-tumor necrosis factor (TNF) antibody, infliximab, first for CD (in 1999) and later for UC (in 2006), revolutionized the treatment of these conditions. Other anti-TNF antibodies (all under the broad category known as “biologics”), including adalimumab, golimumab, or certolizumab pegol [certolizumab pegol is not approved by the European Medicines Agency (EMA)] were developed shortly thereafter. With the availability of biosimilars for infliximab and adalimumab and the approval of both ustekinumab, a monoclonal antibody (mAb) that antagonizes the actions of proinflammatory cytokines IL-12 and IL-23, and vedolizumab, a mAb that specifically targets α4β7-integrin, physicians now have access to a broad range of unique biologics that can be used to manage intestinal inflammation. This armamentarium also includes tofacitinib, which is a small-molecule inhibitor of Janus kinases (JAKs) that can be used to treat patients diagnosed with UC. Unfortunately, not all patients respond to these new therapies (known as “primary non-responders”). Depending on the respective phase III study, the proportion of primary non-responders may be as high as 30–50%. Other patients may experience secondary loss of response due to the development of neutralizing antibodies or via other, as yet not well-understood mechanisms (e.g., as observed in patients treated with tofacitinib). The comparatively high incidence of adverse events also limits the use of these new therapeutic options. As such, additional research is needed that focuses on approaches that can be used to achieve long-lasting, steroid-free remission without adverse effects in all patients diagnosed with IBD.
The mechanisms of action of the new therapeutic agents used to treat IBD are summarized in Figure 1. It is critical to understand that the published studies focused on each of these agents feature different patient populations and have different inclusion and exclusion criteria; among these are differences in disease duration and activity, previous experience with anti-IBD therapies, duration of induction therapy, primary endpoints, and design of maintenance protocols (i.e., “treat-through” vs. “randomized responder”). As such, significant caution must be exercised when comparing the results of different studies.
[image: Figure 1]FIGURE 1 | Mechanisms of action of several of the new therapeutic agents used to treat IBD.
Due to the multitude of new as well as already established modes of action and specific substances for the treatment of IBD a targeted selection of a medication for an individual patient is of utmost importance. Therefore, several biomarkers (e.g., fecal calprotectin, CRP, serological and genetic parameters, histological findings and microbiota) have been and are currently being evaluated with regard to the prediction of treatment response. At present, however, biomarkers of this type are not yet established for daily clinical practice. Further, from a clinical point of view improvement of disease activity and patient related outcome parameters are more important than changes in biomarkers. For these reasons, we aimed not to discuss such parameters in this overview on the effectiveness and safety of new therapeutics.
An electronic database search using PubMed, spanning up to November 2020, was conducted. Abstracts were also reviewed from Digestive Diseases Week, European Crohn’s and Colitis Organization congress, and United European Gastroenterology Week 2019 and 2020, respectively.
ANTI-INTEGRIN ANTIBODIES
Integrins are cell adhesion molecules that form transmembrane dimers consisting of α- and β-chains. The goal of an anti-integrin strategy is to block the actions of adhesion molecules on circulating immune cells and/or those of their receptors on endothelial cells. For example, α4β7-integrin on the surface of CD4+ T lymphocytes binds specifically to MadCAM-1 (mucosal addressin cell adhesion molecule-1) on endothelial cells in the gastrointestinal tract and thereby mediates “gut-selective” lymphocyte migration into the gastrointestinal mucosa. Vedolizumab is a humanized mAb that targets α4β7-integrin and was first approved for the treatment of CD and UC in 2014 with a favorable safety profile in clinical trials. This assessment was reinforced with the first direct, head-to-head comparison of biologic therapies for IBD carried out in 2019 as the VARSITY study. The results of this study revealed that vedolizumab had a more favorable therapeutic impact on inducing clinical remission compared to results obtained using adalimumab (Sands et al., 2019a).
Given the overall efficacy and “gut-selective” effects of vedolizumab, it is not surprising that cell adhesion molecules are among the most prominent targets of new therapeutics under development. Various inhibitors of the integrin β7-subunit and its endothelial ligand, MadCAM-1, are currently undergoing evaluation in numerous studies. For example, in one phase II study, Vermeire and colleagues (Vermeire et al., 2014) found that the anti-β7 antibody, etrolizumab, was more effective than placebo at inducing remission in patients with symptomatic UC. One important aspect of etrolizumab is the fact that it targets not only α4β7-integrin (similar to vedolizumab) but also can inhibit αEβ7-integrin-mediated interactions between intraepithelial lymphocytes and E-cadherin expressed by enterocytes, thereby reducing the extent of lymphocyte accumulation at this site. This is a critical finding, as the probability of remission correlated strongly with mucosal expression of the αE-subunit, which was also identified as the first established predictor of the response to mAb therapy. These results were followed by eight randomized-controlled and open-label studies of this modality for the treatment of CD and UC. More than 3,000 UC and CD patients were enrolled in two open-label and safety studies as well as in six phase III trials, including comparative studies against both adalimumab and infliximab (Sandborn et al., 2020e). However, in August 2020, Roche investigators reported mixed results from their studies and announced that the study program for patients diagnosed with UC was to be halted, while studies focused on CD were to be continued. The favorable safety profile for etrolizumab was consistent with the results of previous studies, although the results of the various treatment studies for UC were not as convincing. In the “Hibiscus-I” induction study, the primary endpoint of clinical remission at week 10 was achieved in response to etrolizumab among patients who had not undergone prior treatment with anti-TNF mAbs (19.4 vs. 6.9%; p = 0.0173). By contrast, in the “Hibiscus II” induction study (which also included anti-TNF-naïve patients) the same primary endpoint was not met (18.2 vs. 11.1%; p = 0.1729) (Dotan et al., 2020). In the “Hickory” study, the primary endpoint of induction (clinical remission at week 14: 18.5 vs. 6.3%; p = 0.0033), but not maintenance of remission (among clinical responders at week 14) was achieved in response to etrolizumab among patients with a history of previous anti-TNF treatment (24.1 vs. 20.2% at week 66; p = 0.4956) (Peyrin-Biroulet et al., 2020a). Finally, in the “Laurel” maintenance study, the primary endpoint of clinical remission at week 62 among responders at week 10 was not achieved in patients with no history of anti-TNF treatment (29.6 vs. 20.6%; p = 0.1942) (Vermeire et al., 2020). The consequences of these results and their impact on the further development of etrolizumab remain to be determined.
AJM300 is a small molecule administered orally that blocks the α4-integrin subunit that has been investigated in patients with moderately-active UC. In one phase II study, 102 patients were treated with 960 mg AJM300 or placebo three times a day for 8 weeks. 62.7% of the patients in the treatment (AJM300) group exhibited a clinical response (a decrease in the Mayo Score by >3 points or at least 30% with a reduction in the rectal bleeding subscore by >1 point) compared to only 25.5% of the patients in the placebo group (p = 0.002). Furthermore, clinical remission was observed in 23.5% vs. 3.9% of patients (p = 0.01) (Yoshimura et al., 2015); This drug is currently undergoing evaluation in a phase III study involving patients with UC.
Ontamalimab (PF-00547659) is a mAb that targets MadCAM-1. A phase II study in patients with UC documented the superiority of this drug in inducing clinical remission compared to placebo (16.7% vs. 2.7% at week 12; p = 0.01). Patients who responded to therapy were treated for up to 72 weeks in an open-label extension study; in this study, positive effects on the maintenance of remission were more pronounced in patients that received higher drug doses. By contrast, no differences were observed in a comparison between PF-00547659 and placebo in patients with moderate-to-severe CD, despite the observed decreases in the concentration of circulating MAdCAM-1 and a dose-dependent increase in β7+ memory T-cells, which are both findings that document the pharmacologic efficacy of the drug (Sandborn et al., 2018). Takeda (who acquired ontamalimab through the acquisition of Shire in 2018) announced the end of the study program in May 2020.
The results of six studies focused on achieving clinical remission in both CD and UC using anti-integrin strategies are summarized in Table 1.
TABLE 1 | Frequency of achieving clinical remission in anti-integrin directed studies of patients with CD (a) and UC (b).
[image: Table 1]COMMENT
Given the well-characterized positive responses to treatment with vedolizumab, the largely negative results of studies focused on etrolizumab for the treatment of UC are somewhat surprising. The full publications may ultimately provide more information to explain the underlying issues. Given the well-established favorable safety profile for vedolizumab, therapeutic agents directed against integrin-mediated interactions might be suitable for use as combination therapy with drugs that have different mechanisms of action. Results of phase III studies of etrolizumab combined with other therapies may provide further insight into this possibility.
BLOCKADE OF INTERLEUKIN-23
Interleukin-12 (IL-12) and interleukin-23 (IL-23) are heterodimeric cytokines that share a common p40 subunit; this subunit has been identified as an effective target for mAbs designed to inhibit the actions of both pro-inflammatory mediators. By contrast, mAbs that target the second subunit of IL-23 (p19) alone promote selective inhibition of this cytokine. The anti-p40 mAb, ustekinumab, was approved for use in 2016, has proven effectiveness and a good safety profile when used to treat patients with CD and UC (Feagan et al., 2016; Sands et al., 2019b).
Briakinumab is another anti-p40 mAb that is currently under study for the treatment of psoriasis. Although higher response and remission rates were observed at weeks 6, 12, and 24 in a phase IIb study of patients with CD, the primary endpoint of the study, clinical remission at week 6, was not achieved (13,7 vs. 8.7%; p = 0.157) (Panaccione et al., 2015).
The potential use of brazikumab (MEDI2070), a selective anti-p19mAb, was evaluated in a phase IIa study. In this trial, 119 patients with CD who had failed previous treatment with anti-TNF antibodies achieved a clinical response to brazikumab after 8 weeks, at a significantly higher rate than was observed for patients in the placebo-control group (49.2 vs. 26.7%; p = 0.01). Interestingly, higher serum concentrations of interleukin 22 (a “downstream” mediator in the IL-23 signaling pathway) were positively associated with treatment response; as such, IL-22 levels may be a predictor of treatment response (Sands et al., 2017).
Similarly, results of a phase II trial involving risankizumab, another anti-p19 mAb, revealed clinical remission at 12 weeks in 121 patients with CD significantly more frequently than in those receiving placebo (36.6 vs. 15.4%; p = 0.0252) (Feagan et al., 2017). When therapy was continued in the subset of patients who had achieved remission at week 26, clinical and endoscopic remission was achieved in 71 and 55% of the patients examined at week 52, respectively (Feagan et al., 2018).
In a phase II study of the anti-p19 mAb, mirikizumab, in 168 patients with UC, clinical remission was observed significantly more frequently in patients who received the study drug than in those receiving placebo (22.6 vs. 4.8%; p = 0.004), In this study, clinical responses were observed after intravenous induction therapy at a dose of 200 mg at weeks 0, 4 and 8; however, as insufficient responses were observed to doses of 50 or 600 mg, the primary endpoint of the study was not met. Nonetheless, it is important to note that clinical responses to therapy were observed more frequently among those who received one of the two higher doses (60 and 49% to 200 and 600 mg, respectively) than those in the placebo group (21%). Upon continuation of therapy, clinical remission was maintained up to week 52 in 37–47% of patients, depending on the dosage interval. As such, any future studies must first address the issue of the optimal dosage for induction therapy (Sandborn et al., 2020b).
In another phase II study featuring mirikizumab carried out in 191 CD patients, an endoscopic response (primary endpoint) was achieved significantly more frequently with induction doses of 600 mg (37.5%; p = 0.03) or 1,000 mg (43.8%; p < 0.001) than with placebo (10.9%). The rate of clinical response and clinical remission [600 mg: 40.6% (p < 0.001), 1,000 mg: 26.6% (p = 0.013) vs. placebo (9.4%), respectively] was also achieved significantly more frequently with mirikizumab (Sands et al., 2019). Findings in a recently published abstract reported that maintenance therapy after successful induction of an endoscopic response was successful in 59% of patients up to week 52, while clinical remission was achieved in 46% of patients (Sands et al., 2020a). A phase III study program (VIVID) aimed at evaluating the clinical efficacy of mirikizumab for the treatment of patients with CD is currently underway.
At United European Gastroenterology (UEG) Week 2020, data from the GALAXI 1 study that featured the treatment of CD patients with the anti-p19 mAb, guselkumab, were presented. Similar to risankizumab, this drug has already been approved for the treatment of plaque psoriasis. In this phase II study, the effectiveness of intravenous induction therapy with guselkumab was compared to placebo and induction with ustekinumab in 250 patients. Clinical remission was observed in 50–56% of patients at week 12 (and in 16 and 45% to placebo and ustekinumab, respectively). Other endpoints, including clinical, biochemical, and endoscopic responses were also achieved significantly more frequently with guselkumab than with placebo, although no dose-dependency was observed (Sandborn et al., 2020).
The results of eight studies focused on achieving clinical remission in both CD and UC using anti-IL-23 strategies are summarized in Table 2.
TABLE 2 | Frequency of achieving clinical remission in anti-IL-23 (±anti-IL-12) directed studies of patients with CD (a) or UC (b).
[image: Table 2]COMMENT
Taken together, results from the aforementioned studies suggest that combined inhibition of both IL-12 and IL-23 (as achieved with ustekinumab and possibly briakinumab) as well as selective inhibition of IL-23 alone (with brazikumab, risankizumab, mirikizumab, and guselkumab) are all effective therapies for patients with CD, and probably also for those with UC. It is not yet clear whether inhibition of one vs. two of the target cytokines offers advantages with regard to effectiveness and/or safety. In particular, ustekinumab, which has been approved for use as a treatment for both CD and UC, has a documented favorable safety profile based on the results of individual studies of patients who received this therapy for more than 5 years. We can assume that this good safety profile will most likely apply to the other, related drugs considered here, although their individual adverse event profiles require specific evaluation in future studies.
JAK INHIBITORS
The therapeutic modalities considered above were designed to interact with extracellular targets, including pro-inflammatory cytokines or cell-adhesion molecules. Another concept under development involves the blockade of intracellular signaling using inhibitors of tyrosine kinases. While more than 80 tyrosine kinases have been characterized, the Janus kinases (JAKs) have been identified as critical targets. Tofacitinib is a small-molecule inhibitor of JAK1 and JAK3 that has already been approved for the treatment of UC. A clinically relevant advantage of this class of medications is that unlike biologics, they are largely non-immunogenic. This is an important attribute, given that neutralizing immune responses are often the cause of secondary loss of response to biologics [see Overview (Vulliemoz et al., 2020)].
However, one notable disadvantage of tofacitinib is the increased risk for primary infection or reactivation of herpes zoster, as well as deep vein thrombosis and pulmonary embolism, especially in elder patients. Upadacitinib, a selective JAK1 inhibitor, has already been approved for the treatment of refractory rheumatoid arthritis and is currently under evaluation as induction and maintenance therapy for moderate to severe CD and UC. Clinical and endoscopic remissions after 16 weeks were defined as primary clinical end-points in these studies. The current results reveal endoscopic improvement and clinical responses to induction therapy at daily doses of 6 and 7.5 mg, respectively. Of significant clinical relevance, the results of this study revealed that extraintestinal manifestations improved more frequently in response to upadacitinib compared to placebo in patients with CD (Peyrin-Biroulet et al., 2019).
Interestingly, more infections and more serious infections occurred in patients with CD in the upadacitinib treatment group than were reported in the group receiving placebo. While this was largely expected, this was not observed in studies involving the treatment of patients with UC (Sandborn et al., 2020a; Sandborn et al., 2020c).
Filgotinib is a selective JAK1 inhibitor that has recently been approved in Europe for the treatment of rheumatoid arthritis (September 2020); it has also been evaluated in patients with CD in the FITZROY phase II trial. Clinical remission was observed after 10 weeks in 47% of the patients receiving the study drug, compared to 23% in the placebo group (p = 0.008) (Vermeire et al., 2017b). A phase III trial in patients with CD is currently ongoing, together with additional phase II trials that feature subgroups of CD patients, including those with perianal fistulas or primarily small bowel disease. The recently closed phase IIb/III SELECTION study examined 1,348 patients with moderate to severe UC. Although the full publication remains pending, preliminary data reveal a significantly higher rate of clinical remission after 10 and 58 weeks among patients treated with 200 mg of filgotinib compared to placebo.
The results of six studies focused on achieving clinical remission in both CD and UC using JAK inhibitors are summarized in Table 3.
TABLE 3 | Frequency of achieving clinical remission in studies featuring JAK inhibitors in patients with CD (a) or UC (b).
[image: Table 3]In addition to the previously characterized JAK inhibitors, other innovative approaches are currently under evaluation in clinical trials. For example, another potential therapeutic target is tyrosine kinase 2 (TYK2); this kinase is involved in the signal transduction mediated by the IBD-associated cytokines IL-12, IL-13, and the interferons. The TYK2 inhibitor, BMS-986165, is currently under evaluation for induction and maintenance of remission in a phase II trial in patients with CD.
Local/topical administration of JAK inhibitors is an important approach that is currently under consideration in an effort to reduce the frequency of treatment-associated infections. Toward this end, TD 1473 is a high-affinity JAK1-, JAK2-, JAK3- and TYK2-inhibitor that cannot be resorbed; this property results in high levels of drug within the inflamed gut mucosa with only minimal systemic exposure. Results of phase I trials indicated low plasma levels of this drug despite high concentrations in the colon. Data obtained in trials that included healthy subjects and also patients with UC revealed that a single dose of up to 1,000 mg or 14 days of a 300 mg daily dose appear to be safe and well-tolerated. As such, this might prove to be a promising approach for the treatment of UC.
COMMENT
In the coming years, additional tyrosine kinase inhibitors will be available for the treatment of IBD. Before treatment, the risk of herpes zoster reactivation and postherpetic neuralgia should be assessed and susceptible patients should be vaccinated. Likewise, there is an urgent need for direct head-to-head studies that compare the therapeutic potential of JAK inhibitors with previously-approved biological therapies. Due to the complexity of the JAK-mediated intracellular signaling pathways, it will be necessary to establish intensive long-term monitoring of patients who participated in registry studies to identify any long-term sequelae, including the potential for malignancies.
MODULATION OF SPHINGOSINE-1-PHOSPHATE RECEPTORS
Naïve lymphocytes reach the lymph nodes via afferent lymphatic vessels and ultimately enter the systemic circulation in response to an S1P gradient. Ligand-mediated activation leads to S1P-receptor (S1PR) internalization and therefore to a functional blockade of lymphocyte migration.
Fingolimod is an S1PR1 modulator that has already been approved for the treatment of multiple sclerosis. However, the use of this medication is associated with severe adverse effects, including cardiac sequelae, varicella zoster-encephalitis, hepatopathies, macular edema, and progressive multifocal leukoencephalopathy. A recent “Direct Health Care Professional Communication” issued by the EMA focused on fingolimod-induced liver injury, which can progress to acute liver failure requiring a liver transplant.
The TOUCHSTONE study featured responses of patients with UC to 32 weeks of therapy with the S1PR1/R5-modulator, ozanimod. The results of this study revealed a higher rate of clinical remission among those treated with the higher dose (1 mg/day) but not the lower dose (0.5 mg/day) of drug vs. those receiving placebo; this response was accompanied by a higher rate of mucosal healing (Sandborn et al., 2016). Data from the prolonged follow-up study (currently available as an abstract only) suggest that long-term control of inflammation can be achieved for up to 200 weeks.
An abstract of the results of the phase III study (TRUE NORTH) was presented at UEG Week 2020. In this study, 645 patients with UC were randomized 2:1 to receive treatment with 1 mg ozanimod (1 mg/day vs. placebo). After 10 weeks of therapy, clinical remission was achieved in 18.4 vs. 6.0% (p = 0.001) of the study participants, respectively; clinical remission was associated with a higher rate of mucosal healing. In the maintenance study that followed, 37% of the patients, that initially responded to the induction therapy reached a clinical remission after 52 weeks, compared to only 18.5% of those receiving placebo (p < 0.001) (Danese et al., 2020b; Sandborn et al., 2020f).
Preliminary data indicate that ozanimod is also effective in patients with CD. Sixty-nine patients were treated with ozanimod in the open STEPSTONE trial; after 12 weeks, 56.5% had a clinical response, 39.1% experienced clinical remission, and 23.2% had an endoscopic response (Feagan et al., 2020a). A placebo-controlled, phase III trial has been initiated.
A phase II study of the efficacy of etrasimod, an S1PR1/R4/R5 receptor modulator, in patients with UC indicated that treatment with this drug resulted in a marked improvement in the modified Mayo Scores when compared to placebo; this was especially notable in response to the higher dose (2 mg/day). Furthermore, a larger proportion of patients who achieved in clinical remission (33.0 vs. 8.1%; p < 0.001) and endoscopic improvement (41.8 vs. 17.8%; p = 0.003) could be identified after 12 weeks (Sandborn et al., 2020d).
Moreover, data from CD patients are available from a proof-of-concept-study that featured the S1PR1-modulator, amiselimod, although no clinical responses or biochemical improvement of disease activity was observed in comparison to placebo.
The results of four studies focused on achieving clinical remission in both CD and UC using S1PR modulators are summarized in Table 4.
TABLE 4 | Frequency of achieving clinical remission in studies featuring S1P-receptor modulators to treat patients with CD (a) or UC (b).
[image: Table 4]COMMENT
As the modulation of the S1PRs is a novel therapeutic approach, its overall efficacy specifically for the treatment of patients with IBD requires further examination. Initial findings suggest no essential advantages when compared to previously established therapeutic regimens. Furthermore, it is unclear as to what might happen when the drug is discontinued. Of concern is the possibility of excessive rebound inflammation due to sudden removal of the blockade to lymphocyte migration.
PHOSPHODIESTERASE INHIBITORS
Apremilast is an inhibitor of the intracellular enzyme, phosphodiesterase 4. Blockade of this signaling pathway results in increased concentrations of intracellular cyclic AMP (cAMP); this leads to the inhibition of TNF-α−release and an increase in the level of the anti-inflammatory cytokine, IL-10. Apremilast has already been approved for the treatment of psoriasis. Although higher rates of clinical remission were observed at week 12 in comparison to placebo (30 mg: 31.6% and 40 mg 21.8 vs. Placebo: 12.1%; p = 0.269 and p = 0.01, resp.) in a current phase II study with 170 UC patients, these results did not achieve statistical significance (hierarchical, stepdown testing procedure), and as such, the primary endpoint of the study was not reached. However, remission was maintained in up to 40% of the patients that remained on the medication at week 52 (Danese et al., 2020b).
COMMENT
Inhibition of TNF-α via a mechanism that is unlikely to be vulnerable to immune-mediated loss of response is an interesting new therapeutic approach. However, the efficacy of this modality remains to be verified in future studies.
OLIGONUCLEOTIDE-BASED THERAPEUTICS
Specific inactivation of genes known to be involved in disease pathogenesis might constitute an effective therapeutic modality with fewer adverse effects. Clinical experience with this type of therapy is currently very limited. The phase III study featuring administration of mongersen, an antisense oligonucleotide inhibitor of Smad7, which is a critical regulator of TGF-ß mediated down-regulation of pro-inflammatory cytokines, did not fulfill the high expectations from the phase II study for patients with CD. The study was terminated early due to insufficient efficacy (Sands et al., 2020a).
The anti-sense oligonucleotide therapeutic, alicaforsen, leads to down-regulation of intercellular adhesion molecule-1 (ICAM-1). Although this agent had some impact on disease activity, no convincing efficacy was demonstrated in a phase II trial with patients diagnosed with IBD. There is an ongoing phase III trial in which this agent is administered via an enema preparation specifically in patients with pouchitis. At UEG Week 2020, the first findings released from a phase IIb study with cobitolimod used to treat patients with left-sided ulcerative colitis were presented. This oligonucleotide TLR 9-agonist induces the expression of both IL-10 and type I-interferon. Two topical administrations of 250 mg were well tolerated by 42 of the total 213 patients participating in the study. The initial findings also suggest superiority regarding clinical remission after 6 weeks. No long-term data are currently available, but a phase III study is planned.
COMMENT
The Mongersen study is an impressive example of the fact that positive results from phase II trials, notably those that mainly rely on subjective criteria such as the Clinical disease Activity Index (CDAI) as endpoints, may ultimately fail to be reproduced in larger phase III studies that apply objective criteria (e.g., luminal inflammation markers, such as fecal calprotectin, and/or endoscopic changes.) Likewise, although the study examining the rectal administration of cobitolimod provided useful proof of efficacy, this route is not suitable for long-term therapy of chronic diseases. Other modes of application will need to be developed.
FECAL MICROBIOTA TRANSPLANTATION: READY FOR PRIME TIME?
An inappropriate immunologic response to the gastrointestinal microbiota is thought to be of great importance in the pathogenesis of IBD. Numerous clinical observations suggest a close connection between pathologic gastrointestinal microbiota and the manifestation of disease in patients with IBD. However, considering that genetic factors and inflammatory reactions can change the composition of the gastrointestinal microbiota, it is not clear whether changes in the gut microbiome are the causes or consequences of the disease process. While FMT may be among the more drastic of the interventions used to influence the gastrointestinal microbiome, this modality is now an accepted regimen for the treatment of recurrent Clostridium difficile infection (Khoruts et al., 2020).
Multiple case studies and several randomized trials have explored this concept in patients with IBD. While most randomized studies involving patients with UC revealed that FMT had a significant impact on induction of remission (Stallmach et al., 2019; Tan et al., 2020), its efficacy has not been verified for patients with CD. Placebo-controlled trials involving patients with UC revealed that, although one out of every 3 to 4 patients achieved remission after FMT, one-time or short-term FMT leads to clinical failure over time. To address this problem, repeat colonoscopic FMT was performed once every 8 weeks in patients with UC; this led to the maintenance of both endoscopic and histologic remission. The role of FMT for the treatment of CD has been explored in case series and a single randomized study (Tan et al., 2020). Despite the very heterogeneous approaches, including different applications, target criteria, and patient groups (children, teenagers, or adults with CD), the data suggest an ∼30% probability (76/255 patients) of remission in response to FMT. However, in the first and thus far only published controlled study, Sokol et al. (Sokol et al., 2020) reported no difference in the remission rates maintained at 24 weeks between the FMT and sham-control group (4/8 vs. 3/9). As such, proof of the efficacy of FMT in patients with CD remains pending.
COMMENT
To induce long-term and sustainable changes in microbiota, repetitive FMT applications are required. Our data in patients with UC have revealed that the diversity of gastrointestinal microbiota increases significantly and remains stable in response to the daily application of FMT-capsules over a 3 month period. Before the therapeutic concept of FMT can be established as a routine treatment for UC, several critical questions remain to be answered:
• Are certain donors more likely to be effective than others? Are there patient-specific factors that might be used to inform donor selection?
• When should FMT be performed in patients diagnosed with IBD? At an early stage of the disease or after exhaustion of all other established treatments?
• What is the influence of emerging infectious disease challenges (e.g., the COVID-19 pandemic) on the long-term success of an FMT protocol?
Of course, identification of the therapeutically active substance or substances in fecal microbiota presents the possibility that they might be produced exogenously and provided by more routine therapeutic routes. Nevertheless, FMT is an extremely interesting therapeutic concept that merits further consideration. However, due to multiple limitations and many as-yet unanswered, this procedure should not be performed outside of clinical trials.
CONCLUSION
This review covers the current status of seven different new therapeutic approaches that may be on the horizon for the treatment of IBD. The modalities shown to be effective in phase II studies of course require confirmation in larger phase III studies; in most cases, these trials are already underway. The approval of several new therapeutic agents is anticipated in the near future, including many with unique pharmacological mechanisms of action. By their nature, these novel therapeutics will enhance and broaden the scope of our currently available drug treatments for IBD. This of course leads to further questions as clinicians attempt to determine which therapeutic approach is the best option for each patient. Given the broad scope of disease manifestations, it is unlikely that all patients will benefit equally from each new drug or drug class. One important focus of future studies will be the identification of biomarkers that can be used to predict individual responses to therapy. Until such predictors are available, the responsible clinician focusing on personalized therapy will have the option to select a given therapy based on individual disease characteristics, treatment targets, and published literature.
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Background: The primary non-response (PNR) rate of infliximab (IFX) varies from 20 to 46% for the treatment of Crohn’s disease (CD). Detected PNR reduces the improper use of specific treatments. To date, there is hardly any knowledge regarding early markers of PNR. The aim of this study was to evaluate the role of Interleukin-6 (IL-6) as an early predictor of PNR of IFX for the treatment of CD.
Methods: We enrolled 322 bio-naïve patients diagnosed with CD from January 2016 to May 2020. Primary response was determined at week 14. Multivariable logistic regression was used to construct prediction models. Area under the curve (AUC), calibration and decision curve analyses (DCA) were assessed in the validation cohort. GEO data were analyzed to identify potential mechanisms of IL-6 in IFX therapy for CD.
Results: PNR occurred in 31.06% (100 of 322) patients who were assessable at week 14. IL-6 levels significantly decreased after IFX therapy (p < 0.001). The validation model containing IL-6 presented enhanced discrimination with an AUC of 0.908 and high calibration. Decision curve analysis (DCA) indicated that the model added extra predictive value. GEO data confirmed the IL-6 levels were increased in the PNR group and IL-6-related differentially expressed genes (DEGs) were enriched in the inflammatory response.
Conclusions: We concluded that IL-6 may be used as a predictive factor to assess the risk of PNR to IFX therapy.
Keywords: interleukin-6, primary non-response, crohn’s disease, infliximab, bioinfomatics
INTRODUCTION
Crohn’s disease (CD) is a chronic inflammatory disease with a relapsing history. The incidence and prevalence of CD have both increased worldwide and this disease has gradually become a more severe socioeconomic burden (Ng et al., 2013). Recently, the treatment of CD entered a new era. Anti-tumor necrosis factor (anti-TNF) therapy has been the first-line therapy for treating CD according to ECCO guidelines (Torres et al., 2020). Infliximab (IFX) is the most widely used anti-TNF agent that promotes mucosal healing and changes the natural history of the disease (Singh et al., 2018). However, there are still 20–46% of CD patients that show primary non-response (PNR) to IFX (Roda et al., 2016; Yokoyama et al., 2016). Leapfrogging IFX in PNR patients to other medications such as anti-IL-12/23 monoclonal antibodies or anti-leucocyte adhesion molecules avoid ineffective processes of IFX and saves medical resources. Therefore, developing a model to predict PNR to IFX in CD patients will help doctors make better decisions for CD patients.
Previous studies have proposed several factors to predict the efficacy of IFX in CD, including age, BMI, previous surgery history (Billiet et al., 2015), disease behavior (Sprakes et al., 2012), disease duration (Matsuoka et al., 2018), and pro-inflammatory biomarkers (Billiet et al., 2017). Despite evidence, a clinical prediction model is still lacking to assess the possibility of PNR prior to IFX administration based on clinical and biochemical markers. As a chronic inflammatory disease, the regulation of cytokines is associated with the pathogenesis and progression of CD (Chen and Sundrud, 2016). IL-6 is a proinflammatory factor that can exacerbate inflammation by promoting the survival of T cells and the secretion of other cytokines (Hunter and Jones, 2015). IL-6 levels were shown to be elevated in CD patients compared to healthy individuals (Engel et al., 2015). A randomized trial showed that an anti-IL-6 antibody promoted a clinical response and clinical remission in CD patients (Danese et al., 2019). Furthermore, IL-6 served as a predictor of PNR to anti-TNF treatment in CD and patients failing anti-TNF therapy showed increased expression of IL-6 and persistent IL-6 pathway activity (Leal et al., 2015; Soendergaard et al., 2018). A prospective, multicenter study confirmed the predictive roles of IL-6 in patients treated with anti-TNF therapy (Bertani et al., 2020a). Additionally, the single nucleotide polymorphisms of IL-6 may be a promising tool for identifying CD patient response to IFX therapy (Salvador-Martín et al., 2019).
To promote individualized treatment in CD patients, it is crucial to identify predictors to estimate PNR to IFX. Different IL-6 levels present before treatment may contribute to the contrasting response to IFX therapy. Detecting PNR reduces inaccurate treatments while a predictive model determining PNR to IFX in bio-naive CD is lacking. Therefore, we aimed to identify the predictive value of IL-6 in IFX therapy and to construct a model predicting PNR in bio-naive CD patients based on clinical information and IL-6 levels.
METHODS
Patients and Samples
A retrospective and single-center study was performed for CD cases in the Division of Gastroenterology and Hepatology, Renji hospital. Patients enrolled in this study from January 2016 to June 2019 and from July 2019 to May 2020 were assigned to the training and the validation cohorts, respectively. CD was diagnosed based on the ECCO consensus (Maaser et al., 2019). Bio-naïve patients were included and induced with 5 mg/kg of IFX (Janssen Pharmaceutical Ltd, United States). Baseline characteristics were collected prior to treatment.
Levels of biochemical indicators, including IL-6, albumin, hemoglobin, platelets, erythrocyte sedimentation rate (ESR) and CRP were obtained from previous blood analysis, and blood samples were collected for each participant before and after IFX therapy. The Westergren method and nephelometry were used to measure CRP and ESR levels. Enzyme Linked Immunosorbent Assay (ELISA) was used to detect IL-6 levels using a DPC IMMULITE 1000 system of Siemens, and the average CV value about 8.33%. The Clinical Laboratory Department (Renji Hospital, School of Medicine, Shanghai Jiao Tong University, China) performed an analysis of each sample in duplicate. This study was approved by the IRB of Shanghai Jiaotong University School of Medicine, Renji Hospital Ethics Committee (KY2020–115).
Outcomes and Definitions
Our study defined the primary outcome as the proportion of response to IFX, which was determined when achieving clinical response or remission at week 14 (after three IFX injections and before the fourth) using an MDT (multi-disciplinary team) of experienced experts combined with endoscopic and radiological examinations (Hanauer et al., 2002; Wong and Cross, 2017). PNR was defined as: 1) failure to achieve clinical response or clinical remission, clinical response and clinical remission have been defined as a decrease in Harvey Bradshaw indices (HBI) ≥ 2, and total HBI ≤ 4, respectively (Sprakes et al., 2012). 2) need for treatment modification (discontinuation, escalation or surgery) (Roda et al., 2016; Bar-Yoseph et al., 2018; Beltrán et al., 2019).
Statistical Analysis
Results for continuous variables were represented as mean (SDs) or median (interquartile ranges [IQRs]). Categorical variables were shown as proportions. Univariate logistic regression was applied to analyze the relationships between different factors and PNR to IFX therapy. A Chi-square test was used to compare categorical variables. The t test or Mann-Whitney U test were used to compare continuous variables.
Multivariable regression models with forward stepwise likelihood ratio algorithms were used to develop models predicting the response to infliximab 5 mg/kg through 14 weeks. Akaike information criterion (AIC) was performed to assessed the goodness of fit of two models. Discrimination of the prediction models was evaluated by receiver operating characteristics (ROC) analysis and presented as area under the curve (AUC). Odds ratios (OR) having 95% confidence intervals (CI) of final predictors were calculated. Calibration curves were used to assess the calibration of nomograms by comparing the predicted and observed probabilities. The clinical effectiveness of the models was assessed using decision curve analysis (DCA). Integrated Discrimination Improvement (IDI) was a reclassification measures showed the difference in discrimination slopes of two models, and was used to assess the improvement of risk differences between cases and non-cases (Pencina et al., 2008; Steyerberg et al., 2010; Kerr et al., 2011). All statistical analyses were performed using SPSS 25.0 and R 3.6.3 with a statistical significance of p < 0.05.
Bioinformatic Analysis
Data Source
A gene expression microarray dataset (GSE111761) of Schmitt’s study from the GEO database was selected (Schmitt et al., 2019). GSE111761 contained three samples from anti-TNF non-responders and three from responders. The patients were diagnosed as CD and defined as responders or non-responders when they had ongoing anti-TNF therapy for over 3 months. The GSE111761 dataset was available on the GPL13497 platform (Agilent-026652 Whole Human Genome Microarray 4 × 44K v2).
Identification of Differentially Expressed Genes (DEGs)
R software (version 3.6.3) and the limma package in Bioconductor were used to detect DEGs in GSE111761 (Ritchie et al., 2015). DEGs were identified using selection criteria of an adjusted p value < 0.05 and |logFC|>1.0.
Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) was performed using the ClusterProfile package in Bioconductor with a statistical significance of p < 0.05 (Yu et al., 2012).
Protein-Protein Interaction (PPI) Network Construction
PPI network reveals the specific and unspecific interactions of proteins, and promotes to identify therapeutic target (Petta et al., 2016; Maurel et al., 2019). STRING (version 11.0), a freely accessible database that collects, scores and integrates data, was used to predict functional relationships between proteins (Szklarczyk et al., 2019). A PPI network of genes with a score > 0.4 in STRING was constructed using Cytoscape software (version 3.7.2) (Smoot et al., 2011). The degree of protein nodes was calculated using the Cytoscape plugin CytoHubba to identify hub genes (Chin et al., 2014). Hub genes were selected with a score ≥ 4.5 based on the EPC algorithm.
Construction of Regulatory Network
The network of genes and their corresponding miRNAs and lncRNAs was constructed using starbase, a publicly available database mainly focusing on miRNA-target interactions (Li et al., 2014). Transcription factors (TFs) were downloaded from TRRUST (http://www.grnpedia.org/trrust/), a public database for predicting TFs of various genes through DNA sequences (Farre et al., 2003). These tools were combined to construct a multi-factor regulation network.
RESULTS
Baseline Characteristics and Univariate Analyses
From a total of 322 active CD patients receiving 5 mg/kg IFX induction therapy, 223 and 99 were assigned to training and validation groups, respectively (Figure 1). Disease behavior was merged into two categories, including nonstricturing and nonpenetrating (B1) into one category, and stricturing and/or penetrating (B2/B3) subtypes into another category. The baseline characteristics are shown in Supplementary Table S1. The incidence of PNR in the training cohort was 30.0% (n = 67), while the incidence in the validation cohort was 33.3% (n = 33). Baseline characteristics of patients were similar between the two cohorts. Univariate regressions showed that BMI (p < 0.001), disease behavior (p < 0.001), CRP levels (p = 0.001), and IL-6 levels before IFX therapy (p = 0.002) were strongly associated with PNR to IFX treatment (Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Flow diagram of the study design.
IL-6 levels were measured in 258 of the studied 322 patients before initiation and at week 14 before the fourth IFX injection. IL-6 levels were found to significantly decrease after IFX therapy (p < 0.001) and were obviously different between PNR and response groups (p = 0.001) (Supplementary Figure S1).
Development of Prediction Models and Nomogram Construction
Results of multiple logistic regression suggested BMI, disease behavior, CRP levels and IL-6 levels before IFX therapy were determined as predicting factors. To identify the true predictive effects of IL-6, we built a model contained IL-6 and the other one did not. The diagnostic equations of models were: logitP = 1.162–0.217* BMI +1.281 * behavior +0.025 * CRP, and logitP = 0.144–0.212* BMI +1.252 * behavior +0.024 * CRP +0.237* IL-6, respectively. The results of multivariate regression analyses are shown in Table 1. These two models are presented as nomograms, which containing these independent predictors to calculate the risk of PNR based on the total points (Figure 2).
TABLE 1 | Multivariate regression analyses of the model 1 and model 2.
[image: Table 1][image: Figure 2]FIGURE 2 | Nomograms for model 1 and model 2 were developed in the training cohort (A) Nomogram one for model 1, with BMI, behavior, and CRP. BMI, Body Mass Index; CRP, C-reactive protein (B) Nomogram two for model 2, with BMI, behavior, CRP, and IL6. IL6, interleukin-6.
Validation of Prediction Models
Efficacies of the two models were compared to the validation cohort. AIC was 111.3 and 99.1 of model1 and model2, respectively. ROC analysis indicated and the AUC of BMI, behavior, CRP, and IL-6 were 0.652 (95% CI: 0.540–0.764), 0.674 (95% CI: 0.563–0.785), 0.744 (95% CI: 0.646–0.842), and 0.787 (95% CI: 0.698–0.877) respectively. An AUC of 0.813 (95% CI: 0.729–0.897) in model 1 and 0.908 (95% CI: 0.851–0.966) in model 2 (Figure 3). The p value = 0.005 of DeLong’s test showed that an AUC of model 2 was significantly better than model 1. Calibration plots showed that the average differences (E aver) were 2.5 and 1.8% in model 1 and 2, and no significant differences (P1 = 0.844, P2 = 0.947) between the predicted and the calibrated probabilities. DCA showed that if the risk thresholds were between 12 and 85%, model 2 added more clinical net benefit compared to model 1. To explore additional benefits conferred by IL-6 levels, we compared IDI between models and found this improvement index was improved upon addition of IL-6 (IDI = 19%; 95% CI, 0.10–0.28; p < 0.000).
[image: Figure 3]FIGURE 3 | (A) ROC for model 1 and model 2 in the validation cohort (B) Calibration plots for model 1 (C) Calibration plots for model 2 (D) DCA for model 1 and model 2 in the validation cohort.
Identification of Pathway and Regulatory Network of IL-6
To identify potential pathways and regulatory network of IL-6 in IFX therapy of CD, the GSE111761 dataset contained lamina propria mononuclear cells from three anti-TNF non-responders and three responders were included to identify DEGs. The samples were obtained from the patients with anti-TNF therapy for over 3 months and the Simple Endoscopic Score for Crohn’s disease (SES-CD) <5. There were 2,228 DEGs including 1,384 upregulated genes and 844 downregulated genes and IL-6 expression levels were significantly elevated in PNR patients (Supplementary Figure S2). Spearman correlation was performed to investigate the connections between IL-6 and other DEGs. Genes with a p < 0.05 were selected for GSEA. Results indicated that IL-6 and relative genes were mainly involved in inflammatory response (Figure 4; Supplementary Table S3). We selected IL-6 related genes with the top 50 highest correlation coefficients to create PPIs, and identified five hub genes, including IL-6, IGF2, C5AR1, IFNLR1 and OSM with score ≥ 4.5 based on the EPC algorithm (Figure 5). We found that the expression of Oncostatin M (OSM) coordinated with IL-6 and also belonged to the inflammatory response in GSEA. To identify potential biological mechanisms between IL-6 and OSM, we found a total of 10 miRNAs, 25 lncRNAs, and 1 TF shared in common with both IL-6 and OSM. Data of these two genes and their miRNAs, lncRNAs and TF were integrated into a regulatory network (Figure 6). It was suggested that IL-6 and OSM may be involved in the inflammatory response through a regulation network based on common lncRNAs, miRNAs and TF.
[image: Figure 4]FIGURE 4 | (A) GSEA analysis of IL-6 and IL-6 related genes (B) Inflammatory response of GSEA analysis.
[image: Figure 5]FIGURE 5 | PPI networks for IL-6 and IL-6 related genes with the top 50 highest correlation coefficients.
[image: Figure 6]FIGURE 6 | Multi-factor regulation network for IL-6 and OSM.
DISCUSSION
Even though anti-TNF agents have shown to be effective in inducing clinical response and mucosal healing, there are still a considerable proportion of patients who do not respond (Ding et al., 2016). Previous studies have identified several predictors of PNR to IFX in CD, such as BMI, fecal calprotectin (Pavlidis et al., 2016), proinflammatory biomarkers (Billiet et al., 2017), and genetic markers (Barber et al., 2016). These studies have also established prediction models based on these factors. IL-6 is a proinflammatory cytokine and expression levels alter after IFX therapy. It is considered a good predictor of IFX response (Suzuki et al., 2015; Salvador-Martín et al., 2019). However, there are few prediction models for PNR to IFX treatment in CD. In this study, we showed that IL-6 levels before IFX therapy predicted the response to IFX treatment and alter after IFX therapy.
This retrospective study included 322 CD patients who were naive to anti-TNF therapy and both their clinical and serological data were collected. Logarithmic transformation was performed for IL-6 levels to decrease the undulation of data. Consistent with previous reports, IL-6 levels were significantly reduced after 14 weeks of IFX therapy. Univariate and multivariate regression analyses found that BMI, disease behavior, CRP and IL-6 levels before IFX therapy independently predicted the response to IFX treatment. To explore the predictive ability of IL-6, we established two prediction models, one containing BMI, disease behavior and CRP levels, and the other including BMI, disease behavior, CRP levels, and IL-6 levels. Results of AIC and ROC in the validation cohort, indicated that the goodness of fit and discrimination of model containing IL-6 was better than the model not including IL-6. And the AUC of the model incorporating IL-6 was higher than that in single factors, including BMI, disease behavior and CRP levels. The calibration curve and DCA curve demonstrated a greater consistency and clinical validity in the model containing IL-6. IDI analysis showed that incorporation of IL-6 with BMI, behavior, and CRP significantly improved the discriminatory accuracy for PNR with IDI of 19% (p < 0.000). Furthermore, the improvement of IDI for discriminating PNR to IFX therapy is consistent with previous studies, such as Leal et al. (Leal et al., 2015), which revealed the predictive effect of IL-6 on risk of PNR to anti-TNF therapy in CD patients. Therefore, we suggested that IL-6 played a central role in assessing the possibility of PNR to IFX therapy.
Furthermore, we analyzed GEO data to verify the predictive power of IL-6. It was found that expression of IL-6 significantly increased in non-responders compared with responders to IFX therapy. GSEA of IL-6 and its relative genes with high correlation coefficients showed that these genes mainly were enriched in the inflammatory response. Through the construction of PPI networks, we found that OSM directly connected to IL-6 and its expression was consistent with IL-6 in the inflammatory response. OSM regulates the production of proinflammatory cytokines such as IL-6 through the JAK-STAT pathway (Hermanns, 2015). Studies demonstrated that OSM induced intestinal inflammation, while mechanisms remained unclear (Thomas, 2017). Furthermore, OSM has been considered a novel biomarker to predict the efficacy of anti-TNF therapy. One study showed that OSM was enriched in CD mucosa and complete mucosal healing was more likely to occur in patients with low OSM expression levels. Notably, the expression of OSM was strongly correlated with PNR to IFX (West et al., 2017). Another clinical study suggested that OSM was an appreciable biomarker in predicting the possibility of mucosal healing compared with fecal calprotectin, which indicated OSM may be a predictive indicator for IFX therapy (Bertani et al., 2020b). To explore the common mechanisms of IL-6 and OSM in IFX treatment, we found that they both shared 10 miRNAs, 25 lncRNAs and 1 TF, which provides potential targets and pathways research diving into deeper mechanistic studies.
Although this study developed a new prediction model based on clinical and serological data, it faced several limitations. First, as a retrospective study, we defined PNR through chart review rather than prospectively collected disease activity indices. To ensure homogeneousness of the study, all CD patients were evaluated by the same physician group over the duration of IFX treatment. Second, IL-6 levels were detected in peripheral blood rather than mucosal tissue. As a result, findings represented the state of the peripheral immune system instead of the inflamed mucosa. Furthermore, external validation is required to confirm the validity of these results in clinical practice.
CONCLUSION
This study found IL-6 levels altered after IFX therapy and added IL-6 to enhance the predictive value of PNR to IFX therapy in CD bio-naïve patients. A novel prediction model was developed, including IL-6 levels combined with BMI, disease behavior and CRP levels. With this model, clinicians can estimate the risk of PNR to IFX therapy and select the optimal treatment for individual patients. Furthermore, this study also constructed a multi-factor regulation network of IL-6 and its relative gene OSM, providing stronger direction for exploring the predictive and therapeutic targets of IFX treatment in CD. Further investigation is needed to determine the association between IL-6 from either peripheral or inflamed mucosal and anti-TNF treatment responses.
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Inflammatory bowel diseases (IBD) such as ulcerative colitis and Crohn’s disease are chronic, relapsing and remitting disorders of intestinal inflammation with potential systemic manifestations. Despite the availability of current biologics, such as anti-tumor necrosis factor (anti-TNF), anti-integrins, anti-interleukins and small molecules such as tofacitinib, the rates of primary and secondary treatment failure remain high in IBD. This highlights the importance of continued development of new therapeutic targets and modifications of existing ones to improve the treatment response rates and to also improve the safety profile and tolerability of these medications. In this review we will discuss novel treatment target agents including selective janus kinase (JAK) inhibitors, anti-interleukin (IL) (IL-12/IL-23), leukocyte trafficking/migrating inhibitors (such as sphingosine-1-phosphate receptor modulator) and other small molecules currently in development.
Keywords: inflammatory bowel disease, small molecule, biologic, novel therapy, emerging therapy
INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic, progressive disease that can lead to complications including bowel damage, need for hospitalizations and surgery, decreased quality of life, and disability. The incidence rates of IBD have been increasing world-wide. While the highest rates have been noted in North America and Europe, increasing incidence rates have been observed in previously low-incidence regions such as Asia as these countries become more developed (Loftus Jr, 2004; Molodecky et al., 2012; Shivashankar and Lewis, 2017a). The cause for this phenomenon is largely unknown, however it may be related to the complex interplay between genetics and the environment (Shivashankar and Lewis, 2017a). The latter has been implicated in the development of IBD because of the observation that higher incidence rates are seen in industrialized nations; therefore diet, pollution, microbial exposure, and sanitation may be involved (Molodecky and Kaplan, 2010; Shivashankar and Lewis, 2017a).
Since IBD can be a chronic and progressive disease, optimal treatment early in the disease course to prevent complications is paramount. The current treatment paradigm for moderate-severe Crohn’s disease (CD) and ulcerative colitis (UC) is to use biologic therapy early to achieve clinical remission and mucosal healing, which will ultimately decrease the risk of corticosteroid use, surgeries, hospitalizations and increase quality of life (Klenske et al., 2019).
The currently available biologic agents include anti-tumor necrosis factor-alpha (TNF-α) agents (infliximab, adalimumab, certolizumab, and golimumab); anti-integrin agents (vedolizumab, natalizumab); and an anti-interleukin (IL) 12-23 agent (ustekinumab). Finally, tofacitinib, a non-biologic small molecule is approved for the treatment of moderate-severe UC. The choice between these agents depends on IBD phenotype and behavior, previous biologic exposure and response, potential adverse effects of therapy, patient co-morbidities, and shared-decision making with patients.
Despite the number of available medications, there are appreciable rates of primary non-response, loss of response, or adverse reactions thereby necessitating additional treatment options. Therefore, the purpose of this review article is to describe novel and emerging therapies for IBD. In this review we will discuss novel treatment target agents including selective janus kinase (JAK) inhibitors, anti-interleukin (IL) (IL-12/IL-23), leukocyte trafficking/migrating inhibitors (such as sphingosine-1-phosphate receptor modulator) and other small molecules currently in development (Table 1). This review will focus on the pipeline of these new therapeutic agents and will not include other novel and emerging therapeutic modalities such as stem cell therapy or microbiome targeted therapies.
TABLE 1 | Target, mode of delivery and development phase of emerging therapeutic agents in IBD.
[image: Table 1]JAK Inhibitors
Cytokine mediators of inflammation in IBD such as IL-9, IL-12, IL-23 and interferon-gamma (IFN-γ) are reliant on the Janus Kinase Signal Transducer and Activator of Transcription (JAK-STAT) pathway signaling (Salas et al., 2020). In addition, genome wide association studies have demonstrated risk loci in the JAK region in IBD (Barrett et al., 2008; Anderson et al., 2011). Therefore, targeting the JAK-STAT is an appealing therapeutic modality in IBD. JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK2) are all part of the JAK family of tyrosine kinase proteins.
Tofacitinib
Tofacitinib, a non-selective JAK inhibitor, was approved by the US food and drug administration (FDA) in May 2018 for the treatment of UC. The pivotal induction and maintenance clinical trials, OCTAVE 1-3, have demonstrated efficacy of tofacitinib in inducing and maintaining clinical and endoscopic remission in UC (Sandborn et al., 2017b). Notably, tofacitinib was also shown to be effective in the more refractory anti-TNF-α exposed UC patients compared to placebo. On the other hand, a phase IIb randomized clinical trial of tofacitinib in CD failed to meet the primary endpoints (Panés et al., 2017). Multiple factors might have contributed to the negative results of the study including: study design and high placebo response rate. Subsequently, a systematic review and meta-analysis of clinical trials of different JAK inhibitors (tofacitnib, filgotinib, pefecitinib, upadacitinib, TD-1473) in CD demonstrated the effectiveness of JAK inhibitors in inducing clinical remission (Ma et al., 2019).
Tofacitinib provided the advantage being an oral agent compared to current intravenous (IV) or subcutaneous (SC) biologic agent formulations. The rapid onset of action of tofacitinib is a positive feature as improvement in symptoms of rectal bleeding and stool frequency can occur within 3 days of starting treatment in UC patients according to post-hoc analysis of the pivotal trials (Hanauer et al., 2019). Conversely, tofacitinib has been associated with increased risk of herpes zoster infection and hyperlipidemia (Winthrop et al., 2018). In addition, tofacitinib has a black box warning for venous thromboembolism and mortality after risk was noted in a subset of patients with rheumatoid arthritis taking the 10 mg p.o. BID dose (FDA Drug Safety Communication, 2019). Therefore, there has been an increased interest in the development of more selective JAK inhibitors to enhance the effectiveness and the safety profile in IBD.
Filgotinib
Filgotinib is a once daily oral small molecule with higher selectivity for JAK 1 inhibition. JAK 1 (in addition to JAK 3) have been shown to be expressed on both B cells and T cells within the healthy colon mucosa (Salas et al., 2020). The efficacy of filgotinib in CD was evaluated in a phase II, double-blinded, placebo controlled randomized clinical trial, FITZROY. In this trial, patients were randomized to filgotinib 200 mg once a day or placebo and after 10 weeks based on response, patients received either once daily filgotinib 200 mg, filgotinib 100 mg or placebo for another 10 weeks (Vermeire et al., 2017b). A significantly higher proportion of patients in the filgotinib groups achieved the primary endpoint of clinical remission [defined as Crohn’s disease activity index (CDAI) < 150] at week 10 compared to placebo (47 vs. 23%; p = 0.0077) (Vermeire et al., 2017b). In anti-TNF-α naïve patients, the rate of clinical remission at week 10 was 60% (n = 34) compared to 37% (n = 26) in anti-TNF-α experienced patients. The rate of endoscopic response and mucosal healing in the overall filgotinib group was numerically higher but did not reach statistical significance. However, endoscopic assessment in this trial was limited by short follow up time. In terms of safety, up to 20 weeks follow up, serious infections were noted in 3% in the filgotinib group with none reported in the placebo group.
A phase IIB/III study (SELECTION) evaluating filgotinib for induction and maintenance therapy for moderate to severe UC was recently completed (Feagan et al., 2020b). The induction study included a cohort of biologic exposed and another cohort of biologic naïve patients (Feagan et al., 2020b; Peyrin-Biroulet et al., 2020). In each cohort patients were randomized to either filgotinib 100 mg, filgotinib 200 mg or placebo daily. The composite primary endpoint of endoscopic, rectal bleeding and stool frequency (EBS) remission (defined as Mayo endoscopic subscore ≤1, rectal bleeding subscore of 0, stool frequency subscore decrease of 1 or more points from baseline and ≤1) rates were significantly higher in the 200 mg filgotinib groups (26.1% in the biologic naïve cohort and 11.5% in the biologic experienced cohort) compared to the placebo groups. One case of pulmonary embolism in the filgotinib 200 mg group was noted and four total cases of herpes zoster in filgotinib groups were noted (1 in the 100 mg group and three in the 200 mg group) (Feagan et al., 2020b).
Patients who achieved clinical remission or response after 10 weeks of induction therapy with either filgotinib or placebo were included in the maintenance study (Peyrin-Biroulet et al., 2020). In this study 664 patients with moderate to severe UC who received placebo induction remained in the placebo maintenance arm, while patients randomized to the filgotinib induction were re-randomized to filgotinib induction dose maintenance arm or placebo arm (Peyrin-Biroulet et al., 2020). The composite primary endpoint of EBS remission at week 58 was achieved in 37.2% in the filgotinib 200 mg group vs. 11.2% in the placebo arm (p < 0.025) and 23.8% in the filgotinib 100 mg group vs. 13.5% in the placebo arm (p < 0.05) (Peyrin-Biroulet et al., 2020). Overall, filgotinib was well tolerated. Two cases of venous thromboembolism were reported in the placebo arm but none in the filgotinib group. Herpes zoster was reported in two patients in the filgotinib arms (one in each of the filgotinib groups) but none in the placebo groups (Peyrin-Biroulet et al., 2020).
A phase III clinical trial of filgotinib in CD is currently in progress (NCT02914561; NCT02914600). In addition, a phase II study evaluating filgotinib in perianal fistulizing CD is ongoing (NCT03077412).
Upadacitinib
Upadacitinib is an oral JAK inhibitor that has high selectivity for JAK 1 inhibition. It is currently approved for the treatment of rheumatoid arthritis with moderate to severe activity who have either failed or are intolerant to methotrexate. In a phase II clinical trial (CELEST), patients with moderate to severe CD (n = 220) who failed immunosuppressants or biologics were assigned to either placebo or upadacitinib at the following doses: 3 mg twice a day (BID), 6 mg BID, 12 mg BID, 24 mg BID for 16-weeks induction (Sandborn et al., 2020c). Post-induction, patients were re-randomized to upadacitinib at the following doses: 3 mg BID, 12 mg BID, 24 mg once daily (QD) for 36 weeks (maintenance). Although clinical remission at week 16 was not significantly different between the treatment groups and placebo, endoscopic remission at week 12/16 was significantly higher in the upadacitinib groups compared to placebo (Sandborn et al., 2020c). Higher doses of upadacitinib were associated with higher rates of endoscopic remission in this trial.
In the phase II UC-ACHIEVE trial, moderate to severe UC patients (n = 250) who failed or were intolerant to immunosuppressive or biologic therapy were assigned to placebo or upadacitinib at the following once daily doses: 7.5, 15, 30, 45 mg (Sandborn et al., 2020e). Clinical remission was significantly higher in the 15 mg (14.3%; p = 0.013), 30 mg (13.5%; p = 0.011), and the 45 mg groups (19.6%; p = 0.002) compared to 0% in the placebo group. Similarly, endoscopic improvement at week 8 (Mayo endoscopic subscore ≤1) was significantly higher in a dose dependent manner in the upadacitinib groups compared to placebo (Sandborn et al., 2020e).
In terms of safety, there were a total of three cases of herpes zoster in the upadacitinib group compared to none in the placebo group in the CELEST trial and 1 case in the upadacitinib group compared to none in the placebo group in the UC-ACHIEVE trial (Sandborn et al., 2020c; Sandborn et al., 2020e). Once case of thromboembolism occurred in a patient on the 45 mg upadacitinib dose in the UC-ACHIEVE trial.
Currently, upadacitinib is in phase III clinical trials for CD (NCT03345836, NCT03345823) and UC (NCT03653026, NCT03006068, NCT02819635).
TD-1473
TD-1473 is an oral pan-JAK inhibitor that is designed to be gut specific to limit systemic toxicity of pan-JAK inhibition. In a phase 1b trial, patients with moderate to severe UC (n = 40) were assigned to placebo or one of the following once daily TD-1473 doses: 20 mg, 80 mg or 270 mg) for 28 days (Sandborn et al., 2020f). Only five of the 40 patients were exposed to anti-TNF therapies in the past. Clinical response rate was 20% in the 20 and 80 mg groups compared to 55% in the 270 mg group while the clinical response rate was 11% in the placebo group (no statistical analyses performed as study not powered for outcomes) (Sandborn et al., 2020f). There were also trends in endoscopic improvement along with reduction in fecal calprotectin and c-reactive protein (CRP) levels with TD-1473. Overall adverse event rates were similar in the placebo group at 44.4 and 38.7% in the TD-1473 groups. Phase IIb/III studies of TD-1473 for moderate to severe UC are currently recruiting (NCT03758443, NCT03920254). In addition, a phase II study of TD-1473 in moderate to severe CD in underway (NCT03635112).
TYK2 Inhibitors
TYK2 is one of the JAK-STAT family proteins. It is involved in intracellular cytokine signaling. Brepocitinib (PF-06700841) is an oral TYK2/JAK1 inhibitor that has been shown to be well tolerated and effective in phase I and phase IIa studies of patients with plaque psoriasis (Banfield et al., 2018; Forman et al., 2020). PF-06651600 is an oral selective JAK3 inhibitor. Phase IIa/IIb trials of combination brepocitinib (PF-06700841) and PF-06651600 are currently recruiting for moderate to severe CD (NCT03395184) and UC (NCT02958865).
BMS-986165 is an oral selective TYK2 inhibitor. Phase II trials of BMS-986165 in CD (NCT03599622) and UC (NCT03934216) are currently recruiting.
IL-12/IL-23 Inhibitors
IL-23 is a regulator of T-helper (Th)-17 cell and type 3 innate lymphoid cell (ILC3) pathways that lead to inflammatory cytokine production and inflammation and polymorphisms of the IL-23 receptor gene may be associated with increased susceptibility to CD (Feagan et al., 2017). IL-23 prevents regulatory T-cell response in the intestine, and therefore increases inflammation in this gut (Feagan et al., 2017; Sands et al., 2017). Ustekinumab, which inhibits both IL-12 and the IL-23 p40 subunit, has been shown to be effective for induction and maintenance of remission in patients with moderate-severe CD and UC (Feagan et al., 2016; Sands et al., 2019a).
However, it is unclear if the effect of ustekinumab is mainly driven by its inhibition of IL-12, IL-23 or both (Deepak and Sandborn, 2017). Selective inhibition of the IL-23 pathway, which leaves the IL-12 pathway intact, carries the potential advantage of less severe infection and decreased malignancy risk (Deepak and Sandborn, 2017; Baker and Isaacs, 2018). A potential benefit of only blocking the p19 subunit of IL-23 is possible increased safety since the IL-12 mediated Th1 response, which is required in the immune response to intracellular pathogens, is left intact (Deepak and Sandborn, 2017).
Risankizumab
Risankizumab is a humanized monoclonal antibody against the p19 subunit of IL-23. The induction dosing is provided intravenously (IV) while the maintenance dosing is a subcutaneous (SC) injection. A phase II trial of induction therapy with risankizumab was conducted in patients with moderate-severe CD; 93% of patients were previously exposed to at least one anti-TNF agent (Deepak and Sandborn, 2017; Feagan et al., 2017). Risankizumab (200 mg or 600 mg IV) was compared to placebo at weeks 0, 4, and 8. The primary outcome was clinical remission (defined as a CDAI <150) at week 12 (Feagan et al., 2017).
At week 12, those treated with risankizumab had significantly higher rates of clinical remission vs. placebo (30.5 vs. 15.4%, p = 0.0489), clinical response (39 vs. 20.5%, 0 = 0.0273), endoscopic remission (17 vs. 3%, p = 0.0015), and deep remission (7 vs. 0, p = 0.0107) (Feagan et al., 2017). There was no difference in the proportion of mucosal healing between those treated with risankizumab (200 mg: 2%, 600 mg 7%) vs. placebo (3%) (200 mg v. placebo, p = 0.97 and 600 mg v. placebo, p = 0.31) (Feagan et al., 2017). Rates of adverse events (AEs) were similar between those treated with placebo and risankizumab. The most common AE was worsening of underlying CD (Feagan et al., 2017). Other AEs included nausea, abdominal pain, arthralgia, and headache (Feagan et al., 2017). There were no dose-related increases in AE in those treated with risankizumab (Feagan et al., 2017).
An open-label extension (OLE) study was completed to study the efficacy and safety of extended IV induction and SC maintenance therapy (Feagan et al., 2018). Those who did not achieve deep remission in the 12-weeks induction phase of the previously described phase II induction study received open-label IV risankizumab 600 mg every 4 weeks for 12 weeks; patients who were in clinical remission at week 26 were included in the maintenance phase and received open-label SC risankizumab 180 mg every 8 weeks for 26 weeks (Feagan et al., 2018). The following definitions were used: clinical remission (CDAI <150), endoscopic response (>50% Crohn’s disease Endoscopic Index of Severity [CDEIS] reduction from baseline), endoscopic remission (CDEIS ≤4, or ≤2 for patients with isolated ileitis) (Feagan et al., 2018). One-hundred and one patients received the extended induction dose, and 53% (54/101 patients) were in clinical remission at week 26 (Feagan et al., 2018). Sixty-two patients received risankizumab maintenance therapy, and at week 52 clinical remission was maintained in 71% (44/62 patients), 81% (50/62) had clinical response, 35% (22/62) were in endoscopic remission, 24% (15/62) had mucosal healing, and 29% (18/62) achieved deep remission (Feagan et al., 2018). There were no new safety signals noted and the most frequent AEs included arthralgia, headache, abdominal pain, nasopharyngitis, nausea, and pyrexia (Feagan et al., 2018).
The long-term safety of risankizumab was studied in the phase 2 OLE study and no new safety signals were noted; 92% of patients reported AEs and 35% of patients experienced serious adverse events (Ferrante et al., 2020). The most common AEs included nasopharygnitis (31%), gastroenteritis (23%), and fatigue (20%) (Ferrante et al., 2020). Nine percent of patients had serious infections while 5% of patients reported opportunistic infections. There were no malignancies or deaths (Ferrante et al., 2020).
Overall, risankizumab was well-tolerated and found to be effective compared to placebo in inducing clinical remission, response, and endoscopic remission at week 12. Currently, we are awaiting results from phase III clinical trials (NCT03105128; estimated study completion date February 2021). In addition, a phase II/III clinical trial of risankizumab in ulcerative colitis is currently recruiting (NCT03398148).
Brazikumab (MEDI 2070)
Brazikumab, a human immunoglobulin G2 monoclonal antibody, selectively binds the p19 subunit of IL-23 (Sands et al., 2017). Like risankizumab, the induction dose is an IV infusion while the maintenance dose is a SC injection. A phase IIa trial included 119 patients with moderate-severe CD who either failed or were intolerant to anti-TNF agents; 31% of patients were exposed to at least one anti-TNF. Patients were given either brazikumab 700 mg IV or placebo at weeks 0 and 4, and then received open label brazikumab 210 mg subcutaneously every 4 weeks from weeks 12 to 112 (Sands et al., 2017). The primary outcome was clinical response (CDAI decrease of 100 points from baseline or clinical remission [CDAI <150]) at week 8 (Sands et al., 2017). Compared to placebo, a higher proportion of patients treated with brazikumab achieved clinical response at week 8 (49.2% v. 26.7%, p = 0.01) as well as a composite outcome of clinical response and 50% reduction from baseline in either fecal calprotectin or CRP concentration (42.4% v. 10%, p < 0.001) (Sands et al., 2017). There was no difference in clinical remission at week eight between those treated with brazikumab vs. placebo (27.1 vs. 15%, p = 0.10) (Sands et al., 2017). A similar proportion of patients who received placebo and active treatment during the initial double-blind period achieved clinical response, clinical remission, the composite outcome of clinical response and at least 50% reduction from baseline in either fecal calprotectin or CRP concentration at week 24 (57.7 vs. 53.8%, 40.4 vs. 42.3%, and 48.1 vs. 46.2%, respectively) (Sands et al., 2017). Patients with higher baseline serum concentration of IL-22 were found to be more likely to responds to brazikumab than to placebo (Sands et al., 2017; Sabino et al., 2019).
There was no difference in proportions of patients with treatment-emergent AEs or serious AEs between placebo and brazikumab treated groups (Sands et al., 2017). Equal numbers of clinically significant infections occurred in patients receiving brazikumab in both study periods and in patients receiving placebo in the double-blind period (Sands et al., 2017). The most common AEs included headache, nasopharyngitis, and abdominal pain (Sands et al., 2017).
In summary, two infusions of brazikumab at weeks 0 and 4 achieved a higher rate of clinical response at week 8 compared to placebo and continued SC dosing every 4 weeks led to ongoing clinical response and remission at week 24 (Sands et al., 2017). Brazikumab was generally well-tolerated in this study with follow-up to 24 weeks (Sands et al., 2017). Of note, there was no endoscopic evaluation or imaging as part of this phase 2a study (Sands et al., 2017). Currently, brazikumab is in a phase IIb/III trial in patients with CD (NCT03759288; anticipated completion date Dec 2022) and is in a phase II/open label extension in UC patients (NCT03616821; anticipated completion date april 2023).
Mirikizumab
Mirikizumab is an IV and SC immunoglobulin G4-variant monoclonal antibody, and it binds to the p19 subunit of IL23 (Sandborn et al., 2020d). A phase II study of 249 patients with moderate-severe UC was conducted to assess the efficacy and safety of mirikizumab; 63% of patients were previously exposed to a biologic (Sandborn et al., 2020d). Patients were randomized to either IV placebo, mirikizumab 50 mg, or 200 mg, or mirikizumab 600 mg at weeks 0, 4, and 8 (Sandborn et al., 2020d). Those with clinical response to mirikizumab at week 12 were then randomized to maintenance mirikizumab 200 mg every 4 weeks or every 12 weeks (Sandborn et al., 2020d). The primary endpoint was clinical remission (Mayo rectal bleeding subscore 0, with 1-point decrease from baseline for stool frequency, and 0 or one for endoscopy) (Sandborn et al., 2020d). Clinical remission at week 12 is as follows: 15.9% (95% CI, 6.8–24.9; p = 0.66) in the mirikizumab 50 mg group; 22.6% (12.2–33.0; p = 0.004) in the mirikizumab 200 mg group; and 11.5% (3.5–19.5, p = 0.142) in the 600 mg group vs. 4.8% (0–10) in the placebo groups (Sandborn et al., 2020d). Endoscopic improvement at week 12 was seen in 23.8% (13.3–34.3, p = 0.12) of the mirikizumab 50 mg group; 30.6% (23.3–34.3; p = 0.0007) in the 200 mg group, and 13.1% (4.6–21.6; p = 0.215) in the 600 mg group vs. 6.3% (0.3–12.4) in the placebo treated groups (Sandborn et al., 2020d).
Following the 12 weeks induction period, 93 mirikizumab treated patients achieved clinical response and were randomized to SC mirikizumab at 200 mg every 4 weeks or every 12 weeks (Sandborn et al., 2020d). At week 52, 53.7 and 39.7% of patients treated every 4 weeks and every 12 weeks, achieved clinical remission, respectively (Sandborn et al., 2020d). These rates were similar in those who were both biologic-exposed and biologic-naïve (Sandborn et al., 2020d). Endoscopic remission (Mayo endoscopic subscore = 0) at week 52 were 14.8% (every 4 weeks) and 28.3% (every 12 weeks) (Sandborn et al., 2020d). Durable clinical remission (clinical remission at both weeks 12 and 52) was 61.1% in the every 4 weeks maintenance dose and 38.5% in the every 12 weeks group (Sandborn et al., 2020d).
The most frequent AEs included nasopharyngitis, worsening of UC, headache, anemia, cough, nausea; no dose related increases in AEs were reported (Sandborn et al., 2020d).
An open label extension of this phase II study looked at the outcome of patients treated with mirikizumab who did not respond clinically in the initial induction period (Sandborn et al., 2020a). These patients were randomized to either 600 mg IV mirikizumab or 1,000 mg IV mirikizumab every 4 weeks (Sandborn et al., 2020a). At week 24, those who had a clinical response continued the maintenance period of 200 mg SC mirikizumab (Sandborn et al., 2020a). Endpoints included clinical remission (Mayo rectal bleeding = 0, 0 or 1 with a 1 point decrease from baseline), clinical response, endoscopic remission (Mayo endoscopic subscore = 0), or endoscopic improvement (endoscopic subscore of 0 or 1) at weeks 24 or 52 (Sandborn et al., 2020a). In the 12 weeks extension of the mirikizumab 600 mg dose and 1,000 mg mirikizumab dose, 50 and 43.8%, respectively, achieved clinical response and 15 and 9.4%, respectively, achieved clinical remission (Sandborn et al., 2020a). Endoscopic improvement was seen in 20% of patients in the 600 mg group and 15.6% of patients in the 1,000 mg group (Sandborn et al., 2020a). In those who had clinical response at week 24 and continued to maintenance therapy, 65.8% remained in clinical response, 26.3% had clinical remission, and 34.2% had endoscopic improvement at week 52 (Sandborn et al., 2020a). No new AEs identified.
In summary, the phase II dose ranging study of mirikizumab showed a trend toward inducing clinical remission and response around week 12 in patients with moderate-severe UC (Sandborn et al., 2020d). In those who did not initially respond to induction dosing, extended IV dosing of mirikizumab for 12 additional weeks showed a clinical response in about 50% of patients (Sandborn et al., 2020a).
Given its efficacy in patients with UC, mirikizumab was studied for its safety and efficacy in patients with CD in a phase II study (Sands et al., 2019b). Patients were randomized to mirkizumab 200 mg, 600 mg, 1,000 mg and placebo and this was administered at weeks 0, 4, and 8 (Sands et al., 2019b). The primary endpoint was endoscopic response (50% reduction from baseline in SES-CD) at week 12 (Sands et al., 2019b). Endoscopic response rates were higher in the mirkizumab groups compared to placebo at week 12 [200 mg: 25.8% (95% CI: 10.4–41.2), p = 0.079; 600 mg: 37.5% (20.7–54.3), p = 0.003; 1,000 mg: 43.8 (31.6–55.9), p < 0.001; placebo: 10.9 (3.3–18.6)] (Sands et al., 2019b). Additionally, patient reported outcome remission rates and CDAI response rates were greater in the 600 and 1000 mg mirikizumab group compared to placebo (Sands et al., 2019b). The frequencies of serious AEs and treatment-emergent AEs were similar between placebo and treatment groups (Sands et al., 2019b).
Mirikizumab was also evaluated for long-term efficacy and safety over 52 weeks in the phase II maintenance SERENITY study (Sands et al., 2020). Patients who achieved ≥1 point improvement in SES-CD at week 12 on mirikizumab were then re-randomized to maintenance mirikizumab IV or SC every 4 weeks (Sands et al., 2020). The primary endpoints were CDAI remission (<150 points), patient reported outcome (PRO) remission (stool frequency ≤2.5 and abdominal pain ≤1 and not worse than baseline), endoscopic response (50% reduction from baseline in SES-CD), and endoscopic remission (SES-CD score <4 for ileal-colonic disease or <2 for isolated ileal disease, and no subscore >1) (Sands et al., 2020). Endoscopic response rates were 58.5 and 58.7%; PRO remission rates were 46.3 and 45.7% in the IV and SC groups, respectively (Sands et al., 2020). In those who achieved endoscopic response at week 12, 69.6 and 66.7% had an endoscopic response at week 52 in the IV and SC groups, respectively (Sands et al., 2020). Also, in those who had endoscopic remission at week 12, 50 and 64.3% maintained endoscopic remission at week 52, respectively, in the IV and SC groups (Sands et al., 2020). There were similar treatment-emergent AEs and serious AEs in both the IV and SC groups (Sands et al., 2020).
Treatment with mirikizumab did have a dose-dependent improvement in endoscopic response and remission as well as patient-reported response and remission at week 12 in patients with CD (Authors, 2019) (A SPECIAL MEETING REVIEW EDITION: Highlights in Inflammatory Bowel Disease From the 14th Congress of ECCO: A Review of Selected Presentations From the 14th Congress of the European Crohn's and Colitis Organization (ECCO) * March 6–9, 2019 * Copenhagen, DenmarkSpecial Reporting on:* VARSITY: A Double-Blind, Double-Dummy, Randomized Controlled Trial of Vedolizumab vs. Adalimumab in Patients With Active Ulcerative Colitis* Analyses of Data From the VISIBLE 1 and 2 Trials: Vedolizumab in Patients With Ulcerative Colitis or Crohn's Disease* Improved Endoscopic Outcomes and Mucosal Healing of Upadacitinib as an Induction Therapy in Adults With Moderately to Severely Active Ulcerative Colitis: Data From the U-ACHIEVE Study* Long-Term Safety of Vedolizumab in Ulcerative Colitis and Crohn's Disease: Final Results From the GEMINI LTS Study* Pediatric Crohn's Disease Adalimumab Level-Based Optimization Treatment (PAILOT) Randomized Controlled Trial* Maintenance Treatment With Mirikizumab, a P19-Directed IL-23 Antibody: 52-Week Results in Patients With Moderately to Severely Active Ulcerative Colitis* Real-World Effectiveness and Safety of Vedolizumab and Anti-TNF Therapy in Biologic-Naive Patients With Ulcerative Colitis or Crohn's disease: Results From the EVOLVE Study* A Randomized, Multicenter, Double-Blind, Placebo-Controlled Study of a Targeted-Release Oral Cyclosporine Formulation in the Treatment of Mild to Moderate Ulcerative Colitis: Efficacy Results* Real-World Analyses of Patients With IBD Treated With VedolizumabPLUS Meeting Abstract Summaries With Expert Commentary by: Edward V. Loftus Jr, MD Professor of Medicine Division of Gastroenterology and Hepatology Mayo Clinic Rochester, Minnesota, 2019). Mirikizumab also had been shown to have sustained efficacy to week 52 (Sands et al., 2020). Mirkizumab for CD is currently being studied in a phase III trial (NCT03926130). Phase III Induction, maintenance and open label extension studies are currently recruiting for UC (NCT03518086, NCT03524092, NCT03519945).
Guselkumab
Guselkumab is an IV and SC anti-IL23 that is currently approved for the treatment of moderate-severe plaque psoriasis (Sandborn et al., 2020i). GALAXI 1 is a phase II study that evaluated the efficacy and safety of guselkumab in patients with moderate-severe CD who either had intolerance or inadequate response to corticosteroids, immunosuppressive agents and/or biologics (Sandborn et al., 2020i). Patients were randomized to guselkumab 200 mg, 600 mg, or 1,200 mg at weeks 0, 4, and 8; ustekinumab (the reference arm) ∼6 mg/kg IV at week 0 and 90 mg SC at week 8; or placebo IV (Sandborn et al., 2020i). Outcomes of interest included change in CDAI scores compared to baseline, clinical remission (CDAI < 150) and response, clinical biomarker response (clinical response and ≥50% reduction from baseline in CRP or fecal calprotectin), endoscopic response, and safety (Sandborn et al., 2020i). Two-hundred and fifty CD patients were included in this study and about 50% had failed biologics (Sandborn et al., 2020i). There were significant decreases of CDAI from baseline in all guselkumab groups compared to placebo at week 12 (Sandborn et al., 2020i). Compared to placebo, there was a higher proportion patients in all guselkumab groups who achieved clinical remission (200 mg: 54%, 600 mg: 56%, 1,200 mg: 50%, placebo: 15.7%), clinical biomarker response (200 mg: 54%, 600 mg: 48%, 1,200 mg: 42%, placebo: 11.8%), and endoscopic response (200 mg: 36%, 600 mg: 40%, 1,200 mg: 36%, placebo: 11.8%) (Sandborn et al., 2020i). In those who failed biologics, 45.5% (35/77) in the guselkumab group and 12.5% (3/24) in the placebo group achieved clinical remission at week 12 (Sandborn et al., 2020i). The rates of AE, infections, and serious AE were similar across all guselkumab treatment arms compared to placebo (Sandborn et al., 2020i).
In summary, in patients with moderate-severe CD, guselkumab was more efficacious in terms of clinical response, remission, endoscopic response, and clinical-biomarker response compared to placebo. There was no clear dose-response in this phase II study (Sandborn et al., 2020i). Guselkumab Is currently in phase II/III trials with an estimated study completion date in October 2024 (NCT03466411).
Additionally, a phase IIb/III study of the safety and efficacy of guselkumab in patients with moderate-severe UC was started in September 2019 (NCT04033445; anticipated completion by July 2025). In addition, a phase IIa study is evaluating combination treatment of guselkumab and golimumab in moderate-severe UC (NCT03662542) (Hanzel and D'Haens, 2020).
IL-6 Inhibitors
PF-04236921
PF-04236921 is a fully human immunoglobulin G2 monoclonal antibody that binds IL-6, which has many pro-inflammatory effects. A phase II study (ANDANTE I) aimed to evaluate the efficacy and safety of PF-04236921 in patients with moderate-to-severe CD who had inadequately responded to anti-TNF therapy (Danese et al., 2019). This study was then followed by an open-label extension study (ANDANTE II) with the primary aim of studying long-term safety, tolerability, and immunogenicity. For the phase II study, patients were randomized 1:1:1:1 to receive placebo or PF-04236921 10, 50, or 200 mg SC on days 1 and 28. The primary endpoint for the induction study was CDAI-70 response at weeks 8 or 12. Secondary endpoints included CDAI-70 and CDAI-100 response rates, CDAI remission (CDAI score <150). The primary aim of the OLE study was safety (Danese et al., 2019).
In the induction study PF-04236921 50 mg was found to have significantly higher CDAI-70 rates compared to placebo at weeks 8 (49.3 vs. 30.6%, p < 0.05) and 12 (47.4 vs. 28.6%, p < 0.05) (Danese et al., 2019). CDAI remission rates with PF-04236921 50 mg daily were significantly higher at week 12 compared to placebo 27.4 vs. 10.9%, p < 0.05) (Danese et al., 2019). The PF-04236921 10 mg dose did not meet the primary end point.
One-hundred and nine one patients entered the OLE study, and 89 (46%) were CDAI responders at OLE baseline. A majority of patients (77.8%) had their PF-04236921 dose escalated to 100 mg between weeks 8 and 48. In those who had been on drug in the induction period (n = 65), the HBI response and remission rates were 40 and 32%, respectively, at week 48 (Danese et al., 2019). It was rare to find antidrug antibodies. One out of 680 serum samples (0.1%) were found to be positive for anti-drug antibody (at week 4 with dose of 50 mg). CRP levels were noted to be suppressed during the OLE treatment period.
The most common serious adverse effects with CD-related, such as worsening of CD and abdominal pain, and nasopharyngitis. In the OLE study, most AEs were mild-moderate in severity. One death occurred in the induction study, and this was in the 50 mg group; the patient died of respiratory failure secondary to pneumonia and was thought to be unrelated to the treatment. Cases of GI perforation and GI abscesses were seen in the induction and OLE studies of patients on PF-04236921; most cases were identified in areas of previous disease involvement or surgery.
In summary, in patients with moderate-severe CD, PF-04236921 50 mg was more efficacious than placebo in inducing response and remission at week 12. In those in the OLE, who were initially on active drug during the induction period, about 40% had an HBI response rate at week 48. There are signals of GI perforation and abscess in the PF-04236921 treatment groups, and therefore this signal will need to be carefully monitored in any future clinical trials. At this time there are no phase three trials of PF-04236921.
Human IL-22Fc Fusion Protein
UTTR1147A
The activation of the IL-22 pathway may help to increase epithelial tight junctions, promote mucus production, and lead to secretion of antimicrobial peptides (Rothenberg et al., 2019). Ultimately this pathway may promote tissue regeneration, and therefore it is a valuable treatment target. UTTR1147A (IL-22Fc) is a fusion protein consisting of a linked human IL-22 and crystallizable fragment (Fc) of the human IgG4 (Rothenberg et al., 2019). A recent phase 1a trial studied single, ascending intravenous (1–120 μg/kg) and subcutaneous (3–120 μg/kg) doses of UTTR1147A on safety and tolerability in healthy volunteers (Rothenberg et al., 2019). The maximum tolerated IV dose was 90 μg/kg and most common AEs were dose-dependent but reversible skin effects. UTTR1147A increased proportionally to the doses given, and this caused elevations of IL-22 signaling biomarkers without causing systemic inflammation. Thus, preliminary data shows that UTTR1147A promotes the IL-22 signaling pathway and may lead to tissue regeneration without immunosuppression. This would be a novel mechanism of action in those with epithelial injury, such as what occurs in patients with IBD.
A phase Ib study analyzed UTTR1147A in healthy volunteers and UC patients. 38 healthy volunteers and 24 UC patients were given UTTR1147A or placebo at doses ranging between 30–90 μg/kg either weekly or monthly (6:2 UTTR1147A: placebo per cohort) (Wagner et al., 2020). The Mayo Clinic score was evaluated at baseline, day 30, and day 85. The study found that UTTR1147A was safe and well tolerated in both groups of patients and most common side effects were dermatologic effects of dry skin, erythema, and pruritis. Interestingly, at the same dose level, UC patients had relatively lower drug exposures than healthy volunteers and this was thought to be due to faster drug clearance (Wagner et al., 2020). Additionally, UC patients had attenuated pharmacodynamics response (production of biomarkers such as CRP) compared to healthy volunteers (Wagner et al., 2020). However, this study showed that there was an adequate safety and PK profile in both cohorts, and UTTR1147A did produce pharmacodynamics biomarkers in both cohorts. Further data would be important to study this novel mechanism of action in the treatment of patients with IBD.
Anti-Adhesion Molecules
Migration of pro-inflammatory T cells into the gut facilitates inflammation which is characteristic of CD and UC (Targan et al., 2007; Lin et al., 2015; Shivashankar and Pardi, 2017b). Interaction between surface-expressed α4β1 and α4β7 integrins on lymphocytes and adhesion molecules [vascular cell adhesion molecule-1 (VCAM-1) or mucosal addressin cell adhesion molecule-1 (MAdCAM-1)], which are present on endothelial cells, allow for activated effector T cells to target the gut (Shivashankar and Pardi, 2017b). This interaction allows for movement of T cells out of the blood stream and into the gastrointestinal tract (Sugiura et al., 2013; Shivashankar and Pardi, 2017b; Sandborn et al., 2020b). Natalizumab (NAT), a humanized IgG4 monoclonal antibody that targets the α4-integrin subunit of α4β1 and α4β7 on the surface of lymphocytes, has been approved for CD and multiple sclerosis since it blocks lymphocyte trafficking to the gut and brain. NAT has been associated with progressive multifocal leukoencephalopathy (PML) (Feagan et al., 2013; Park and Jeen, 2018). On the other hand, vedolizumab (VDZ) is a humanized IgG1 monoclonal antibody that specifically targets the α4β7 integrin, and it has been approved for UC and CD and therefore selectively prevents leukocyte migration to the gut (Feagan et al., 2013; Park and Jeen, 2018). In this section, we will focus on novel anti-adhesion molecules and a novel method of administration of VDZ.
SC Vedolizumab
VDZ, an infusion medication, was approved in 2014 for moderate-severe UC and CD. From clinical trial data, CD patients who responded to induction dosing at week 6 were more likely to achieve clinical remission, clinical response, and corticosteroid-free remission at week 52 compared to placebo (Sandborn et al., 2013). In addition, UC patients treated with VDZ in clinical trials had a significantly higher rate of clinical remission, clinical response, mucosal healing, and corticosteroid-free remission at week 52 compared to placebo (Feagan et al., 2013).
A new SC formulation of VDZ has been studied in those with UC; the benefit of this formulation is its convenient route of administration for patients who would like to avoid maintenance IV infusion therapy. A phase III open-label study (VISIBLE 1) of patients with moderate-severely active UC was conducted to assess the efficacy of SC VDZ as maintenance therapy (Sandborn et al., 2020b). The primary endpoint was clinical remission (total Mayo score ≤2 and no subscore >1) at week 52. VDZ 300 mg IV was administered at weeks 0 and 2 (Sandborn et al., 2020b). Those with clinical response at week 6 were then randomized to maintenance treatment with SC VDZ 108 mg every 2 weeks, IV VDZ 300 mg every 8 weeks, or placebo (Sandborn et al., 2020b). SC VDZ had a higher rate of clinical remission at week 52 compared to placebo in both anti-TNF naïve and anti-TNF exposed patients (53.7 vs. 18.9%, p < 0.01 and 33.3 vs. 5.3%, p = 0.023, respectively) (Sandborn et al., 2020b). There were also significantly higher rates of endoscopic improvement (56.6 vs. 21.4%, p < 0.001) and durable clinical response (64.2 and 28.6%, p < 0.001) when SC VDZ was compared to placebo (Sandborn et al., 2020b). There was no significant difference between SC VDZ and placebo in terms of durable clinical remission (15.1 vs. 5.4%, p = 0.076) or corticosteroid-free remission (28.9 vs. 8.3%, p = 0.067) (Sandborn et al., 2020b). Endpoints were generally similar between SC VDZ and IV VDZ.
There were no new safety signals when SC VDZ was compared to IV VDZ. The most common AE was worsening of UC disease activity, nasopharyngitis, upper respiratory infections, and anemia (Sandborn et al., 2020b). Eleven patients (10.4%) receiving SC VDZ had injection-site reactions characterized by rash, swelling, erythema, and pruritis (Sandborn et al., 2020b). There were no cases of PML or deaths. The VDZ pharmacokinetics achieved with SC VDZ was similar to that of the IV formulation (Sandborn et al., 2020b).
Overall, this study showed that SC vedolizumab was effective and well-tolerated as maintenance therapy for UC following an induction with IV VDZ. Efficacy outcomes were generally similar between maintenance SC VDZ and IV VDZ. Also, the safety profile was encouraging, and no new safety signals were identified. SC VDZ will give patients an option for an alternate mode of administration if they prefer to avoid long-term infusions. SC VDZ for moderate-severe UC will potentially be available in 2022.
Etrolizumab
While VDZ targets only the α4β7 integrin, etrolizumab is a SC humanized monoclonal anti-integrin antibody that selectively binds the β7 subunit of both α4β7 and αEβ7 integrins (Vermeire et al., 2014; Sandborn et al., 2020h). Therefore, etrolizumab controls movement of inflammatory cells into the gastrointestinal tract and also mediates inflammatory effects on the gut mucosa (Vermeire et al., 2014; Sandborn et al., 2020h). The phase II EUCALYPTUS study showed that etrolizumab was beneficial over placebo in patients with moderate-severe UC (Vermeire et al., 2014). In this study, 124 patients were randomized to two doses of SC etrolizumab—either 100 mg at weeks 0, 4, and 8 with placebo at week 2; or 420 mg loading lose (LD) at week 0, followed by 300 mg at weeks 2, 4, and 8—or placebo (Vermeire et al., 2014). The primary endpoint was clinical remission at week 10 (Mayo clinic score ≤2 with no individual subscore >1). Compared to placebo (0 patients in clinical remission), etrolizumab (100 mg: 21%, p = 0.004; LD+ 300 mg: 10%, p = 0.048) treatment was found to lead to a higher proportion of patients in clinical remission at week 10 (Vermeire et al., 2014). Adverse events occurred at a similar frequency across all groups—61% of 100 mg etrolizumab group, 49% in the LD+ 300 mg group, and 72% in the placebo group. No patients developed PML.
Etrolizumab has an extremely active phase III clinical trial program and includes direct comparisons to infliximab and adalimumab. There are currently six randomized controlled trials and two open label extension studies. The aim of HIBISCUS I and II (identical induction trials of etrolizumab 105 mg vs. adalimumab and placebo), GARDENIA (maintenance study studying etrolizumab 105 mg vs. infliximab), and LAUREL (maintenance trial evaluating etrolizumab 105 mg against placebo) is to study UC patients who are anti-TNF naïve. HICKORY is a maintenance trial studying etrolizumab 105 mg vs. placebo in anti-TNF exposed UC patients (Sandborn et al., 2020h). The primary endpoints are based on clinical response (≥3 point decrease and 30% reduction in Mayo clinic score and ≥1 point decrease in rectal bleeding or an absolute rectal bleeding score of 0 or 1), remission (MCS ≤2, with individual subscore ≤1 and rectal bleeding score of 0) at each trial’s specified time points (Sandborn et al., 2020h). COTTONWOOD is the open-label extension and safety monitoring study of UC patients treated with etrolizumab who were followed until week 108 (Sandborn et al., 2020h).
Early results from the HICKORY study included 130 UC patients and 45% had previously been exposed to ≥2 anti-TNFs (Peyrin-Biroulet et al., 2017). Stool frequency rates improved from baseline to week 4 in 30% and at week 14 in 50% of patients (Peyrin-Biroulet et al., 2017). Rectal bleeding remission rates were observed from baseline to week 4 in about 30% of patients and at week 14 in about 50% of patients (Peyrin-Biroulet et al., 2017). Biomarkers decreased at week 14 (fecal calprotectin: mean 57% decrease; CRP: 33% decrease) (Peyrin-Biroulet et al., 2017). Therefore, in patients previously exposed to anti-TNFs, etrolizumab led to symptom improvement as early as week 4 (Peyrin-Biroulet et al., 2017).
For patients with CD, the BERGAMOT study is an induction and maintenance trial evaluating anti-TNF naïve and experienced patients (etrolizumab 105 and 210 mg vs. placebo) (Sandborn et al., 2020h). Eligible patients may enter JUNIPER study, which will be the open label extension of etrolizumab 105 mg (Sandborn et al., 2020h). The co-primary endpoint for BERGAMOT is clinical remission (unweighted abdominal pain score ≤1 and stool frequency ≤3) and endoscopic improvement (>50% reduction in SES-CD from baseline) at weeks 14 and 62 (Sandborn et al., 2020h). The primary outcome for JUNIPER is long term efficacy (clinical remission assessed at 12 weeks intervals), endoscopic remission (SES-CD ≤4 [≤2 for pts with ileal disease] with no segment >1) at week 108 and incidence and severity of AEs (Sandborn et al., 2020h).
The BERGAMOT induction cohort included 300 CD patients who were randomized to etrolizumab 105 mg SC every 4 weeks, 210 mg at weeks 0, 2, 4, 8, and 12, or placebo for a 14 weeks induction period (Selinger et al., 2018). Previous anti-TNF exposure was noted in 73% of patients (Selinger et al., 2018). Symptomatic remission was seen in a greater number of patients treated with etrolizumab [105 mg: 20.8% (90% confidence interval 15.4–27.5); 210 mg: 24.8 (18.9–31.8)] compared to placebo (11.9 [6.6–20.5]) at week 14 (Selinger et al., 2018). Similarly, more patients treated with etrolizumab (105 mg: 21 [15.6–27.8] and 210 mg: 17.4 [12.4–23.7] achieved endoscopic improvement compared to placebo (3.4 [1.1–9.7]) at week 14 (Selinger et al., 2018). AEs were comparable between etrolizumab and placebo; there were no cases of PML or death (Selinger et al., 2018).
In addition to providing further data on clinical response, remission, and endoscopic remission data for etrolizumab, these data may help clinicians decide which biologic is an ideal first-line agent for their patient (Sandborn et al., 2020h). The HIBISCUS I and II and GARDENIA studies will be the first phase III trials in UC to study the efficacy of a novel agent directly compared to another agent, i.e., infliximab and adalimumab (Sandborn et al., 2020h).
AJM300
α4 or α4β7 targets have been shown to be possible therapeutic targets in the treatment of IBD since suppression of these integrins have controlled development of colitis in an animal model (Sugiura et al., 2013). A variety of small molecule α4 integrin antagonists have been studied in clinical trials for conditions such as asthma and multiple sclerosis. AJM300 is an oral small molecule that targets α4 integrin, and it is classified as a phenylalanine derivative (Yoshimura et al., 2015). This small molecule’s duration of action is very short, within one day of last dose as described in a phase IIa study (Yoshimura et al., 2015). AJM300 has been shown to be effective in experimental colitis model in mice; this study showed that the active metabolite of AJM300 inhibited the binding of α4β1/α4β7 integrin-expressing cells to VCAM-1/MAdCAM-1 in vitro (Sugiura et al., 2013). Given the α4 blockade, there may be a potential risk for PML in AJM-300 therapy (Yoshimura et al., 2015).
A phase IIa study including 102 patients with moderate active UC was conducted to assess the primary outcome measure of clinical response (decrease in Mayo score of at least 3 points and decrease of at least 30% from baseline, with decrease in rectal bleeding subscore of at least 1 point or an absolute rectal bleeding score of 0 or 1) at week 8 (Yoshimura et al., 2015). Patients who had inadequate response or intolerance to mesalamine or corticosteroids were given AJM300 960 mg orally or placebo three times daily for 8 weeks (Yoshimura et al., 2015). Compared to placebo, those treated with AJM300 had higher rates of clinical response (62.7 vs. 25.5%, p = 0.0002), clinical remission (23.5 vs. 3.9%, p = 0.0099), and mucosal healing (58.8 vs. 29.4%, p = 0.0014) (Yoshimura et al., 2015).
There was a significant increase in peripheral leukocyte count as would be expected from an anti-α4 integrin; this increase was seen as early as week 2 (Yoshimura et al., 2015). However, this finding normalized the day after the last dose given at week 8 thereby suggesting a short duration of action (Yoshimura et al., 2015). The most common adverse events were nasopharyngitis and UC, with higher AEs seen with UC in the placebo group (Yoshimura et al., 2015). Overall, however, there were similar rates of AEs observed between the treatment and placebo arms (Sabino et al., 2019). There were no serious AEs observed, and infection, and PML were not seen in this study (Yoshimura et al., 2015).
In summary, AJM-300 was more effective than placebo in inducing clinical response, clinical remission, and mucosal healing in moderately active UC patients who had only been exposed to mesalamine or steroids in the past. However, the study was limited by a small sample size and a short study duration (8 weeks) (Yoshimura et al., 2015). Unfortunately, there were extremely low number of patients who were intolerant or inadequately responding to steroids in this study, and there was no information on exposure to immunomodulators and anti-TNFs (Yoshimura et al., 2015). AJM300 is currently in phase III trials for UC patients, and the estimated study completion date is February 2021 (NCT03531892).
Abrilumab (AMG 181or MEDI 7183)
Abrilumab is an injectable fully human monoclonal immunoglobulin G2 antibody that targets the α4β7 integrin and prevents interaction with MADCAM-1 (Sandborn et al., 2017a). Abrilumab has a high bioavailability after SC dosing and a long half-life (about 31 days) (Sandborn et al., 2019).
A phase IIb study in patients with CD who had inadequate or loss of response or intolerance to immunosuppressives, anti-TNFs, or corticosteroids were randomized to receive placebo or abrilumab (21 mg or 70 mg) SC on day 1, weeks 2 and 4, and then every 4 for 24 weeks, or one dose of abrilumab 210 mg SC on day 1 (Sandborn et al., 2017a). The primary endpoint was clinical remission (CDAI < 150) at week 8 (Sandborn et al., 2017a). There was no significant difference in clinical remission at week 8 between abrilumab at any dose when compared to placebo (Sandborn et al., 2017a). Of note, there were higher rates of clinical remission at week 12 in those treated with a single dose of abrilumab 210 mg when compared to placebo in those who previously failed anti-TNF therapy (Sandborn et al., 2017a). AE rates were similar among all groups through week 24, and there were no cases of PML or death (Sandborn et al., 2017a).
A phase II induction and sustained remission study of abrilumab was conducted in patients with active moderate-severe UC who did not respond or lost response to usual medical therapy (Sandborn et al., 2019). Patients were randomized to SC placebo or abrilumab (7, 21, 70 mg) on day 1, week 2, week 4, and then every 4 weeks thereafter until week 24 or a single dose of 210 mg abrilumab on day 1 followed by placebo at the same dosing scheduled noted previously until week 24 (Sandborn et al., 2019). An open-label phase of the study involved administration of abrilumab 210 mg once every 3 months (Sandborn et al., 2019). The primary endpoint was remission (total Mayo score ≤2 points with no individual sub-score >1 point) at week 8 (Sandborn et al., 2019). There were significantly higher odds of achieving clinical remission, clinical response, and mucosal healing at week 8 in those treated with abrilumab 70 and 210 mg compared to placebo (Sandborn et al., 2019). In those with prior anti-TNF failure, there were greater clinical remission rates at week 8 in the abrilumab 70 and 210 mg dose (Sandborn et al., 2019).
However, there were no clear benefits of abrilumab treatment at week 24—in this study, patients continued their initial treatment regardless of whether they responded after the induction period (Sandborn et al., 2019). The odds of sustained remission did increase in patients who continued to take multiple doses of abrilumab 70 mg every 4 weeks compared to placebo (Sandborn et al., 2019).
There were no differences in AEs across treatment groups through week 24. The most common AE were non-serious infections, gastrointestinal effects, headache, and arthralgia (Sandborn et al., 2019). The only serious AE noted in more than one patient in the abrilumab treated group was worsening of UC (Sandborn et al., 2019). There were no cases of PML or death. Ten patients (8.6%) in the placebo group and 9 (3.8%) in the abrilumab group reported neoplasms (Sandborn et al., 2019). A limitation of this phase II study of abrilumab in UC include its short duration; phase III studies are needed to assess the long-term response of the 70 mg dose after 24 weeks (Sandborn et al., 2019).
In conclusion, while the phase II study of abrilumab in CD failed to meet its primary endpoint, the study in UC patients showed efficacy at week 8 with higher rates of clinical remission, clinical response, and mucosal healing. Since there was no clear benefit of abrilumab at week 24 in UC patients, longer term phase III studies are required to better assess this finding. Phase 3 studies have not yet started.
PF-00547659 (SHP647)
PF-00547659 is a SC fully human monoclonal antibody that binds to MAdCAM, thereby decreasing lymphocyte trafficking to the gut and leading to decreased gastrointestinal inflammation (Sandborn et al., 2018). A phase II dose ranging study of PF-00547659 was conducted in patients with moderate-severe CD who have a history of failure or intolerance to immunosuppressives and/or anti-TNF therapy (Sandborn et al., 2018). This study included 265 patients who were randomized to PF-00547659 22.5, 75 mg, or 225 mg or placebo (Sandborn et al., 2018). The primary endpoint was a CDAI 70-point decrease from baseline at week eight or 12 (Sandborn et al., 2018). There was no significant difference in CDAI response between the treatment group and placebo at week 8 (22.5 mg: 52.7%, 75 mg: 60.1%, 225 mg: 62.7%) or 12 (22.5 mg: 62%, 75 mg: 64.7%, 225 mg: 57.5%); this was likely due to a high clinical response in the placebo group (47.7% at week 8 and 58.6% at week 12) (Sandborn et al., 2018).
In a post-hoc analysis, the proportions of patients who achieved clinical remission were higher in all PF-00547659 dose groups than in placebo at weeks 8 and 12 in those with higher inflammatory burden as evidenced by higher median high sensitivity CRP values (>5 mg/L or >18.8 mg/L) or higher baseline SES-CD scores (>17) at baseline (Sandborn et al., 2018). The incidence of AEs, serious AEs, and discontinuation was similar across all treatment groups.
The long-term safety and efficacy portion of the study followed patients for a further 6 months (D’Haens et al., 2018a). The most common AEs with treatment included nasopharyngitis (5.6%), arthralgia (6.0%), and headache (5.2%) (D’Haens et al., 2018a). There were two deaths (multiorgan failure after postoperative aspiration following resection of the terminal ileum and metastatic adenocarcinoma of unknown primary) however neither were thought to be drug related (D’Haens et al., 2018a). Harvey Bradshaw Index response rates were sustained over 6 months of treatment (D’Haens et al., 2018a).
A post-hoc analysis also looked at endoscopic outcomes following induction therapy with PF-00547659 (D′Haens et al., 2018b). Mean total SES-CD scores across four colon and one ileal segments were found to trend toward a decrease across all treatment arms (except for the 75 mg dose) (D′Haens et al., 2018b). The 22.5 mg dose showed the largest trend toward improvement in endoscopic disease severity (mean change from baseline to week 10 at 22.5 mg dose: 4.0; 75 mg: 0; 225 mg: −1; placebo: 1.5) (D′Haens et al., 2018b). However, no consistent association between clinical and endoscopic improvement was observed (D′Haens et al., 2018b).
In patients with moderate-severe UC, a phase II study that evaluated the efficacy and safety of PF-00547659 in 357 patients who had failed or were intolerant to at least one usual therapy found the drug to be superior to placebo (Vermeire et al., 2017a; Sabino et al., 2019). The primary endpoint was clinical remission (Mayo score ≤2 with no individual subscore >1 and rectal bleeding subscore ≤1) at week 12 (Vermeire et al., 2017a). The remission rates in those treated with PF-00547659 (7.5 mg: 11.3%; 22.5 mg: 16.7%; 75 mg: 15.5%; 225 mg: 5.7%) were higher than placebo (2.7%) at week 12; the 225 mg dosing did not achieve statistical significance compared to placebo (Vermeire et al., 2017a). Similar to the findings from the CD trial, PF-00547659 was overall well-tolerated (Vermeire et al., 2017a).
In conclusion, in patients with CD, PF00547659 was not significantly different compared to placebo in achieving clinical response at weeks 8 or 12 likely due to high placebo response rates (Sabino et al., 2019). On the other hand, three out of four doses of PF00547659 did achieve significantly higher rates of clinical remission than placebo in patents with UC. Phase III studies in patients with IBD have not yet been announced.
Oral Anti-tumor Necrosis Factor Agents
Anti-TNF agents were the first class of biologics approved for the treatment of moderate to severe UC and CD. They have revolutionized the treatment paradigm of IBD and have proven to be effective (Sands et al., 2004; Rutgeerts et al., 2005; Hanauer et al., 2006; Sandborn et al., 2007; Schreiber et al., 2007). One of the limitations of current anti-TNF agents is that they are currently administered by IV or as SC injectables only. This is associated with risk of infusion/injection reactions, systemic side effects and increased cost of repeated infusions/injections. An oral and intestinally restricted anti-TNF agent would help overcome some of these challenges of current anti-TNF agents.
AVX-470
AVX-470 is an oral polyclonal immunoglobulin that is derived from the colostrum of cows that have been immunized with human recombinant anti-TNF. In the first human study, 36 patients with UC received either AVX-470 (pH dependent delayed release capsules) at doses of 0.2, 1.6, and 3.5 g/day or placebo (Harris et al., 2016). In terms of safety, AVX-470 was well tolerated and the total rate of AEs was 52% compared to 78% in the placebo group. At 4 weeks, the overall clinical response and remission rates were 25.9 and 3.7% in the AVX-470 group compared to 11.1 and 0% in the placebo group, respectively. Endoscopic remission was achieved in 7.4% in the AVX-470 group compared to none in the placebo group. In term of immunogenicity, no human anti-bovine antibodies were detected.
OPRX-106
OPRX-106 is an oral anti-TNF agent. It is a combination of plant cell-expressed human anti-TNF receptor II fused to IgG1 Fc domain. The plant cells function as a delivery mechanism. A phase II randomized, 2-arm, open label clinical trial of 25 patients with UC treated with OPRX-106 at 2 or 8 mg daily for 8 weeks was performed (Almon et al., 2020). A total of 18 patients completed the study. Clinical response defined as a decrease in the Mayo score by at least 3 points was achieved in 67% and clinical remission (Mayo score ≤2 without sub-score being greater than 1) was achieved in 28%. Mucosal healing (Mayo endoscopic score ≤1) was achieved in 33% (Almon et al., 2020). In terms of immunogenicity, no anti-drug antibodies were detected.
Oral anti-TNF agents have the potential of enhanced safety, decreased immunogenicity and higher patient acceptance. Although promising, the current available data on efficacy and safety of oral anti-TNF agents is limited and future larger trials are needed to evaluate efficacy, safety, feasibility and cost effectiveness.
Sphingosine-1-Phosphate Receptor Modulators
Sphigosine-1-phosphate is a sphingolipid ligand of G protein coupled receptors (S1P1-S1P5) which are responsible for controlling the egress of lymphocytes from lymphoid organs. The S1P/S1PR interaction can also result in internalization of the S1PR which leads to decrease lymphocyte release from the lymphoid tissue into the circulation. Fingolimod was the first S1P receptor modulator approved for the treatment of multiple sclerosis in 2010 (Cohen et al., 2010; Kappos et al., 2010). Fingolimod is a non-selective S1P receptor modulator and has high affinity for S1PR 1 and S1PR3-5. Although overall well tolerated, fingolimod has been associated with adverse events such as bradycardia, hypertension, infection and elevated liver tests (Danese et al., 2018).
Ozanimod
Ozanimod is a S1P receptor modulator with selective affinity for S1PR1 and S1PR5. It was approved by the US FDA in 2020 for the treatment of relapsing MS (Cohen et al., 2016; Cohen et al., 2019; Comi et al., 2019).
TOUCHSTONE is a phase II double blind, randomized clinical trial of ozanimod 0.5 or 1 mg vs. placebo daily in moderate to severe UC (n = 197). The primary outcome was clinical remission at 8 weeks (Mayo clinic score ≤2; No sub-score > 1). The primary outcome was achieved in 16% in the ozanimod 1 mg group vs. 14% in the ozanimod 0.5 mg group vs. 6% in the placebo group (p = 0.048 and p = 0.14, respectively) (Sandborn et al., 2016). Mucosal healing at week 8 (defined as Mayo endoscopy sub-score ≤1) was achieved in 34% in the 1 mg group vs. 28% in the 0.5 mg group compared to 12% in the placebo group (p = 0.002 and p = 0.03, respectively). At week 32, clinical remission was 21% in the 1 mg group and 26% in the 0.5 mg group compared to 6% in the placebo group (p = 0.01 and p = 0.002, respectively). Mucosal and histologic healing rates were similarly significantly higher in the ozanimod groups compared to placebo at 32 weeks (Sandborn et al., 2016). In the ozanimod groups, one patient developed bradycardia (patient had previous history of bradycardia) and four patients developed elevated liver enzymes.
TRUE-NORTH is a phase III randomized, double-blind, placebo-controlled trial of induction and maintenance ozanimod in UC completed in 2020 (Danese et al., 2020a; Sandborn W. et al., 2020). In the induction phase of 10 weeks, moderately to severely active UC patients received either ozanimod 1 mg or placebo daily. The primary endpoint of clinical remission (based on 3-component Mayo score) was met in 18.4% in the ozanimod group vs. 6% in the placebo group (p < 0.0001) (Sandborn W. et al., 2020). Clinical remission was numerically higher then placebo but did not achieve statistical significance in the anti-TNF exposed patients who received ozanimod (10 vs. 4.6%; p = 0.195). Secondary outcomes of clinical response, endoscopic improvement and mucosal healing (both endoscopy and histology) rates were significantly in the total ozanimod group compared to placebo. The reported rate of bradycardia was 0.5% in the ozanimod group.
In the maintenance trial, 457 moderate to severe UC patients who achieved clinical response after 10 weeks of ozanimod induction therapy were then re-randomized at 1:1 to either ozanimod 1 mg or placebo and outcomes assessed at week 52 (Sandborn W. et al., 2020). Clinical remission (based on 3-component Mayo score) rates were significantly higher in the ozanimod group at 37% compared to 18.5% in the placebo group (p < 0.0001) (Danese et al., 2020a). Anti-TNF exposed patients who received ozanimod also had a significantly higher rate of clinical remission compared to placebo (28.9% vs. 10.1; p = 0.0053). All secondary endpoints of the trial were also met in the ozanimod group including: clinical response, endoscopic improvement, corticosteroid-free remission, maintenance of clinical remission, durable clinical remission and mucosal healing (both endoscopic and histologic) (Danese et al., 2020a). In this trial, ozanimod was also well tolerated with the most common reported AEs being abnormal liver tests and headaches. Elevation of alanine aminotransferase (ALT) was noted in 4.8% in the ozanimod group compared to 0.4% in the placebo group (Danese et al., 2020a).
For CD, ozanimod was evaluated in a phase II multicenter, uncontrolled, prospective observer-blinded endpoint trial, STEPSTONE (Feagan et al., 2020a). The trial had a 12-weeks induction period followed by a 100-weeks extension study. Patients with moderately to severely active CD (n = 69) received a 7-days dose escalation of ozanimod followed by 11 weeks of ozanimod 1 mg oral capsule daily. The primary endpoint was reduction in the Simple Endoscopic Score for Crohn’s disease (SES-CD) at 12 weeks from baseline. The mean change of SES-CD at week 12 was – 2.2 ± 6 and 23.2% of patients achieved endoscopic response (defined as SES-CD decrease by ≥ 50%) (Feagan et al., 2020a). Clinical remission (defined as CDAI <150) was noted in 39.1% of patients. The most common AE was CD flare and there were no cases of bradycardia or arrhythmias reported (Feagan et al., 2020a).
Phase III, placebo-controlled induction and maintenance studies of ozanimod in moderate to severe CD are currently recruiting (NCT03440372, NCT03440385, NCT03464097, NCT03467958).
Etrasimod
Etrasimod is an oral S1P receptor modulator with selectivity for S1PR1, S1PR4 and S1PR5. A phase II (OASIS; proof of concept), double-blinded trial randomized moderate to severe UC patients (n = 156) to either etrasimod 1 mg, etrasimod 2 mg or placebo in a 1:1:1 fashion for 12 weeks (Sandborn et al., 2020g). The primary endpoint was improvement in the modified Mayo Clinic score at 12 weeks from baseline and secondary endpoints included: the improvement in the total Mayo Clinic score, improvement in the two component Mayo Clinic score (rectal bleeding and endoscopy) and endoscopic improvement (endoscopy sub-score ≤ 1). The primary endpoint was achieved in the etrasimod 2 mg group compared to placebo (least square mean difference, 0.99; 90% CI, 0.30–1.68; p = 0.009) but not in the etrasimod 1 mg group. Compared to placebo, the etrasimod 2 mg group had higher rates of: endoscopic improvement (41.8 vs. 17.8%; p = 0.003), improvement in the total Mayo score (p = 0.010) and improvement in the 2 component Mayo score (p = 0.002) (Sandborn et al., 2020g). Histologic remission (defined as Geboes score <2) was an exploratory endpoint of the trial and was significantly higher in the etrasimod 2 mg group compared to placebo (19.5 vs. 6.1%; p = 0.03) (Sandborn et al., 2020g).
In this trial there was significantly higher rates of discontinuation of drug due to AEs in the etrasimod groups (n = 7) compared to placebo (n = 0) (Sandborn et al., 2020g). The most common AEs other than disease worsening are upper respiratory tract infections, nasopharyngitis and anemia. In etrasimod 2 mg group, transient first-degree heart block occurred in two patients and type 1 s degree heart block was noted in one patient. The authors report that all three patients had evidence of atrioventricular block noted on electrocardiography prior to receiving the study drug (Sandborn et al., 2020g).
Phase III induction and maintenance trials of etrasimod for moderate to severe UC are currently recruiting (NCT03996369, NCT03945188, NCT03950232, NCT04176588). A phase II/III study of etrasimod induction and maintenance in CD has recently opened and is currently recruiting (NCT04173273).
Amiselimod (MT-1303)
Amiselimod is an oral S1P receptor modulator with higher selectivity for S1PR1 than other S1P receptors. Phase II study of amiselimod demonstrated that is well tolerated and potentially effective for multiple sclerosis (Kappos et al., 2016). A phase II randomized, placebo-controlled trial of amiselimod in CD (NCT02378688) was completed and at this time results are not published. A proof of concept study randomized 78 patients to either amiselimod 0.4 mg (n = 40) or placebo (n = 38) (D’Haens et al., 2019). The primary outcomes of clinical response (decrease in CDAI by 100 points) at week 12 was achieved in 48.7 vs. 54.1% in the placebo group. No significant differences were noted in the fecal calprotectin and CRP in the two groups (D’Haens et al., 2019).
Phosphodiesterase 4 Inhibitors
Phosphodiesterases (PDE1-PDE11) are a group of intracellular enzymes that catalyze the breakdown of cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP). PDE4 catalyzes the breakdown of 3, 5′ cAMP in multiple cell types including T-cells, macrophages and monocytes. This leads to activation of nuclear transcription factor kappaB (NF-κB) which eventually promotes downstream proinflammatory effects. Therefore, inhibition of PDE4 can lead to suppression of NF-κB and subsequently reduce TNF-α mRNA expression and production of nitric oxide and also increase synthesis of anti-inflammatory cytokines such as IL-10 and IL-6 (Ollivier et al., 1996; Gobejishvili et al., 2008; Kwak et al., 2005; Platzer et al., 1999). Therefore, there has been interest in developing PDE4 inhibitors as therapeutic agents in IBD.
Apremilast
Apremilast is an oral PDE4 inhibitor that is currently approved by the US FDA for the treatment of psoriasis and psoriatic arthritis. A double-blind, phase II trial randomized UC patients to apremilast 30 mg (n = 57), apremilast 40 mg (n = 55) or placebo (n = 58) twice daily (Danese et al., 2020b). The primary endpoint of clinical remission (defined as total Mayo UC score ≤2; no individual score >1) was achieved in 31.6% in the 30 mg group (p = 0.01 compared to placebo), 21.8% in the 40 mg group compared to 12.1% in the placebo group (p = 0.27) (Danese et al., 2020b). Endoscopic response (defined as a decrease in the Mayo endoscopic subscore by ≥ 1) was achieved in 41.4% of patients in the placebo group compared to 73.7% in the 30 mg group (p < 0.0001) and 47.3% in the 40 mg group (p = 0.69). Both the 30 and 40 mg apremilast groups showed greater reduction in CPR and fecal calprotectin compared to placebo. Although the primary endpoint was not reached in this trial, post hoc analysis demonstrated that a significantly higher proportion of patient in both apremilast groups had a Mayo endoscopic subscore of ≤1 compared to placebo (Danese et al., 2020b).
In terms of safety, the most common side effect reported in the apremilast groups were headaches at 25.5% in the 40 mg group and 21.1% in the 30 mg group compared to 6.9% in the placebo group. Serious AE rate was 2.4% in the placebo group and 1.8% in the 40 mg apremilast group (1 patient who experienced pancreatitis but thought not to be related to study drug) (Danese et al., 2020b). Currently, a phase III UC trial of apremilast has not been registered.
Cobitolimod
Cobitolimod is an oligodeoxynucleotide that is DNA-based and binds to Toll-like receptor 9 (TLR9) on lymphocytes and antigen presenting cells. It activates TLR 9 which lead to induction of regulatory T-cells that produce anti-inflammatory IL-10 in addition to suppressing proinflammatory TH-17 cells. Cobitolimod is a topical agent and is supposed to have low systemic absorption.
A double-blind study (COLLECT) randomized 131 patients with moderate to severe UC to two topically administered doses (during colonoscopy) of cobitolimod 30 mg (n = 87) or placebo (n = 44) (Atreya et al., 2016). The primary endpoint of induction of clinical remission at week 12 (defined as Clinical Activity Index (CAI) ≤4) was 44.4% in the cobitolimod group vs. 46.5% in the placebo group (p = 0.91) (Atreya et al., 2016). However, the study did meet multiple secondary endpoints including symptomatic remission, clinical remission with mucosal healing and histologic improvement.
A dose ranging, double-blinded phase IIb study (CONDUCT) randomized 213 patients with moderate to severe left-sided UC into five different treatment arms that received drug or placebo via rectal enemas: cobitolimod 31 mg, 125 mg, or 250 mg at weeks 0 and 3; cobitolimod 125 mg at weeks 0, 1,2 and 3 or placebo (Atreya et al., 2020). The primary endpoint of clinical remission at 6 weeks (defined as Mayo subscore of 0 for rectal bleeding, 0 or 1 for stool frequency + ≥ 1-point decrease from baseline, endoscopy subscore of 0 or 1-excluding friability) was achieved in the cobitolimod 250 mg group at 21% (n = 9) vs. 7% (n = 3) in the placebo group (p = 0.025) (Atreya et al., 2020). The rest of the dosing groups did not achieve the primary endpoint compared to placebo. Cobitolimod was well tolerated with an adverse event rate across the dosing groups from 25 to 43% compared to 48% in the placebo group (Atreya et al., 2020). Phase 3 studies are planned for UC (not yet registered at this time).
CONCLUSION
In conclusion, the armamentarium of IBD therapeutic agents is ever expanding. This review highlights some of these novel and emerging therapies. For example, there has been significant development in the small molecules class of agents such as JAK inhibitors and S1P receptor modulators. These agents offer the advantages of ease of administration as they are oral agents and do not have the downside of immunogenicity and antibody formation seen with some of the IV/SC biologics. Some of these agents such might also have the possibility of more rapid onset of action as seen with tofacitinib. In addition, some of these agents will likely have the potential of having a more favorable safety profile compared to anti-TNF agents. This includes for example the development of the intestinally restricted pan-JAK inhibitor (TD-1473), anti-integrins/anti-MAdCAM therapies and IL-23 therapies. In the era of increasing therapeutic agents to treat IBD, the challenge will the ability to select the best agent for the individual patient. This calls for the development of precision/personalized medicine approach to the treatment of IBD.
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Targeting Gremlin 1 Prevents Intestinal Fibrosis Progression by Inhibiting the Fatty Acid Oxidation of Fibroblast Cells
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Intestinal fibrosis is a consequence of continuous inflammatory responses that negatively affect the quality of life of patients. By screening altered proteomic profiles of mouse fibrotic colon tissues, we identified that GREM1 was dramatically upregulated in comparison to that in normal tissues. Functional experiments revealed that GREM1 promoted the proliferation and activation of intestinal fibroblast cells by enhancing fatty acid oxidation. Blocking GREM1 prevented the progression of intestinal fibrosis in vivo. Mechanistic research revealed that GREM1 acted as a ligand for VEGFR2 and triggered downstream MAPK signaling. This facilitated the expression of FAO-related genes, consequently enhancing fatty acid oxidation. Taken together, our data indicated that targeting GREM1 could represent a promising therapeutic approach for the treatment of intestinal fibrosis.
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INTRODUCTION
Intestinal fibrosis, a common complication of inflammatory bowel disease (IBD) (Leake, 2015), is characterized by exaggerated scar tissue formation in the colon mucosa (Rieder and Fiocchi, 2009) resulting from intestinal damage induced by chronic inflammation (Lawrance et al., 2017). Despite great progress in the treatment of IBD, the incidence of intestinal fibrosis has not markedly reduced (Su et al., 2016; Vítek and Tiribelli, 2020), indicating that the development of new targeted therapies or effective interventions for intestinal fibrosis are urgently needed.
Intestinal fibroblasts, the major effector cells of gastrointestinal fibrosis (Weder et al., 2018), mainly account for the synthesis of several extracellular matrix proteins. This includes collagens, vimentin, and fibronectin (Hagenlocher et al., 2017). During chronic inflammation processes, local gut mesenchymal cells are activated and proliferated. This leads to enhanced deposition of extracellular-matrix proteins. Previous studies reported that resident fibroblasts can be activated by inflammation-related proteins (Lawrance et al., 2001), including the growth factors IGF-I, FGF, and PDGF, and the pro-inflammatory cytokines IL-1β and TNF-α (Simmons et al., 2002). This results in expansion of fibroblast cell numbers and fibroblast differentiation. In addition, colonic transforming growth factor (TGF)-β1 overexpression results in fibroblast accumulation and bowel wall thickening (Vallance et al., 2005). Apart from cytokines, growth factors, and chemokines, local fibroblasts resident in the colon can also respond to other biological mediators (Fichtner-Feigl et al., 2007; Burke et al., 2008). Thus, screening new biological mediators may provide potential therapeutic targets.
GREM1, encoded by the GREM1 gene (Mezzano et al., 2018), is an important protein secreted in development, including organ formation, physique development, and tissue differentiation. GREM1 is considered to be an antagonist of the bone morphogenetic protein (BMP) family members and binds to BMP2 to regulate the BMP signaling pathway (Hsu et al., 1998). Later studies revealed that GREM1 can act as a vascular endothelial growth factor receptor 2 (VEGFR2) ligand in vascular endothelial cells to regulate angiogenesis (Mitola et al., 2010). Additionally, GREM1 has been reported to be both tumor promotive and suppressive in cancer. Elevated GREM1 expression is associated with favorable outcomes in several malignancies, including colon adenocarcinoma (Nyqvist et al., 2017) and gastric cancer (Honma et al., 2018). On the other hand, increased GREM1 expression facilitates the proliferation of cancer cells in lung adenocarcinoma and glioma. However, the role of GREM1 in intestinal fibrosis remains unknown.
In this study, we found that protein levels of GREM1 were dramatically increased in fibrotic colon. The loss and gain of function experiments revealed that GREM1 promoted intestinal fibroblast cell proliferation by enhancing fatty acid oxidation. Further mechanistic studies revealed that GREM1 could activate VEGFR2 and trigger downstream MAPK signaling. This facilitates FAO-related gene expression, consequently enhancing fatty acid oxidation and results in fibroblast cell proliferation and activation. Taken together, these results provide evidence that GREM1 could be a potential target for intestinal fibrosis therapy.
MATERIALS AND METHODS
Animal Experiments
All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Army Medical University, and were authorized by the Institutional Animal Care and Use Committee of the Laboratory Animal Center of Daping Hospital, Army Medical University. Mouse intestinal fibrosis was induced by the administration of 2.5% dextran sulfate sodium (DSS) in tap water for 5 days followed by 1°week of normal drinking water for three cycles (Speca et al., 2016). The mice were sacrificed at nine weeks after DSS treatment. Intestinal tissues were formalin-fixed and embedded in paraffin for further analysis.
Cell Lines
Human intestinal fibroblast cell lines CCD-18Co and CCD-112Co were maintained at the Daping Hospital, Army Medical University. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco), 100°U/ml penicillin and 100 μg/ml streptomycin at 37°C in a 5% CO2 atmosphere. Exogenous GREM1, used for cell treatment, purchased from R&D system (cat#:5190-GR-050). STR identification was conducted to exclude exogenic cell contamination.
Cell Proliferation Assays
Enumeration of fibroblasts was performed using Cell Counting Kit-8 (CCK8, NCM), according to the manufacturer’s instructions. Cells were cultured in 96-well plates at 3,000 cells/well. Serum conditions included no serum added to the culture medium, and other components were consistent with full medium. At the indicated time points, the cell culture medium was changed to a CCK8 buffer, and after 90 min incubation at 37°C, under 5% CO2, OD450 values were measured to determine cell viability.
Transfection and RNA Interference
siRNA transfection was conducted using Lipofectamine® 2000 (Invitrogen) according to the manufacturer’s instructions. siRNA was purchased from GenePharma and Shanghai BioTend Biotech Co. Total cellular RNA was extracted after 48 h of transfection. SiRNA sequences are presented in Supplementary Material.
RNA Isolation and Q-PCR
Total RNA was isolated using Trizol reagent (Takara, 9109) and reverse transcription was performed using PrimeScript kits (Takara, RR037A). To detect gene expression, RT-qPCR assays were performed using SYBR Premix Ex Taq (Roche) using the recommended thermal settings. Relative mRNA expression was analyzed using the 2 (-ΔΔCt) method and normalized to that of 18S ribosomal RNA. PCR primer sequences are presented in Supplementary materials.
Immunoblotting
Whole cell lysates were prepared with RIPA lysis buffer (share-bio Tech) and membrane proteins were extracted using a Membrane and Cytosol Protein Extraction Kit (Beyotime). Quantification of protein concentrations was performed using a BCA protein assay kit (Thermo Fisher Scientific Proteins were resolved by 4–20% SDS-PAGE and transferred to NC membranes (Whatman), then antibody and ECL methods were employed to measure protein expression levels. Primary antibodies used were as follows: anti- GREM1 (R&D Systems, AF956, 1:1,000), anti-phospho-VEGF Receptor 2 (Tyr1175) (CST, #3770, 1:1,000), anti-VEGF receptor 2 (CST, #2479, 1:1,000), anti-phospho-MEK1/2 (Ser217/221) (CST, #3958, 1:1,000), anti-MEK1/2 (CST, #4694, 1:1,000), anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (CST, #9101,1:1,000), and anti-p44/42 MAPK (Erk1/2) (CST, #4695, 1:1,000). The secondary antibodies were anti-rabbit (share-bio, SB-AB0101, Abways Technology, AB0151), anti-mouse (share-bio, SB-AB0102, Yeasen Biotech Co., 33206ES60), and anti-goat (Immunoway Biotech Co., RS2123; Abcam, ab175776).
Sample Preparation and Proteomic Analyses
The fibrosis colon and control group samples were grinded by liquid nitrogen into cell powder and then transferred to a 5-ml centrifuge tube. After that, four volumes of lysis buffer (8 M urea, 1% protease Inhibitor Cocktail) was added to the cell powder, followed by sonication three times on ice using a high intensity ultrasonic processor (Scientz). The remaining debris was removed by centrifugation at 12,000 g at 4°C for 10 min. As for proteomic analyses, trypsin was added into the protein solution at 1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100 trypsin-to-protein mass ratio for a second 4 h-digestion. Then, the tryptic peptides were dissolved in 0.1% formic acid (solvent A), directly loaded onto a home-made reversed-phase analytical column (15-cm length, 75 μm i. d.). The gradient was comprised of an increase from 6 to 23% solvent B (0.1% formic acid in 98% acetonitrile) over 26 min, 23–35% in 8 min and climbing to 80% in 3 min then holding at 80% for the last 3 min, all at a constant flow rate of 400 nL/min on an EASY-nLC 1000 UPLC system.
The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan range was 350–1800 for full scan, and intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were then selected for MS/MS using NCE setting as 28 and the fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans with 15.0 s dynamic exclusion. Automatic gain control (AGC) was set at 5E4. Fixed first mass was set as 100 m/z. The resulting MS/MS data were processed using Maxquant search engine (v.1.5.2.8). Tandem mass spectra were searched against human uniprot database concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up to four missing cleavages. The mass tolerance for precursor ions was set as 20 ppm in First search and 5 ppm in Main search, and the mass tolerance for fragment ions was set as 0.02 Da. Carbamidomethyl on Cys was specified as fixed modification and acetylation modification and oxidation on Met were specified as variable modifications. FDR was adjusted to <1% and minimum score for modified peptides was set >40.
Histology Score
We scored all histological sections of the colonic samples in double-blind, according to the presence of ulcerations (0 = absent, 1 = small ulcers, 2 = big ulcers), degree of inflammation (0 = absent, 1 = mild, 2 = moderate, and 3 = severe), depth of the lesions (0 = absent, 1 = lesions extending in the submucosa, 2 = lesions in the muscularis propria, and 3 = lesions in the serosa), and degree of fibrosis (0 = absent; 1 = mild, 2 = moderate, and 3 = severe). The sum of these scores was expressed as total microscopic score.
Immunofluorescence and Immunohistochemistry
Cells cultured on Millicell® EZ SLIDE (MILLIPORE) were fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.1% Triton X-100 for 1 min at room temperature. After blocking with BSA (Sangon Biotech), samples were incubated with the primary antibody (1:200) overnight at 4°C, and the secondary antibody–labeled with fluorescein (1:200)–for 1 h at room temperature. Finally, DAPI was used to counterstain nuclei and the sample images were captured using a confocal microscope. For immunofluorescent staining of living cells to locate membrane proteins, cells were rinsed with cold PBS, followed by incubation with primary and secondary antibodies (1:500) for 1 h at 4°C. Next, the cells were fixed with 4% paraformaldehyde and stained with DAPI. For immunohistochemistry, slides were deparaffinized in xylene, and then antigen retrieval was performed using a citrate antigen retrieval solution. Endogenous peroxidase activity was blocked through the addition of hydrogen peroxide. After blocking with 10% BSA at room temperature, slides were incubated with primary antibodies at 4°C overnight. Following 1 h incubation with HPR-conjugated secondary antibody (anti-mouse, 1:500, Jackson ImmunoResearch, 115–035–003 or rabbit secondary antibodies 1:500 Jackson ImmunoResearch, 111–035–003), slides were developed in DAB (CST, 8059) and counterstained with hematoxylin.
BODIPY Staining
BODIPY staining was conducted according to standard procedures. Briefly, control and GREM1 treated fibroblasts were incubated with the BODIPY dye solution (Servicebio, GP1104) at room temperature in the dark for 1 h, followed by nuclear staining with DAPI and examination by confocal microscopy. Cells in five images of each sample were counted using ImageJ software.
Lipid Lysis Product Analysis
The amounts of acylcarnitine and acetyl-CoA were measured according to a previously reported method (Cheng et al., 2020). Briefly, serum-free cultured fibroblasts were treated with GREM1 and were collected and homogenized. They were then suspended in chloroform/methanol (1:1), and analyzed by mass spectrometry. The amounts of acylcarnitine and acetyl-CoA were normalized to the total protein content of fibroblast cells.
Public Dataset Bioinformatic Analysis
SRA datasets (SRP077046 and SRP100787) containing data for tissues from both healthy controls and CD and UC patients. The mRNA expression level of GREM1 was compared in both healthy controls and CD and UC patients.
Seahorse Assays
The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were determined using standard methods. Briefly, cells were seeded in XF96-well plates at a density of 2 × 104/well. For glycolytic stress testing (Seahorse Bioscience, catalog no. 103020–100), 10 mmol/L glucose, 1 mmol/L oligomycin, and 50 mmol/L 2-deoxyglucose (2-DG) were used. For mitochondrial stress tests (Seahorse Bioscience, catalog no. 103015–100), 1 mmol/L oligomycin, 1 mmol/L FCCP, 0.5 mmol/L rotenone, and 0.5 mmol/L actinomycin A were used. Total cellular protein was used to normalize the measurements.
Statistical Analysis
All statistical analyses were carried out using GraphPad Prism v.7.0. D’Agostino and Pearson omnibus normality test to determine whether the data are normally distributed. For two-group comparisons, two-tailed Student’s t-test was used for statistical analysis. After testing for normal distribution, statistical analysis was performed using ANOVA when more than two groups were compared. All data are presented as means ± SD (n.s., p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***,p ≤ 0.001).
RESULTS
Increased GREM1 Expression in Intestinal Fibrosis
To screen for potential therapeutic targets for intestinal fibrosis, we established an intestinal fibrosis mouse model by oral administration of three 2.5% DSS cycles to C57BL/6J mice (Figure 1A). The results showed that all DSS-treated mice developed serious colitis, and colon length and body weight were significantly lower in DSS-treated mice (Figures 1B–E). Further, intestinal tissue sections were subjected to hematoxylin-eosin (H&E) and anti-α-SMA immunohistochemical (IHC) staining. Pathological examination revealed that mice that received DSS treatment developed intestinal fibrosis, with fibroblast proliferation and ECM deposition (Figure 1F). Proteomic analysis of intestinal tissues indicated that GREM1 protein levels were dramatically elevated in fibrosed colon compared to that in normal colon tissue (Figure 1G). To confirm this in humans, we first compared GREM1 mRNA expression using SRA datasets (SRP077046 and SRP100787) containing data for tissues from both healthy controls and CD and UC patients. The results showed that GREM1 mRNA levels were significantly increased in human intestinal colitis samples (Figure 1H). Furthermore, we detected GREM1 mRNA expression in intestinal fibrosis tissue and found that GREM1 mRNA expression was also upregulated in fibrosed colon (Figure 1I). In line with this, IHC staining results revealed that GREM1 protein levels were greatly elevated in both murine and human intestinal fibrosis sections (Figure 1J). Collectively, these results suggested that GREM1 abundance was significantly increased in fibrosed colon tissues.
[image: Figure 1]FIGURE 1 | GREM1 expression increased in intestinal fibrosis. (A). C57BL/6J mice were subjected to three cycles of 2.5% DSS for 5°days followed by 1 week of recuperation to establish mice intestinal fibrosis model. (B). The appearance of the colons from the mice in control or DSS treated groups. (C). The colon length statical results of mice from control or DSS treated group (n = 5). (D). The body weight curve of mice received control or DSS treatment (n = 5), p values are derived from one-way ANOVA analysis. (E). The histology score of intestinal fibrosis mice with different treatment. Fibrosis was quantified using a combined score of fibrosis severity, circularity and the extent of fibrosis (n = 5). (F). The hematoxylin and eosin staining (left panel) and α-SMA IHC staining (right panel) of distal colon sections from control and DSS treated mice. scale bar 200 μm. (G). The different expressed protein in DSS treatment mice and control mice that derived from proteomics analysis. (H). The mRNA expression of GREM1 (human) in healthy control (HC) and IBD patient’s data from SRP077046 and SRP100787. (I). The mRNA expression of Grem1 in control and intestinal fibrosis mice (n = 5). (J). IHC staining of GREM1 in both mice and human in intestinal fibrosis tissues. scale bar 200 μm. p values are derived from two-sided Student’s t test. **p ≤ 0.01; ***p ≤ 0.001.
GREM1 Promotes Intestinal Fibroblast Proliferation and Activation
Next, we aimed to investigate the functional roles of GREM1 in the process of intestinal fibrosis development. Given that fibroblasts are the dominant effector cells in the development of intestinal fibrosis, we postulated whether GREM1 could promote proliferation and activation of intestinal fibroblasts. Two human intestinal fibroblast cell lines, CCD-18Co and CCD-112Co, were treated with different doses of the GREM1 protein in a serum-free culture medium. The results showed that GREM1 promoted fibroblast cell growth in a dose-dependent manner (Figure 2A). Further, to reveal whether GREM1 could facilitate the activation of fibroblasts, RT-qPCR was performed to detect altered expression of several typical fibroblast activation related genes, including ACTA2, COL1A1, COL4A1, and VIM in fibroblast cells upon administration of GREM1. Consistently, GREM1 treatment significantly increased the expression of these genes (Figures 2B–E). Given that activated fibroblasts could facilitate the progression of intestinal fibrosis by secreting cytokines, ELISA was performed to detect protein levels of IL-6, IL-1β, MCP1, and TNF. Levels of these cytokines were greatly increased after GREM1 treatment (Figure 2F). To further confirm this, intestinal fibroblast cell lines derived from patients with colon fibrosis were established following GREM1 ectopic expression or knockdown (Supplementary Figure S1). The results showed that additional GREM1 treatment significantly promoted the proliferation and activation of fibroblasts (Figure 2G). Conversely, the silencing of GREM1 in fibroblasts delayed the fibrotic process (Figure 2H). Taken together, these data indicated that GREM1 could promote intestinal fibroblast proliferation and activation.
[image: Figure 2]FIGURE 2 | Gremlin 1 promotes the proliferation and activation of intestinal fibroblast. (A). Cell viability assay of human intestinal fibroblast cells CCD-18Co and CCD-112Co upon different dose of Gremlin 1 (100 and 200 ng/ml) treatment. (B–E). The Q-PCR results of ACTA2 (B), COL1A1 (C), COL4A1 (D) and VIM (E), intestinal fibroblast cells CCD-18Co and CCD-112Co upon 100 and 200 ng/ml of Gremlin 1 treatment for 24 h. (F). The foldchanges of inflammation cytokines in human fibroblast cells CCD-18Co and CCD-112Co upon 200 ng/ml Gremlin 1 treatment for 24 h. (G). The system of fibroblast and intestinal organoid culture system. (H–I). The relative IL-1β level in the culture medium of the human intestinal organoid upon co-cultured with GREM1 gene overexpressed fibroblast cell (H) or GREM1 gene knockdown fibroblast cell (I) for 48 h. These experiments were repeated twice. p values are derived from one-way ANOVA analysis. Dunnett’s test was used to analysis the difference between control group to the other groups. **p ≤ 0.01; ***p ≤ 0.001.
GREM1 Promotes Intestinal Fibroblast Proliferation by Enhancing Fatty Acid Oxidation
After stimulation with inflammatory effectors, fibroblasts start to proliferate and undergo trans-differentiation into contractile myofibroblasts, accompanied by energy status switching from quiescent to activated. In the kidney fibroblasts, Dario reported that Interleukin-1β activates a MYC-dependent metabolic switch in kidney stromal cells necessary for progressive tubulointerstitial fibrosis (Lemos et al., 2018). In addition, proceeding study reported that lipid metabolism in activated hepatic stellate cells is enhanced during liver fibrosis (Khomich et al., 2019); thus, we measured the lipid droplet content in GREM1-treated fibroblasts. BODIPY staining results showed that the abundance of lipid droplets was significantly decreased in GREM1 treated fibroblasts (Figure 3A). Next, the two major fatty acid oxidation products were measured in fibroblast cells treated with GREM1 or not. The results showed that acylcarnitine, derived from fatty acid oxidation by carnitine palmitoyl-transferase 1, (Schreurs et al., 2010; Qu et al., 2016), was significantly increased (Figure 3B). In line with this, the amounts of acetyl-CoA and fatty acid β-oxidation breakdown products were greatly elevated (Figure 3C). Furthermore, the OCR of GREM1-treated fibroblast cells was detected using a Seahorse. The data showed that GREM1 treatment markedly enhanced OCRs in fibroblast cells (Figure 3D, Supplementary Figure S2A). Moreover, GREM1 treatment did not affect the ECAR (Supplementary Figure S2B). Given that fatty acid oxidation produced much amount of energy, which could support the activation and proliferation of fibroblast. Furthermore, we aim to identify whether the promoting effects of GREM1 depended on enhanced FAO in fibroblasts. We firstly detected the expression of FAO related genes in fibroblast cells upon GREM1 treatment. The results showed that CPT1A, ACADM, ACADS ECI2 ACAT2, and ACAA2 expression significantly increased upon GREM1 treatment (Figure 3E). Further, we blocked the FAO in mitochondria using Etomoxir, an inhibitor of FAO. As expected, the indicated that Etomoxir usage impeded the proliferation and activation of fibroblasts otherwise mediated by GREM1 treatment (Supplementary Figure S3). Collectively, GREM1 promoted intestinal fibroblast proliferation by enhancing fatty acid oxidation.
[image: Figure 3]FIGURE 3 | Gremlin 1 facility the FAO of intestinal fibroblast cell. (A). Bodipy assay of human intestinal fibroblast cells CCD-18Co and CCD-112Co cells that treated with 200 ng/ml Gremlin 1 for 24 h or not. Relative fluorescent intensity was calculated of five random fields of slides (B, C). The amount of representative individual lipid species, lipid droplets degraded production, Acylcarnitines (B) and Acetyl-CoA (C) in human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 for 24 h or not. The amounts of acylcarnitine and acetyl-CoA (were normalized to the total protein of fibroblast cells. (D). The measurement of OCR in human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 for 24 h or not. (E). Q-PCR results of the FAO related genes expression in human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 for 24 h or not. These experiments were repeated twice p values are derived from two-sided Student’s t test. **p ≤ 0.01; ***p ≤ 0.001.
GREM1 Activated VEGFR-2 Receptor in Fibroblasts
Next, we aimed to identify the receptor that senses GREM1 stimulation. Given that GREM1 is reported to be a BMP2 antagonist and ligand of VEGFR-2, we detected fibroblast cell proliferation upon knockdown of BMP2 or VEGFR-2 using siRNA (Figures 4A,B). The data showed that silencing VEGFR-2 expression dramatically diminished the growth-promoting effects of GREM1 in fibroblast cells, which was not observed in BMP2-silenced fibroblast cells, indicating that VEGFR-2 may act as a GREM1 receptor in intestinal fibroblasts. To further confirm this, VEGFR-2 was inhibited using the specific inhibitor SU5408. As anticipated, SU5408 also blocked the growth-promoting effects of GREM1 in fibroblasts (Supplementary Figure S4). Next, we measured OCRs to determine whether VEGFR-2 inhibition could block the enhanced FAO in fibroblasts. The data showed that both genetic and pharmacological VEGFR-2 inhibition could decrease the enhanced FAO mediated by GREM1 treatment (Figures 4C,D). Additionally, FAO-related mRNAs were also measured, and the results showed that expression of such genes decreased with VEGFR-2 inhibition (Figure 4E).
[image: Figure 4]FIGURE 4 | Gremlin 1 activated VEGFR-2 to enhance the FAO of fibroblast. (A). Cell viability assay of human intestinal fibroblast cells CCD-18Co and CCD-112Co treated with 200 ng/ml Gremlin 1 with or with not silencing BMP2 with siRNA. (B). Cell viability assay of human intestinal fibroblast cells CCD-18Co and CCD-112Co treated with 200 ng/ml Gremlin 1 with or with not silencing VEGFR-2 with siRNA. (C). The OCR results of CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 for 24 h, following silencing VEGFR-2 with siRNA or not. (D). The OCR results of human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1, following VEGFR-2 inhibitor SU5408 (100 nM) treatment for 24 h. (E). Q-PCR results of genes related with FAO metabolism in the human intestinal fibroblast cells CCD-18Co and CCD-112Co cells. p values are derived from two-sided Student’s t test. **p ≤ 0.01; ***p ≤ 0.001.
Taken together, GREM1 promoted intestinal fibroblast proliferation by activating VEGFR-2 receptor.
GREM1 Activates MAPK Pathway to Enhance Fatty Acid Oxidation
In order to uncover the underlying signaling mechanisms leading to FAO enhancement, the reported VEGFR-2 downstream signaling pathways (including the PI3K-mTOR, MAPK, and STAT3 pathways) were inhibited with the specific inhibitors Rapamycin, LY3214996, and Stattic, respectively, (Figure 5A). Cell viability assays showed that only the MAPK signaling inhibitor LY3214996 could diminish the otherwise increased proliferation mediated by GREM1. Western blot analysis showed that treatment with GREM1 strongly increased the phosphorylation levels of p-VEGFR-2, its downstream signaling p-MEK, and p-ERK1/2, which were inhibited by LY3214996 treatment (Figure 5B). Immunofluorescent imaging also revealed that MAPK signaling inhibition blocked increased α-SMA expression in intestinal fibroblasts (Figures 5C,D). Furthermore, we measured OCR levels in intestinal fibroblasts. Accordingly, the elevated OCRs were abolished by LY3214996 treatment (Figure 5E). In line with this, the increased acylcarnitine and acetyl-CoA levels decreased upon LY3214996 treatment (Supplementary Figure S5). Together, these data sets suggested that GREM1 activated the MAPK pathway to enhance fatty acid oxidation in intestinal fibroblasts.
[image: Figure 5]FIGURE 5 | VEGFR2-MEK-ERK axis mediated the enhancement of FAO from Gremlin 1. (A). Cell viability assay of human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 and Rapamycin (10 nM), LY3214996 (10 nM) or stattic (10 μM) for 24 h. (B). Immunoblotting analysis of VEGFR2-MEK-ERK signaling in human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 and LY3214996 (10 nM) for 24 h. Actin acted as loading control and re-used for illustrative purposes. (C). Immunofluorescence staining of a-SMA in human intestinal fibroblast cells CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 and LY3214996 (10 nM). (D). The intensity statistical results of a-SMA immunofluorescence staining from five random fields of slides. E. OCR measurement of CCD-18Co and CCD-112Co cells treated with 200 ng/ml Gremlin 1 and LY3214996 (10 nM) for 24 h. p values are derived from one-way ANOVA analysis. Dunnett’s test was used to analysis the difference between control group to the other groups. **p ≤ 0.01; ***p ≤ 0.001.
Blocking GREM1-VEGFR2 Axis Impedes Intestinal Fibrosis Progression in vivo
Next, we evaluated whether GREM1-VEGFR2 axis downstream signaling blockage by a VEGFR2-specific inhibitor could prevent intestinal fibrosis progression upon DSS challenge. Anti-TNFα therapy is one of standard treatment strategies for intestinal fibrosis. We aim to determine whether combine SU5408 with Anti-TNF therapy could provide more benefits for intestinal fibrosis patients. For this purpose, either VEGFR2-specific inhibitor SU5408 or SU5408 plus anti-TNF-α therapy was applied to the intestinal fibrosis mouse model (Figure 6A). The results showed that SU5408 usage could restore the duration of colon reduction mediated by DSS challenge, while anti-TNF-α monotherapy was associated with a slight improvement in colonic length. Of note, combining anti-TNF-α antibody with SU5408 significantly restored colonic length (Figures 6B,C). Furthermore, the deposition of ECM was found to be dramatically reduced in both groups of mice treated with SU5408 alone or in combination with anti-TNF-α therapy. In addition, α-SMA IHC staining intensity was much weaker in colon sections derived from SU5048-treated mice than in mice in the control group, suggesting a reduction in the proportion of fibroblasts (Figure 6D). Additionally, we measured Col1a1 and Vim mRNA expression levels in colon. GREM1-VEGFR2 axis blockage treatment greatly inhibited the expression of Col1a1 and Vim (Supplementary Figure 6). Moreover, VEGFR2 inhibition significantly attenuated the levels of the inflammation-related cytokines TNF-α, MCP1, IL-6, and IL-1β (Figures 6E–H). Together, these data sets indicated that GREM1-VEGFR2 axis disruption could diminish the proliferation and function of fibroblasts in the colon of mice with intestinal fibrosis.
[image: Figure 6]FIGURE 6 | Gremlin 1-VEGFR2 axis disruption impeded the progression of intestinal fibrosis. (A). The appearance of the colons from the mice with intestinal fibrosis treated with vehicle, anti-TNF-α monotherapy (100 μg), SU5408 (5 mg/kg), or anti-TNF-α therapy combined with SU5408 treatment. (B). The statistical results of colon length in mice with vehicle, anti-TNF-α monotherapy (100 μg), SU5408 (5 mg/kg), or anti-TNF-α therapy combined with SU5408 treatment (n = 5). (C). The histology score of intestinal fibrosis mice with different treatment. Fibrosis was quantified using a combined score of fibrosis severity, circularity and the extent of fibrosis (n = 5). (D). α-SMA IHC staining of intestinal sections from intestinal fibrosis mice with different treatment. scale bar 100 μm (E–H). The protein expression level of IL-6, IL-1β, MCP1, and TNF-α in the colon of different group mice treated with vehicle, anti-TNF-α monotherapy (100 μg), SU5408 (5 mg/kg), or anti-TNF-α therapy combined with SU5408 treatment (n = 5). p values are derived from one-way ANOVA analysis. Dunnett’s test was used to analysis the difference between control group to the other groups. n. s., p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
DISCUSSION
In this study, we found that GREM1 levels were greatly increased in both human and murine fibrosed colon. Functional experiments revealed that GREM1 promoted intestinal fibroblast cell proliferation by enhancing fatty acid oxidation. Further mechanistic studies revealed that GREM1 could activate VEGFR2 and trigger downstream MAPK signaling, which facilitated the expression of FAO-related genes, consequently enhancing fatty acid oxidation.
Intestinal fibrosis is a common finding in patients with IBD (Latella et al., 2014). Current studies indicate that only anti-inflammatory therapy does not impede the development of fibrosis (Latella and Papi, 2012). Fibroblast expansion and activation are major factors that facilitate the progression of intestinal fibrosis. Rapid growth and ECM deposition require a huge amount of energy. Previous studies reported that fibroblasts could reprogram their metabolism by enhancing glycolysis and FAO to sustain cell proliferation and activation (Schreurs et al., 2010; Latella and Papi, 2012; Latella et al., 2014; Qu et al., 2016; Khomich et al., 2019; Chen et al., 2020). In kidney stromal cells, Interleukin-1β induced glycolysis enhancement is necessary for progressive tubulointerstitial fibrosis (Lemos et al., 2018). Additionally, hepatic stellate cell activation results in decrease of lipid droplet abundance and increased levels of polyunsaturated fatty acids (Tuohetahuntila et al., 2015). We consistently observed significant numbers of lipid droplets and enhanced FAO in intestinal fibroblast cells upon GREM1 treatment. On the other hand, Chung et al. (Chen et al., 2020) reported that the expression of FAO-associated enzymes in renal tubule epithelium is reduced in aged rat kidneys. This facilitates the progression of renal fibrosis indicating that FAO alterations in fibroblast and epithelial cells affect the progression of fibrosis differently.
Recent studies have shown that GREM1 is mainly secreted by fibroblast cells, including cancer-associated fibroblasts (Worthley et al., 2015) which can promote the proliferation of cancer cells (Sneddon et al., 2006). High GREM1 expression is related to poorer outcomes in CRC and breast cancer patients (Dutton et al., 2019; Neckmann et al., 2019; Ren et al., 2019). GREM1 also regulates differentiation of glioma cells (Yan et al., 2014). In the current study, we found that GREM1 could activate VEGFR 2, but is not involved in BMP signaling, which further activated downstream MAPK signaling, resulting in FAO enhancement. Recently, GREM1 was reported to activate STAT3 signaling in breast cancer cells (Sung et al., 2020). However, our data suggested that STAT3 was not involved in GREM1-mediated fibroblast cell proliferation and activation, indicating that the signaling regulated by GREM1 is largely context-dependent.
Our in vivo experimental results showed that disruption to the GREM1-VEGFR2 axis downstream signaling using SU5408 could delay the progression of intestinal fibrosis. Recently, Kobayashi and colleagues reported that a GREM1-neutralizing antibody could prevent colorectal carcinogenesis (Kobayashi et al., 2020). We realized that a GREM1-neutralizing antibody might be a superior option for our animal studies. However, such a neutralizing antibody is commercially inaccessible. In addition, after carefully checking the patent, such a GREM1-neutralizing antibody was designed to block interactions involving GREM1 and BMP proteins, indicating that this antibody is not the best choice for blocking the GREM1 and VEGFR2 axis. Thus, further efforts are needed to develop neutralizing antibodies or peptides that block interactions between GREM1 and VEGFR2. In addition, our current data showed that blocking the GREM1–VEGFR2 axis combined with anti-TNF-α therapy could provide benefits in mice suffering from intestinal fibrosis, indicating that the combine therapy of anti-TNF-α and GREM1–VEGFR2 blockage could be a potential strategy for intestinal fibrosis patients.
In conclusion, our data revealed that GREM1 promoted the proliferation and activation of fibroblasts by activating VEGFR-2, leading to FAO enhancement. Inhibition of the GREM1-VEGFR2 axis impeded progression in the murine intestinal fibrosis model, indicating that GREM1 could represent a potential target for anti-fibrotic therapy.
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The evaluation of the degree of inflammation and fibrosis, intrinsic elements in intestinal wall damage of Crohn’s disease, is essential to individuate the extent of the lesions and the presence of strictures. This information will contribute to the choice of the appropriate therapeutic approach, the prediction of the response to therapy and the course of the disease. The accurate evaluation of the extent and severity of inflammation and/or fibrosis in Crohn’s disease currently requires histopathological analysis of the intestinal wall. However, in clinical practice and research, transmural assessment of the intestinal wall with cross sectional imaging is increasingly used for this purpose. The B-mode ultrasonograhic characteristics of the intestinal wall, the assessment of its vascularization by color Doppler and I.V. contrast agents, and the evaluation of the mechanical and elastic properties by sonoelastography, may provide useful and accurate information on the severity and extent of inflammation and intestinal fibrosis in Crohn’s disease. The purpose of this review is to provide an update on current sonographic methods to discriminate inflammation and fibrosis in Crohn’s disease.
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INTRODUCTION
Crohn’s disease (CD) is characterized by chronic inflammation and progressive fibrosis. In general, the inflammatory pattern is the most frequent at the onset of the disease, while a stricturing or penetrating evolution can be observed later on (Cosnes et al., 2002).
The complicated course of disease occurs in up to 50% of patients within 20 years of diagnosis, requiring a surgical intervention in half of these cases within 10 years (Peyrin-Biroulet et al., 2010).
The evaluation and characterization of inflammation is pivotal in the detection of the disease, in the characterization of newly diagnosed of CD, and in its monitoring, along with the evaluation of complications (Maaser et al., 2019). The definition of disease activity and onset of fibrosis will shape therapeutic decisions, with prognostic impact on the response to therapy and the risk of recurrence.
Histopathology is still the gold standard for the identification of inflammation and fibrosis. However, despite several scoring systems have been proposed, in particular for strictures, a wide heterogeneity in scoring methods exists and none can be considered as a suitable benchmark (Bettenworth et al., 2019; De Voogd et al., 2020; Gordon et al., 2020). In clinical practice and research, cross-sectional imaging techniques have been proposed as reliable non-invasive alternative approaches for transmural assessment of the intestinal wall to detect inflammatory or fibrotic patterns.
Among different imaging techniques, intestinal ultrasound (IUS) is a radiation-free and cost-effective technique which is increasingly adopted both for the diagnosis and the monitoring of CD. The introduction of small intestine contrast ultrasonography (SICUS) and the contrast-enhanced ultrasound (CEUS) as well as elastography expanded the potential applications of this technique.
However, reliability of IUS in detecting inflammation and fibrosis is still under investigation, as well as its applicability and usefulness in clinical practice to drive the most appropriate treatment. Most of these gaps rely on the absence of reproducible gold standards for evaluating inflammation and fibrosis to be used for complicated and not complicated patients. In fact, if the assessment of pathological features is still awaiting valid and reproducible parameters, the discrimination of fibrosis and inflammation in non-operated patients is mainly indirect and relies essentially on clinical parameters such as biochemical tests and the response to steroid or biologic treatment.
In this review we evaluated the reliability of IUS in assessing inflammation and fibrosis, mainly focusing on the available studies that have used pathological features or the response to treatment as direct and indirect reference parameters.
INTESTINAL ULTRASOUND AND INFLAMMATION
Applications
The identification and characterization of inflammatory features in the small bowel and/or colon are pivotal both for the diagnosis and the monitoring of IBD. The gold standard in the assessment of bowel inflammatory involvement is histology, but non-invasive approaches are demanded to limit the risks and the costs of repeated endoscopic procedures, considering also the limitation of histology in case of inadequate or superficial biopsy sampling. Thus, different non-invasive approaches have been introduced with different degrees of reliability.
Biomarkers such as C reactive protein (CRP) and fecal calprotectin (FC) are useful for monitoring IBD (Vos et al., 2013) although with some risk of false positive results (Maaser et al., 2019). Thus, the available imaging techniques including IUS, computed tomography (CT) and magnetic resonance imaging (MRI) have been increasingly applied to IBD. In a systematic review, Panes et al. compared the diagnostic accuracy of different cross sectional imaging techniques showing a high accuracy both for the CD diagnosis and CD monitoring, with good reliability for assessing disease severity and complications (Panés et al., 2011). If multiple options are available with comparable local expertize, IUS can be considered the first choice due to its non-invasiveness, low costs and repeatability (Calabrese et al., 2016).
Identification and Characterization of Disease Activity in Suspect Crohn’s Disease
In case of suspect CD, IUS has shown a 80% sensitivity and 97% specificity for the CD diagnosis when compared with reference standards including clinical evaluation, endoscopy, histology and/or radiology (Calabrese et al., 2016).
The accuracy of US depends on the location and severity of CD (Hollerbach et al., 1998; Astegiano et al., 2001; Parente et al., 2003). In comparison with endoscopy, cross-sectional techniques are less accurate to detect mild inflammatory luminal lesions (Panés et al., 2011).
In suspected involvement of small bowel (SB), IUS and SB capsule endoscopy (SBCE) yield similar findings. Indeed, IUS shows 72% of sensitivity and 84% of specificity (Carter et al., 2018), which can be slightly increased using oral contrast agents (e.g., SICUS) (Kopylov et al., 2017), in particular for the assessment of proximal SB lesions (Petruzziello et al., 2010).
Finally, a comparison of the diagnostic accuracy between MRI and IUS in detecting active CD—defined as the presence of ulcerations at endoscopy, CRP >8 mg/L, Calprotectin >250 μg/g, histological evidence of activity—demonstrated a lower sensitivity of IUS vs. MRI in active SB disease (90 vs. 96%, p 0.01) and a comparable sensitivity in case of active colonic disease (66 vs 63%, p 0.7) (Taylor et al., 2018).
Monitoring of Disease Activity in Known Crohn’s Disease
The role of IUS in the evaluation of disease activity is still controversial (Calabrese et al., 2016). In a systematic review Rimola et al. investigated the accuracy of different cross-sectional imaging techniques in assessing disease activity, and found that four US-based parameters (wall thickening, Doppler signal, loss of stratification and reduced peristalsis/compressibility) showed good correlation with endoscopic reference standard (Rimola et al., 2012). MRI showed a good or very good agreement with endoscopic or histologic reference standard when limited small bowel tracts were analyzed, while the results about colonic CD assessment were more conflicting, mainly because of the inconstant use of colonic intraluminal contrast (Rimola et al., 2012). All the MRI-based indexes included wall thickness (in mm) and the degree of wall enhancement after intravenous contrast injection. To date, magnetic resonance index of activity (MaRIA) (Rimola et al., 2011) and Clermont score (Buisson et al., 2015; Buisson et al., 2017) are the two main indexes in the assessment and grading of CD severity and mucosal lesions, evaluating the presence of ulcerations, edema, bowel thickness and relative contrast enhancement (MaRIA) or apparent diffusion coefficient (Clermont). Both have been validated compared with endoscopy, both in ileal and colonic CD. Even if data are conflicting about the concordance and degree of accuracy of these scores, a recent study demonstrated a high and equal efficacy in the detection of mucosal healing (Buisson et al., 2017), showing a substantial accuracy in the detection of endoscopic ulcerations with high specificity (81–82%) and high negative predictive value (82% NPV), while sensitivity and positive predictive values were moderate. Likewise, in a recent study by Yuksel et al., IUS showed a comparable accuracy to MRE in detecting endoscopic activity (Yuksel et al., 2019) where in endoscopically active disease, the most frequent IUS signs were increased BWT (>3 mm) and fibrofatty proliferation (not defined in the study). These findings are in keeping with another study by Livne et al., where IUS parameters, and in particular terminal ileum thickness and mesenteric fat hypertrophy, showed a significant correlation with the MaRIA score (Livne et al., 2020).
However, the main limitation and difficulties in obtaining a conclusion regarding IUS assessment of disease activity are the choice of the IUS parameters and/or their combination (e.g., IUS scores) and the choice of the reference standard adopted to assess activity, whether clinical (i.e. elevated CDAI), biochemical (CRP, fecal calprotectin), radiological and/or histological.
Techniques and Parameters
B-Mode Ultrasound and Color Doppler Imaging
The data in the literature agree on the fact that main parameters suggesting inflammation and disease activity in CD are bowel wall thickening (BWT), color Doppler imaging (CDI), and bowel wall stratification (BWS), along with mesenteric fat hypertrophy and regional lymphadenopathy (Livne et al., 2020). However, these evidences come mostly from the changes of these parameters in response to the therapy.
The definition of the main parameters linked to inflammation has been indirectly obtained by assessing the behavior of the same bowel wall parameters, which result mostly affected, after biologic or corticosteroid treatment and by correlating each feature of bowel wall with the clinical (i.e. elevated CDAI, HBI) and biochemical (CRP, calprotectin) parameters (Goodsall et al., 2020). A large German multi-center study showed the improvement of different IUS parameters (BWT, parietal vascularization assessed by color-Doppler grade, lack of bowel stratification and creeping fat and mesenteric lymph nodes) after pharmacological treatment (Kucharzik et al., 2017).
The fact that BWT is one of the main parameters correlated with inflammation has also been suggested by studies showing that transmural healing, namely the normalization of the BWT (e.g., <3 mm), is strongly correlated with mucosa healing, and recent studies have shown a normalization of the thickened wall in up to 25% of patients treated with anti-TNFα drugs (Castiglione et al., 2013). A good concordance of BWT with other diagnostic studies was demonstrated both with ileocolonoscopy and MRI (Castiglione et al., 2013; Castiglione et al., 2017), thus showing the potential role of IUS in monitoring CD patients, even in pediatric age (Civitelli et al., 2016).
The available studies correlating US and histologic features define a hypoechoic echo pattern, namely the absence or disruption of the regular bowel wall stratification, in case of prevalent inflammatory stenosis (Maconi et al., 2003) and color Doppler US abnormalities of bowel wall (Sasaki et al., 2014a; Sasaki et al., 2014b).
A recent study of Bhatnagar et al. evaluates different mural and extramural US features as potential imaging predictors of histologic inflammation by comparing IUS findings with resection specimens and confirms a significant association of bowel wall and mucosal layer thickness with acute inflammation, while mesenteric fat echogenicity correlates with chronic inflammation (Bhatnagar et al., 2021). A retrospective study measured vascularity by means of color Doppler, using the Limberg score to grade the presence of blood flow within and around the bowel wall as an index of activity and inflammation, and compared the findings with the histologic results obtained on ileum biopsies of 32 CD patients. However, the association between the Limberg score and histologic grades of disease activity was poor (κ = 0.4375) (Drews et al., 2009).
More recently, an ultrasensitive ultrasound microvessel imaging (UMI) technique, able to provide a significant higher sensitivity in depicting smaller vessels compared with conventional Doppler, has been developed and compared to CT/MRI, in a pilot study of Gong et al.(Gong et al., 2020). Altered vascularization was demonstrated in case of severe inflammation, while no significant difference was found between quiescent and mild CD.
Taken into account the data of the literature, an expert consensus on inflammatory activity parameters, combined with a blinded agreement study, showed that BWT is the most important predictor of disease activity for ultrasound with a very high inter-rater agreement and correlation with overall assessment of disease activity. CDI, inflammatory mesenteric fat and BWS, which are important parameters, show moderate or nearly moderate agreement (Novak et al., 2020).
Different US activity scoring systems have been developed so far. A recent systematic review identified different available scoring systems created on the basis of endoscopic, radiologic or histologic reference standards. However, a suboptimal methodology was observed in these studies, suggesting the need for further evaluations to identify a more reliable and standardized index (Bots et al., 2018).
Small Intestine Contrast Ultrasonography (SICUS)
SICUS is a sonographic technique where the evaluation of the small bowel is performed before and after the ingestion of an oral contrast solution (approximately 500 ml of polyethylene glycol solution, PEG). It has been used for the detection and characterization of SB lesions and complications (Pallotta et al., 2012), in particular with a better accuracy than transabdominal US and comparable to radiologic examination (Calabrese et al., 2005; Pallotta et al., 2005). However, an adequate validation for activity monitoring compared with endoscopic score is not available. The actual scores (i.e., SLIC: sonographic lesion index for CD) have been compared to clinical activity (CDAI and CRP levels) and used in the evaluation of the response after induction or maintenance with anti-TNFα therapy (Calabrese et al., 2012; Zorzi et al., 2014). According to this small prospective study, a significant improvement of SLIC was observed after the induction period. Moreover, SICUS-responders to anti-TNFα agents have shown a better long-term outcome in terms of need for surgery, hospitalization rate and use for steroids (Zorzi et al., 2020).
Contrast-Enhanced Ultrasound
Unlike Doppler ultrasound, CEUS is able to detect slow-moving blood flow in small vessels, also in deep-lying bowel wall segments, and can provide qualitative and quantitative evaluations of vascularity and perfusion of the bowel walls. CEUS is performed after the injection of microbubbles (average diameter of 2.5 µm) in the blood stream. The US signals reflected by microbubbles can be easily separated from tissue signals by the softwares of the sonographic machines, and be used to discriminate vascular from avascuar tissues (e.g., to separate phlegmon from abscesses) and to quantify vascularity within the specific tissues. The latter can be assessed in a dynamic qualitative or semiqualitiative way, according to pattern of enhacement (e.g. absence/presence of enhancement of different wall layers), contrast quantification of peak intensity, or using parameters of dynamic CEUS intensity changes over time (e.g. time-intensity curves). In this setting, the application of CEUS in the evaluation of inflammation and disease activity is raising great interest. Migaleddu et al. reported a 93.5% sensitivity and 93.7% specificity of CEUS enhancement patterns in detecting inflammatory activity with a strong correlation with CDAI in 47 CD patients. CEUS accuracy was higher than US or Color Doppler US (Migaleddu et al., 2009).
Besides the pattern of enhancement of the bowel wall, defined as the description of the arrangement of the enhanced layer, Serra et al. quantified the perfusion by using a quantitative ratio between the major thickness of the enhanced layer (E) and the thickness of the entire wall section (W) (Serra et al., 2007). According to this study, an altered pattern of enhancement and a E/W ratio ranging between 0.43 and 0.47 identified active patients with a sensitivity 81% and specificity of 55–63% (Serra et al., 2007).
The perfusion analysis with CEUS has demonstrated a prognostic value in pharmacologically treated patients. Quaia et al. identified different CEUS parameters, including the overall vascularization assessed by the area under the time-intensity curve, to discriminate responders from non-responders in newly diagnosed and treated CD patients after 3 months of therapy (Quaia et al., 2013). Moreover, Saevik et al. showed that, in case of acute exacerbation requiring anti-TNFα drugs or steroids, an high relative perfusion and thickened proper muscle layer at 1 month was predictive of treatment failure (Saevik et al., 2014). Ripolles et al.(Ripollés et al., 2009) demonstrated that an increase of 46% as the threshold brightness value has a 96% sensitivity and 73% specificity in predicting a moderate-to-severe inflammation by endoscopy in 53 CD patients. Moreover, the association was confirmed even when compared with histopathology. Indeed, Ripolles et al. showed a significant association between increased contrast enhancement (CE) and histologic inflammatory score in 28 analyzed segments (Ripollés et al., 2013).
However, comparisons among CEUS and histopathology findings are limited. In a small prospective study, Wilkens et al. compared US, CEUS and MRE parameters with histopathology of 25 patients with small bowel CD undergoing elective surgery, confirming the role of bowel wall thickness as a marker of inflammation, but reporting the failure of CEUS in discriminating between inflammatory and fibrotic lesions (Wilkens et al., 2018).
CEUS has been applied also for the post-surgery recurrence. Paredes et al. developed and applied an activity index to identify postoperative recurrence in 60 CD patients. They found that the combination of a 34.5% cut-off of maximum CE with the other US parameters predicted endoscopic recurrence with a 94.4% of accuracy and a good correlation (κ = 0.82; p < 0.001). A cut-off >46% CE predicted a moderate–severe endoscopic recurrence (Paredes et al., 2013). Recently, a score combining the US wall thickness, the color Doppler grade and contrast parameters showed an high degree of accuracy in the prediction of endoscopic CD activity. A similar accuracy was maintained even without considering CE results in a simpler version of the score (Ripollés et al., 2021).
However, CEUS has some intrinsic limitations if compared to traditional IUS. The perfusion quantification cannot be compared among different scanners, and both time and costs are higher. Moreover, reproducibility is affected by multiple confounding factors depending on the imaging settings of the available instrumentations, on the operator technique such as the injection method and the pressure exerted by the probe on inflamed bowel wall, and also on patients’ characteristics such as the body habitus, the depth of the region of interest and the gas in gut cavity (Cheng et al., 2016). However, the recent introduction of specific software integrated into US devices such as Qontrast (Bracco, Milan, Italy) and QLAB (Philips, Koninklijke, Belgium) allows a quantitative and semiquantitative analysis of contrast enhancement, limiting the subjective component of the evaluation.
Sonoelastography
Sonoelastography is a relatively new sonographic technique that assesses the stiffness of tissues. It is already used in clinical practice for several applications, in particular for breast and thyroid evaluation, and it has been more recently also proposed for assessing gastrointestinal tract. Sonoelastography is able to estimate tissue elasticity by means of US force that propagates a wave into the tissue. Since the wave velocity depends on tissue mechanical properties and mainly on its elasticity, it has been assumed that it is able to provide information on histological features and more precisely on the presence of fibrosis of the bowel wall.
There are two types of elastography: strain and shear wave elastography. With strain elastography compressive force is applied to tissues with repeated pulses to measure lesion stiffness. This can be expressed on a color scale (e.g., from red, soft to blue, hard) for qualitative assessment and/or expressed as wall-to-mesenteric fat strain ratio (i.e., “strain ratio”), for semi-quantitative assessment. In contrast to strain elastography, shear-wave elastography uses an acoustic radiation force impulse, which allows measurement of the propagation speed of shear waves within the tissue. Shear waves propagate faster in hard than in soft tissue and this allows to locally quantify its stiffness. This can be qualitatively assessed by analyzing a colour-scaled image and/or quantitively by determining the maximum elasticity value in either kilopascals (kPa) or meters per second. To date, a limited role is reserved for sonoelastography in the identification of disease activity and inflammation. Only one study assessed inflammation on UC patients, showing a significant correlation between qualitative images of real-time strain-elastography and the severity of lesions at colonoscopy (Ishikawa et al., 2011). However, in more recent studies, Serra et al. and Dillman et al. did not find any significant relationship between elastography parameters and inflammation (Table 1) (Dillman et al., 2014; Serra et al., 2017). Thus, this technique is mainly reserved to the assessment of fibrosis and the differentiation between fibrotic and non-fibrotic stenoses.
TABLE 1 | Imaging techniques and assessment of inflammation in CD compared with histology (i.e., reference standard: histopathology resection). Adapted from Bettenworth et al. (2019) and Gordon et al. (2020).
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Applications
Due to the transmural inflammation in CD patients, endoscopic assessment should be always combined with cross sectional imaging diagnostic techniques, which provide a panoramic evaluation of gut, beyond the evaluation of the mucosal surface. ECCO-ESGAR guidelines suggest using an imaging technique, such as IUS, MRE or CT enterography for the assessment of the small bowel activity, for the response to treatment or in case of relapse, persistent disease activity, new unexplained symptoms, before changing in therapies and in postoperative recurrence. The guidelines underlined the role of both IUS and MRE for the detection of small bowel strictures, but also pointed out their inability in the evaluation of the fibrosis. Moreover, they suggest that the choice of the technique should be taken accordingly to the center experience (Maaser et al., 2019).
In fact, according to an observational study involving 71 CD patients, the overall accuracy of US was similar to MRE for the detection of the mural lesions. However, the specificity of US was superior to MRE for bowel wall thickness, loss of wall stratification and stenosis, while the MRE had higher sensitivity in the detection of loss of wall stratification and stenosis. US had higher sensitivity in the detection of ascites, while other mesenteric parameters were similar for both techniques (Yuksel et al., 2019).
Identification and Characterization of Strictures
CD is a chronic relapsing inflammatory disease, which evolves in a progressive and irreversible damage of the bowel. According to the Montreal Classification (Sturm et al., 2019), the course of the disease could be penetrating, stricturing or non stricturing/non penetrating. However, this classification is not fixed over time, and the clinical history can change or show mixed types, such as fistula and abscess combined with strictures leading to a high risk of surgery (Gionchetti et al., 2017). This is particularly true for ileal CD, which is usually an inflammatory disease at the time of diagnosis but may become stricturing and penetrating, as well as complicated by strictures and then fistulas and abscesses during the following 10–15 years in almost all patients (Cosnes, 2008).
The stricture, with or without penetrating complication, is still the main indication for surgery, and up to 70% of patients during their life undergo a surgical operation for this complication (Bernell et al., 2000). However, strictures in CD are not always an irreversible condition. The CD strictures show different degrees of inflammation and fibrosis. Rarely, a stricture in CD patients is purely either fibrotic or inflammatory (Rieder et al., 2017).
Since the management and treatment of inflammatory strictures is different from fibrotic strictures, it is useful to differentiate which form is predominant. In particular, inflammation can be successfully treated with medical therapy, such as corticosteroids or targeting TNFα, but fibrosis is an irreversible condition that can be treated only mechanically with balloon dilatation or bowel resection (Gomollón et al., 2017).
Therefore, the differentiation between inflammatory and fibrotic stricture is crucial for the management of CD patients. Unfortunately, no biomarkers, endoscopy or histology could identify the proportion of fibrosis within the stenosis. Likewise, no imaging technique is validated for the identification of the proportion of fibrosis. However, new imaging techniques are emerging and could help in the assessment of the fibrosis within the strictures. In particular, CEUS and Doppler US may evaluate hypervascularity correlated with proportion of inflammation, and sonoelastography, which is a technique that measures the stiffness of tissues, could be used for the identification of fibrosis (Maaser et al., 2019).
The sensitivity and specificity of IUS for the diagnosis of strictures in CD patients range between 80–100% and 63–75%, respectively (Bettenworth et al., 2019), but the differentiation of fibrotic strictures from the inflammatory ones is still a challenge.
The gold standard of the diagnosis of fibrosis remains histology through the analysis of surgical specimens. As reported by Chen et al., smooth muscle hypertrophy and hyperplasia is the most prominent histological change in fibrostenosic bowel strictures. In Crohn’s strictures we can find also neuronal and adipose hyperplasia along with active and chronic inflammation and fibrosis. In particular, in Crohn’s strictures the normal submucosal collagen and adipose tissue are replaced by fibrosis and accompanied by hyperplasia of the muscularis mucosa, the so called muscularization of the submucosa. The muscularis propria is also thickened and expanded by collagen (Chen et al., 2017). All these factors concur to produce the bowel wall thickening detectable by IUS, and in determining the narrowing of the lumen of the bowel. These are inversely correlated, because even only a bit improvement in the thickening suffice to produce a large increase of the luminal area (Yaffe and Korelitz, 1983).
Several studies have been published about the accuracy of imaging techniques to differentiate between fibrotic and inflammatory components of the stricture. However, only few studies compared these techniques with histology (Table 2).
TABLE 2 | Imaging techniques and characterization of the fibrotic stricture compared with histology.
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The assessment of fibrosis on treatment response have been investigated only in one study from Orlando et al. (Orlando et al., 2018). 31 patients without strictures were assessed by strain elastography before a biologic treatment and 3 and 12 months later. Bowel wall thickening and strain ratio have been assessed. The study showed that baseline BWT was not different in patients who responded to the pharmacological treatment and those who underwent operation, while the baseline strain ratio (and so the stiffness of the bowel wall) was significantly greater in patients who underwent operation in the following 2 years and in those who did not reach transmural healing. In particular a SR > 2 was able to discriminate the risk of poor outcome after biologics in the following 2 years (Orlando et al., 2018).
Post Operative Recurrence
A large proportion of CD patients, particularly patients with ileal CD, require surgery due to strictures, penetrating disease, or refractoriness to medical treatment. Noteworthy, more than half of them need further surgeries for the same complication (Buisson et al., 2012). To date, the evaluation of the risk of clinical and surgical recurrence for these patients, relies on assessment of presence and severity of endoscopic recurrence by means of Rutgeert’s score, performed within one year after surgery (Gionchetti et al., 2017).
ECCO guidelines have recognized that IUS is a useful emerging tool, alternative to ileocolonoscopy, to identify postoperative recurrence (Maaser et al., 2019). A meta-analysis has shown that the detection by IUS of a pre-anastomic BWT ≥3 mm may detect a postoperative recurrence with an overall sensitivity and specificity of 0.94 (95% CI, 0.86–0.97) and 0.84 (95% CI, 0.62–0.94) and that a post-operative BWT ≥5.5 mm may predict a severe postoperative recurrence (Rutgeert’s ≥ 3) with a sensitivity of 83.8% (95% CI, 73.6–90.6%) and specificity of 97.7% (95% CI, 93–99%) (Rispo et al., 2018).
However, it should be acknowledged this meta-analysis included some studies with a small number of patients and with a very high pretest probability of recurrence, thus making the sensitivity of IUS likely oversized. In addition the studies that assessed the accuracy of IUS before 6 months (e.g. at 3 or 6 months) provided disappointing results.
Overall, IUS is now considered a promising tool for assessing postoperative recurrence and to predict the long term outcome of patients. However, prospective studies using IUS coupled with new technologies (e.g., CEUS or elastography) and combined with fecal calprotectin are awaited to estimate the postoperative risk of stenosis and new surgeries in CD patients. On this regard, it has been demonstrated that in post-operative patients, independently of the time from the previous surgery, a BWT >3 mm may double the risk of surgical recurrence compare to patients with BWT <3 mm, and that the incidence of new surgical interventions is positively correlated with the degree of BWT (Cammarota et al., 2013). Likewise, also in patients who undergo conservative surgery (e.g. stricturoplasties or minimal bowel resections) (Maconi et al., 2001), the behavior of BWT may be a relevant prognostic factor. In fact, the improvement of BWT >2 mm compared to baseline or the normalization of BWT at 6–12 months after surgery has significant favorable prognostic impact on clinical and surgical recurrence, while the IUS detection of unchanged or worsened BWT after surgery predicts a high risk of clinical and surgical recurrence (Maconi et al., 2001). However, the real long term prognostic value of postoperative IUS findings needs further confirmations, as well as the usefulness of therapy escalation, if any, in these patients.
Techniques and Parameters
IUS can detect strictures as intestinal segments characterized by thickened bowel walls, narrowing of the lumen with proximal bowel dilatation greater than 25 mm (Maconi et al., 1996; Panés et al., 2011; Maconi et al., 2018). In particular, in a recent systematic review, the features used to identify the stricture were at least one among luminal narrowing, wall thickness and prestenotic dilatation. Using only one feature, the sensitivity was 80% and specificity 75%. The SICUS which uses 500–750 ml of PEG oral solution before IUS had sensitivity 88–98% and specificity 88–100% for the diagnosis of the stricture using all three parameters (Bettenworth et al., 2019).
B-Mode Ultrasound and Color-Doppler Ultrasound
Regarding the accuracy of IUS in suggesting fibrosis of CD, it has been shown that the thickening of the muscularis propria (clearly visible with IUS), but not the entire bowel wall thickening, was predictive of treatment response and, in particular, of poor response to anti-TNFα therapy (Saevik et al., 2014).
A prospective study including 43 CD patients operated for a single ileal stricture shows that the stratified or mixed echopattern of the wall of the stricture was associated with a moderate-severe or intermediate degree of fibrosis showing a 100% sensitivity, 63.3% specificity, 72% PPV and 100% NPV. The hypoechoic echopattern was more related to the presence of neutrophil infiltrate (Maconi et al., 2003).
Wall thickness measured by IUS was reported associated to fibrosis in a small cohort of CD patients but without a significant correlation between CEUS and fibrosis (Wilkens et al., 2018).
A recent study assessed the utility of mural and extramural sonographic features of CD as markers of inflammation and fibrosis in comparison to histological sections of the bowel of 12 operated CD patients. It shows that mucosal thickness was mainly associated with fibrosis (Bhatnagar et al., 2021).
Another study evaluated the accuracy of US, by using several parameters - such as wall thickness, transmural complications, color Doppler grade, quantitative analysis of the contrast enhancement at CEUS and the presence and severity of strictures - to characterize intestinal inflammation and fibrosis in CD strictures. When compared to the histopathology findings, a negative association was found between the color Doppler grade and the pathologic fibrostenotic score (Ripollés et al., 2013).
Contrast-Enhanced Ultrasound
International guidelines recommend the use of CEUS to detect hypervascularity and inflammatory activity of CD strictures (Sidhu et al., 2018). Indeed, the intravenous contrast agent enhances the highly vascularized Crohn’s stenotic segments, which are more likely inflammatory stenosis, and it does not enhance the non-vascularized ones, which are likely fibrotic (Wilson and Burns, 2010).
However, the quantitative assessment of the blood flow within the wall of strictures, inflammatory or fibrotic, may be difficult and not always reliable. Several parameters have been identified to describe and give an estimation of the flow such as the wash in rate, the time to peak, the peak enhancement and the area under the curve (Quaia et al., 2018). Using some of these parameters, the first studies evaluated the blood flow within the wall of the strictures compared to histologic findings, showing positive and very promising results. A small study, including 8 CD patients who underwent CEUS and surgery in the following year, has shown that three patients with fibrotic strictures had no or low signal echo intensity after contrast administration (Kratzer et al., 2002). These preliminary results have been confirmed by another study showing that a 65% of contrast enhancement within the stricture wall had sensitivity, specificity, PPV, NPV and accuracy of 93, 69, 78, 90, and 82% for discriminating predominant inflammatory from predominant fibrotic stenoses (Ripollés et al., 2013). These promising results have been confirmed by Lu et al. who showed an inverse correlation between the peak enhancement at CEUS and the histological degree of fibrosis (Lu et al., 2017), but not by other studies (Serra et al., 2017; Wilkens et al., 2018). In particular, Wilkens et al. used several CEUS parameters to characterize the stricture but did not find any positive or negative correlation between CEUS parameters and the histological features of the strictures. Interestingly, also MRE parameters did not show any positive or negative correlation with histological fibrosis and inflammation (Wilkens et al., 2018).
Sonoelastography
An interesting sonographic tool that may be used to characterize the strictures and assess fibrosis is elastography, both strain elastography and shear-wave elastography (SWE). The strain elastography investigates the stiffness of the bowel wall by means of repeated pressures with the probe on the abdominal wall. The system informs the operator when the signal is stable and reliable or reproducible and the image is captured and analyzed. Conventionally, the blue or red color means hard or soft tissue, respectively. The system gives either a qualitative and subjective assessment of the stiffness by examining the colors, and a quantitative estimation of the stiffness, by comparing the value within a region of interest in the wall with a similar one outside of the wall, usually taken from the softer tissue around (Stidham et al., 2011; Lu et al., 2019; Vestito et al., 2019). On the contrary, the SWE is a system that directly calculates the elasticity in kPascal thanks to the diffusion of the beam within the tissue in specific regions of interest, without the necessity to pressurize repeatedly the abdomen (Vestito et al., 2019).
A meta-analysis, whose conclusion has some limitations due to high heterogeneity and patient selection between the six studies included, shows that sonoelastography could be useful to detect fibrosis in CD strictures. Three studies used strain elastography and showed that the strain ratio was higher in strictures with fibrosis compared to strictures without fibrosis (p = 0.05). Similar results were found by the other three studies that used SWE, where the strain value was statistically higher in fibrotic stenosis (p = 0.08) (Vestito et al., 2019).
A few studies have also compared the sonoelastography results with histological evaluation. Fraquelli et al. assessed the ileal strictures in Crohn’s patients by strain elastography, comparing the results with the rate of fibrosis assessed by histology. The ileal wall fibrosis percentages in histological sections showed a significant and positive correlation with ileal wall strain ratios obtained by elastography (p = 0.005) (Fraquelli et al., 2015).
A small study, including 16 CD patients with either ileocolonic localization or postoperative recurrence, showed that fibrotic strictures had a significantly higher axial-strain sonoelastography scores than inflammatory strictures (Sconfienza et al., 2016). Chen et al. performed SWE in 35 CD patients who underwent surgery within one week and demonstrated that SWE was significantly higher in patients with fibrosis in the stricture than in patients with inflammation. Setting 22.55 kPa as the cut-off value, the sensitivity was 69.6%, the specificity reached 91.7% with the area under the ROC curve (AUROC) of 0.822, thus allowing to differentiate between mild/moderate and severe fibrosis (Chen et al., 2018).
However, not all the studies showed positive and promising results. Lu et al. did not find a significant correlation between SWE and fibrosis (p = 0.05) (Lu et al., 2017), but reported a moderate correlation between SWE and muscular hypertrophy (r 1⁄4 0.59, p 1⁄4 0.02) in 15 CD patients. Serra et al. reported data from 26 CD patients who underwent IUS, color-Doppler, CEUS and real time elastography, without finding any correlation between any of the previous techniques and fibrosis score at the histological examination (Serra et al., 2017).
CONCLUSION
Despite the high accuracy of US in detecting strictures, and the promising results obtained with the novel sonographic techniques such as CEUS and sonoelastography, several limitations are still present and more studies are needed before using these technique in routine clinical practice and trials.
Ultrasound is a well-known operator and patient dependent technique and, apart from operator experience, there are bowel segments that are difficult to scan by IUS, such as proximal ileum, jejunum and deep pelvic loops due to intestinal gaseous content, which is rather frequent in patients with chronic strictures. In addition, the fine evaluation of long strictures and multiple strictures may be difficult, particularly in case of quantitative assessment with CEUS and elastography because of need of repeated measurements, and the uncertainty on the exact part of the stenotic segment that should be evaluated. On this regard, MRE, which offers a multiparametric more panoramic view, may be more accurate.
Like MRE, the bowel evaluation with IUS currently allows a multiparametric approach where B-mode, Doppler, CEUS and elastography can be applied to simultaneously assess inflammation and fibrosis in the same segment. A preliminary experience on this multiparametric approach has been performed using in combination IUS, CEUS, and sonoelastography by two readers providing an accuracy of 70 and 75% with the area under the ROC curve (AUROC) of 0.953 and 0.921 and both were significantly higher than the single technique in the detection of fibrosis (p = 0.001 and p < 0.05, respectively) (Quaia et al., 2018).
In the last years, important steps have been done in this direction. First, a valid gold standard for fibrosis and inflammation, which is mandatory to have reliable studies, has been defined. Important systematic reviews and research groups have appropriately addressed this point (Bettenworth et al., 2019; De Voogd et al., 2020). Then, the concept has emerged that the IUS parameters and scores obtained by each technique need a validation and should be reproducible. This has been done in few studies including this review, but the big challenge remains to assess CD activity (Novak et al., 2020), an issue that will be faced for strictures in the near future.
If these criteria will be fulfilled by IUS and MRI, we will have powerful tools to study strictures and fibrosis of CD, we will able to select the most appropriate diagnostic techniques for our patients, reliable to decide if a stricture should be surgically or medically treated and to monitor its outcome after the therapy.
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The development of liver fibrosis is closely related to the gut microbiota, and the “gut-liver axis” is the most important connection between the two. ethyl acetate extract of Cichorium pumilum Jacq (CGEA) is an herbal extract consisting mainly of sesquiterpenoids. The anti-inflammatory and hepatoprotective effects of CGEA have been reported, but the anti-fibrotic effects of CGEA via intestinal microbes and the “gut-liver axis” cycle have rarely been reported. In this study, we observed that CGEA not only directly attenuated inflammatory factor levels in inflamed mice, but also attenuated liver inflammation as well as liver fibrosis degeneration in rats with liver fibrosis caused by colitis. We observed in vitro that CGEA significantly promoted the growth of Bifidobacterium adolescentis. Similarly, fecal 16S rDNA sequencing of liver fibrosis rats showed that CGEA intervention significantly altered the composition of the intestinal microbiota of liver fibrosis rats. CGEA increased the abundance of intestinal microbiota, specifically, CGEA increased the ratio of Firmicutes to Bacteroidetes, CGEA could significantly increase the levels of Ruminococcus. In addition, CGEA intervention significantly protected intestinal mucosal tissues and improved intestinal barrier function in rats. Lactucin is the main sesquiterpenoid in CGEA, and HPLC results showed its content in CGEA was up to 6%. Lactucin has been reported to have significant anti-inflammatory activity, and in this study, we found that Lactucin decreased p38 kinases (p38), phosphorylation of the extracellular signal-regulated kinase (ERK) and protein kinase B (AKT) protein phosphorylation in lipopolysaccharide (LPS)-activated RAW264.7 cells, thereby reducing mRNA expression and protein expression of pro-inflammatory factors inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and inhibiting the release of inflammatory factors interleukin (IL)-6 and nitric oxide (NO), exerting anti-inflammatory effects. In summary, the prevention of liver fibrosis caused by intestinal inflammation by CGEA may be achieved by regulating the intestinal microbiota and restoring the intestinal barrier thereby improving the “gut-liver axis” circulation, reducing liver inflammation, and ultimately alleviating liver fibrosis. Notably, the direct anti-inflammatory effect of CGEA may be due to its content of Lactucin, which can exert anti-inflammatory effects by inhibiting the phosphorylation of Mitogen-activated protein kinase (MAPK) and Akt signaling pathways.
Keywords: liver fibrosis, Cichorium pumilum Jacq, gut microbiota, inflammation, lactucin
INTRODUCTION
Hepatic fibrosis is a chronic liver disease that can lead to end-stage liver disease or cirrhosis and eventually to liver cancer. This causes a serious threat to human health. Extensive researches have been devoted to analyze the mechanisms underlying the pathogenesis of liver fibrosis in recent years, but there are fewer studies on the resistance to liver fibrosis from the perspective of intestinal microbiota and the “gut-liver axis” circulation.
In recent years, the relationship between gut microbes and the liver is receiving increasing attention (Bajaj et al., 2012; Ling et al., 2015). Marshall’s (Marshall, 1998) concept of the “gut-liver axis” points out that when the intestinal mucosa is damaged, the permeability of the intestine increases and harmful bacteria and their metabolites [lipopolysaccharide (LPS) and endotoxins] enter the portal vein and move to the liver with blood circulation (“leaky gut”) (Marshall, 1998; Kamada et al., 2013; Nakamoto et al., 2017), activate the liver’s immune response, and release inflammatory cytokines such as IL-6, IL-1β, TNF-α, etc., thereby accelerate the progression of liver fibrosis (Lau et al., 2015).
In addition, LPS is a key factor in triggering intestinal inflammation (Hu et al., 2016a), which can further affect liver function through the “gut-liver axis” (Li et al., 2018). Also, LPS can directly activate intrahepatic and extrahepatic mononuclear-macrophages, releasing large amounts of inflammatory factors such as nitric oxide (NO), tumor necrosis factor (TNF)-α, interleukin (IL)-1β, interleukin (IL)-6 (Ribeiro et al., 2015; Liu et al., 2017), etc., occurrence of these inflammatory events is regulated by non-receptor-type tyrosine kinases, such as Janus kinase (JAK) 2, phosphoinositide 3-kinase (PI3K), protein kinase B (Akt), and mitogen-activated protein kinases (MAPKs) (Van Dort et al., 2015; Hu et al., 2016b). Especially up-regulating activated MAPK protein expression, including extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinase (JNK), and p38 are closely related to intestinal inflammation (Xie et al., 2019). As reported earlier (Zanello et al., 2011), the inflammatory response of swine intestine caused by E.coli infection is closely related to the MAPK signaling pathway, and the Astilbin improves inflammatory bowel disease through PI3K, STAT3, and MAPK signaling pathways (Han et al., 2020). Published work suggests that regulation of gut microbial composition, reduces the phosphorylation of MAPK and AKT proteins (Serreli et al., 2020; Zhang et al., 2020). In summary, by modulating the gut microbial composition and reducing intestinal inflammation, pathogenic bacteria and their metabolites in the liver can be inhibited, thereby reducing liver fibrosis.
Cichorium pumilum Jacq (CG) is a traditional herb in Uighur medicine and is often used in folklore as a remedy for liver disease (Tong et al., 2017). Substantial studies on CG were carried out by our group and it was found that Cichorium pumilum Jacq ethyl acetate extract (CGEA) reduces CCl4 and thioacetamide-induced liver fibrosis in rats via the TGF β/Smad signaling pathway (Qin et al., 2013; Qin et al., 2014). CGEA was also found to have significant growth inhibitory effects on both Staphylococcus aureus and Enterococcus faecalis (Han et al., 2019). According to Lee CG can significantly promote the growth of probiotic bacteria and reduce the growth of harmful bacteria in the intestine, indicating that CG has a significant “probiotic-like effect” (Lee et al., 2015). Therefore, we predict that CGEA may reduce inflammation by modulating intestinal microbes to combat liver fibrosis.
Studies have shown that the main components of CGEA are sesquiterpene lactones, and the main components are Lactucin and Lactucopicrin (Pyrek, 1985). Our group isolated a total of 25 compounds from CGEA, 14 of which were sesquiterpene lactones (Supplementary Table S3), and preliminary experimental results showed that Lactucin has extremely strong anti-inflammatory activity (Dang et al., 2019). Lactucin is the most abundant terpenoid in CGEA with significant antibacterial, adipogenesis-inhibiting effects (Wang et al., 2020). Although Lactucin exhibits excellent anti-inflammatory activity, however, its anti-inflammatory mechanism of action has not been much reported, so we investigated the anti-inflammatory effects of Lactucin in MAPK and AKT signaling pathways at the cellular and molecular biological levels to elucidate the mechanism of Lactucin’s anti-inflammatory effects.
On these indications, we predicted that CGEA could improve liver fibrosis through the “gut-liver axis” by reducing intestinal inflammation and promoting probiotic growth, with Lactucin playing a major anti-inflammatory role. Altogether, in the present study, we demonstrated that CGEA can promote probiotic growth and prevent liver fibrosis caused by 2,4,6-trinitrobenzen sulfonic acid (TNBS)-induced intestinal inflammation. We then validated the anti-inflammatory effect of Lactucin in vitro using RAW264.7 cells.
MATERIALS AND METHODS
Preparation of CGEA and Lactucin
CGEA and Lactucin were prepared by our research team as follows: 1 kg of dried roots of CG (Xinjiang Medicines Co., Ltd., Xinjiang, China. identified by Prof. Mehmet Nur Ayhoi at Xinjiang Uygur Medical College) was soaked in 95% ethanol for 5 times at room temperature (2 L each time for 3 days), the extract was suspended in water, extracted 1:1 with ethyl acetate and water, and the solvent was volatilized at room temperature to obtain CGEA (7.644 g). The CGEA fraction was fractionated by a silica gel column chromatograph (CC) eluting with a gradient of CH2Cl2-MeOH (from 30:1 to 3:1) to give subfractions B. Fraction B was subjected to a MCI CC to remove pigment eluted excessively with 70, 80, 90 and 100% methyl alcohol to give subfractions B1. Fraction B1 was separated by an RP C18 silica gel CC to give compound 10 (38 mg), and the compound 10 was identified by1H NMR and 13C NMR spectroscopy as Lactucin (Dang et al., 2019) (Supplementary Figure S1).
High Performance Liquid Chromatography Analysis
The composition of CGEA was analyzed using Agilent 1,290 Infinity II HPLC (Agilent, Germany), and the retention time of the detected peaks was compared to that of the Lactucin standard (The standard was prepared by the research group with a purity of ≥95%) for comparison and determination of the Lactucin composition and content in CGEA. HPLC was equipped with a (4.6 × 150 mm, 5 μm) Agilent TC-C18 liquid chromatography column (Agilent, Germany). Mobile phase: Methanol (A)-0.1% formic acid (B), Elution gradient: 0–10 min, 25% A-30% A; 10–20 min, 30% A-70% A; 20–30 min, 70% A-70% A, flow rate 1.0 ml/min, column temperature 30°C, detection wavelength 275 nm, injection volume 5 μL.
Protocol of Animal Experiments in vivo
Thirty adult male Sprague Dawley (SD) rats, weighing 180 ± 10 g, were provided by the Xinjiang medical university Experimental Animal center (Xinjiang China) [No. SCXK (Xin) 2016-0004]. The rats reared in alternate light and dark environments at approximately 22°C. All experimental procedures were approved by the Ethics Committee of First Affiliated Hospital, Shihezi University School of Medicine (Approval No. 2020-035-01).
After 7 days of adaptive feeding, the rats were randomly divided into five baskets. The rats fasting the night before modeling, drinking water normally, the rats were given intraperitoneal injection of 10% chloral hydrate (ShangHai Macklin Biochemical Co., Ltd., ShangHai, China) the next day, and the rats except blank control group were inverted after anesthesia to insert a 2 mm-diameter silicone hose with solution (The blank control group was fed with normal saline and the remaining 5% 2,4,6-trinitrobenzensulphonic acid (TNBS, BeiJing OuHe Technology Co., Ltd., BeiJing, China) were mixed with 50% ethanol, 60 mg kg−1 TNBS) into the intestinal depth of about 8 cm from the anus. Twice a week for 12 weeks, starting at week 13, except for the blank control group, the rats were randomly divided into model group, positive group (Sulfasalazine, Shanghai Xinyi Tianping Pharmaceutical Co., Ltd., ShangHai, China), high dose group of CGEA-Ⅰ (CGEA-Ⅰ, 150 mg kg−1), low dose group of CGEA-Ⅱ (CGEA-Ⅱ, 100 mg kg−1), the dosage is set based on the previous research basis of our research team (Qin et al., 2019a). Dose groups were fed with the respective medicine. The blank control group and the model group were given normal saline of equal volume once a day for 14 days.
At the end of the experimental period, after fasting for 12 h, all rats were weighed, collected blood by abdominal aorta after anesthetization by injection with 10% chloral hydrate solution and sacrificed. Subsequently, serum was separately prepared by centrifuge at the temperature of 4°C for 15 min for biochemical detection. Rat livers and colon were collected and then a small portion of liver and intestinal tissue samples immediately dissected and fixed in 4% paraformaldehyde (Biosharp Life Sciences Technology Co., Ltd., BeiJing, China). The remaining tissues and the freshly collected feces were rapidly frozen in liquid nitrogen and preserved at −80°C for Tissue homogenate kit analysis and 16S rDNA Gene Sequencing Analysis.
Determination of Serum Biomarkers
According to the manufacturer’s commercially available kit instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), the activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), Albumin (Alb) and gamma-glutamyl transferase (γ-GT) in serum were determined by an enzymatic colorimetric method (Wu et al., 2019).
Assay of IL-6 and TNF-α in Liver
Weigh about 1 g of liver tissue, and add 9 times ice of normal saline, cut the tissue as much as possible with small ophthalmic scissors, use tissue homogenizer to grind into 10% tissue homogenate. The prepared homogenate was prepared with centrifuge at 4°C, 3,000 r/min, 15min centrifugation for supernatant. The levels of IL-6 and TNF-α in liver tissues were determined according to the enzyme-linked immunosorbent assay (ELISA) kit instructions (Shanghai Yaji Biological Co., Ltd., Shanghai, China).
Pathological Assessment of Liver and Colon Tissue
The liver tissues and colon tissues were fixed in 4% paraformaldehyde. The tissues were subsequently dehydrated in a graded ethanol series (75–100%) and embedded in paraffin wax. The tissues were sectioned at 4 μm thickness, liver tissue was stained with hematoxylin and eosin (HE) and Masson, and colon tissue was stained with HE, digitally photographed by light microscopic at total magnifications of ×100.
Determination of Fecal Microbial Composition by16S rDNA Gene Sequencing Analysis
Total Bacterial DNA was isolated from rat fecal samples by TIANamp Stool DNA Kit (TianGen Biotech Co., Ltd., BeiJing, China) and the quality of DNA extraction was detected by 1.2% agarose gel electrophoresis. Design primers based on conserved regions in sequences and add sample specific Barcode sequence. Then the 16S V3-V4 regions were PCR amplified. PCR amplified recovery products were quantified by fluorescence, and each sample was mixed according to the corresponding proportion according to the requirement of sequencing quantity of each sample according to the fluorescence quantitative results. The sequencing library was prepared using the TruSeq Nano DNA LT Library Prep Kit of Illumina company. Finally, high-throughput sequencing. All procedures, analysis of sequencing and the extracted DNA was subjected to Illumina Miseq PE250 platform. The content of the sequencing was commissioned to Shaanxi Irun Biotechnology Co., China.
In vivo Anti-Inflammatory Effect Study of CGEA
Twenty-four healthy Kunming mice, weighing 25 ± 2 g, were provided by the Xinjiang medical university Experimental Animal center (Xinjiang China) [No. SCXK (Xin) 2016-0004], and all experimental procedures were approved by the Ethics Committee of First Affiliated Hospital, Shihezi University School of Medicine (Approval No. 2020-035-01).
After one week of adaptive feeding, the mice were randomly divided into four groups, namely Normal group, Model group, Treatment group, and Positive group, with six mice in each group. The mice were numbered and weighed, and the Treatment group was given 100 mg kg−1 CGEA by oral gavage, the Normal group and the Model group were given saline by oral gavage in equal amounts, and the Positive group was treated with 10 mg kg−1 dexamethasone sodium phosphate injection (Hubei Qianjiang Pharmaceutical Co., Ltd., Qianjiang, China) by intraperitoneal injection. All mice were treated twice daily for 7 days, and all mice were fasted but not water after the last dose on the seventh day. Except for the normal group, a single intraperitoneal injection of LPS at a dose of 15 mg kg−1 was administered to all groups on day 8 for the establishment of an acute inflammatory model in mice, and blood was obtained immediately after 3 h by removing the eyeballs.
Biochemical Indexes Detection
After the blood was removed from the eyeball, it was left for 30 min, then centrifuged at 4°C, 3,000 r·min−1 for 20 min, and the serum was removed, and the content of IL-1β and IL-6 in the serum was measured in strict accordance with the instructions of ELISA kit (Shanghai Yaji Biological Co., Ltd., Shanghai, China).
Determination of Liver and Spleen Index
After blood collection, cervical dislocation and execution of each group of mice, the spleen and thymus were removed intact, washed with saline, swabbed dry, weighed the mass, and calculated the spleen and thymus index.
Organ index (mg·g−1) = Organ mass (mg)/Body mass (g).
Evaluation of CGEA in Promoting Probiotic Growth in vitro
Bifidobacterium (BBL) adolescentis [ATCC15703] and Lactobacillus acidophilus [ATCC4356] suspensions (107 CFU mL−1) were transferred to BBL and DeMan-Rogosa-Sharpe (MRS) liquid medium containing 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39, 0.195, and 0.0975 mg mL−1 CGEA extracts, respectively, and the initial bacterial volume was adjusted to 106 CFU mL−1. The same volume of bacterial suspension without CGEA was used as a normal control, and the wells containing only liquid medium were used as a reference control, and incubated for 12 h at 37°C under anaerobic conditions, and then the optical density value (OD value) of bacterial suspensions at 600 nm were measured with a microplate reader (Thermo Scientific, United States) to determine the optimal growth-promoting concentrations.
The Growth Curve Method was Utilized to Observe the Bacterial Growth Status
The bacteria were treated with the same operation as above, and the optimal concentration of CGEA was added respectively. Under anaerobic conditions, the bacteria were incubated at 37°C for 24 h, and the OD value of the bacteria suspended at 600 nm wavelength was measured every 2 h with a microplate reader, and the bacterial growth curve was plotted with the measurement time and its corresponding OD value to evaluate the effect of CGEA on the growth process of the strain.
Cell Culture and Processing
RAW 264.7 cells were donated by Xinjiang Uygur Autonomous Region Institute of Medicine, Maintain the cells in DMEM/High Glucose medium (HyClone, Logan, Utah, United States) supplemented with 10% v/v fetal bovine serum (FBS, Gibco, United States) and 1% penicillin-streptomycin solution (HyClone, Logan, Utah, United States), and put them into 25 cm2 culture flasks, and then place them in a constant temperature incubator (Thermo Fisher Scientific, United States) at 37°C and 5% CO2, Subculture every 2–3 days to maintain logarithmic growth. DMSO (Beijing Solarbio Technology Co., BeiJing, China) was used to prepare Lactucin solutions of different concentrations and added to the cell culture fluid. The proportion of DMSO in the cell culture fluid was 0.1% (v/v).
Cell Viability
MTT (Beijing Solarbio Technology Co., BeiJing, China) was used to determine the effect of Lactucin on cell viability. Cells were propagated in a 96-well flat-bottom plate at a cell density of 1 × 105 and combined for 16 h, the cells were counted using a hemocytometer. Then, the medium in the wells was discarded, and medium containing different concentrations of Lactucin was used to treat the cells for 24 h. At the end of incubation, each well was added with 10% MTT solution and the cells were cultured for another 4 h. Then carefully aspirate the culture solution, add 110 μL of formazan solution to each well, shake on a shaker at low speed for 10 min, and measure each wavelength at 490 nm by a microplate reader the absorbance (OD) value of the well.
Determination of NO, IL-6 and TNF-α Production
Cells were implanted in 96-well flat-bottom plates at a cell density of 1 × 105 for 16 h, and then the culture solution was discarded. The cells in the normal group and the model group were added with DMEM/High Glucose medium, and the drug intervention group was added with low (12.5 μmol L−1), medium (25 μmol L−1) and high (50 μmol L−1) doses of Lactucin medium to pre-protect the cells for 30 min. Except for the normal group, LPS (Solarbio Technology Co., BeiJing, China) (1 μg mL−1) was added to each well, and the culture was continued for 24 h. To measure NO, mix 100 μL of cell supernatant with an equal volume of Griess reagent (Hu et al., 2016a), measure the absorbance of each well at a wavelength of 550 nm using a microplate reader within 5 min, and calculate the content of NO in the cell culture solution. The levels of IL-6 and TNF-α (Shanghai Yaji Biological Co., Ltd., Shanghai, China) in the culture medium were measured using Elisa kit.
RNA Extraction and Quantitative Real Time-PCR Analysis
Cells were implanted in 6-well plate at a density of 1 × 106 and incubated for 16 h. Then, the drug intervention group was added with low (12.5 μmol L−1), medium (25 μmol L−1) and high doses (50 μmol L−1) of Lactucin medium to pre-protect the cells for 30 min. Except for the normal group, LPS (1 μg mL−1) was added to each well, and the culture was continued for 6 h, and then, according to the manufacturer’s instructions, total cell RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, United States). First-strand cDNA was synthesized from the total RNA (1 μg) was used the PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa Corporation, Japan). Then use the LightCycler 480 PCR fluorescence quantifier (Roche, Germany) to amplify the target gene according to the method reported previously. The conditions for qPCR were 95°C for 10 min followed by 45 cycles at 95°C for 15 s, 57°C for 15 s, and 72°C for 15 s, with a final extension at 72°C for 10 min. GAPDH was used as the house-keeping genes, and the relative expression change factor of each target gene was calculated by 2-△△CT method (Hu et al., 2016b). Table 1 lists the oligonucleotide primers of the target gene.
TABLE 1 | Primer sequences.
[image: Table 1]Western Blot Analysis
A total of 1 × 106 cells plated in a 6-well plate for 16 h and then exposed to Lactucin for 30 min before stimulation with LPS for indicated time. After washing the cells twice with cold PBS, the cells were scraped to collect the cells, 100 μL of radio immunoprecipitation assay (RIPA) lysis buffer (CoWin Biosciences Co., BeiJing, China) was added, shaken thoroughly and placed in a refrigerator at 4°C, lyzed for 30 min, and then centrifuged at 4°C and 12,000 r/min for 10 min, extracted the total protein of the cell, and used the bicinchoninic acid (BCA) protein concentration determination kit (Solarbio Life Sciences, BeiJing, China) for concentration determination. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the proteins (50 μg) in each sample and transferred onto polyvinylidene fluoride (PVDF, Millipore, Billerica, MA, United States) membranes. The PVDF membranes were then incubated overnight at 4 °C with primary antibodies including iNOS antibody (1:1,000, Cell Signaling Technology, United States), COX-2 antibody (1:1,000, Bioworld, NanJing China), P-Akt antibody (1:1,000), Akt antibody (1:2000) all from (Boster Biological technology, WuHan, China), p38 antibody (1:2000), P-p38 antibody (1:2000), ERK1/2 antibody (1: 2000), P-ERK1/2 antibody (1:2000), JNK antibody (1:2000), P-JNK antibody (1:2000), GAPDH antibody (1:2000), Actin antibody (1:2000), all from (Beyotime Biotechnology, ShangHai, China). The membranes were then incubated for 1 h with horseradish peroxidase (HRP)-conjugated goat anti-rabbit/mouse IgG antibody (1:5,000, Zhongshan Jinqiao Biotechnology Co., Beijing, China), and the immunoreactive proteins were visualized using the enhanced chemiluminescence reagent (ECL, Solarbio Technology Co., Beijing, China). The images were obtained using ChemiDoc™ Omnimaging System (Bio-Rad, Hercules, CA, United States) and developed using ImageJ (NIH, United States) Software for quantification.
Statistical Analysis
Each group of experiments was independently repeated 3 times, and the data were expressed as mean ± standard deviation (SD). All date were analyzed with Graph Pad Prism 6.0 software (California, United States). One-way analysis of variance (ANOVA) was used to compare differences among multiple groups, and unpaired Student’s t-test was used to analyze the significance between two groups. Values of p < 0.05 was considered statistically significant.
RESULTS
HPLC Analysis
By comparing the retention times of CGEA and Lactucin in the chromatograms, we found that the major component and the observed peak at 275 nm were identified as Lactucin (Figure 1) at a concentration of 6%.
[image: Figure 1]FIGURE 1 | Preparation of CGEA and Lactucin and their analysis by HPLC, HPLC chromatogram of CGEA at 275 nm, peaks is Lactucin.
CGEA Attenuates Liver Fibrosis in Rats
In the process of establishing the animal model, the rats showed thin feces, blood feces, which showed obvious characteristics of colitis. From the fourth week, we used orbital blood collection to determine AST and ALT indicators in some of the rats, and at 6 weeks, AST and ALT in the rats’ serum began to appear abnormal compared with the normal group, indicating that the rats began to show liver damage. Our previous experimental results have shown that liver damage lasting more than 6 weeks can cause liver fibrosis (Qin et al., 2019a; Qin et al., 2019b). Therefore, we continued to give rats enemas with TNBS for up to 12 weeks to promote the formation of liver fibrosis in rats. The results showed that no distinct edema lesions or abnormal color was observed in liver tissue of the control group. In contrast, the model group significantly resulted in ischemia and abnormal color of rat liver tissue, however, both CGEA and Sulfasalazine significantly improved the liver congestion function and normalized the color of the liver (Figure 2A). The AST, ALB and γ-GT in serum were significantly increased in the model group compared with those of normal group (p < 0.05) and ALT, LDH was significantly increased (p < 0.01) (Figures 2B–F). CGEA-Ⅰ can significantly reduce the levels of AST (Figure 2B) and γ-GT (Figure 2F) (p < 0.05), CGEA-Ⅱ also significantly reduced the level of γ-GT (p < 0.01) (Figure 2F). In conclusion, we successfully created a new liver injury-hepatic fibrosis model using TNBS-ethanol enemas, and CGEA mitigated liver fibrosis in this model.
[image: Figure 2]FIGURE 2 | CGEA reduces liver index and inflammation index of liver fibrosis rats. (A) Typical images of representative liver pathology for HE staining and Masson staining. (B–F) Effects of CGEA on serum AST, ALT, Alb, LDH, and γ-GT activities. (G–H) Statistic analysis of liver inflammation scoring (IL-6, TNF-α). Data are shown as mean ± SD in each group (*p < 0.05, **p < 0.01, ***p < 0.001 with the Model Group; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 with the Normal Group; n = 6). Abbreviations: Normal, Healthy rats; Model, Rats with enteritis and liver fibrosis; CGEA-Ⅱ, CGEA low-dose treatment group; CGEA-Ⅰ, CGEA high-dose treatment group; AST, aspartate transaminase; ALT, alanine transaminase; Alb, albumin; LDH, lactate dehydrogenase; γ-GT, γ-glutamyl transpeptidase.
CGEA Significantly Improves Histopathological Changes in Liver Fibrosis in Rats
The results of HE staining showed that, compared with those of the normal group, the liver lobules of the model group were blurred in outline, the structure was obviously damaged, the central veins were dilated, the arrangement of the hepatic cord was disordered, and there was a large number of inflammatory cells infiltrating the hepatic lobules and confluent area (Figure 2A). Masson’s staining results showed that collagen fibrous tissue proliferation and collagen deposition increased around the central vein and in the confluent area of the liver of the model group rats, forming obvious fibrous intervals with typical histological features of liver fibrosis. Compared with those of the normal group, collagen fibers were mainly distributed in the liver interstitium in the CGEA group and were significantly reduced, especially in the CGEA-Ⅰ group (Figure 2A). In conclusion, the rats in this experiment have typical liver fibrosis characteristics, and CGEA can significantly reduce the collagen fibrillar content in the liver, with significant anti-fibrotic activity.
CGEA Reduces Inflammatory Factor Levels in Rat Liver
In order to verify that the effect of CGEA on liver fibrosis in experimental rats is achieved by reducing liver inflammation, we determined the levels of IL-6 and TNF-α in rat liver tissue using the ELISA method. TNF-α and IL-6, are important inflammatory response factors in the organism that promotes fibrosis formation by inducing inflammatory responses in the liver. The results of this study showed that CGEA-II group could significantly reduce the level of IL-6 (p < 0.001) (Figure 2G), the effect of CGEA on the level of TNF-α was not significant (p > 0.05) (Figure 2H).
CGEA Improves Colonic Tissue Changes in Rats With Colitis
The results showed that the colon in the control group had no obvious edema and no ulceration, while the colonic tissue in the model group showed obvious ulceration and tissue necrosis, and the CGEA intervention could significantly improve the lesions in the colonic tissue (Figure 3). Similarly, the results of HE staining showed that there was no damage to the colon tissue of the normal group of rats, and the glandular structure in the colon was intact. In the model group, the mucosal layer of the colonic tissue was severely damaged, with loss of microvilli and glandular fragmentation. The colon of the treated group had a large amount of granulation tissue proliferation and epithelial regeneration, especially the CGEA-I group had the best repair effect (Figure 3). It means that CGEA treatment can significantly improve the damage of colon tissue and reduce the inflammation of colon.
[image: Figure 3]FIGURE 3 | CGEA restores the colonic barrier function of rats with liver fibrosis. Representative colon tissue images and HE-stained images(Normal: Healthy rats, Model: Rats with enteritis and liver fibrosis, CGEA-Ⅱ: CGEA low-dose treatment group, CGEA-Ⅰ: CGEA high-dose treatment group.)
CGEA Alters the Composition of the Microbiota in the Gut of Rats With Hepatic Fibrosis
The Chao1 index and Simpson index represent the richness and diversity of microbes in the gut. Compared with those of the normal group, the enrichment of gut microorganisms in the TNBS group increased slightly and the diversity decreased, while the CGEA and positive drug groups corrected this change, but there was no significant difference among all groups (p > 0.05) (Figures 4A,B). In order to observe specific changes in microorganisms in the gut, we genetically sequenced microorganisms in intestinal feces by 16S rDNA, and it is noteworthy that the TNBS group and the administration intervention group caused changes in bacterial communities at the level of phylum and genus, and at the taxonomic level of phylum, Proteobacteria, Firmicutes and Bacteroidetes represent the majority of the total sequence of bacteria. Compared with those of the normal group, the abundance of Firmicutes in the intestines of rats in the TNBS group was significantly reduced and the abundance of Bacteroidetes was significantly increased, while the CGEA group and the positive drug group improved this situation by increasing the abundance of Firmicutes, Proteobacteria and Acidobacteria and reducing the abundance of Abundance of Bacteroidetes. (Figure 4D); at the level of genus, compared with those of the normal group, after TNBS modeling, the abundance of Prevotella in the intestines of rats was reduced, and the abundance of Pseudomonas and Ochrobactrum was increased, and the CGEA intervention could reduce the abundance of Ochrobactrum and increase the abundance of Ruminococcus and Acinetobacter, making the intestinal flora more to the normal level (Figure 4C).
[image: Figure 4]FIGURE 4 | CGEA reverses the changes of intestinal microbes. (A–B) Effects of CGEA on the observed species Chao one index and Shannon index in fecal microbiota after long-term TNBS exposure, respectively. (C) CGEA significantly ameliorated the relative abundance changes of fecal microbial composition at the genus level due to TNBS intake. (D) CGEA dramatically modified TNBS-induced relative abundance alterations of fecal microbial composition at the phylum level. (F) Heat map analysis of the gut microbiota. Data are shown as mean ± SD from three independent experiments (Normal: Healthy rats, Model: Rats with enteritis and liver fibrosis, CGEA-Ⅰ: CGEA high-dose treatment group).
CGEA Reduces the Level of Inflammation and Improves the Organ Index in Mice
Compared with the normal group, IL-1β and IL-6 in the serum of mice in the model group were highly significantly elevated (p < 0.001). Compared with the model group, CGEA significantly reduced the level of IL-6 in the serum of mice (p < 0.01). Although CGEA could not significantly reduce the level of IL-1β, the results could indicate that CGEA had a decreasing effect on IL-1β (Figure 5). Similarly, CGEA also reduced the spleen index and thymus index in mice (Table 2).
[image: Figure 5]FIGURE 5 | CGEA reduces the serum levels of IL-1β and IL-6 in inflamed mice. Data are shown as mean ± SD in each group (**p < 0.01, ***p < 0.001 with the Model Group; ###p < 0.001 with the Normal Group; n = 6). Abbreviations: Normal, Healthy mice; Model, LPS-induced inflammation model mice; CGEA, 100 mg ml−1 dose treatment group; Positive, dexamethasone sodium phosphate injection treatment group.
TABLE 2 | Effect of CGEA on spleen index and thymus index in mice with LPS-induced acute inflammation (x ± s, n = 6).
[image: Table 2]CGEA Promotes the Growth of Bifidobacterium Adolescentis
Compared with the Normal group, high concentrations of CGEA significantly inhibited the growth of Bifidobacterium adolescentis and Lactobacillus acidophilus, and as the concentration decreased, CGEA showed some microbial growth promoting effects, especially at a concentration of 0.78 mg mL−1, the growth promoting effect of CGEA on Bifidobacterium adolescentis was the most obvious (Figure 6A). Further, the growth curve results showed that with the decrease of CGEA concentration, CGEA at 0.78 mg mL−1 concentration could significantly promote the growth of Bifidobacterium adolescentis after 16 h of co-interaction (p < 0.01), and when the concentration continued to decrease, this promotion effect started to weaken again (Figure 6C); the effect of CGEA on the growth promoting effect of CGEA on Lactobacillus acidophilus was not significant, but the toxic effect of low concentration of CGEA on Lactobacillus acidophilus was also very weak and basically did not affect the normal growth of Lactobacillus acidophilus (Figure 6D).
[image: Figure 6]FIGURE 6 | Growth curve of Bifidobacterium adolescentis and Lactobacillus acidophilus. Data are shown as mean ± SD in each group (**p < 0.01, ***p < 0.001 with the Normal Group; n = 3). (A, C) Bifidobacterium adolescentis. (B, D)Lactobacillus acidophilus. Abbreviations: Normal, The bacterial suspension without CGEA.
Lactucin Significantly Reduces LPS-Induced Levels of Inflammatory Mediator Production in RAW264.7 Cells
To further clarify the potent anti-inflammatory activity of CGEA, we investigated the mechanism of anti-inflammatory action of its main compound, Lactucin, in vitro. First, the toxic effect of Lactucin on RAW264.7 cells was determined by MTT, and the results showed that when Lactucin was 50 μmol L−1, the cell viability was recovered 88.08%, which can be considered as no significant cytotoxicity. Similarly, DMSO at a final concentration of 0.1% was not cytotoxic, whereas 100, 200, and 400 μmol L−1 all showed significant cytotoxicity with cell survival rates of 55.64, 23.40, and 7.66%, respectively (Figure 7A); therefore, subsequent experiments were performed using Lactucin at non-cytotoxic concentrations of 12.5, 25, and 50 μmol L−1, providing a basis for the variation in the experimental data not due to cytotoxicity. The results showed that 50 μmol L−1, 25 μmol L−1 Lactucin could significantly inhibit the level of NO production in RAW264.7 cells (p < 0.01), and 12.5 μmol L−1 Lactucin could also significantly inhibit NO production (p < 0.05) (Figure 7B); 50 μmol L−1, 25 μmol L−1 Lactucin could significantly inhibit IL-6 production (p < 0.001), 12.5 μmol L−1 Lactucin could also significantly inhibit IL-6 production (p < 0.01) (Figure 7C); and the inhibitory effect of Lactucin on TNF-α was not significant (p > 0.05) (Figure 7D).
[image: Figure 7]FIGURE 7 | In vitro anti-inflammatory effect of Lactucin in LPS-activated RAW 264.7 cells. (A) The cell viability of RAW264.7 cells were assessed by MTS assay. (B) The concentrations of NO were measured using the Griess reaction, and Lactucin significantly inhibited NO production. (C, D) The levels of IL-6 and TNF-α in the culture supernatants were determined by ELISAs, and Lactucin significantly inhibited IL-6 production. Data are shown as mean ± SD in each group (*p < 0.05, **p < 0.01, ***p < 0.001 with the LPS Group, n = 3. Normal Group: RAW264.7 cells without LPS activation).
Lactucin Significantly Inhibits LPS-Induced Inflammatory mRNA Expression Levels in RAW264.7 Cells
It is well known that iNOS is a key enzyme for cellular production of large amounts of NO (Cassini-Vieira et al., 2015), and in addition, COX-2 is an inflammatory gene that catalyzes the production of PGE2 and is involved in promoting the inflammatory response process (He et al., 2020). To further investigate whether the inhibitory effects of lactucin on NO, PGE2, IL-6, TNF-α, and IL-1β are related to the genes responsible for regulation, we determined the effects of lactucin on the expression of mRNA with relevant targets. The results showed that the mRNA levels of the target genes were undetectable in the unstimulated RAW264.7 cells. After LPS stimulation, the mRNA expression of iNOS, COX-2, IL-6, IL-1β and TNF-α was significantly increased. Lactucin significantly inhibited the mRNA expression of these genes in a concentration-dependent manner, in which 50 μmol L−1 of Lactucin significantly inhibited the mRNA expression of IL-6, IL-1β and COX-2 (p < 0.05) (Figure 8A,B,E) and extremely significantly inhibited the mRNA expression of iNOS (p < 0.01), and 25 μmol L−1 of Lactucin had a significant inhibitory effect on the mRNA expression of iNOS (p < 0.05) (Figure 8D), Lactucin had an inhibitory effect on TNF-α mRNA expression, but there was no significant difference (p > 0.05) (Figure 8C). These results suggest that the inhibition of inflammatory mediators in LPS-stimulated macrophages by Lactucin can be explained by the inhibition of the mRNA expression achieved in the production of inflammatory mediators.
[image: Figure 8]FIGURE 8 | The effect of Lactucin on mRNA expression of a set of inflammatory genes. and Lactucin significantly inhibited IL-6, IL1-β, iNOS, and COX-2 mRNA expression. Data are shown as mean ± SD for each group (*p < 0.05, **p < 0.01 with the LPS Group, n = 3. Normal Group: RAW264.7 cells without LPS activation).
Lactucin Significantly Inhibits iNOS, COX-2 Protein Expression
To further investigate whether the inhibitory effect of Lactucin on inflammatory mediators is related to its associated proteins, Western Blot was used to determine protein expression of iNOS and COX-2. The results showed that after 12 h of LPS stimulation, iNOS and COX-2 proteins were highly expressed in the cells, whereas iNOS and COX-2 proteins were hardly expressed in normal cells, 50 μmol L−1 of lactucin could extremely significantly inhibit iNOS and COX-2 protein expression (p < 0.01), and 25 μmol L−1 of lactucin could also extremely significantly inhibit iNOS protein expression (p < 0.01), in addition, it is evident that 0.1% of DMSO had no effect on protein expression (Figure 9A).
[image: Figure 9]FIGURE 9 | Effect of Lactucin on the activation of signaling pathways. (A) The whole-cell lysates were extracted for immunoblotting to determine the level of iNOS, COX-2. (B, C) The whole-cell lysates were extracted for immunoblotting to determine the levels of phospho- or total MAPKs (ERK, p38, and JNK) and AKT identified based on their antibodies. Data are shown as mean ± SD for each group (*p < 0.05 with the LPS Group, n = 3. Normal Group: RAW264.7 cells without LPS activation).
Lactucin Significantly Inhibits AKT, MAPKs Protein Phosphorylation
Dysregulation of MAPK signaling pathway is one of the key factors that induce inflammation. Inhibition of MAPK signaling pathway can ameliorate many inflammatory diseases (Gong et al., 2014). At the same time, inhibition of Akt protein phosphorylation also prevents NF-κB p50 subunit movement toward the cell nucleus, which in turn inhibits inflammatory factor production (Lai et al., 2015). The results showed that the phosphorylation of MAPKs and AKT proteins could be induced by LPS stimulation for 30 min 50 μmol L−1 of Lactucin significantly reduced the phosphorylation of p38, ERK1/2 (Figure 9B) and AKT proteins (p < 0.05) (Figure 9C), had no significant effect on the phosphorylation of JNK proteins, and almost no effect on the non-phosphorylated AKT, p38, ERK1/2, and JNK protein content.
DISCUSSION
In this study, we demonstrated that CGEA significantly ameliorated liver fibrosis induced by chronic colitis in rats. Promoting the growth of bifidobacteria. Interestingly, we found that CGEA could alter the composition of microorganisms in the rat intestine, and the gut-liver axis has been reported to be closely associated with liver fibrosis, however, intestinal microbes and intestinal barrier are two key factors associated with liver fibrosis (Tripathi et al., 2018). Our results found that persistent colitis disturbed microbial populations in the rat gut, as evidenced by up-regulating of the abundance of Bacteroidetes and down-regulating the abundance of Firmicutes in the intestine, which is consistent with a report by Frank (Frank et al., 2011), and the Bacteroidetes and Firmicutes, as the two main dominant groups in the intestine, participated in the metabolism and absorption of nutrients in the body. Firmicutes can help the body absorb more energy from food (Ley et al., 2006), thus increasing the body’s resistance, while patients with liver fibrosis have abnormal liver function and generally weak immunity. CGEA may improve the body’s immunity against liver fibrosis by reconfiguring microbial populations in the intestine.
On the other hand, when intestinal inflammation persists, the intestinal villi become sparse and damaged, the intestinal barrier function is disrupted, and the metabolites of microorganisms in the gut with harmful flora enter the liver with the enterohepatic axis, stimulating inflammation in the liver. Our results show that increased expression of inflammatory factors in the liver of rats with colitis reveals that functionally impaired intestinal microbes can stimulate intrahepatic inflammation and enter the enterohepatic circulation through the damaged intestinal barrier, exacerbating the development of liver fibrosis. The metabolism of short-chain fatty acids (SCFAs) produced by the Ruminococcus is one of the richest families of Fusobacteria under the Firmicutes (Sagheddu et al., 2016), which enhances the protective effect of the intestinal barrier (Kang et al., 2017; Porras et al., 2017). Therefore, we speculate that the protective effect of CGEA on the rat intestinal barrier may be related to its promotion of the growth of Ruminococcus, however, its specific mechanism of action needs to be further investigated.
Almost all liver diseases are accompanied by inflammation (Bai et al., 2017), and sustained inflammatory stimuli lead to substantial loss of hepatocytes and loss of liver function (Wu et al., 2019), thus reducing the production of inflammatory factors is important to reduce liver injury and fibrosis (O'Reilly et al., 2014; Seki and Schwable, 2015). IL-6 is a proinflammatory cytokine produced after immune activation that can exacerbate chronic inflammation (Cha et al., 2015). And our results table that CGEA significantly reduced serum levels of IL-6 both in acutely inflamed mice and in rats with liver fibrosis. In conclusion, our results suggest that CGEA can reduce the expression of inflammatory factors not only directly, but also indirectly by regulating microorganisms and improving the circulation of the enterohepatic axis.
Earlier experiments demonstrated the most significant anti-inflammatory activity of Lactucin in CGEA (Dang et al., 2019). In the present experiments we further determined the content of Lactucin and the HPLC results showed that the content of Lactucin in CGEA was 6%.Lactucin being the major compound in CGEA, we predict that the anti-inflammatory activity exhibited by CGEA is mainly due to the anti-inflammatory effect exerted by Lactucin. It is well known that dysregulation of MAPK signaling pathway is a key factor in triggering inflammation (Jeong et al., 2014; Duan et al., 2017). Moreover, MAPKs and PI3K/Akt signaling pathways can directly promote DNA binding activity, leading to the up-regulation of iNOS and TNF-α mRNA expression in RAW 264.7 cells (Hu et al., 2016a). The results showed that Lactucin could significantly inhibit LPS-induced iNOS and COX-2 mRNA expression and protein expression in RAW264.7 cells, which is consistent with the findings of Lee et al. (Lee et al., 2010). This suggests to us that Lactucin exert anti-inflammatory effects by suppressing the phosphorylation of ERK1/2 and p38 signaling pathways, which lead to the inhibition of NO production in RAW 264.7 cells.
PI3K/Akt is a serine/threonine-specific protein kinase that plays a key role in many cell growth processes and is closely related to the MAPK signaling pathway, which can both activate and inhibit each other (Meng et al., 2009; Aksamitiene et al., 2012). Our results indicate that Lactucin can significantly inhibit the mRNA expression of IL-6 and IL-1β in RAW264.7 cells and significantly inhibit the phosphorylation of AKT protein. In conclusion, the results here indicate that Lactucin is anti-inflammatory by inhibiting the activation of the MAPK-AKT signaling pathway in RAW264.7 cells, thereby inhibiting the production of inflammatory factors such as NO and IL-6.
CONCLUSION
Taken together, our results indicated that CGEA can ameliorate liver fibrosis induced by 5% TNBS-50% ethanol solution. The mechanism of action may combine the modulation of ERK1/2, p38 and AKT signaling pathways with improvement of the “gut-liver axis” circulation to inhibit inflammation and thus exert an anti-fibrotic effect (Figure 10).
[image: Figure 10]FIGURE 10 | CG confers anti-inflammatory effects by inhibiting the phosphorylation pathway of MAPK signaling pathway, thereby improving the intestinal microenvironment and reducing the production of liver fibrosis through the “gut-liver axis”.
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GLOSSARY 
AKT (protein kinase B)
ALT (Alanine aminotransferase)
Alb (Albumin)
AST (Aspartate aminotransferase)
CG (Cichorium pumilum Jacq)
CGEA (Ethyl Acetate Extract of Cichorium pumilum Jacq)
COX-2 (Cyclooxygenase-2)
DMSO (dimethyl sulfoxide)
Elisa (enzyme-linked immunosorbent assay)
ERK1/2 (Extracellular signal-regulated kinase)
IL (Interleukin)
iNOS (Inducible nitric oxide synthase)
JNK (Jun-N-terminal kinase)
LDH (Lactate dehydrogenase)
LPS (Lipopolysaccharide)
MAPKs (Mitogen activated protine kinase)
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
NO (Nitic oxide)
p38 (p38 kinases)
qPCR (Real-time Quantitative polymerase chain reaction)
γ-GT (gamma-glutamyl transferase)
TNBS (2,4,6-trinitrobenzene sulfonic acid)
TNF-α (Tumor necrosis factor-α)
(BBL) Bifidobacterium
(MRS) DeMan-Rogosa-Sharpe
(RIPA) Radio Immunoprecipitation Assay
(BCA) Bicinchoninic Acid
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The liver is a central organ in the human body, coordinating several key metabolic roles. The structure of the liver which consists of the distinctive arrangement of hepatocytes, hepatic sinusoids, the hepatic artery, portal vein and the central vein, is critical for its function. Due to its unique position in the human body, the liver interacts with components of circulation targeted for the rest of the body and in the process, it is exposed to a vast array of external agents such as dietary metabolites and compounds absorbed through the intestine, including alcohol and drugs, as well as pathogens. Some of these agents may result in injury to the cellular components of liver leading to the activation of the natural wound healing response of the body or fibrogenesis. Long-term injury to liver cells and consistent activation of the fibrogenic response can lead to liver fibrosis such as that seen in chronic alcoholics or clinically obese individuals. Unidentified fibrosis can evolve into more severe consequences over a period of time such as cirrhosis and hepatocellular carcinoma. It is well recognized now that in addition to external agents, genetic predisposition also plays a role in the development of liver fibrosis. An improved understanding of the cellular pathways of fibrosis can illuminate our understanding of this process, and uncover potential therapeutic targets. Here we summarized recent aspects in the understanding of relevant pathways, cellular and molecular drivers of hepatic fibrosis and discuss how this knowledge impact the therapy of respective disease.
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INTRODUCTION
The liver is the largest solid organ in the human body, weighing about 1,200–1,500 g, and comprising about 1/50th of the total body weight in an adult (Dooley et al., 2018). Understanding the complex architecture of the liver is key to understanding liver fibrosis and its consequences.
The liver has two major sources of blood supply, namely (i) the portal vein and (ii) the hepatic artery. The portal vein brings venous blood from the intestines and spleen to the liver. The hepatic artery brings arterial blood to the liver from the celiac axis. The liver is encapsulated by the Glisson’s capsule which is mainly composed of connective tissue (Junqueira and Carneiro, 2002). Within the Glisson’s capsule, the liver is divided into polygonal sections called lobules which are also separated by connective tissue. Each lobule has a characteristic arrangement which is disturbed during liver fibrosis and is completely damaged during cirrhosis (Figure 1A) (Sasse et al., 1992). Since liver function is so intricately linked to this arrangement, hepatic function is completely disrupted during cirrhosis leading to complications. The liver lobule, which is roughly hexagonal, harbors the hepatic central vein at its center (Sasse et al., 1992; Junquiera and Carneiro 2002). Hepatocytes are the most abundant cell type in the liver, constituting about 60% of the total cell number and 80% of liver cell volume. Hepatocytes perform the major roles of the liver such as detoxification of xenobiotics, urea cycle and the synthesis of plasma proteins (Zhou et al., 2016). Hepatocytes are arranged in straight lines radiating out from the central vein toward the edge of the lobule. The space between the radially arranged files of hepatocytes is commonly termed the sinusoids. Bile duct, lymphatics, neurons, as well as the branches of hepatic artery and portal vein line the periphery of the lobules and feed into the liver sinusoids. The portal vein and hepatic artery branch into the liver sinusoids, toward the central vein. Sinusoids are lined with fenestrated endothelial cells, and harbor immune cells such as Kupffer cells, hepatic stellate cells (HSCs) and hepatic natural killer cells (NK cells). These are known as the non-parenchymal cells of the liver. The space between the periphery of the hepatocyte lining and the endothelial cells is known as the space of Disse. The space of Disse is where the exchange of nutrients and other molecules occurs between the hepatocytes and blood flowing through the blood capillaries from the portal vein and the hepatic artery (Sasse et al., 1992). Interactions between the parenchymal and non-parenchymal cells in this carefully preserved architecture are central to efficient functioning of the liver.
[image: Figure 1]FIGURE 1 | Liver architecture in healthy liver and fibrosis. (A) In normal liver, hepatocytes are arranged in rows radiating outwards from the central vein, toward the edge of the lobule. The gaps between the hepatocyte rows are known as sinusoids which are lined with endothelial cells, and contain Kupffer cells, hepatic stellate cells, and contain extracellular material such as the non fibrogenic type IV collagen. Hepatic portal vein, hepatic artery and biliary tree are the three major vessels feeding into the sinusoids and the exchange of blood gases, nutrients and other signaling molecules occurs in the sinusoids. (B) Injury to hepatocytes due to any of several causes such as alcohol, drug, genetic predisposition, etc., activates the wound healing fibrogenic response. Chronic injury to the hepatocytes and chronic activation of the fibrogenic pathway in the liver leads to synthesis of fibrogenic type I collagen by the Hepatic stellate cells and its deposition within the sinusoids. Deposition around the central vein and around the portal vein leads to increase in vascular resistance and portal hypertension. Compensatory mechanisms such as esophageal varices and ascites follow.
Fibrogenesis is a normal wound healing response to tissue injury. All hepatocellular injuries activate the fibrogenic pathways. Once these pathways are activated, fibrogenic components of the extracellular matrix (ECM) are secreted into the space of Disse in order to encapsulate and isolate the damaged portion of the tissue for repair (Bataller and Brenner, 2005). During the encapsulation, there is an infiltration of immune cells that clear cellular debris and initiate tissue repair. The transition from a normal liver to fibrotic liver involves activation and modulation of complex signaling pathways, cell-cell communication between the hepatocytes and non-parenchymal cells, immune system, tissue repair pathways and the extracellular space. In the normal liver, the ECM present in the space of Disse is made up of glycoproteins like fibronectin and laminin, type IV collagen (non-fibrogenic) and proteoglycans such as heparan sulfate (Figure 1A). These components form a lattice-like matrix, which are essential for providing both mechanical support as well as molecular signals for the proper arrangement and functioning of liver cells. When there is hepatic injury, the composition and density of the ECM changes. There is almost a 6–8 fold increase in the production of ECM components. Non-fibrogenic type IV collagen is replaced by fibrogenic type I and II collagen (Figure 1B). There is additional secretion of fibronectin, hyaluronic acid and α-smooth muscle actin into the ECM. In addition, endothelial cell fenestrations as well as microvilli on the hepatocyte basal membrane are lost thereby compromising exchange of nutrients and metabolites as well as other signaling molecules between the circulation and hepatocytes. While the response to tissue injury is a rapid process and fibrogenesis is intended at promoting wound healing, repeated injury and activation of the fibrogenic pathways result in a chronic activation of fibrogenesis (Iredale et al., 2013). This leads to an increased synthesis and decreased degradation of type I collagen over a period of time. This results in deposition of type I collagen in the ECM surrounding the lobules which is the hallmark of fibrosis. Large amounts of type I collagen deposition around the lobules and within the sinusoidal space disrupts the radial arrangement of the hepatocytes, interfering in the flow of nutrients and signaling molecules from the blood through the sinusoids to the hepatocytes, disrupting hepatocyte function. The deposition of collagen around the lobules causes major structural changes in the liver thereby disrupting liver function as well (Iwakiri, 2014). Accumulation of type I collagen fibers leads to mechanical rigidity in the ECM which puts pressure on the blood vessels flowing through the liver. This leads to intrahepatic vasoconstriction and vascular resistance (Pinzani and Vizzuti, 2005). Therefore, in a major vein like the hepatic portal vein, this leads to portal hypertension, which is a major clinical concern in liver fibrosis. The unchecked development of portal hypertension has two major consequences: (i) development of collateral blood vessels from the systemic and splanchnic circulation and, (ii) vasodilation of the hepatic artery (Bosch, 2007). This further increases blood flow into the hepatic portal vein leading to further portal hypertension. As a compensatory mechanism to relieve pressure, submucosal veins present at the lower portion of the esophagus dilate leading to esophageal varices that have the potential to rupture and can be fatal. Fluid begins accumulating within the peritoneal cavity, leading to ascites-the hallmark of advanced decompensated cirrhosis (Bolognesi, et al., 2014; Perri, 2013). These physiological processes are summarized in Figure 1B.
DRIVERS OF LIVER FIBROSIS
Genetic Disorders
Several genetic diseases predispose the liver to fibrosis (Scorza et al., 2014). In all of these diseases, the initiation of fibrosis begins with tissue injury due to a consequence of the genetic defect followed by a fibrogenic wound healing response, as discussed above. Genetic causes for liver fibrosis have come into light due to the advancements in molecular genetic and imaging techniques. Several genetic polymorphisms summarized in Table 1, have been implicated in the occurrence of liver fibrosis, leading to cirrhosis (Pinzani and Vizzutti, 2005). Most of these mutations affect many different cell types but predispose the individual to liver fibrosis and in some cases, liver cirrhosis (Scorza et al., 2014). Many of the genes listed in Table 1, such as, ABCB4, ALDOB, GBE1, FAH, ASL, SLC25A13, and SERPINA1 are highly expressed in the liver and therefore, mutations in these genes, the liver is the organ which is most affected. Most genetic disorders that lead to cirrhosis manifest in childhood and are a leading cause of pediatric liver cirrhosis, apart from childhood obesity (Pinto et al., 2015). In addition to the genetic mutations that predispose individuals to hepatic fibrosis that appear in childhood, mutations of the PNPLA3 gene have been described as a major predisposing factor in non-alcoholic fatty liver disease (NAFLD) (Anstee et al., 2020). PNPLA3 encodes for Patatin-like phospholipase domain-containing protein 3 or adiponutrin and is abundantly expressed in hepatocytes, adipocytes as well as HSCs (Dong, 2019). The PNPLA3 I148M variant has been shown to have a positive association with hepatic fat content (steatosis), NAFLD, non-alcoholic steatohepatitis (NASH) as well as hepatocellular carcinoma (Dong, 2019). The global prevalence of NAFLD is about 25% and in obese individuals or in the presence of type 2 diabetes mellitus, it increases to about 60% (Younossi et al., 2016). Therefore, PNPLA3 gene is a strong predisposing genetic factor for hepatic fibrosis. Although the PNPLA3 protein has been shown to have triacylglycerol lipase and acylglycerol transacylase enzymatic activities, its exact role in hepatocytes have been controversial (Jenkins et al., 2004; Dong, 2019). Other studies have demonstrated a retinyl esterase activity for PNPLA3 (Pirazzi et al., 2014). HSCs are reservoirs for retinoic acid, which activate the retinoic acid receptor (RAR) mediated transcription which keeps fibrogenesis under control (Hellemans, et al., 1999; Hellemans et al., 2004; Wang et al., 2002). Mutations in the PNPLA3 gene that alter the retinyl esterase activity therefore, decrease the level of retinoic acid in the HSCs and therefore reduce the RAR mediated control of fibrogenesis in HSCs (Bruschi et al., 2017). However, it is now recognized that PNPLA3 has pleiotropic roles in the hepatocyte that are still under investigation such as in hepatocyte lipid droplet homeostasis, HSC quiescence and proliferation regulation (Dong, 2019). As several roles for PNPLA3 are suggested, PNPLA3 might be a good therapeutic target to control NAFLD related fibrosis and disease progression.
TABLE 1 | Genetic causes predisposing the liver to fibrosis.
[image: Table 1]Alcohol
Excessive and continued alcohol intake over large periods of time, i.e., alcohol abuse, can lead to liver fibrosis followed by cirrhosis and liver cancer (Stickel et al., 2017). Alcoholic liver disease (ALD) comprises a spectrum of liver disorders ranging from fatty liver, steatosis, fibrosis with varying degrees of inflammation, cirrhosis. Alcohol abuse contributes to almost 50% of chronic liver disease related deaths globally (Rehm and Shield 2019). While the pathophysiology of alcohol induced cirrhosis is not completely understood, alcohol and its metabolic intermediates such as acetaldehyde are thought to play an important role in it. Alcohol is absorbed from the duodenum and upper jejunum by simple diffusion, reaching peak blood concentration by 20 min post ingestion after which it is quickly redistributed in vascular organs (Koob et al., 2014). Alcohol cannot be stored and needs to undergo obligatory oxidation which occurs predominantly in the liver (Figure 2) (Yang et al., 2019). The first step in alcohol oxidation converts alcohol into acetaldehyde. There are three enzymes in the liver that can carry out this reaction (i) alcohol dehydrogenase (ADH) which catalyzes the bulk of ethanol to acetaldehyde conversion, (ii) the alcohol inducible liver cytochrome P450 CYP2E1 (microsomal ethanol oxidizing system or MEOS) and, (iii) peroxisomal catalase. The ethanol to acetaldehyde conversion by ADH generates NADH (Berg et al., 2002). Oxidation of large amounts of alcohol therefore, leads to the accumulation of NADH, which inhibits lactate to pyruvate conversion and promotes the reverse reaction. Lactate to pyruvate conversion is an important means of entry of lactate into gluconeogenesis. As a result, lactic acidosis and hypoglycemia may occur during excessive alcohol consumption. NADH/NAD+ ratio also allosterically regulates fatty acid β-oxidation which breaks down long chain acyl CoA to acetyl CoA for entry into TCA cycle (Berg et al., 2002). Since NADH is a product of fatty acid oxidation, an increase in NADH/NAD+ ratio provides an allosteric feedback to the fatty acid β-oxidation pathway thereby decreasing the catabolism of fatty acids and leading to their intracellular accumulation. This leads to “fatty liver.” NADH also inhibits two enzymes of the TCA cycle-isocitrate dehydrogenase and α-ketoglutarate dehydrogenase thereby decreasing the consumption of acetyl CoA by the TCA cycle and leading to increase in intra-hepatic acetyl CoA levels. The accumulation of acetyl CoA, in turn, leads to the increased production and release of ketone bodies exacerbating the acidosis already present in the blood due to increased levels of lactate (McGuire et al., 2006). This is known as alcoholic ketoacidosis, which creates a medical emergency. At very high levels of ethanol consumption, the metabolism of acetate becomes compromised leading to the accumulation of acetaldehyde within the hepatocytes. Acetaldehyde can modify the functional groups of many proteins and enzymes irreversibly forming acetaldehyde adducts which leads to a global dysfunction of hepatocytes and eventually, to cell death (Setshedi et al., 2010). The second major pathway for ethanol metabolism is via the inducible cytochrome P450 CYP1E2, also known as the microsomal ethanol oxidizing system (MEOS) (Lieber, 2004). This is located in the smooth endoplasmic reticulum of hepatocytes. In normal people with average to below average alcohol consumption, MEOS forms a minor pathway for intracellular alcohol metabolism (Lieber, 2004). However, it increases manifold upon chronic alcohol consumption. MEOS catalyzes a redox reaction converting molecular oxygen to water and NADPH to NADP (Figure 2). In the liver, glutathione plays an important role in maintaining the cellular redox status and participates in xenobiotic metabolism (Yuan and Kaplowitz, 2009). NADPH is essential in the regeneration of glutathione. The consumption of cellular NADPH leads to a decrease in regeneration of glutathione thereby leading to oxidative stress. This results in cell death and inflammation leading to alcoholic hepatitis which, in itself can be fatal (Morgan, 2007). Often, these processes occur hand in hand. Cellular depletion of glutathione has an additional consequence. Glutathione is required for the detoxification of several drugs including acetaminophen (van de Straat et al., 1987). In the hepatocytes, acetaminophen is modified to form a cytotoxic metabolite known as N-acetyl-p-benzoquinone imine (NAPQI) via CYP2E1 (van de Straat et al., 1987). Conjugation of NAPQI to glutathione results in an S-glutathione product that detoxifies the molecule and allows safe excretion in the urine. However, depletion of glutathione reserves allows unconjugated NAPQI to prevail in the cells which reacts with DNA and proteins to form adducts, thereby causing cytotoxicity and hepatocyte death (Macherey and Dansette, 2015). Long term alcohol use induces CYP2E1 and therefore facilitates rapid NAPQI formation when the liver encounters acetaminophen. At the same time, chronic alcohol abuse leads to low glutathione reserves. A combination of both these changes makes the liver highly susceptible to acetaminophen induced liver injury as well as injury due to other drugs or metabolites that go through the glutathione detoxification pathway. While drug overuse is, in itself a cause for liver injury, in a background of alcoholic liver disease, it can lead to massive liver damage. Damage to hepatocytes, either due to chronic alcohol abuse, exacerbated by drug use, activates the fibrogenic pathway leading to hepatic fibrosis, cirrhosis and hepatocellular carcinoma.
[image: Figure 2]FIGURE 2 | Alcohol metabolism in the liver. Three pathways are involved in alcohol metabolism and all of them converge on the oxidation of ethanol to acetaldehyde. Acetaldehyde is further converted to acetate by aldehyde dehydrogenase in the mitochondria. Acetate can be rapidly oxidized into CO2 and H2O by peripheral tissues, or can be diverted to the tri-carboxylic acid (TCA) pathway. The oxidation of ethanol to acetaldehyde by microsomal ethanol oxidation system (MEOS) occurs in the smooth endoplasmic reticulum and changes the NADPH/NADP ratio which in turn influences the regeneration of glutathione thereby increasing cellular oxidative stress. The alcohol dehydrogenase pathway is the major pathway and occurs in the cytosol, generating large amounts of NADH. NADH in turn inhibits TCA cycle enzymes and leads to accumulation of acetyl CoA and increase in ketone body generation and acidosis. NADH also inhibits fatty acid oxidation leading to accumulation of fats and causing “fatty liver.” A combination of the above factors leads to tissue injury and activation of the fibrogenic pathway.
Drugs
Drugs induce hepatic fibrosis by causing drug-induced liver injury (DILI) that causes the initiation of fibrogenic tissue repair mechanisms. While the prevalence of DILI is lower as compared to other causes of liver injury, such as alcohol, hepatisis or steatosis, it can lead to life-threatening complications. DILI can be of two types: (i) intrinsic (due to injury caused by a known on-target drug) or (ii) idosyncratic (due to injury caused by an unknown factor and cannot be explained by known pharmacological elements e.g., herbal preparations of unknown compositions) (DiPaola and Fontana, 2018). Among intrinsic causes, acetaminophen induced DILI is the most common. As described above, acetaminophen overload combined with alcohol abuse can exacerbate the liver injury that can occur due to either alcohol or acetaminophen alone. A major function of the liver is detoxification of xenobiotic compounds that enter our circulation either through diet or through intravenous drug usage. Detoxification mechanisms in the liver mainly involve the cytochrome P450 family (CYP gene families CYP1, CYP2, CYP3) (McDonnell and Dang, 2013) (Figure 3). Cytochrome P450s are a group of heme proteins that are involved in the initial detoxification reactions of small molecules such as dietary and physiological metabolites, as well as drugs (Zanger and Schwab, 2013; Todorovic Vukotic et al., 2021). The expression of the CYP genes is influenced by several factors such as age, sex, promoter polymorphisms, cytokines, xenobiotic compounds and hormones, to name a few (Zanger and Schwab, 2013). Cytochrome P450 mainly carry out a monooxygenation reaction and carry oxidation of drugs/xenobiotic compounds. This can either convert the molecule into an inert or bioactive molecule.
[image: Figure 3]FIGURE 3 | Metabolism of drugs and other xenobiotics in the liver. Drug and xenobiotic metabolism occurs in two phases: (i) phase I is catalyzed by the cytochrome P450 family of monooxygenases which metabolize ingested small molecules to form inert or bioactive metabolic intermediates. (ii) These intermediates are further catalyzed in phase II reactions to form soluble polar compounds that can be further excreted through urine or bile. Accumulation of bioactive drug or xenobiotic intermediates can lead to the formation of protein or nucleic acid adducts causing autoimmune reaction, carcinogenesis or direct cellular injury.
Bioactive compounds can covalently modify intracellular proteins, leading to direct cellular injury, carcinogenesis or production of hapten-protein conjugates that can lead to antibody mediated cytotoxicity (Figure 3). Although the classical view of DILI is that drugs become hepatotoxic as a consequence of or defects in their metabolism, several factors may influence the final outcome of drug intake such as age, gender, comorbidities, intake of alcohol, other drugs or herbal preparations and polymorphisms of the CYP genes (Tarantino et al., 2009). The exact mechanism of DILI in specific cases depends on the nature of the molecule and its CYP-transformed metabolites. Drug metabolism can generate free radicals or electrophiles that can be chemically reactive. This can lead to the depletion of reduced glutathione, formation of protein, lipid or nucleic acid adducts and lipid peroxidation. Unless these metabolic intermediates are rapidly neutralized through phase II reactions, they can contribute to cellular stress and injury (Figure 3). They can also lead to modulation of signaling pathways, induce transcription factors, and alter gene expression profiles. In the liver, accumulation of large quantities of reactive drug metabolites can lead to hepatocellular injury, formation of protein adducts that can act as haptens and stimulate production of auto-antibodies or promote cellular transformation. Cellular injury then leads to induction of fibrogenic responses as described above.
Cholestasis
Cholestasis is emerging as a leading cause for liver injury and fibrosis. Cholestatic liver diseases can occur due to primary biliary cirrhosis and primary sclerosing cholangitis and involve injury to the intra- and extra-hepatic biliary tree (Penz-Österreicher et al., 2011). The pathogenesis of cholestasis is unclear but is believed to have an autoimmune component to it (Karlsen et al., 2017). I primary sclerosing cholangitis (PSC) several strictures appear around the bile ducts and cause bile duct injury. This activates the portal fibroblasts around the bile duct, which then differentiate into collagen secreting myofibroblasts (MFBs) similar to those derived from HSC activation. Recent studies have shown that fibrogenic MFBs have inherent heterogeneity and can be derived from both HSCs and portal fibroblasts (Karlsen et al., 2017). PSC has been shown to be associated with a varied manifestation of other diseases such as inflammatory bowel disease, cholangiocarcinoma, high IgG4 levels, autoimmune hepatitis and colonic neoplasia (Wee et al., 1985; Broomé et al., 1992; Perdigoto et al., 1992; Siqueira et al., 2002; Mendes et al., 2006; Berntsen et al., 2015). Due to its association with autoimmune responses, PSC is thought to involve a genetic predisposition which is activated by an as yet unidentified environmental trigger such as gut dysbiosis (Rossen et al., 2015). Although PSC is traditionally recognized as a rare disease, its incidence is on the rise due to an increase in unknown environmental triggers (Karlsen et al., 2017). Therefore, the pathogenesis of PSC is varied and injury to the bile ducts can occur through multiple pathways. However, the resultant bile duct injury leads to activation of the portal fibroblasts and consequent fibrogenesis.
Metabolic Disorders: Non-alcoholic Fatty Liver Disease and Non-alcoholic Steatohepatitis
The metabolic syndrome is a group of associated diseases that increase cardiovascular risk factors and are linked with obesity and type 2 diabetes mellitus (Rosselli et al., 2014). Liver manifestations of the metabolic syndrome result in NAFLD (Rosselli et al., 2014). NAFLD is attaining epidemic proportions all over the world. The global prevalence of NAFLD is about 25% and in obese individuals or in the presence of type 2 diabetes mellitus, it increases to about 60% (Younossi et al., 2016). NAFLD is linked to increased risk of hepatic fibrosis, hepatocellular carcinoma and mortality due to cardiovascular disease. The more severe subtype of NAFLD is NASH, which has a global prevalence of about 2–6% and which is associated with severe hepatic inflammation, fibrosis leading to cirrhosis and HCC as well as end stage liver disease (Younossi et al., 2016; Younossi et al., 2019). Recently reported trends in the incidence of NAFLD over time suggest that NAFLD will become the leading cause of end stage liver disease in the decades to come. Emerging data from India, suggests that the national prevalence of NAFLD is about 9–32% in the general population and about 53% in obese individuals (Kalra et al., 2013; Duseja, 2010). Therefore, NAFLD is a global clinical concern. The molecular pathogenesis of NAFLD is complex. However, all pathways in NAFLD converge at the conversion of HSCs into profibrogenic MFBs, through the activation of the TGF-β pathway (Buzzetti et al., 2016) (Figure 4). TGF-β is a pleiotropic cytokine and is involved in various cellular processes like cell proliferation, survival, angiogenesis, differentiation, and the wound healing response (Mantel and Schmidt-Weber, 2011). TGF-β binds to the TGF-β receptor type II, which in turn phosphorylates TGF-β receptor type I thereby recruiting and phosphorylating the intracellular signal transducer proteins belonging to the SMAD superfamily. The SMAD superfamily is composed of intracellular signal transducers that specifically respond to the TGF-β receptor modulation. Phosphorylated SMADs subsequently translocate into the nucleus and control the expression of the TGF-β regulated target genes (Mantel and Schmidt-Weber, 2011) (Figure 4). The activation of HSCs via TGF-β plays a major role in the advanced NAFLD in both experimental animal models, as well as in human liver injury (Yang et al., 2014). In addition to HSC activation, TGF-β signaling followed by SMAD phosphorylation is known to cause hepatocyte death driving progression to NASH (Yang et al., 2017). Hepatocyte death via TGF-β signaling is accompanied by generation of reactive oxygen species as well as lipid accumulation in hepatocytes (Yang et al., 2017). Activation of the TGF-β pathway also leads to HSC differentiation into MFBs leading to formation of fibrillar collagen and exacerbating the combined effects of hepatocyte injury, fibrosis and inflammation, leading to NASH (Yang et al., 2014). While the TGF-β pathway is central to liver fibrogenesis, emerging proteome and transcriptome studies have suggested additional regulatory genes and pathways. These studies have been carried out in animal models of NAFLD or NASH and human liver biopsies obtained from patients. Comparative transcriptomic studies between mouse models of NAFLD and human liver biopsies obtained from NASH patients reveal major differences between human NASH liver transcriptome and mouse NAFLD transcriptomes even at severe stages (Teufel et al., 2016). This suggests major pathophysiological differences between human disease and animal models of the disease and the need to design studies in humanized models of disease or in liver organoid systems (Suppli et al., 2019). A meta-analysis of transcriptomic studies carried out with human liver biopsies suggests the upregulation of several genes within the lipogenesis pathway (Table 2). Interestingly, genes such as ACACA (Acetyl carboxylase 1) which catalyzes the synthesis of malonyl CoA from acetyl CoA, the rate limiting step in fatty acid biosynthesis and ACACB (Acetyl carboxylase 2) which regulates fatty acid oxidation, are associated with NAFLD liver tissue demonstrating the association of lipogenic functions within the tissue with active disease (Table 2) (Widmer et al., 1996; Locke et al., 2008). In several cases, NAFLD has been shown to be linked to progression toward hepatocellular carcinoma. Recent studies have led to the understanding that the evolution of NAFLD to NASH and HCC is multifactorial and involves the innate immune system to a great extent (Chen et al., 2019). Lipid accumulation and mitochondrial dysfunction have been identified as critical components of the pathways leading to NAFLD (Margini and Dufour, 2016). Many new genes and pathways have been implicated at every stage of NAFLD to NASH to HCC progression (Figure 5). Regulation in PPAR-γ, Insulin and p53-mediated signaling have been implicated in NAFLD development, whereas signatures of inflammatory signaling such as Toll-like receptor (TLR) and Nucleotide-binding, oligomerization domain (NOD) protein signaling pathways, in addition to pathways reflecting mitochondrial dysfunction characterize NASH (Figure 5) (Ryaboshapkina and Hammar, 2017).
[image: Figure 4]FIGURE 4 | The TGF-β signaling pathway in hepatic stellate cells. TGF-β binds to type II TGF-β receptor leading to receptor dimerization i.e. recruitment of the type I TGF-β receptor. The kinase domain of Type II TGF-β receptor then phosphorylates the Ser residue of type I TGF-β receptor. The phosphorylated receptor now recruits R-SMAD, which binds to receptor through its N-terminal region and gets phosphorylated by the Type II receptor. The C-terminal of R-SMAD has a DNA binding domain (DBD) that can act as a transcription factor. The co-SMAD now binds to R-SMAD and β-Importin binds to the dimer forming an oligomeric complex that guides the R-SMAD and Co-SMAD into the nucleus. The dimer enters the nucleus and the DBD of SMAD now acts as transcription factor that can transcribe target genes.
TABLE 2 | Summary of pathways from transcriptomics analyses implicated in NAFLD
[image: Table 2][image: Figure 5]FIGURE 5 | Summary of pathways that may be important in the progression of NAFLD to NASH. The transition from healthy to NAFLD involves the activation of peroxisome proliferator activated receptor signaling, insulin signaling and p53 signaling whereas the switch to NASH involves activation of inflammatory pathways such as TLR and NOD like receptor mediated signaling, generation of intracellular oxidative stress and mitochondrial signaling.
There are only a limited number of proteomics studies in human NAFLD. A comparative quantitative proteomics study between NAFLD and Metabolic Healthy Obese (MHO) individuals was carried out using liver tissue obtained during surgery (Yuan et al., 2020). This study demonstrated the relevance of PPAR signaling, ECM-receptor interaction and oxidative phosphorylation in resisting NAFLD. Proteins upregulated in NAFLD were involved in organization of the ECM, and proteins downregulated in NAFLD were involved in redox processes. A schematic of pathways relevant in NAFLD progression, as gleaned from various “omics” approaches is summarized in Figure 5.
Viral Hepatitis
In older children, autoimmune hepatitis and viral hepatitis are the leading causes of liver fibrosis followed by cirrhosis. Viral hepatitis can be caused by any one of the five viruses: Hepatitis A, B, C, D, and E of which A and E are usually acute, while B, C, and D are chronic (Zuckerman 1996). All hepatitis viruses are infectious, while alcohol, other toxins and autoimmune mediated hepatitis are usually non-infectious. HBV and HCV lead to hepatic inflammation (Gutierrez-Reyes et al., 2007). Several viral components are known to induce cellular damage in hepatocytes and liver constituents. For instance, the HCV core protein in chronic infections is known to interact with the TNF-α receptors (TNFRSF1A) which subsequently induces a pro-apoptotic signal in hepatocytes (Zhu et al., 1998). Polymorphisms in TNFRSF1A have been shown to be associated with HCV outcomes (Yue et al., 2021). The HCV core protein is also known to interact with ApoA1and ApoA2, thereby interfering with the assembly and secretion of very low density lipoprotein (VLDL), thus cause the accumulation of triglycerides in the liver through the interaction of both viral and metabolic factors and subsequent cell death (Gutierrez-Reyes et al., 2007). Furthermore, the viral core protein as well as the HCV non-structural protein 5A (NS5A) are known to cause mitochondrial ROS production and cellular stress leading to cell death (Bataller et al., 2004). Interestingly, HCV and NAFLD can co-exist and have been shown to have a more rapid disease progression than either disease alone (Patel and Harrison, 2012; Dyson et al., 2014). About 50% of HCV patients have steatosis with significant fibrosis and the HCV genotype 3 is mainly associated with the steatosis, however the exact mechanism leading to steatosis in HCV patients is not fully elucidated.
The association of hepatitis B virus (HBV) infection with NAFLD however, appears to be controversial. Some studies suggest that HBV infection is protective against steatosis, insulin resistance and metabolic syndrome (Morales et al., 2017; Xiong et al., 2017) while others suggest that chronic HBV infections can co-exist with NAFLD and can actively worsen the disease (Zhang et al., 2020). The presence of Hepatitis B protein X (HBx) in the cells has been shown to increase the production of reactive oxygen species (ROS) increasing the formation of lipids in the cells and therefore HBx could be a risk factor for the development of NAFLD (Wang et al., 2019). Therefore, an alternative mechanism by which viral hepatitis can induce fibrosis is through their ability to cause NAFLD.
Parasitic Infections
The liver is capable of hosting a wide range of parasites which vary in host cell requirement (extra or intracellular), sizes (unicellular to multicellular) and potential harm to the host cells or organs (Dunn, 2011). Parasites which have co-evolved with humans through centuries, such as the malaria parasites cause minimal injury to the host liver and move on to the blood with ease (Acharya et al., 2017). However, some parasites can cause injury to the cells of the liver and trigger the activation of the fibrogenic pathway. Some of these parasites are discussed below:
Leishmania is an intracellular protozoan parasite that infects the reticuloendothelial system (RES) in the body, i.e., circulating monocytes as well as tissue-resident macrophages (Magill et al., 1993). Leishmaniasis is transmitted by the bite of infected sandflies (Dunn, 2011). Visceral leishmaniasis (kala-azar) involves the RES infection of the visceral organs like the liver, spleen, bone marrow and other lymph nodes. Kupffer cells, the tissue resident macrophages of the liver, take up the amastigote stage of Leishmania from circulating infected reticuloendothelial cells. The parasite then replicates within the macrophages and activates the host inflammatory and Th1 and Th17 mediated adaptive immune responses in immunocompetent individuals (Pitta et al., 2009). Leishmaniasis is typically associated with increased liver fibrosis (Melo et al., 2009). Leishmania parasites have been shown to use host ECM components such as fibronectin and laminin to access Kupffer cells for infection (Wyler et al., 1985; Wyler, 1987; Vannier-Santos et al., 1992; Figueira et al., 2015). Visceral leishmaniasis has been frequently studied in dogs as a model system. These studies suggest that dogs infected with Leishmania have a significantly higher level of collagen and fibronectin deposition (Melo et al., 2009). Intra-lobular collagen deposition, appearance of MFBs and effacement of the space of Disse are characteristic of overt Leishmania infection in slightly or severely immunocompromized individuals (Dunn, 2011). Leishmania associated fibrosis is completely reversible once the parasitic infection has been treated. However, since overt disease and severe fibrosis usually occurs in immunocompromized individuals such as those infected with HIV, relapses typically occur once treatment ceases (Dunn, 2011).
Schistosomiasis is caused by Schistosoma species which are a group of blood flukes belonging to the trematode or flatworm family (Andrade, 2009). It is prevalent mainly in the tropical and sub-tropical regions of the world. Schistosoma use freshwater snails as intermediate hosts, which release eggs into water bodies which then come into contact with humans and infect them (WHO. World Health Organization, 2021). Schistosomiasis can be intestinal (wherein the liver is involved) or urogenital. Intestinal schistosomiasis can be caused by many different species such as Schistosoma mansoni (found in Africa, Middle East, Caribbean, Brazil, Venezuela and Suriname), S. japonicum (found in China, Indonesia and the Philippines), S. mekongi (Cambodia, and the Lao People’s Democratic Republic), S. guineensis and S. intercalatum (found in the rain forests of central Africa). Urogenital infection is caused by S. hematobium (found in Africa, the Middle East and Corsica in France) (WHO. World Health Organization, 2021).
Schistosoma mansoni are associated with liver fibrosis (Andrade, 2009). Schistosome eggs are carried to the liver by the portal vein and stop in the pre-sinusoidal vessels (Andrade, 2004). The development of severe schistosomiasis is thought to have two components- (a) a major determinant is the high worm load and, (b) a secondary determinant is thought to be genetic predisposition. At low to moderate worm loads, many patients are asymptomatic and the lesions heal automatically due to the appropriate activation of T-cell mediated host immune responses (Andrade, 2004). A high worm load is also associated with damage to the portal vein and appearance of MFBs and collagen deposition around the portal stem leading to portal fibrosis called pipestem fibrosis (Andrade et al., 1999). Since all infected individuals do not develop severe liver disease, or liver fibrosis, schistosomiasis linked liver fibrosis development is also thought to have a genetic component. A metaanalysis of genetic polymorphisms associated with severe liver disease and fibrosis in schistosomiasis reveals several genetic polymorphisms (Dessein et al., 2020). Several polymorphisms in genes related to the TGF-β pathway were found to be associated with severe fibrosis in schistosomiasis e.g., TGFBR1, TGFBR2, ACVRL1, SMAD3 and SMAD9 (Dassein et al., 2020). Polymorphisms in the connective tissue growth factor (CTGF) as well as the IL-22 pathway were also observed. In addition, several associations have been reported between severe hepatic fibrosis during Schistosomiasis and genes encoding for IL-13, TNF-α, MAPKAP1, ST2, IL-10, M1CA, HLADRB1, IL-4, ECP, and IFN-γ, have been reported from various studies (Hirayama et al., 1998; Chevillard et al., 2003; Eriksson et al., 2007; Gong et al., 2012; Silva et al., 2014; Zhu et al., 2014; Long et al., 2015; Oliveira et al., 2015; Long et al., 2017; Silva et al., 2017). These observations suggest that while infectious agents such as schistosoma can drive hepatic fibrosis by mediating tissue damage, genetic predispositions to TGF-β pathway activation or a specific inflammatory response may make the hepatic environment conducive to fibrosis in the presence of an infectious agent.
Fasciola hepatica, also known as the liver fluke is also a trematode parasite that infects humans (Machicado et al., 2016). Fascioliasis is a neglected tropical disease. A recent meta-analysis has found an association of Fasciola infections with liver fibrosis, cirrhosis and hepatocellular carcinoma (Machicado et al., 2016). The mechanism of fibrosis development is thought to be due to the activation of HSCs by parasite encoded cathepsins (Marcos et al., 2011). As with schistosoma, worm-load seems to be an important determinant of fibrosis. However, there are a very limited number of studies available on the pathogenesis, molecular epidemiology and prevalence of fascioliasis with liver fibrosis and this area needs further investigation.
Cryptogenic Causes
Cryptogenic causes of liver fibrosis are cases with unknown causes but it is believed that a high proportion of the cryptogenic liver fibrosis cases could be linked to NAFLD or NASH (Caldwell, 2010; Patel et al., 2020). Other causes could include occult alcohol intake, viral hepatitis, autoimmune hepatitis, biliary disease, vascular disease, celiac disease, mitochondriopathies, systemic lupus erythematosus, Alstrom syndrome, Apolipoprotein B with LDL cholesterol, and genetic disorders such as short telomere syndrome, keratin 18 mutations and glutathione-S-transferase mutations (Caldwell, 2010; Patel et al., 2020).
SOLUBLE MEDIATORS IN LIVER FIBROSIS
The development of liver fibrosis occurs as a result of interaction between several different cell types including hepatocytes, HSCs, Kupffer cells, as well as infiltrating immune cells. These inter-cellular interactions involve several soluble and secreted mediators which regulate inflammatory pathways, chemotaxis and HSC activation. Some of the known soluble mediators are briefly discussed below.
Cytokines and Chemokines
Cytokines are regulatory soluble small molecular weight proteins or glycoproteins released by several cells and mediate interaction, communication between different cell types. Cytokines play an important role in the progress of liver fibrosis (Xu et al., 2012). In liver they mediate the interactions of the various cell types and contribute to either the production of proinflammatory or hepatoprotective responses (Kong et al., 2012). Cells of the immune system such as Kupffer cells and neutrophils produce many cytokines and chemokines that can affect the gene expression, proliferation, contractility and activation of HSCs. The interaction between HSCs and immune cells are bidirectional, i.e., while immune cells produce cytokines to activate HSCs. HSCs also regulate immune cell chemotaxis and response by secreting soluble mediators themselves (Weiskirchen, 2016). For instance, the pro-inflammatory cytokines TGF-α increases HSC proliferation, TGF-β inhibits HSC apoptosis and promotes ECM remodeling leading to a pro-fibrogenic phenotype, TNF-α inhibits HSC apoptosis and induces chemokines and ICAM-1 in HSCs (Maher, 2001). IL-4 in concert with MMP-2 and ROS increase ECM synthesis and fibrosis. At the same time, anti-fibrogenic cytokines are also released from immune cells that can control the pro-fibrogenic HSC activation, such as IL-10, IFN-α, IFN-γ. A balance of these factors results in a net pro-or anti-fibrogenic effects on HSCs. The HSCs also secretes several molecules which are instrumental in recruiting immune cells at the site of activation such as M-CSF that causes macrophage proliferation and maintenance, PAF, MIP-2 and CINC/IL-8 which cause neutrophil chemotaxis and MCP-1 which recruits monocytes (Maher, 2001).
While activation of the TGF-β pathway is a central event in the induction of hepatic fibrosis, HSC activation is regulated by other pathways and molecular mechanisms as well, such as the Hippo pathway and autophagy (Tsuchida and Friedman, 2017). The Hippo signaling pathway is an evolutionarily conserved pathway that derives its name from its key player, the protein kinase “Hippo”, which is involved in the regulation of cell and organ size (Saucedo and Edgar, 2007). However, Hippo pathway components such as the transcriptional co-activator Yes-associated protein 1 (YAP1) and the protein kinases macrophage stimulating 1 (MST1) and MST 2 have been shown to be important in initial HSC activation (Manmadhan and Ehmer, 2019). Inhibition or silencing of YAP1, and inactivation of MST1 and MST2 have been shown to have therapeutic effects in mouse models of fibrosis but the human clinical impact of such approaches is presently not known (Manmadhan and Ehmer, 2019).
Chemokines are a subgroup of cytokines that have chemotactic properties. They are synthesized by most liver cells as well as by infiltrating immune cells and their effects depend on their local concentrations at the site of injury (Sahin et al., 2010). Typically, chemokines bind G-protein coupled receptors (GPCRs) and induce signaling in target cells (Bonecchi et al., 2009). Stellate cells express several chemokines as well as chemokine receptors. HSCs have been shown to secrete CCL2, CCL3, CCL5, CXCL1, CXCL8, CXCL9 and CXCL10 (Holt et al., 2009; Wasmuth et al., 2009; Zaldivar et al., 2010; Marra and Tacke, 2014). Portal fibroblasts which are involved in cholestastis-associated fibrosis are also capable of secreting chemokines (Dranoff and Wells, 2010]. Targeting of chemokines and chemokine receptors in experimental models of fibrosis has been shown to control fibrosis and therefore warrants further investigation as a potential therapeutic anti-fibrosis strategy (Sahin et al., 2010).
In addition to these cytokines and chemokines, several miRNA have been recently identified to be involved in the HSC-immune cell cross-talk (Zhangdi et al., 2019).
Lipid Mediators
Lipid mediators in hepatic fibrosis are mainly studied in the context of NAFLD and NASH (Liangpunsakul and Chalasani, 2019). Several different types of lipid species have been shown to be associated with NAFLD such as saturated free fatty acids (FFA), diacylglycerols, ceramides, lysophosphatidylcholine, eicosanoids and free cholesterol (Feldstein et al., 2003; Caballero et al., 2009; Gorden et al., 2011; Luukkonen et al., 2016). Increased triglyceride accumulation is a hallmark of NAFLD and is associated mainly with hepatic steatosis (Yamaguchi et al., 2007). While triacylglycerol (TAG) accumulation has not been found sufficient for causing insulin resistance, excessive TAG accumulation can increase mechanical pressure on hepatic sinusoids leading to the impairment of hepatic blood flow, and generation of compensatory collateral flow (Wanless and Shiota, 2004). Excessive amounts of free fatty acids can act directly as TLR agonists in the liver or are taken up by the liver, converted into lipotoxic intermediates that activate the JNK, IKK pathway leading to cell injury, inflammation and apoptosis (Yu et al., 2002).
Extracellular Vesicles
Cellular injury to hepatocytes can lead to many outcomes. In addition to hepatocyte cell death, injured and stressed hepatocytes have been shown to release extracellular vesicles (EV) (Ibrahim et al., 2016; Schattenberg and Lee, 2016). EV are nanovesicles released by almost all cell types (Dooyle et al., 2018). They constitute two major size categories, namely plasma membrane derived microvesicles (50–1,000 nm) and endosome-derived exosomes (30–150 nm in diameter) as defined by the International Society for Extracellular Vesicles” (ISEV) and according to the Minimal Information for Studies of Extracellular Vesicles (MISEV) guidelines of 2014 (Lötvall et al., 2014). In fact, lipid overload has been shown to activate hepatocyte signaling through the death receptor 5 (DR5) followed by release of hepatocyte-derived pro-inflammatory EV containing TNF-α (Cazanave et al., 2011). These EV activated macrophage induced inflammation leading to further cellular injury and the development of NASH in experimental mouse models (Cazanave et al., 2011). Administration of EV isolated from high fat diet (HFD) mice into normal fed mice have been shown to result in exacerbation of hepatic steatosis and accumulation of activated myeloid cells in the liver through the release of chemotactic EV (Ibrahim et al., 2016). In addition to hepatocyte-derived EV, extra-hepatic EV have also been implicated in the progression of NAFLD, NASH and associated fibrosis (Srinivas et al., 2021). Due to their ability to carry signal from one cell type to another, they can activate or modulate target cell responses and are therefore an emerging therapeutic targets in NAFLD and NASH.
Autophagy and Unfolded Protein Response
Autophagy in response to endoplasmic reticulum (ER) stress has also been recognized as an activator of HSCs. Under normal circumstances, autophagy is an important regulator of hepatic homeostasis (Mallat et al., 2014). While normally, autophagy is believed to have a protective effect on injured hepatocytes, recent studies demonstrate that ER stress signals activate autophagy and a profibrogenic phenotype in HSCs (Mallat et al., 2014). HSC activation is linked to increased flux in autophagy-related metabolic pathways and inhibition of this process can prevent HSC activation (Thoen et al., 2012). Similarly, there is evidence that the accumulation of misfolded or unfolded proteins in the ER triggering a process called unfolded protein response is a critical feature during early activation of profibrogenic cells such as HSCs (Mannaerts et al., 2019), suggesting that the development of interventions targeting the processes of autophagy or unfolded proteins response might be effective in therapy of hepatic fibrosis.
CELLULAR MEDIATORS OF HEPATIC FIBROSIS
The hallmark of hepatic fibrosis is the increased expression and deposition of ECM compounds. There are different resident and infiltrating cells that can either be activated or produced by progenitors that transform into a phenotype capable to synthesize ECM. Each of these cell types have specific pro-fibrogenic features and expression potential. Other cells invade the inflamed tissue and acquire a matrix-synthesizing phenotype by reprogramming their cell fate (Figure 6). In most cases, TGF-β regulated pathways contribute to the acquirement of fibrogenic features. However, this might be due to the fact that several cell types were only recently added to the list of profibrogenic progenitors and relevant signaling pathways still need to be defined. In the following we will discuss how the different cells contribute to hepatic fibrosis.
[image: Figure 6]FIGURE 6 | Potential sources of extracellular matrix (ECM) producing cells in liver fibrosis. ECM producing cells during hepatic fibrosis can originate from many sources. Hepatic stellate cells (HSCs) that transdifferenatiate into myofibroblasts (MFBs), activated portal myofibroblasts and activated resident fibroblasts are rich sources of ECM. In addition, several other cell types that become activated, infiltrate the liver, or originate by diverse transition processes are suitable to express large quantities of ECM. Major pathways driving establishment of myofibrogenic features are indicated for each progenitor. Abbreviations used are: ECM, extracellular matrix; EGF, epithelial growth factor; EMT, epithelial-to-mesenchymal transition; FGF1/2, fibroblast growth factor 1/2; GLI1, glioma-associated oncogene homolog 1; HGF, hepatocyte growth factor; IGF-1, insulin growth factor-1; IL, interleukin; MMT, mesothelial-to-mesenchymal transition; PDGF, platelet-derived growth factor; TGF-α/β, transforming growth factor-α/β; VEGF, vascular endothelial growth factor. For details see text.
Hepatic Stellate Cells and Myofibroblasts
HSCs reside in the perisinusoidal space between hepatocytes and the sinusoids (i.e., the space of Disse). In the normal liver, these cells exhibit a quiescent phenotype with the main known function of storing vitamin A. During chronic hepatic disease, these cells progressively lose their vitamin A, become activated and transdifferentiate into fibrogenic MFBs that are supposed to be the central cellular drivers of hepatic fibrosis in experimental and human liver injury (Tsuchida and Friedman, 2017). In this process, the induction of α-SMA is the most reliable marker indicating cellular activation HSC. Fundamental fate tracing experiments in mice have demonstrated that HSCs are the most important profibrogenic cell type in the liver giving rise to 82–96% of all MFBs in models of toxic, cholestatic and fatty liver disease (Mederacke et al., 2013). HSCs typically express desmin and vimentin, but other markers such as glial fibrillary acidic protein (GFAP), lecithin retinol acyltransferase (LRAT), synemin, platelet-derived growth factor receptor-β (PDGFRβ), p75 neurotrophin receptor peptide (p75NTR), heart- and neural crest derivatives-expressed 2 (HAND2), cytoglobin, and cysteine and glycine-rich protein 2 (CRP2) have been discussed as HSC specific markers within the liver (Weiskirchen et al., 2001; Suzuki et al., 2008; Iwaisako et al., 2014; Kisseleva 2017; Tsuchida and Friedman, 2017). However, the definition of general markers for HSCs is rather complex because reporter microarray analysis, gene mouse models and single cell RNA sequencing have demonstrated the existence of distinct and functionally relevant subsets of resting HSCs and activated MFBs, both in vivo and in vitro (Magness et al., 2004; D’Ambrosio et al., 2011; 9,; Krenkel et al., 2019). Nevertheless, the expression of α-SMA and collagen type I is significantly increased during progression of hepatic fibrosis confirming the view that MFBs are still most likely the most relevant cell population contributing to hepatic fibrosis (Figure 7). In addition, the expression of CRP2, Fibulin 2, NGFR, PDGFRβ, Vimentin and many other genes is often used as markers that become increased expressed during hepatic fibrosis (Figure 8).
[image: Figure 7]FIGURE 7 | Expression of fibrogenic markers in liver. The figure was compiled using immunohistochemical data from the Human Protein Atlas (www.proteinatlas.org/) (Uhlén et al., 2015). α-smooth muscle actin (α-SMA) and collagen type 1α1 (COL1A1) proteins were stained in normal and diseased livers.
[image: Figure 8]FIGURE 8 | Additional markers of hepatic stellate cells and portal myofibroblasts. The figure was compiled from data deposited from Human Protein Atlas (www.proteinatlas.org/) (Uhlén et al., 2015). Immunohistochemistry of the cysteine and glycine rich protein 2 (CRP2), Fibulin 2, nerve growth factor receptor (NGFR), platelet-derived growth factor-β (PDGFRβ) and Vimentin in normal and diseased liver tissue. Liver damage is associated with increased expression of these profibrogenic markers. Image credit: Human Protein Atlas.
Recent studies have shown that there exists complex cellular heterogeneity even within activated HSCs that convert into collagen-secreting MFBs. Recent single-cell RNA sequencing (scRNA-seq) studies in a CCl4-induced hepatic fibrosis model in mice, clearly showed the presence of four sub-populations of MFBs in the fibrotic liver that all express collagen but differentially express chemokines (Krenkel et al., 2019). Similarly, a very recent human liver scRNA-seq study has revealed HSC heterogeneity along the porto-central axis of the healthy liver lobule (Valery et al., 2021). Two major HSC sub-populations were obtained from the healthy human liver lobules. One sub-population (HSC1) expressed high levels of the cell surface proteoglycan glypican 3 (GPC3) and the neurotrophic tyrosine kinase receptor type 2 (NTRK2) along with other commonly expressed HSC markers, whereas the second sub-population (HSC2) expressed high levels of the genes encoding for dopamine-norepinephrine converting enzyme (DBH), hedgehog-interacting protein (HHIP), and the G-protein coupled receptors (GPCRs) vasoactive intestinal peptide receptor 1 (VIPR1), parathyroid hormone 1 receptor (PTH1R), receptor activity-modifying protein 1 (RAMP1), endothelin receptor type B (EDNRB), and angiotensin receptor 1A (AGTR1A) (Valery et al., 2021). In addition, beside the identification of novel quiescent markers such as Quiescin Q6 sulfhydryl oxidase 1 (QSOX1) and six-transmembrane epithelial antigen of prostate 4 (STEAP4), these scRNA-seq studies have also confirmed well-established HSC marker including the regulator of G protein signaling (RGS5), pleiotrophin (PTN), nerve growth factor receptor (NGFR), lecithin retinol acyltransferase (LRAT), fibulin 5 (FBLN5), dihydrolipoamide branched-chain transacylase (DPT), decorin (DCN), cytoglobin (CYGB), collectin 11 (COLEC11), olfactomedin-like 3 (OLFML3), and tropomysosin 2 (TPM2), respectively (Valery et al., 2021). All these findings established by scRNA-seq suggests this methodology as an emerging area and promising experimental tool to reveal deeper insights into HSC biology.
Portal Fibroblasts
In the normal liver, they encompass a quiescent phenotype with a spindle-shaped fibroblastic phenotype that surrounds the portal vein to maintain integrity of portal tract. In cholestatic liver injury, portal MFBs are supposed to be a more important source of activated MFBs than HSCs around proliferating bile ducts (Tsuchida and Friedman, 2017). However, in contrast to the well-characterized HSCs/MFBs the biology of these cells is only partially known. Studies on rat portal MFB cell lines and fibrotic mouse livers have shown that typical markers of this profibrogenic cells are elastin, type XV collagen α1, ectonucleoside triphosphate diphosphohydrolase-2 (ENTPD2/CD39L1) and cofilin 1, while these cells are negative for the HSC markers desmin, cytoglobin, and LRAT (Iwaisako et al., 2014; Fausther et al., 2015). However, likewise HSCs, these cells are positive for typical myofibroblastic markers including α-SMA, type I collagen α1, and tissue inhibitor of metalloproteinase-1 (Fausther et al., 2015). Other markers for portal MFBs were identified by immunohistochemistry of fibrotic liver and FACS sorting of liver cell preparations. These include Gremlin 1, Thy1/CD90, Fibulin 2, mesothelin, asporin, and Mucin-16 (Iwaisako et al., 2014; Kisseleva, 2017). Some of them are drastically induced during progression of hepatic fibrosis, while their expression signature might dependent on the hepatic insult analyzed (Iwaisako et al., 2014).
Fibrocytes
Each organ has multiple populations of resident mesenchymal cells capable of producing ECM. In the liver, HSCs and portal fibroblasts are supposed to be the major cell types implicated in the pathogenesis of liver fibrosis. Nevertheless, dependent of the nature of hepatic insult, ECM producing cells may also originate from many other sources. Fibrocytes are defined monocyte-derived spindle-shaped cells having features of both macrophages and fibroblasts (Reilkoff et al., 2011). Animal experimentation using chimeric mice transplanted with donor bone marrow from collagen α1(I)-GFP+ reporter mice has shown that collagen-producing fibrocytes are recruited from the bone marrow to the damage liver tissue when recipient mice were subjected to bile duct ligation (Kisseleva et al., 2006). Moreover, when treated in culture with TGF-β1, these cells differentiated into α-SMA and desmin positive collagen-producing MFBs.
Vascular Smooth Muscle Cells
Vascular smooth muscle cells (VSMCs) are integral components of the blood vessel wall contributing to structural stability and regulating vessel diameter. As such these contractile cells are highly responsive toward vasoactive stimuli and contain a large repertoire of specific contractile proteins facilitating their dynamic phenotype (Metz et al., 2012). In response to injury, VSMCs can shift from a contractile to a synthetic phenotype characterized by increased expression of ECM compounds such as collagen I and III and elevated expression of various non-muscle myosin heavy chain isoforms (Metz et al., 2012). In normal human liver, these cells are positive for α-SMA and smoothelin representing a 59-kD cytoskeletal protein that is found exclusively in contractile smooth muscle cells (Lepreux et al., 2013). During the pathogenesis of advanced human liver fibrosis, the cellular fraction of MFBs positive for both α-SMA and smoothelin expanses to 5–10% suggesting a progressive involvement of these resident cells in MFB recruitment (Lepreux et al., 2013). Comparative transcriptome profiling of endothelial cells and VSMCs from canine vessels revealed an enrichment of expression in genes associated with cytoskeleton composition and actin filament organization including transforming growth factor-β1 (TGFB1), collagen type I α1 (COL1A1), nephroblastoma overexpressed gene (NOV), Tenascin c (TNC), tissue factor pathway inhibitor 2 (TFPI2), Tubulin α-4A (TUBA4A), Retinol–binding protein (RBP4), insulin-like growth factor-binding protein 5 (IGFBP5), and Cingulin-like 1 (CGNL1) (Oosterhoff et al., 2019). Single cell transcriptomic further showed that VSMC in mouse and human livers can be differentiated from other pro-fibrogenic cells of mesenchymal origin (fibroblasts, HSCs) by their expression of Calponin 1 (CNN1) or Myosin heavy chain 11 (MYH11) (Dobie et al., 2019).
Bone Marrow-Derived Fibrocytes
The first hints for a unique population of collagen-producing fibrocytes derived from the bone marrow that could participate in the pathogenesis of hepatic fibrosis were established in chimeric mice transplanted with donor bone marrow from collagen α1(I)-GFP+ reporter mice (Kisseleva et al., 2006). In livers of respective mice, a significant increase in GFP+/CD45+ positive myofibroblastic cells was observed when animals were subjected to bile duct ligation, that however, were not positive for the typical HSC markers α-SMA or vimentin underpinning their lymphoid origin (Kisseleva et al., 2006). However, these cells differentiated into α-SMA and desmin positive cells when cultured in the presence of TGF-β1. A relevant functional contribution of fibrocytes to the pathogenesis of hepatic fibrosis was demonstrated in a mouse model in which fibrocytes were specifically depleted utilizing a herpes simplex thymidine kinase/ganciclovir suicide approach in the thioacetamide-induced liver fibrosis model (Hempel et al., 2019). Although the depletion of fibrocytes resulted in reduced deposition of fibrillar collagen, the antifibrotic effect was not accompanied by a reduction of MFBs. In the multidrug resistance gene 2 knockout (Mdr2−/−) mice spontaneously developing cholestatic fibrosis, fibrocytes only minimally contributed to the deposition of ECM in the injured livers (Nishio et al., 2019). It will now be of fundamental interest, to better define the autocrine and paracrine functions of fibrocytes during initiation and progression of hepatic fibrosis in these and other models.
Hepatocytes
Hepatocytes are specialized epithelial cells making up 80% of the total mass of the liver. They perform numerous vital functions, including protein synthesis, metabolism of lipids and carbohydrates, biotransformation and detoxification of xenobiotics that enter the body. In addition, hepatocytes synthesize and secrete bile and must therefore establish a unique polarity in which apical (canalicular) and basolateral (sinusoidal) plasma membranes are equipped with highly specialized surface proteins, channels, and receptors (Schulze et al., 2019). During liver injury these cells can contribute to fibrogenesis by acquiring myofibroblastic phenotypes/features by undergoing a process termed epithelial-to-mesenchymal transition (EMT) (Zeisberg et al., 2007). During this process the cells downregulate epithelial features, lose their apical-basal polarity, cell-cell adhesion properties and obtain migratory/invasive properties, and acquire mesenchymal characteristics allowing synthesizing ECM compounds (Yang et al., 2020). Lineage-tracing experiments performed in transgenic mice in which liver fibrosis were induced by repeated injections of carbon tetrachloride demonstrated that up to 45% of fibroblast-specific protein 1 (FSP1) positive fibroblasts originated from hepatocytes via EMT (Zeisberg et al., 2007). In line with the concept of EMT, primary mouse hepatocytes transit in culture to FSP1 positive fibroblasts when cultured in the presence of TGF-β1 (Zeisberg et al., 2007). However, the concept that fibrogenic cells capable to express type I collagen can originate in vivo from hepatocytes was challenged by other studies (Taura et al., 2010; Xie and Diehl, 2013). It was argued that potential interpretational pitfalls may arise from the fact that FSP1 is not only expressed in subsets of fibroblasts but is also expressed by cells of the myeloid-monocytic lineage (Scholten and Weiskirchen, 2011). However, the evidence for and against EMT for the generation of myofibroblastic cells from intrahepatic cells is still controversially discussed (Taura et al., 2016; Munker et al., 2017; Chen et al., 2020).
Biliary Epithelial Cells
Similar to hepatocyte it was proposed that biliary epithelial cells (i.e., cholangiocytes) can change their fate and transit to invasive fibroblasts by EMT. In particular, in primary cirrhosis it was demonstrated that bile duct epithelial cells express FSP1 and vimentin as early markers of fibroblasts in the ductular reaction (Robertson et al., 2007). In line, the stimulation of cultured human cholangiocytes with TGF-β induced expression of FSP1 and vimentin suggesting that these cells can contribute significantly to portal tract fibrosis (Rygiel et al., 2008). The resulting cells formed in this localized EMT showed coexpression of both cytokeratin-7 (CK-7) and FSP1 indicating that these cells have the capacity to migrate out of the ductular structure (Rygiel et al., 2008). Several reports suggested that sonic hedgehog signaling promotes EMT by inducing myofibroblast specific genes and repressing epithelial genes during the pathogenesis of chronic biliary injury and NAFLD (Omenetti et al., 2008; Syn et al., 2009). However, bile duct ligation experiments performed in adult mice tagged with a YFP reporter directed under regulatory control of the cholangiocyte marker keratin 19 (K19) showed that cholangiocytes that were positive for YFP revealed no expression of EMT markers α-SMA, desmin, or FSP1 (Scholten et al., 2010).
Hepatic Progenitor Cells
The liver is the only visceral organ that can replace lost or damaged tissue from the remaining tissue in a well-orchestrated program, in which progenitor cells derived from the biliary epithelium transdifferentiate to restore the hepatocyte compartment (Michalopoulos 2013). Therefore, the occurrence of resident hepatic progenitor cells (HPCs) was proposed that should contain a defined cell fraction located in the canal of Hering. The proposed cells should be characterized by a high cellular plasticity and proliferation potential, the ability to differentiate into hepatocytes and cholangiocytes, and to mediate liver repopulation after injury (Li W et al., 2020). However, also the conversion of hepatocytes to progenitor-like cells has been documented in vitro (Li W et al., 2020). HPCs isolated from chronically injured liver were shown to have trilineage differentiation potential serving as progenitors for hepatocytes, cholangiocytes and MFBs Sekiya et al., 2016). Although the frequency of MFBs from HPCs was very low, it can be speculated that HPCs can contribute to the MFB pool during hepatic fibrogenesis (Sekiya et al., 2016).
Sinusoidal Endothelial Cells
Liver sinusoidal endothelial cells (LSEC) are a fenestrated cell type without an organized basement membrane that forms the predominant population in the hepatic sinusoid. In normal liver, these cells form a selective barrier between the hepatocytes and blood, possess a high endocytotic capacity allowing them to act as an initial line of defense against invading pathogens, and are critically involved in regulating vascular tone and permeability (Hutchins et al., 2013). Under certain conditions these cells can acquire an active phenotype characterized by swelling and bulging of the cell body combined with enlargement of the Golgi complex, increase of rough endoplasmic reticulum, and formation of hemidesmosome-like structures that are hallmarks of fibroblastic reticulum cells (Bardadin and Desmet, 1985). During liver injury LSEC lose their fenestration, form a continuous basal membrane, and develop inflammatory and fibrotic features, a process referred to as capillarization (Baiocchini et al., 2019). Noteworthy, capillarized LSECs can be an active contributor to the production of a fibrotic environment during fibrogenesis by synthesis of collagen and fibronectin (Natarajan et al., 2017).
Mesothelial Cells
Mesothelial cells are specialized pavement-like cells forming a protective layer of epithelial cells (i.e., the mesothelium) around serous cavities and internal organs. These cells facilitate transport of fluid across these compartments and produce a lubricating fluid that is helpful in protecting the body against infections (Mutsaers 2004). Observations from different animal models and organ systems have shown that the adult mesothelium of mice and humans contains a sub-population of quiescent cells with stem-like properties (Koopmans and Rinkevich, 2018). Upon peritoneal damage and appropriate stimulus, these cells can be triggered to undergo a transition process, termed “mesothelial-to-mesenchymal transition” (MMT). The molecular reprogramming is associated with morphological and functional changes and lead to cells producing ECM compounds and pro-fibrogenic mediators (Koopmans and Rinkevich, 2018). In line, TGF-β1 in vitro induced morphologic and functional reformation of differentiated human mesothelial cells to MFBs that become positive for α-SMA (Yang et al., 2003). In regard to liver fibrogenesis, conditional cell lineage tracing in mice confirmed that liver mesothelial cells can be driven by TGF-β to generate both HSCs and MFBs depending on injury signals in the liver (Li et al., 2013). While mesothelial cells preferentially transit into HSCs in biliary fibrosis induced by bile duct ligation, the cells majorly convert into MFBs in carbon tetrachloride-induced fibrosis (Li Y et al., 2016). On the basis of lineage tracing studies, it was supposed that mesothelial cells are triggered by TGF-β to undergo MMT and contribute to the MFB fraction in peritoneal fibrosis, in which up to 16.8% of all MFBs were derived from peritoneal mesothelial cells (Lua et al., 2015).
GLI1 Positive Perivascular Mesenchymal Stem-like Cells
The glioma-associated oncogene homolog 1 (GLI1) belongs to the family of three GLI C2H2-Kruppel type transcription factors that contain five zinc finger domains and either activate or repress gene expression by binding to specific consensus DNA sequences (Figure 9). Traditionally, GLI proteins are viewed as downstream effectors of the Hedgehog (HH) signaling pathways, but are now also known to be regulated transcriptionally and post-transcriptionally through non-canonical mechanisms involving RAS-RAF-MEK-ERK and PI3K-AKT-mTOR (Dusek and Hadden, 2021). This zinc finger protein was originally identified as an oncogene that was amplified more than 50-fold and highly expressed in some cases of malignant glioma (Kinzler et al., 1987). GLI1 localize predominantly to the nucleus (Figure 10) and bind the 9-base-pair consensus DNA 5′-GACCACCCA-3′ with high affinity (Kinzler and Vogelstein, 1990). It has turned out that the individual GLI proteins play fundamental and distinct roles both in chronic inflammation and cancer. In some organs the lack of HH expression promotes chronic inflammation and tumor formation, while aberrantly activated HH/GLI signaling is also capable to foster tumor growth and simultaneously dampening inflammation and favoring immunosuppression (Grund-Gröschke et al., 2019). Genetic lineage tracing analysis in mice demonstrated that tissue-resident, but not circulating, GLI1 positive mesenchymal-stem-cell-like cells can generate MFBs in kidney, lung, liver, or heart after injury (Kramann et al., 2015). Genetic ablation of GLI1 positive cells abolished bone marrow fibrosis and rescued bone marrow failure (Schneider et al., 2017). More recently it was demonstrated that the pro-fibrogenic activity of osteopontin in promoting HSC activation and ECM deposition during liver fibrogenesis is strongly dependent on GLI1 function (Rao et al., 2019). In the human HSC line LX-2, PAX6 binds to the promoter of the GLI1 gene, thereby promoting fibrogenic activities and proliferation (Li C. et al., 2020). In the same cell line, GLI1 was further shown to be integrated in a complex network of Wnt/β-catenin, which regulates cellular contraction (Zhang F. et al., 2020). However, the significance of GLI1 positive perivascular mesenchymal stem-like cells for liver fibrogenesis is still unknown. Publicly available data obtained by single cell PCR shows that GLI1 mRNA expression in normal human liver is rather low (<1 protein-coding transcript per million) and restricted to some immune cells and hepatocytes (Figure 11), while not found in smooth muscle cells or endothelial cells. It will be now of particular interest to document the existence of respective cells and to clarify how these cells are triggered during hepatic fibrogenesis to generate the proposed large fraction of MFBs.
[image: Figure 9]FIGURE 9 | Crystal structure of the five Zn fingers from human GLI1 in complex with a high-affinity DNA binding site. Shown is a complex of a peptide derived from the human GLI1 oncoprotein spanning region Glu 234 to Gly388 with a DNA fragment containing the specific binding site 5′-GACCACCCA-3′ (underlined). Each of the five zinc fingers has a conserved sequence motif that is characterized by the consensus sequence X3-Cys-X2-4-Cys-X12-His-X3-5-His-X4 (where X is any acid residue). The structure has been determined at 2.6 Å resolution. Structure coordinates were taken from the PDB Protein Data Bank (access. no. 2GLI). For details see (Pavletich and Pabo 1993).
[image: Figure 10]FIGURE 10 | Expression of GLI1 in human bone osteocarcoma cell line U-2 OS. The cell line U-2 OS originating from human mesenchymal tumors express large quantities of GLI1 (green), which is localized in the nucleus and the cytoplasm. Microtubuli (red) and nucleus (blue) are stained by a specific antibody or DAPI. The figure was compiled using immunocytochemical data taken from the Human Protein Atlas v.20 (www.proteinatlas.org/) (Uhlén et al., 2015). They can be found at: https://www.proteinatlas.org/ENSG00000111087-GLI1/cell#img.
[image: Figure 11]FIGURE 11 | GLI1 expression in liver (A) single cell PCR data shows that GLI1 mRNA expression in normal human liver is rather low (<1 protein-coding transcript per million) and majorly restricted to a subpopulation of T-cells, B-cells and hepatocytes (B) Heatmap of marker gene expression in different hepatic cell types. The figure was compiled using expression data from the Human Protein Atlas (www.proteinatlas.org/) (Uhlén et al., 2015). Abbreviations used are: pTPM, protein-coding transcript per million; UMAP, uniform manifold approximation and projection.
MECHANISMS OF FIBROSIS REGRESSION AND RESOLUTION
Liver fibrosis is potentially reversible (Ramachandran and Iredale, 2012). Patients undergoing treatment for HCV infection clearly demonstrate reversal of fibrosis upon complete HCV negativity (Brenner, 2013). However, liver fibrosis is reversible only in the early stages (Fibrosis grades 1 and 2). Once fibrosis crosses a threshold (Fibrosis grades 3 and 4), the fibrogenic type I collagen forms crosslinks and is typically associated with cell damage and inflammation, making it harder to recover (Brenner, 2013). Two events are critical in directing the liver pro-fibrogenic phenotype to recovery - (i) Apoptosis of MFBs in the liver and, (ii) switching of macrophages from a pro-inflammatory to a tissue resolution phenotype (Pellicoro et al., 2014). During liver fibrogenesis, the ECM is extensively remodeled leading to accumulation of proteases such as matrix metalloproteinases (MMP) as well as collagenases (Iredale, 2008). However, at the same time, fibrotic liver also accumulates myofibroblast-derived tissue inhibitor of metalloproteinase 1 (TIMP1) which prevents the action of MMPs and ECM turnover (Iredale et al., 1996). As a result, there is an accumulation of collagen and pro-fibrotic ECM. Over a period of time, accumulation of a large number of crosslinked collagen and elastin fibers lead to sequestering of crosslinked fibers within the tissue beds, making them inaccessible for proteolytic digestion (Issa et al., 2004). As the cross links increase, the exposed fibers also become less susceptible to digestion themselves (Issa et al., 2004). The hallmark of a recovering fibrotic liver is the termination of cellular injury followed by the absence or disappearance of hepatic MFBs (Kisseleva et al., 2012). Studies show that at least 50% of the activated MFBs revert to less fibrogenic or quiescent HSCs (Kisseleva et al., 2012; Troeger et al., 2012). The role of macrophages and the trigger of switching from pro-inflammatory to pro-resolution macrophages during fibrosis is incompletely understood. However, macrophages in the resolving fibrotic liver have been shown to secrete increased levels of MMPs thereby contributing to ECM reorganization (Li H et al., 2016). Therefore, polarization of macrophages provides a therapeutic opportunity for the resolution of liver fibrosis.
THERAPY OF HEPATIC FIBROSIS
Although numerous drugs have beneficial anti-fibrotic effects in vitro and in animal models, none of these drugs has been ultimately shown to be efficacious in the clinic. Moreover, general anti-fibrotic therapies are not available. Instead, clinicians and professional associations have developed some clinical practice guidelines and recommendations for etiology-specific interventions. Most noticed are the guidelines published by the American Association for the Study of Liver Diseases (AASLD) and the European Association for the Study of Liver Diseases (EASL) that both develop evidence-based clinical practice guidelines on a regularly basis. These ‘state-of-the-art’ recommendations are intended to assist physicians and other healthcare providers in the diagnosis and management of a specific etiology of liver injury. As such they typically contain information about disease definition, epidemiology, etiology, risk factors, incidence, recommended tests and examinations for disease detection, screening tools, preferred staging and grading systems, therapy strategies, surveillance tests/intervals, therapy outcome measures, prevention strategies, ongoing trials, and much other supporting information. From the view of basic scientists some generally applicable concepts should be effective in the therapy of hepatic fibrosis. These include the withdrawal of injurious stimuli, inhibition of ongoing hepatic damage, deactivation and elimination of ECM-producing cells, removal of superfluous scar tissue, counteracting biological mediators driving hepatic inflammation and fibrogenesis, and restoring the normal liver architecture (Figure 12). scRNA-seq and genetic cell tracing experiments have shown that the termination of hepatic fibrosis is associated with a reversal of HSC activation and expression of different inactivation markers (Troeger et al., 2012). However, reverted HSCs remain in a primed state maintaining a higher responsiveness toward fibrogenic stimuli.
[image: Figure 12]FIGURE 12 | Potential therapeutic options for liver fibrosis. Based on the fact that hepatic fibrosis is driven by different mediators and pathways, there is a plenitude of possibilities to interfere with this process. For more details see text or refer to (Schon et al., 2016; Weiskirchen 2016; Tacke and Weiskirchen, 2018; Weiskirchen et al., 2018; Levada et al., 2019).
Arrest of Chronic Liver Damage by Avoiding or Eradication of Harmful Substances and Replacement Therapies
As outlined, there are many genetic and environmental factors that can cause hepatic fibrosis. Most frequent inherited disorders associated with acute and chronic liver disease include hemochromatosis, Wilson disease, α1-antitrypsin deficiency, and cystic fibrosis. In the case of hemochromatosis, excessive iron can be removed from the body by regularly phlebotomy, or alternatively iron chelating therapy (Murphree et al., 2020). Wilson disease occurring as a consequence of impaired biliary copper excretion can be effectively treated with the chelators d-Penicillamine and trientine or by application of zinc preparations interfering with the gastrointestinal uptake of copper (Stremmel and Weiskirchen, 2021). Shortage of α1-antitrypsin in the lung can be partially overcome by intravenous replacement therapy, while this therapy is not appropriate to people with liver disease. In respective patients, there is emphasis on efforts to prevent progression of related liver injury by reducing of modifiable risk factors (overweight, tobacco, alcohol, non-steroidal anti-inflammatory drugs) or finally liver transplantation that still remains the sole curative option (Narayanan and Mistry, 2020). In cystic fibrosis resulting of mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) the application of Ursodeoxycholic acid (UDCA) is the mainstay of therapy. This secondary bile acid is supposed to stimulate bile acid secretion, but its efficacy is therapy of cystic fibrosis-related liver disease is controversially discussed (Staufer, 2020). In addition, a large number of compounds restoring CFTR protein function (i.e., CFTR modulators) are actually under close investigation (Staufer, 2020).
In regard to alcoholic liver disease, the abstinence from drinking alcoholic beverages is quite the cornerstone of therapy. However, several studies have shown that glucocorticoids given alone or in combinations with antioxidants are beneficial to lower hepatic inflammation (Mitchell et al., 2020). In addition, drugs able to prevent the development of steatosis, modulate innate immune responses, targeting the microbiome, or stimulating liver regeneration are investigated in many clinical studies (Mitchell et al., 2020).
Antiviral treatment strategies are suitable to reduce the burden of chronic hepatitis B (HBV), hepatitis C virus (HCV), or hepatitis D (HDV) infections. In particular, the introduction of direct antiviral drugs offers nowadays a very competent way to obtain viral clearance with sustained virologic response rates greater than 95% (Do and Reau, 2020). Rigorous infant prophylaxis, early childhood and adult immunization programs as well as vaccination of high-risk individuals significantly contribute to prevalence of HBV transmission worldwide (Polaris Observatory Collaborators, 2018). Established interferon-based therapies are established and new encouraging drugs are currently under clinical evaluation for the treatment of HDV (Koh et al., 2019).
Autoimmune diseases of the liver typically affect either the liver parenchyma, which is termed autoimmune hepatitis, or alternatively the bile ducts provoking primary biliary cholangitis (PBC) or primary sclerosing cholangitis (PSC) (Weiskirchen, 2016). Immunosuppressive treatment consisting of either corticosteroids alone or in combination with the purine analog azathioprine is the recommended first-line medical treatment in autoimmune hepatitis (Tanaka, 2020).
There are some pharmacological approaches available for the management of NAFLD and NASH, but an ultimate therapy is still missing and actual guidelines presently only recommend significant changes in lifestyle and nutrition, in particular weight loss and physical exercise (Drescher et al., 2019). Nevertheless, there are several drugs currently at various stages of development for the therapy of NASH, possessing anti-inflammatory activity, improve insulin resistance, reduce de novo lipogenesis, modulate lipid transport or oxidation, or evolve anti-apoptotic effects (Tacke and Weiskirchen, 2018).
Liver fibrosis resulting from Schistosomiasis (S. mansoni and S. japonicum) are presently treated with the pyrazinoisoquinoline derivative praziquantel, while several vaccines that are urgently needed are currently at differing phases of clinical development and not yet been accepted for public use (McManus et al., 2020).
Antioxidants
As discussed, elevated quantities of reactive oxygen species (ROS) are key drivers of hepatic inflammation and fibrosis. Under normal condition, ROS are required for many important signaling processes, impact cell proliferation, contribute to apoptotic pathways, and help phagocytic active cells to destroy and eliminate pathogens (Luangmonkong et al., 2018). They induce apoptosis and necrosis of parenchymal cells (i.e., hepatocytes) resulting in the release of harmful mediators (e.g., TGF-β, TNF-α), stimulate Kupffer cells to produce profibrogenic mediators, prompt recruitment of circulating inflammatory cells into the liver, and contribute to the activation of HSCs (Weiskirchen, 2016). Therefore, an imbalance between ROS production and degradation play an important role in the pathogenesis of liver fibrosis. Consequently, therapeutic interventions targeting elevated cellular oxidative stress should be beneficial for the treatment of liver fibrosis (Luangmonkong et al., 2018). In regard to therapy of liver fibrosis, many ROS inhibitors have been tested successfully in pre-clinical animal models (Weiskirchen, 2016). Most of these antioxidants are scavengers that unspecific alleviate ROS accumulation, while others are more selective by targeting defined molecular pathways involved in ROS generation. In particular, inhibitors of mitochondrial dysfunction (Coenenzyme !0, Mitoquinone mesylate, NIM811), endoplasmic stress (Glycerol phylbutyrate), NADPH oxidases (GKT137831, Docosahexaenoic acid, losartan), and Toll-like receptors (Curcumin, Quercetin, various probiotics, Bicyclol) have attracted widespread attention in recent years (Luangmonkong et al., 2018). Most promising are drugs that interfere with the activity of different NADPH oxidase (NOX) subtypes. In experimental models, both the deficiency of NOX1 or NOX4 as well as the application of the dual NOX1/4 inhibitor GKT137831 was effective in attenuation of carbon tetrachloride-induced liver fibrosis (Lan et al., 2015). Likewise, the NOX inhibitor apocynin was therapeutically effective in preventing lipopolysaccharide/d-galactosamine-induced acute liver injury (Peng et al., 2020).
Inhibitors of Cytokine Signaling
Several cytokines play a crucial role in the pathogenesis of hepatic fibrosis. Commonly, they bind to specific cell-surface exposed receptors, thereby initiating intracellular signaling cascades ending in modified gene expression. Research performed during the last decades has identified a number of different cytokines relevant during the pathogenesis of hepatic fibrosis. Representative cytokines most prominent involved in disease initiation or progression are members belonging to the family of TGF-β, platelet-derived growth factors (PDGF), vascular endothelial growth factors (VEGF), interleukins (IL), fibroblast growth factors (FGF), interferons (IFN), insulin-like growth factors (IGF), TNF-α, epidermal growth factor (EGF), nerve growth factor (NGF), and hepatocyte growth factor (HGF) (Weiskirchen 2016). Their specific activities were comprehensively explored in many in vitro and in vivo models of hepatic fibrosis. However, proposed therapies by interfering with cytokine activities using small interfering RNAs, antisense oligonucleotides, aptamers, soluble receptors, scavenger molecules, therapeutic antibodies, or other biological agents have not been translated to the clinics yet (Borkham-Kamphorst and Weiskirchen, 2016; Weiskirchen, 2016; Schuppan et al., 2018).
Inhibitions of Chemokine Signaling
Chemokines are critical immunomodulatory mediators acting in humans through 20 different G-protein-coupled transmembrane receptors. They typically consists of 75–125 amino acids, share a similar tertiary structure, and based on the number and position of cysteine residues can be systematically categorized into four distinct subfamilies, namely CC, CXC, CX3C, and XC followed by the letter L (standing for ‘ligand’) and a consecutive number indicating their temporal isolation (Hughes and Nibbs, 2018). The individual ligands and their cognate receptors (i.e., CCR, CXCR, CX3CR, XCR) form an enormously complex network playing pivotal roles. By far the most studied functions are the control of cell recruitment, inflammation, wound healing, lymphoid trafficking, angiogenesis, and metastasis. For the formation of liver disease, there is now ample evidence that chemokines and their receptors have fundamental importance in both progression and regression of hepatic fibrosis (Marra and Tacke, 2014). Therefore, strategies for inhibiting common or individual chemokine activities are presently intensively investigated. Prototypically, the dual specific CC motif chemokine receptor 2/5 (CCR2/CCR5) antagonist cenicriviroc has been experimentally and clinically shown to block fat accumulation, Kupffer cell activation, monocyte recruitment, HSC activation, and fibrosis (Friedman et al., 2018; Krenkel et al., 2018; Ambade et al., 2019).
Other Anti-fibrotic Therapy Strategies
Besides the elimination of pathogenic causes, usage of replacement therapies, usage of antioxidants, or therapies targeting cytokine or chemokine activities, there are numerous other possibilities to interfere with hepatic fibrosis. In the past, many other drugs or herbal supplements or vitamins were experimentally tested in pre-clinical models of hepatic fibrosis (Weiskirchen, 2016). They act by inducing apoptosis, autophagy or senescence in ECM-producing cells, interfere with pro-fibrogenic target molecules, modulate cell cycle or proliferation synthesis, act hepatoprotective, or generally interfere with gene expression, replication, mitosis or meiosis. However, their efficacy was only successfully proven yet in experimental disease models. Clinical application is hindered in most cases because effective strategies that allow targeting these drugs to fibrogenic effector cells are not available (Schuppan et al., 2018). Other experimental approaches have identified the lysyl oxidase-like 2 (LOXL2) encoding an extracellular copper-dependent amine oxidase catalyzing the covalent cross-linking of collagen and elastin as a promising drug target (Khurana et al., 2021). In two experimental models of hepatic fibrogenesis, the selective LOXL2/3 inhibitor PXS-5153A was shown to dose-dependently diminish collagen content, thereby reducing disease severity and improve liver function (Schilter et al., 2019). In line, the preventive treatment with and anti-LOXL2 antibody was able to prevent ongoing experimental hepatic fibrosis (Ikenaga et al., 2017). Similarly, targeting Galectin-3 representing a 30 kDa protein with important functions in cell-cell adhesion, cell-matrix interaction, angiogenesis, macrophage activation, inflammation, and collagen synthesis has been identified as a suitable drug candidate.
Presently, there is much hope that engineered nanoparticles, magnetic-assisted drug delivery techniques, or therapeutic effective transgenes expressed under fibrosis-related promoters can be optimized in the near future to better target individual fibrogenic cell subpopulations (Herrmann et al., 2004; Schon et al., 2016; Levada et al., 2019).
CONCLUSION
Genetic disorders, alcohol abuse, drugs, cholestasis, metabolic disorders, chronic viral hepatitis, parasitic infections and several cryptogenic causes are major causes that provoke liver fibrosis. During this progressive process accumulation of ECM, disruption of the lobular structure, and progressive deterioration of hepatocellular function lead to fatal complications. In particular, the exuberant collagen deposition is one hallmark of fibrogenesis. Work from the last decades have identified a number of different resident and infiltrating cells that can either be activated or transform into a phenotype capable to synthesize ECM. In addition, cell- and animal-based experiments, clinical studies and complex integrated bioinformatics analysis have unraveled soluble mediators, molecular pathways, and pro-fibrogenic genes that are key drivers in the pathogenesis of hepatic disease. However, despite the important progress, there are currently no approved anti-fibrotic drugs that have been ultimately shown to be efficacious in the clinic. Presently, clinical practice guidelines are only etiology-specific. They intend to optimize patient care by withdrawal of injurious stimuli, consumption of antioxidant acting compounds, and lifestyle interventions including healthy food, exercised and controlled weight loss. Nevertheless, many experimental studies and clinical trials are currently being conducted to test drugs targeting more specifically inflammation, the cellular activation process, or the activity of inflammatory or fibrotic-acting cytokines or chemokines. There is hope that these compounds will be of fundamental importance in future treatments aiming at impeding or reversing the fibrogenic process.
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Tissue factor (TF) is a blood coagulation factor that has several roles in many non-coagulant pathways involved in different pathological conditions such as angiogenesis, inflammation and fibrogenesis. Coagulation and inflammation are crosslinked with liver fibrosis where protease-activated receptor1 (PAR1) and toll-like receptor4 (TLR4) play a key role. Antisense oligodeoxynucleotides are strong modulators of gene expression. In the present study, antisense TF oligodeoxynucleotides (TFAS) was evaluated in treating liver fibrosis via suppression of TF gene expression. Liver fibrosis was induced in rats by a single administration of N-diethyl nitrosamine (DEN, 200 mg/kg; i. p.) followed by carbon tetrachloride (CCl4, 3 ml/kg; s. c.) once weekly for 6 weeks. Following fibrosis induction, liver TF expression was significantly upregulated along with liver enzymes activities and liver histopathological deterioration. Alpha smooth muscle actin (α-SMA) and transforming growth factor-1beta (TGF-1β) expression, tumor necrosis factor-alpha (TNF-α) and hydroxyproline content and collagen deposition were significantly elevated in the liver. Blocking of TF expression by TFAS injection (2.8 mg/kg; s. c.) once weekly for 6 weeks significantly restored liver enzymes activities and improved histopathological features along with decreasing the elevated α-SMA, TGF-1β, TNF-α, hydroxyproline and collagen. Moreover, TFAS decreased the expression of both PAR1 and TLR4 that were induced by liver fibrosis. In conclusion, we reported that blockage of TF expression by TFAS improved inflammatory and fibrotic changes associated with CCl4+DEN intoxication. In addition, we explored the potential crosslink between the TF, PAR1 and TLR4 in liver fibrogenesis. These findings offer a platform on which recovery from liver fibrosis could be mediated through targeting TF expression.
Keywords: TF, PAR1, TLR4, liver fibrosis, inflammation, antisense oligodeoxynucleotides
INTRODUCTION
Liver fibrosis is a response to chronic liver injury induced by diverse causes such as infection, drugs, metabolic disorders, auto-immune diseases and cholestatic liver diseases (Borensztajn et al., 2010). Fibrogenesis is commonly associated with the generation of a chronic inflammation that results in an abnormal wound healing response. Hepatic stellate cells (HSCs) activation is the key pathogenic mechanism for the initiation and progression of liver fibrosis. A complex and tightly regulated cross-talks between HSCs, hepatocytes, Kupffer cells and sinusoidal endothelial cells (SECs) at the level of liver microcirculation are reported during fibrogenesis (Moreira, 2007).
Accumulation of collagen as well as other extracellular matrix (ECM) components in the liver leads to fibrous scar formation, which results in disruption of the liver architecture, hepatocyte loss, deterioration of the normal liver functions and ultimately liver failure (Karsdal et al., 2020). Liver fibrosis is a reversible process, as long as the liver is not at the stage of advanced cirrhosis (Benyon and Iredale, 2000). Given the highly dynamic process of liver fibrosis and the complex and multiple pathways involved in its progress, targeting one pathway that underlies the fibrotic process may not be sufficient to induce its reversal. However, through advances in the understanding of the key events and cellular pathways involved in the pathogenesis of fibrogenesis, the key targets for antifibrotic therapies are likely to be identified (Trautwein et al., 2015).
Recently, the association between chronic liver disease and coagulopathy is well established (Tripodi et al., 2011). Coagulation activity was recorded as a contributor to the pathogenesis of liver toxicity. Furthermore, it was reported that inflammation and coagulation are interrelated for fibrogenesis (Calvaruso et al., 2008).
Tissue factor (TF) is a 47-kDa transmembrane glycoprotein that is normally expressed throughout the body including the liver (Witkowski et al., 2016). TF is the main initiator of the protease coagulation cascade in vivo, leading to thrombin generation (Rauch and Nemerson, 2000). It has been reported that under pathological conditions TF expression can be upregulated by many inducers such as cytokines, hypoxia and mechanical injury, thus concentrating TF to the sites of injury (Giesen et al., 1999). TF mediates different pathological signal cascades via a family of G-protein coupled receptors called protease-activated receptors (PARs) (Rao and Pendurthi, 2005).
Four types of PARs have been identified PAR1, PAR2, PAR3 and PAR4. PAR1 receptor was found in the normal liver as well as diseased liver (Rullier et al., 2008; Nault et al., 2016) and has been shown to perform a key role in the pathogenesis of liver fibrosis (Sullivan et al., 2010). PAR1 is expressed by various cells including endothelial cells, fibroblasts, smooth muscle cells and T lymphocytes (Coughlin, 2000). In the liver of patients with cirrhosis and chronic hepatitis, PAR1 was positively stained in fibroblasts in the fibrotic septa in addition to the inflammatory cells infiltrated around newly formed blood vessels and bile ducts (Rullier et al., 2008). PAR1 is primarily activated by thrombin and can be also activated by activated protein C (Riewald et al., 2003), coagulation factor Xa (FXa; Riewald et al., 2001), coagulation factor VIIa (FVIIa; Camerer et al., 2000) and plasmin (Pendurthi et al., 2002). Thrombin-mediated activation of PAR1 has been reported to contribute to several inflammatory and fibrotic diseases including liver fibrosis (Sullivan et al., 2010).
In the liver, toll-like receptor 4 (TLR4) is found on both Kupffer cells and HSCs (Bai et al., 2013). TLR4 is the main target for lipopolysaccharide (LPS) and is largely involved in the inflammatory reaction associated with liver fibrosis (Beutler, 2004). TLR4 signaling through Kupffer cells leads to the release of proinflammatory cytokines such as TNF-α, IL-1 and IL-6 (Beutler, 2004). Moreover, TLR4 expressed on Kupffer cells is involved in the fibrogenic signaling of HSCs and enhancing their response to transforming growth factor-1β (TGF-1β) thus promoting liver fibrosis (Seki et al., 2007). Interestingly, it has been reported that in patients with hepatitis C infection, specific single-nucleotide polymorphisms of TLR4 affected the rate of fibrosis progression (Huang et al., 2007).
Blocking of specific gene expression has recently gained a growing considerable interest as a tool to decrease the expression of a target protein. DNA encodes RNA, which is then translated into proteins (Chery, 2016). Antisense oligodeoxynucleotides (AS-ODNs) are single-stranded oligodeoxynucleotides that bind to compatible mRNA with a high degree of accuracy, leading to a decline in the target protein level (Bennett and Swayze, 2010). Different types of oligonucleotides antisense sequences, including reverse sequences, antisense sequences containing one or more mismatches and scrambled oligonucleotides have been used as a control of AS-ODNs (Gagnon and Corey, 2019). Over the last years, therapeutic strategies including AS-ODNs that suppress translation of mRNA and other oligonucleotides that interfere with RNA pathway have been substantially improved as a therapy platform at both preclinical and clinical levels (Chi et al., 2005; Kastelein et al., 2006). In 1998, fomivirsen was approved as the first agent that inhibits the translation of mRNA encoding for cytomegalovirus at its early immediate region proteins and permitted for treating cytomegalovirus retinitis (Jabs and Griffiths, 2002). Importantly, by January 2020, 10 oligonucleotide drugs have gained regulatory approval from the FDA (Roberts et al., 2020).
The objective of this work is to study the theory that chemically induced liver fibrosis is TF-dependent and consequently inhibition of TF expression by antisense tissue factor oligodeoxynucleotides (TFAS) could be associated with reduced severity of liver fibrosis. In addition, the study aimed at exploring the TLR4-TF-PAR1 signaling loop as a novel pathway that may be involved in liver fibrosis and the possible role of suppressing TF expression in blocking this loop as a form of cross-talk between coagulation, inflammation and fibrogenesis.
MATERIAL AND METHODS
Experimental Animals
Male Sprague Dawley rats with an average weight of 120–150 gm (5–6 weeks old) were purchased from the Egyptian Organization for Biological Products and Vaccines (Cairo, Egypt). Animals were placed in cages and kept under conventional laboratory conditions throughout the study (room temperature 24–27°C and 55 ± 10% humidity) with alternating 12 h light and dark cycles. Animals were fed normal chow and were permitted water ad libitum. They were left in the animal house at Faculty of Pharmacy, Cairo University for acclimatization for one week before the start of the study where rats whose weight exceeded 150 gm were excluded. Male rats are strictly used while female rats are avoided in the experiment to prevent unintended risks. The experimental protocol was approved by the Research Ethics Committee (REC) of Faculty of Pharmacy, Cairo University (PT 1902).
Drugs and Chemicals
N-diethyl nitrosamine (DEN) was purchased from Sigma Chemicals (MO, United States) and dissolved in saline. Carbon tetrachloride (CCl4) was obtained from El Gomhorya Co. (Cairo, Egypt). Tissue factor oligodeoxynucleotides (TF-ODNs) were purchased from Integrated DNA Technologies (San Diego, CA, United States) and dissolved in saline. The sequence of the rat antisense tissue factor oligodeoxynucleotides (TFAS) is 5’-CAT​GGG​GAT​AGC​CAT-3’ while the sequence of scrambled control of tissue factor oligodeoxynucleotides (TFSC) is 5’-TGA​CGC​AGA​GTC​GTA-3’. All chemicals were of the highest purity and analytical grade.
Sample Size Calculation
A total of 40 rats were divided into five groups (n = 8) where each group was placed in a cage. The sample size was calculated using G*Power software (GPower 3.1. Ink) where the effect size is 0.77, α level is 0.05 and power (1-β) is 0.95.
Experimental Design
Rats were allocated to cages by simple randomization using a web-based research randomizer and within the same cage, rats received the treatment randomly. The technician was blinded to the group status and the treatment administered to the rats. All the treatments and animals were handled and monitored in the same way. The authors were responsible for treatment preparation, anesthesia and sample collection. The groups were divided as follows:
Control group: healthy rats received saline throughout the experiment, TFAS group: rats treated with TFAS (2.8 mg/kg; s. c.) once a week for six weeks according to Nakamura et al. (2002) and Shimizu et al., (2014).
DEN+CCl4 group: liver fibrosis was induced by injection of a single dose of DEN (200 mg/kg; i. p.) and after one week CCl4 was administered (3 ml/kg; s. c.) once a week for six weeks according to Mansour et al. (2010) with some modification.
TFSC+DEN+CCl4 group: rats intoxicated with DEN and received TFSC (2.8 mg/kg; s. c.) concomitantly with CCl4 for 6 weeks.
TFAS+DEN+CCl4 group: rats intoxicated with DEN and received TFAS (2.8 mg/kg; s. c.) concomitantly with CCl4 for 6 weeks.
Animals were sacrificed following the time frame from starting the experiment till the end of the 7th week.
Sample Collection
Blood samples were collected from the jugular vein and sera were separated. Rats were euthanized using thiopental (85 mg/kg; i. p.; Gonca, 2015). The liver was divided into 2 parts; one part was kept in 10% neutral formalin, whereas the second part was stored in −80°C. The measurements were performed by personnel that were blinded completely to the group status.
Assessment of Liver Functions
Serum liver enzymes activities; alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) were assessed using colorimetric commercially available assay kits (Biodiagnostic, Giza, Egypt) according to the manufacturer's instructions.
Determination of Liver Content of Tumor Necrosis Factor-alpha
Part of the frozen liver tissue was homogenized in phosphate buffer saline (PBS, pH 7.4) for the assessment of liver TNF-α content using ELISA specific kit (Ray Biotech, United States; ELR-TNFα). The parameter was assessed according to the manufacturer's protocol.
Determination of Liver Hydroxyproline Content
Liver hydroxyproline content was assessed using frozen liver tissue as previously described by Edwards and O’Brien (1980) with slight modifications. Briefly, liver samples were weighed and hydrolyzed in 2.5 ml of 6N HCl at 110°C for 18 h in Teflon coated tubes. The hydrolysate was centrifuged at 3000 rpm for 10 min; the pH of the supernatant was allocated to 7.4 and the absorbance was measured at 558 nm. Total hydroxyproline content was measured against a standard curve established with trans-4-hydroxy-l-proline (Sigma- Aldrich, St Louis, MO, United States).
Analysis of Tissue Factor, Transforming Growth Factor-1beta and Protease-Activated Receptors1 Gene Expression via qRT-PCR
Relative quantification of gene expression was performed by extraction of RNA from liver cells using TRIzol plus RNA purification kit (life technologies, Carlsbad, United States) according to the manufacturer’s protocol. RNA was reverse transcribed using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster, CA, United States). Quantification of TGF-1β and PAR1 PCR was carried out using Rotor-Gene Q 5 plex real-time Rotary analyzer (Corbett Life Science, United States). Quantification of TF RNA, TGF-1β RNA and PAR1 RNA was carried out using PCR fluorescence quantitative diagnostic kit, with SYBR Green PCR Master Mix (Applied Biosystems, United States). For quantification of TGF-1 β, the primers 5’-TAC​CAT​GCC​AAC​TTC​TGT​CTG​GGA-3’ (forward primer) and 5’-ATG​TTG​ACA​ACT​GCT​CCA​CCT​TG-3’ (reverse primer) were normalized against β-actin 5’-ATC​TGG​CAC​CAC​ACC​TTC-3’ (forward primer) and 5’-AGC​CAG​GTC​CAG​ACG​CA-3’ (reverse primer). For quantification of PAR1, primers 5’-CTT​GCT​GAT​CGT​CGC​CC-3’ (forward primer) and 5’-TTC​ACC​GTA​GCA​TCT​GTC​CT-3’ (reverse primer) and for quantification of TF, primers 5’-ATG​GCT​ATC​CCC​ATG-3’ (forward primer) and 5’-CAT​GGG​GAT​AGC​CAT-3’ (reverse primer) were normalized against GADPH 5’-CTG​CAC​CAC​CAA​CTG​CTT​AC-3’ (forward primer) and reverse 5’-CAG​AGG​TGC​CAT​CCA​GAG​TT-3’ (reverse primer).
Flow Cytometric Analysis of Toll-Like Receptor4
For detection of TLR4 cell surface expression, frozen liver tissue was homogenized then single-cell suspension was washed with staining buffer (PBS containing 1% FBS). Cells were then incubated with biotin-conjugated rat anti-human TLR4 antibody at a concentration of 20 ml/106 cells for 30 min on ice. After washing with staining buffer, the cells were mixed with Streptavidin-phycoerythrin and immediately analyzed with a flow cytometer FACScan and CellQuest Software.
Histopathological Examination of Liver With Collagen and Fibrosis Scoring
Liver samples preserved in 10% neutral formalin were washed under tap water; then serial dilutions of alcohol were used for dehydration. Specimens were cleared in xylene and embedded in paraffin. Sections at 4 μm thicknesses were prepared by slide microtome and stained with hematoxylin and eosin (H and E) and Masson’s Trichome staining to examine liver histopathological and fibrotic changes. All histopathological examinations were performed by an experienced pathologist who was blinded to the study groups. All methods of tissue sample preparation and staining were carried out as outlined by Drury and Wallington (1983). Qualitative and quantitative scoring of collagen was performed using a full HD microscopic imaging system (Leica Microsystems GmbH, Germany) operated by Leica Application software. The total specimen area and the blue-stained pixels (representing collagen) were segmented. Percent (%) collagen was calculated as the ratio of blue-stained to total specimen pixels. The criteria used for microscopic lesions and fibrosis scoring was listed as follows (Al-Sayed et al., 2019): (−), no lesions were demonstrated; (+), few lesions were demonstrated in one examines section; (++), mild lesions were focally demonstrated in some examined sections; (+++), moderate lesions were diffusely demonstrated in some examined sections; and (++++), severe lesions were diffused in all examined sections.
Immunohistochemical Staining of Alpha Smooth Muscle Actin and Tissue Factor in the Liver
According to the manufacturer’s protocol, deparaffinized 4 μm thick tissue sections were treated with 3% H2O2 for 20 min, washed, then incubated with anti-alpha smooth muscle actin antibody and anti-tissue factor antibody overnight. Tissue sections were washed with PBS followed by incubation with secondary antibody HRP Envision kit (DAKO) for 20 min and incubated after washing with diaminobenzidine (DAB) for 10 min and then washed finally with PBS and hematoxylin was added for counter staining. Finally, tissue sections were dehydrated and cleared in xylene. Area percentage of immune-expression levels of α-SMA and TF sections were determined using Leica application module for tissue sections analysis attached to full HD microscopic imaging system (Leica Microsystems GmbH, Germany).
Statistical Analysis
Data analysis was carried out with complete blindness to the study group status. Results were expressed as mean ± SEM. Statistical significance was determined by one-way ANOVA followed by Tukey-Kramer post-Hoc test. P value < 0.05 was considered significant. In addition, correlation and linear regression between TF and the assessed parameters as well as between PAR1 and TLR4 were carried out where slope differences were compared, tested and checked for significance at P< 0.0001. Correlation Coefficient “r” was calculated where the difference in “r” value states that variation of one of the variables will affect the variation in the other one through R2 calculation. GraphPad Prism 8 for Windows (GraphPad Software, Inc, La Jolla, United States) was used in all analyses.
RESULTS
Effect of Tissue Factor-Oligodeoxynucleotides on the Liver Tissue Factor Expression
Immunohistochemical detection of TF expression in liver sections of control and TFAS groups showed weak basal expression of TF (Figures 1A,B). However, liver sections of DEN+CCl4 intoxicated rats showed sharply stained positive grades of cytoplasmic and sub membranous positivity in numerous hepatocytes (Figure 1C). The liver sections from DEN+CCl4 intoxicated rats received TFSC showed decreased hepatocellular staining compared to the DEN+CCl4 intoxicated group (Figure 1D). Rats that received TFAS showed a profound decrease in TF expression (Figure 1E). Area of TF expression showed a significant increase in the DEN+CCl4 intoxicated rats by 943.48% comparing to the basal expression of the control group. Treatment of rats with TFSC and TFAS resulted in a significant decrease in the elevated TF expression by 54.16 and 67.92%, respectively in comparison to untreated intoxicated rats. TFAS treatment significantly decreased TF expression by 30% compared to TFSC treatment (Figure 1F).
[image: Figure 1]FIGURE 1 | Effect of TF-ODNs on the liver TF expression in DEN+CCl4 intoxicated rats. Immune-stained liver section of TF expression with positive stained grades of cytoplasmic and sub membranous positivity in numerous hepatocytes, (A) control group, (B) TFAS group, (C) DEN+CCl4 group, (D) TFSC+DEN+CCl4 group, (E) TFAS+DEN+CCl4 group and (F) The percentage area of TF immune-expression and (G) qPCR determined TF expression in all study groups. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. TF: tissue factor; DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
TF expression was determined by qPCR that showed a significant decrease by 39.78% upon treatment with TFAS alone when compared to the control group. TF expression increased significantly in the DEN+CCl4 intoxicated group by 88.03% compared with control group. Treatment of rats with TFSC and TFAS decreased the elevated TF expression by 12.17 and 52.37%, respectively compared with intoxicated group. Intoxicated rats that were treated with TFAS treatment showed a significant decrease by 45.78% when compared to TFSC treatment (Figure 1G).
Effect of Tissue Factor-Oligodeoxynucleotides on Protease-Activated Receptors1 Expression in Liver
PAR1 expression in the livers excised from DEN+CCl4 intoxicated rats was significantly increased by 55.26% compared to the control group. The treatment of intoxicated rats with TFSC and TFAS significantly decreased the elevated level of PAR1 by 13.56 and 20.34%, respectively compared to the DEN+CCl4 group and TFAS treatment manifested a significant decrease in PAR1 expression by 7.84% compared to TFSC (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of TF-ODNs on relative expression of PAR1 in liver. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. PAR1: protease activated receptor 1; DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
Effect of Tissue Factor-Oligodeoxynucleotides on Liver Alpha-Smooth Muscle Actin Expression
Control and TFAS treated animals showed weak basal expression of α-SMA (Figures 3A,B). Rats intoxicated with DEN+CCl4 showed increased α-SMA expression with strongly stained hepatic cells, fibroblasts and vascular wall (Figure 3C). DEN+CCl4 intoxicated group treated with TFSC revealed a decreased area of α-SMA positive cells (Figure 3D). In the DEN+CCl4 intoxicated group treated with TFAS, the area of α-SMA expression was nearly similar to that of control animals (Figure 3E). Area of α-SMA stained liver cells showed a significant decrease with both TFSC and TFAS treatment when compared to DEN+CCl4 intoxicated animals by 50.71 and 91.43%, respectively. In addition, TFAS treatment showed a significant decrease in α-SMA expression by 82.61% compared to TFSC treatment of intoxicated rats (Figure 3F).
[image: Figure 3]FIGURE 3 | Effect of TF-ODNs on liver α-SMA expression. Immune-stained liver section of α-SMA expression is detected in hepatic stellate cells, fibroblasts and vascular wall, (A) control group, (B) TFAS group, (C) DEN+CCl4 group, (D) TFSC+DEN+CCl4 group, (E) TFAS+DEN+CCl4 group and (F) The percentage of α-SMA expression. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. α-SMA: alpha smooth muscle actin; DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
Effect of Tissue Factor-Oligodeoxynucleotides on Serum Activities of Alanine aminotransferase, Aspartate aminotransferase and Alkaline Phosphatase
As shown in Figure 4, serum activities of ALT (A), AST (B) and ALP (C) are elevated significantly upon DEN+CCl4 intoxication by 18.75, 48.28 and 29.17%, respectively compared to the control group. These elevations were significantly decreased in rats intoxicated with the DEN+CCl4 and treated with TFAS by 7.89, 19.77 and 8.06%, respectively, compared to the untreated intoxicated rats. There was a non-significant difference in serum enzymes activities between the DEN+CCl4 group and that treated with TFSC. On the other hand, serum activity of AST was significantly improved in the intoxicated animals treated TFAS compared to those treated with TFSC.
[image: Figure 4]FIGURE 4 | Effect of TF-ODNs on serum activities of ALT, AST and ALP enzymes. Liver enzymes activities of ALT, AST and ALP are presented in figure (A), (B) and (C), respectively. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
Effect of Tissue Factor-Oligodeoxynucleotides on Histopathological Features
The control group of rats showed normal histology of the liver (Figure 5A) as well as apparent normal features in TFAS-treated rats (Figure 5B). However, rats intoxicated with DEN+CCl4 showed a severe loss in hepatic architecture (Figure 5C) where degeneration of hepatocytes, area of coagulative hepatocellular necrosis, sinusoidal dilatation, the proliferation of biliary epithelium with periportal infiltration of inflammatory cells in portal areas as well as fibroblastic proliferation and bridging were demonstrated in this group (Table 1). These histopathological alterations were moderately reduced in the group intoxicated and treated with TFAS (Figure 5E). In contrast, treatment with TFSC didn’t significantly improve the histopathological features (Figure 5D).
[image: Figure 5]FIGURE 5 | Effect of DEN+CCl4 and TF-ODNs on histopathological features. (A) normal histologic structure showing central vein (star) from control group, (B) TFAS treated rats showing apparently normal histological features with minimal degenerative changes, (C) DEN+CCl4 intoxicated rats showing sever vacuolar degenerative and necrotic hepatocellular changes (black arrow) accompanied with many dilated liver blood vessels (star) and sever periportal inflammatory cells infiltrates (red arrow), (D) TFSC treated intoxicated rats showing slight amelioration of abnormal morphological changes with persistence of sever vacuolar degenerative of hepatocytes (arrow), (E) TFAS treated intoxicated rats showing moderate amelioration of morphological changes with dilated blood vessels and mild periportal inflammatory cells infiltrates (arrow head); DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
TABLE 1 | Effect of TF-ODNs on liver histopathological and fibrotic changes.
[image: Table 1]Effect of Tissue Factor-Oligodeoxynucleotides on Collagen Deposition and Liver Hydroxyproline Content
Control and TFAS-treated normal rats showed uniform collagen distribution (Figures 6A,B). Animals intoxicated with DEN+CCl4 showed central vein, portal tract and septal fibrosis that were stained positively for collagen fiber bundles in Masson’s Trichome stained liver sections (Figure 6C). Treatment with TFSC showed relatively decreased area of collagen accumulation in liver sections (Figure 6D) but animals treated with TFAS after intoxication restored collagen distribution nearly to the control rats (Figure 6E). The elevated area of collagen deposition in rats intoxicated with DEN+CCl4 was significantly declined with treatment with TFSC and TFAS by 61 and 80%, respectively. In addition, TFAS showed a more significant decrease by 48.72% compared to rats treated with TFSC (Figure 6F). Animals intoxicated with DEN+CCl4 showed a significant increase in liver hydroxyproline content by 42.7% compared to the control group. In contrast to collagen deposition, treatment with TFSC didn’t show significant difference in hydroxyproline content, while TFAS showed a significant decrease by 10.68% compared to DEN+CCl4 intoxicated group (Figure 6G).
[image: Figure 6]FIGURE 6 | Effect of TF-ODNs on collagen deposition and hydroxyproline content in the liver. (A) Masson’s Trichome-stained liver section of control group, (B) TFAS group, (C) DEN+CCl4 group where obvious periportal proliferation of fibroblasts are detected as well as bridging of fibroblasts with abundant formation of collagen fibers, (D) TFSC+DEN+CCl4 group and (E) TFAS+DEN+CCl4 group showed significant reduction of activated fibroblasts and collagen fibers, (F) Percentage area of collagen deposition and (G) liver hydroxyproline content in different study groups. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
Effect of Tissue Factor-Oligodeoxynucleotides Effect on Toll-Like Receptor4 Expression in the Liver
Flow cytometric analysis revealed low TLR4 expression on liver cells in the control group as well as TFAS treated normal rats (Figures 7A,B,F). Rats intoxicated with DEN+CCl4 showed significant increase in TLR4 expression by 386.67% (Figures 7C,F). The intoxicated group treated with TFAS showed a significant reduction in the expression of TLR4 by 47.95% (Figures 7E,F). Also, TLR4 expression was significantly decreased in intoxicated group with TFAS treatment by 39.68% compared to TFSC treated one.
[image: Figure 7]FIGURE 7 | Flow cytometric analysis of the effect of TF-ODNs on TLR4 expression in the liver. Histogram plots of (A) Control group, (B) TFAS group, (C) DEN+CCl4 group, (D) TFSC+DEN+CCl4, (E) TFAS+DEN+CCl4 and (F) Mean fluorescence intensity of TRL4. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. TLR4: toll like receptor 4; DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
Effect of Tissue Factor-Oligodeoxynucleotides on Transforming Growth Factor-1beta Expression and Tumor Necrosis Factor-alpha Content
Induction of liver fibrosis by DEN+CCl4 significantly raised liver TGF-1β expression and TNF-α content by 39.44 and 66.64%, respectively compared to the control group. Treatment with TFAS significantly decreased the elevated levels of liver TGF-1β expression and TNF-α content by 18.18 and 25.43%, respectively. Also, TGF-1β expression and TNF-α content significantly decreased by 12.91 and 18.34%, respectively in TFAS treated intoxicated group compared to the TFSC treatment (Figure 8A and Figure 8B).
[image: Figure 8]FIGURE 8 | Effect of TF-ODNs on TGF-1β expression and TNF-α content. Data are expressed as mean ± SEM (n = 8). (*), (@) and (#) indicate significant difference from Control, DEN+CCl4 and TFSC+DEN+CCl4, respectively at P < 0.05 using one-way ANOVA followed by Tukey-Kramer post-Hoc test. TGF-1β: transforming growth factor beta; TNF-α: tumor necrosis factor alpha; DEN: N-diethyl nitrosamine; CCl4: carbon tetrachloride; TFSC: scrambled tissue factor oligodeoxynucleotides; TFAS: antisense tissue factor oligodeoxynucleotides.
Correlation Between Tissue Factor and the Assessed Liver Enzymes Activities, Inflammatory and Fibrotic Markers as Well as Between Protease-Activated Receptors1 and Toll-Like Receptor4 Expression
Figure 9 shows the scatter plot of the positive correlation between TF expression and the assessed parameters; ALT, AST and ALP enzyme activities (Figure 9A). There is also a positive correlation between TF expression and the fibrotic markers; α-SMA and PAR1 (Figure 9B) as well as collagen and hydroxyproline (Figure 9C). A positive correlation was displayed also between TF expression and remodeling and inflammatory markers; TLR4 (Figure 9D), TGF-1β (Figure 9E) and TNF-α (Figure 9F). Also, there is a positive correlation between TLR4 and PAR1 expression (Figure 9G) in all study groups.
[image: Figure 9]FIGURE 9 | Scatter plots of the correlation between TF and the assessed liver enzymes activities, inflammatory and fibrotic markers as well as between PAR1 and TLR4 expression. The solid lines represent the linear regression and correlation coefficient (r), P is the correlation significance level.
DISCUSSION
TF is the transmembrane receptor for FVII/VIIa and the TF-FVIIa complex functions as the primary initiator of coagulation in vivo. TF is also recognized as a signaling receptor in different pathological conditions such as angiogenesis, tumor, inflammation and fibrogenesis (Lento et al., 2015). In normal liver, TF has been reported to be expressed primarily by hepatocytes (Sullivan et al., 2013) as well as HSCs, SECs and Kupffer cells (Arai et al., 1995).
In accordance with previous studies, liver fibrosis is induced in rats by co-administration of DEN and CCl4 (Uehara et al., 2013; Uehara et al., 2014; Marrone et al., 2016; Sung et al., 2018). Liver sections excised from animals intoxicated with DEN+CCl4 had intense TF staining in hepatocellular cytoplasm. In accordance with these results, overexpression and a profound role of TF have been reported in different models of chemically induced liver injury (Hammad et al., 2011; Abdel-Bakky et al., 2020), including CCl4-induced fibrosis (Duplantier et al., 2004). Furthermore, Knight et al. (2017) reported that mice with deletion of the cytoplasmic TF domain had amelioration of liver fibrosis compared to wild type mice following 8 weeks of CCl4 exposure. Thus, the overexpression of TF observed in this study and the previously reported implementation of TF in the pathogenesis of different models of liver injuries rose the assumption that targeting TF could be of benefit in managing liver fibrosis.
TF-ODNs were reported to inhibit TF production at both transcriptional and translational levels (Yin et al., 2010; Hammad et al., 2013). In addition, TF-ODNs have been reported to be accumulated predominantly in the rat liver following systemic administration (Nakamura et al., 2002; Shimizu et al., 2014). Indeed, in this study, subcutaneous injection of TFAS significantly inhibited the elevated expression of TF in different liver cells. Similarly, Abdel-Bakky et al. (2011); Abdel-Bakky et al. (2015) and Abdel-Bakky et al. (2020) reported significant changes in TF expression pattern in the liver sections excised from mice intoxicated with thioacetamide and CCl4 upon treatment with TFAS.
In this study animals intoxicated with DEN+CCl4 showed significant elevation in the activities of liver enzymes; ALT, AST and ALP along with severe histopathological deterioration of the liver. These observations are consistent with previous findings that animals treated with CCl4 or DEN+CCl4 showed pronounced biochemical and histopathological fibrotic alterations (Poojari et al., 2010; Uehara et al., 2013; Serag et al., 2019; Tripathy et al., 2020). However, treatment with TFAS significantly improved the abnormal activities of liver enzymes and the histopathological inflammatory and fibrotic changes associated with DEN+CCl4 intoxication. The improvement in enzyme activities is positively correlated with TF expression. In agreement with our findings, blockage of TF expression using TFAS improved histopathological and biochemical deteriorations in chemically intoxicated mice (Hammad et al., 2013; Abdel-Bakky et al., 2015 and Abdel-Bakky et al., 2020). Moreover, Luyendyk et al. (2010) demonstrated that liver macrophage and neutrophil aggregation were significantly reduced in mice with low TF expression compared to heterozygous control mice fed diet deficient in methionine and choline.
The distinguished role of HSCs in liver fibrosis was previously documented (Kisseleva and Brenner, 2021). The extent of HSCs activation and proliferation rates is indicated by the expression of characteristic specific receptors such as α-SMA (Jiang and Torok, 2013; Lin et al., 2018) and excessive production of collagen, where the deposition of collagen fibrils in liver connective tissues provides a hallmark of liver fibrosis development (Hernandez-Gea and Friedman, 2011; Bai et al., 2013). The stability of collagen fibrils is maintained by deposition of hydroxyproline amino acid, which is commonly applied as a marker for fibrogenesis and directly correlated with the total collagen and the stage of liver fibrosis (Ding et al., 2017). In the current study, DEN+CCl4-intoxicated rats showed increased α-SMA expression, collagen production and elevation of liver hydroxyproline content. These results indicated a profound activation of HSCs in response to DEN+CCl4 intoxication. Similarly, previous studies showed that α-SMA expression as well as collagen and hydroxyproline content were significantly elevated in response to injection with CCl4 alone or in combination with DEN (Mansour et al., 2010; Abdel-Moneim et al., 2015; Ahmed and Tag, 2017).
In addition to HSCs, activated Kupffer cells and infiltrated macrophages play a pivotal role in liver fibrogenesis. Activated macrophages release TGF-1β which, among growth factors, is the “master” modulator in fibrogenesis and involved in HSCs activation (Nakazato et al., 2010; Meng et al., 2016). Furthermore, they release, among other proinflammatory cytokines, TNF-α which is one of the early events in many types of liver damage and can activate HSCs and modulate innate immune and inflammatory responses (Gupta et al., 2019). In the present study, liver content of both TGF-1β and TNF-α were significantly increased upon administration of DEN+CCl4, the results that are in accordance with that reported by Tork et al. (2016), Elguindy et al. (2016) and Knight et al. (2017).
The role of coagulation proteases in liver fibrosis was recently explored. One of the primary mechanisms whereby coagulation proteases could contribute to liver fibrosis is through direct activation of HSCs. In support of this hypothesis, we found that the expression of TF is positively correlated with HSCs activation markers; α-SMA, collagen and hydroxyproline. Furthermore, these markers were significantly decreased upon TFAS treatment; these findings are consistent with Knight et al., (2017), as the authors suggested that activation of the cytoplasmic domain of TF promoted liver fibrosis by inducing HSCs activation.
Another mechanism that could underlie the pathological role of TF in liver fibrosis is via stimulation of local inflammatory cell activity. Macrophages were reported to express TF which is upregulated during macrophage maturation and fibrogenesis (Knight et al., 2017). In the present study, TFAS significantly reduced the elevated content of TGF-1β and TNF-α; the main products of inflammatory cells accompanied with fibrosis. Furthermore, our study showed a positive correlation between TF and each of TGF-1β and TNF-α. Consequently, we could assume that in addition to inhibition of HSCs, TFAS decrease TGF-1β and TNF-α production with subsequent inhibition of fibrogenesis and inflammation. In the line with our findings, Knight et al. (2017) reported that deletion of the TF cytoplasmic domain significantly lower gene and protein expression of TGF-1β by activated Kupffer cells.
Since inflammation and coagulation are crosslinked with liver fibrosis and given the principal roles of TLR4 and PAR1 in inflammation and coagulation, respectively, we hypothesized that TLR4-TF-PAR1 axis would be a novel pathway involved in the pathogenesis of liver fibrosis and targeting that pathway could underlie the therapeutic benefits of TFAS.
Several studies have explored the role of PARs in liver fibrogenesis (Borensztajn et al., 2010). In chronic liver disease, HSCs express upregulated PAR1 (Fiorucci et al., 2004). Furthermore, it was found that removal of stellate cell-specific PAR1 produced a 35% reduction in the accumulation of liver collagen (Poole et al., 2020) and PAR1 deficient mice appeared to be protected from CCl4-induced liver fibrosis (Rullier et al., 2008; Kallis et al., 2014). In the line with these findings, the current study showed that PAR1 expression was significantly increased in the DEN+CCl4 intoxicated rats.
TLR4 is a main receptor involved in different inflammatory processes (Lucas and Maes, 2013). A crucial role of TLR4 in fibrogenesis was highlighted in experiment where TLR4 mutant mice showed decreased liver fibrosis in response to toxic agents (Seki et al., 2007; El-Kashef and Serrya, 2019). Furthermore, Liang et al. (2016) demonstrated that HSCs activation and proliferation were prohibited through suppression of TLR4 signaling pathway in DEN-induced liver fibrosis. In accordance with these studies, we reported that liver fibrosis induced by DEN+CCl4 injection was associated with significantly increased expression of TLR4 in the liver tissue.
The contribution of both PAR1 and TLR4 in the beneficial effects of TF blockage was clarified in this study, as rats received TFAS showed a significant reduction in the expression of both PAR1 and TLR4 in liver cells. These findings shed the light on the possibility of crosslinking among the three receptors in controlling liver fibrosis.
Thrombin is produced mainly through cleavage of prothrombin by TF (Mann et al., 2003) and blockage of TF expression resulted in decreased thrombin production (Carraway et al., 2003). Thrombin was reported to produce a dual effect on liver fibrosis via action on PAR1 and through TLR4. Firstly, it was proclaimed that thrombin activates PAR1 on both HSCs and Kupffer cells with subsequent progression of fibrosis (Fiorucci et al., 2004; Rullier et al., 2008). Secondly, thrombin was reported as a critical mediator in LPS-induced liver damage (Rondina et al., 2011) and gut-derived-LPS through TLR4 activation was significantly involved in CCl4-induced liver fibrosis (Seki et al., 2007; Rondina et al., 2011; Wang et al., 2020). Accordingly, blockage of thrombin formation through inhibition of TF could diminish the roles of both PAR1 and TLR4 in the fibrogenic process.
Consequently, based on our findings and the previous studies, we can assume that inhibition of TF expression could censor the downstream production of thrombin with subsequent inhibition of PAR1 and TLR4 mediated fibrogenic and inflammatory process. On the other hand, we can assume that the improvement in the fibrosis observed with TFAS treatment could be reflected in the reduced expression of receptors upregulated under the pathological condition of fibrosis including PAR1 and TLR4.
Notably, the results of this study showed that control oligonucleotides; TFSC resulted in a significant reduction in the expression of TF, PAR1, α-SMA and collagen, although it was significantly less when compared with the effect observed with TFAS. On the other hand, TFSC didn’t affect the level of the other assessed parameters compared to DEN+CCl4 group. These results indicate that TFSC may have some specificity towards the TF mRNA binding site and the decreased expression of PAR1, α-SMA and collagen could be the consequences of TFSC-induced inhibition of TF expression. In support of our explanation, it has been reported that various degrees of downregulation of gene expression have been observed with different types of control oligonucleotides that depend on the nature of the used control oligonucleotides, i.e., its base composition, sequence and/or nature of the backbone (Agrawal, 1996).
CONCLUSION
The current study established, for the first time to our knowledge, the potential crosstalk between TF, PAR1 and TLR4 in liver fibrosis. The positive correlation between blockage of TF expression and the downregulation of both PAR1 and TLR4 provides support for the solid crosslink between the receptors. Furthermore, this study reported that blockage of TF expression and gene silencing, using TFAS, reduced liver damage and improved fibrotic changes associated with CCl4+DEN intoxication. These findings offer a platform on which recovery from liver fibrosis could be mediated through targeting TF expression as a key factor in fibrogenesis. Future mechanistic and preclinic studies are recommended to support our findings.
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Salidroside Inhibits CCl4-Induced Liver Fibrosis in Mice by Reducing Activation and Migration of HSC Induced by Liver Sinusoidal Endothelial Cell-Derived Exosomal SphK1
Qiannan Ye1,2, Yang Zhou3, Changqing Zhao1,2, Lieming Xu1,245* and Jian Ping1,5*
1Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai, China
2Institute of Liver Diseases, Shanghai University of Traditional Chinese Medicine, Shanghai, China
3Yueyang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai, China
4Shanghai Key Laboratory of Traditional Chinese Medicine, Shanghai, China
5Key Laboratory of Liver and Kidney Diseases, Ministry of Education, Shanghai, China
Edited by:
Wolfgang Richard Stremmel, Baden-Baden, Germany
Reviewed by:
Na Chang, Capital Medical University, China
Francisco Javier Cubero, Complutense University of Madrid, Spain
Tao Xu, Anhui Medical University, China
* Correspondence: Lieming Xu, xulieming@shutcm.edu.cn; Jian Ping, pingjian@aliyun.com
Specialty section: This article was submitted to Gastrointestinal and Hepatic Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 08 March 2021
Accepted: 30 April 2021
Published: 13 May 2021
Citation: Ye Q, Zhou Y, Zhao C, Xu L and Ping J (2021) Salidroside Inhibits CCl4-Induced Liver Fibrosis in Mice by Reducing Activation and Migration of HSC Induced by Liver Sinusoidal Endothelial Cell-Derived Exosomal SphK1. Front. Pharmacol. 12:677810. doi: 10.3389/fphar.2021.677810

Sphingosine kinase 1 (SphK1)/Sphingosine-1-phosphate (S1P)/S1PRs signaling pathway is known to involve the advancement of liver fibrosis. Exosomal SphK1 promotes hepatic stellate cells (HSC) migration. Salidroside (Sal) inhibits liver fibrosis, but its mechanism is yet to be elucidated. This study was to explore the influences of Sal on the SphK/S1P/S1PRs signaling pathway in liver fibrosis induced by carbon tetrachloride (CCl4) in vivo, and investigated the mechanism of Sal affecting the migration and activation of HSC triggered by exosomal SphK1 in vitro. Our data showed that Sal reduced the activities of alanine transaminase (ALT), aspartate aminotransferase (AST) in serum, and hydroxyproline (Hyp) content in the liver tissue. Sal subdued the expression of α-smooth muscle actin (α-SMA), fibronectin (FN) and type I collagen (Col I) of the liver. Sal also reduced mitochondria-induced hepatocyte apoptosis and to inhibit JNK activation. Furthermore, Sal remarkably eradicated the influence of SphK1, SphK2, S1P, and S1PRs triggered by CCl4, whether stimulating or hindering. Compared with serum-derived exosomes from model group mice, serum-derived exosomes from Sal group mice expressed lower SphK1 and reduced JS 1 (mouse HSC cell line) migration. In addition, Sal was also observed to subdue Col I expression, AKT activation, and LX-2 migration induced by exosomal SphK1 from SK-HEP-1 (a kind of liver sinusoidal endothelial cells (LSEC) cell line). In conclusion, Sal could effectively alleviate liver injury, hepatocyte apoptosis, and liver fibrosis in vivo, providing supports that the protective effects of Sal might be realized by suppressing JNK activation and modulating the SphK/S1P/S1PRs axis. In vitro, it was observed that Sal might alleviate LX-2 migration and activation induced by exosomal SphK1 by inhibiting the AKT activation.
Keywords: salidroside, liver fibrosis, SphK/S1P/S1PRs, exosomes, liver sinusoidal endothelial cells, hepatic stellate cell
INTRODUCTION
Liver fibrosis involves excessive accumulation of collagen and extracellular matrix (ECM). It is a reversible over-repair process of liver tissue damage due to various chronic liver injuries (Hernandez-Gea and Friedman, 2011). Hepatic stellate cell (HSC) activation is supposedly the critical event that initiates and develops liver fibrosis (Tsuchida and Friedman, 2017), though the exact pathogenesis is yet to be understood. Current effective treatment for liver fibrosis involves etiological treatment, such as antiviral therapy, the use of immunosuppressive agents, and others. This calls for researching effective therapies for alleviating liver fibrosis.
Exosomes are small vesicles released by various cells and distributed in several body fluids. Exosomes can mediate information exchange among cells and are a part of numerous physiological and pathological activities, including cell growth, proliferation, differentiation, and apoptosis (van Niel et al., 2018). Hepatocytes and liver sinusoidal endothelial cells (LSECs) have been shown in recent investigations to interact with HSCs via exosomes, in turn regulating the biological activity of HSCs (Sung et al., 2018). For instance, the miR-192 content in exosomes from palmitic acid-stimulated hepatocytes was found to be considerably increased, and these exosomes stimulated the activation of HSCs (Lee et al., 2017). LSECs secrete exosomes that express high amounts of Sphingosine kinase 1 (SphK1), which promote HSC migration by triggering AKT phosphorylation (Wang et al., 2015).
SphK/Sphingosine-1-phosphate (S1P)/S1PRs signaling pathway participates in tissue fibrosis progression, including liver fibrosis (Kono et al., 2007; Sato et al., 2016; Wang et al., 2019). The renal tissues of mice with unilateral ureteral ligation-caused renal interstitial fibrosis, the SphK1 levels, and autophagy-related proteins were found to have remarkably amplified as fibrosis advanced. The SphK1 protein expression was also detected to be upregulated in the lung tissue of bleomycin-induced pulmonary fibrosis model mice. In addition, when the SphK1 expression was blocked by SphK inhibitors or siRNA, the high expression of α-smooth muscle actin (α-SMA) and fibronectin (FN) induced by transforming growth factor β1 (TGF-β1) was observed to be lowered (Kono et al., 2007). Likewise, the SphK1 expression and its product S1P were recorded to increase progressively as the liver fibrosis advanced in the bile duct ligation (BDL) and carbon tetrachloride (CCl4)-induced liver fibrosis, mouse model. Furthermore, S1P promoted liver fibrosis angiogenesis via binding to its ligands. Nevertheless, obstructing the binding of S1P to ligands perhaps inhibits angiogenesis in fibrotic liver tissue, in turn lowering the degree of liver fibrosis (Yang et al., 2013). These findings indicate that SphK/S1P/S1PRs signaling pathway plays an essential role in organ fibrosis.
A phenolic compound, Salidroside (Sal), occurs in plants of Rhodiola rosea L. Sal has been reported in recent researches to possess several pharmacological properties, such as anti-inflammatory (Xu et al., 2019), antioxidative (Jiansheng and Ying, 2012), and anticancerous (Ren et al., 2019). Earlier researches evidenced Sal to exhibit curative effects on numerous liver diseases. For instance, Sal reduces drug-induced liver injury (Yuan et al., 2019), guards the liver against ischemia/reperfusion injury (Cai et al., 2017), and eases nonalcoholic fatty liver disease (NAFLD) by AMPK-dependent TXNIP/NLRP3 pathway (Zheng et al., 2018). Another study reported Sal obstructing HSC activation and autophagy by downregulating NF-κB and TGF-β1/Smad3 signaling pathway (Feng et al., 2018), though it is unclear whether the effect of Sal on liver fibrosis is correlated to the SphK/S1P/S1PRs signal pathway. In one of our earlier investigations, Sal was observed to hinder the HSCs migration by obstructing AKT phosphorylation (Zhang et al., 2012). Based on literature reports evidencing exosomes to overexpress SphK1 derived from LSEC promoted LX-2-migration by upregulating the AKT activation, Sal was theorized to subdue HSC migration and activation by regulating exosome-mediated communication between LSEC and HSC.
The effects of Sal on SphK/S1P/S1PRs signal pathway in mouse with liver fibrosis caused by CCl4 and how it regulates the migration and activation of LX-2 induced by exosomal SphK1 from LSECs were explored in this study in vivo and in vitro, respectively. The outcomes support the efficacy of Sal as an antifibrotic drug and back the SphK/S1P/S1PRs efficiency as a therapeutic target for liver fibrosis.
MATERIALS AND METHODS
Materials
Sal was procured from Shanghai Tauto Biotechnology (Shanghai, China), the alanine transaminase (ALT), aspartate aminotransferase (AST), and hydroxyproline (Hyp) detection kits were acquired from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). FN, type I collagen (Col I), Bax and Bcl-2 antibodies were obtained from Abcam (Cambridge, United Kingdom). JNK, p-JNK, PARP, and cleaved caspase 3 antibodies were purchased from Cell Signaling Technology (Massachusetts, United States). SphK1, SphK2, S1PR1, S1PR2, S1PR3, CD9, and tumor susceptibility gene 101 (TSG101) antibodies were procured from ImmunoWay Biotechnology Company (Suzhou, China). Antibody against GAPDH was provided by Proteintech (Wuhan, China). TdT-mediated dUTP nick end labeling (TUNEL) Apoptosis Assay Kit, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DPAI), and Cy3-labeled goat anti-rabbit IgG were all bought from Beyotime Institute of Biotechnology (Shanghai, China). The S1P Assay Kit (S1P-ELISA) was delivered by Echelon Biosciences (Salt Lake City, United States).
Animals
Male C57BL/6J, SPF grade mice weighing 20 ± 2 g, were supplied by Shanghai Sippr-BK laboratory animal Co. Ltd. (Shanghai, China). They were placed in the experimental animal center of Shanghai University of Traditional Chinese Medicine, China. The Committee on the Care and Use of Live Animals for Teaching and Research of the Shanghai University of Traditional Chinese Medicine sanctioned the animal experiments.
Animal Treatments
Following a week-long adaptive feeding, 45 male mice were divided into the control group included 15 mice, while the modeling group had 30. The modeling group animals were intraperitoneally injected with 15% CCl4 (diluted with olive oil) at 2 ml/kg thrice a week, whereas those in the control group were administered an equal dosage of olive oil intraperitoneally. After a week of modeling, the modeling group was segregated into Model and Sal groups. The Model and Sal groups were continued to model with CCl4 for 5 weeks, while the Control group was injected intraperitoneally with equal dose of olive oil. The Sal group animals were administered Sal (20 mg/kg) through gavage for 5 weeks. Simultaneously, those in the Control and Model groups were both treated with equal doses of ddH2O. At the end of five weeks, the mice were sacrificed on anesthetizing with pentobarbital sodium, and the serum and liver tissue samples were preserved for subsequent experiments.
Serum Biochemical Test
The instructions provided along with the kit were followed to detect ALT and AST levels in the mice serum.
Pathological Evaluation of Liver
Fixation of the liver tissues was carried out in 10% neutral formalin for 48 h. They were then dehydrated stepwise with ethanol, followed by xylene permeation, and finally paraffin-embedded. Sections of 4 μm thickness were prepared for HE and Sirius red staining.
Determination of Hyp Content
Following the kit directions, the Hyp contents in liver tissues were determined.
Human Samples
Healthy volunteers and cirrhosis patients were selected for collecting human liver tissue and serum samples from the Department of Hepatobiliary Surgery, Renji Hospital, Affiliated to Shanghai Jiao Tong University. The Ethics Committee of Shuguang Hospital, Affiliated to Shanghai University of Traditional Chinese Medicine, sanctioned this study.
Isolation of Primary Liver Sinusoidal Endothelial Cells From Mice
Wild and Model groups of five male mice each were formed. The Model group mice were injected with CCl4 intraperitoneally to create a liver fibrosis model. They were then used to isolate primary LSECs. Using density gradient centrifugation in combination with CD146 magnetic bead (Miltenyi Biotec, Germany) separation, the primary LSEC of mice was isolated as the earlier reports (Liu et al., 2011; Meyer et al., 2016). Mouse liver tissue was perfused in situ and digested using an enzyme solution of collagenase D and DNase (Roche, Germany). Density gradient centrifugation was performed using OptiPrep solution (Axis-Shield, Norway) and incubation with CD146 magnetic bead for 30 min at 4°C. Thus isolated LSECs were cultured in Col I-coated dishes along with ECM medium, comprising 5% FBS, 2% endothelial cell growth supplement, and maintained with 5% CO2 at 37°C in a humidified incubator.
Cell Culture
Propagation of human immortalized HSCs (LX-2) and mouse immortalized HSCs (JS 1) was carried out in DMEM, supplemented with 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. The SK-HEP-1 cells, obtained from the Chinese Academy of Sciences, were grown in MEM, containing 10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. All cell lines were maintained with 5% CO2 in a humidified incubator at 37°C.
Cell Transfection
The lentiviral vectors containing human SphK1 (LV-SphK1) or empty plasmid (LV-Cr) were procured from HANBIO Biotech (Shanghai, China). A 24-well plate was used to culture SK-HEP-1 to a confluence of 30–50%. They were then cultured in a fresh medium containing lentiviral vectors (MOI = 30) and polybrene (5 μg/ml) for 24 h, and then in a fresh medium for further culturing, followed by incubation for 48 h. The transfection efficiency of cells was studied using an inverted microscope and were incubated with a medium containing puromycin (1 μg/ml) to eliminate the untransfected cells. The transfected cells were cultured further, and the culture medium was used to isolate exosomes.
Isolation of Exosomes
SK-HEP-1 cells were cultured in 150 mm dishes to a confluence of 80–90%. They were then cultured in MEM with 10% exosome-free serum for 24 h. The supernatant was ultracentrifuged to obtain the exosomes. The supernatant was first centrifuged at 4°C, 300 ×g, for 10 min to eliminate cells. The supernatant was centrifuged again at 4°C, 2,000 ×g, for 10 min to eradicate dead cells. The supernatant was centrifuged at 4°C, 10,000 ×g, for another 30 min to eliminate cell debris. Eventually, the supernatant was ultracentrifuged at 4°C, 100,000 ×g for 70 min, and the precipitate collected was the exosomes. The thus isolated exosomes were resuspended in PBS or DMEM medium for subsequent in vitro studies.
Identification of Exosomes
A transmission electron microscope was utilized to study the morphology of isolated exosomes (van Niel et al., 2018). This was followed by detecting typical exosomal marker proteins, CD9 and TSG101, by Western blot (WB) analysis.
Cell Treatment
LX-2 and JS 1 were cultured in 60 mm dishes to a confluence of 80–90%. LX-2 cells were allocated to Cr-exo and Cirrhosis-exo groups and incubated with serum exosomes (30 μg/ml) from healthy volunteers and cirrhosis patients, respectively, to study the migration of LX-2 cells. Also, JS 1 cells were distributed into Cr-exo, M-exo, and Sal-exo groups and incubated with serum exosomes (30 μg/ml) from corresponding mice to detect JS 1 cells’ migration. The LX-2 cells were then divided into Cr-exo, SphK1+-exo, Cr-exo + Sal, and SphK1+-exo + Sal groups and incubated with 30 μg/ml exosomes of transfected SK-HEP-1 cell culture media and/or Sal (10−5 M) to study the LX-2 cells migration and activation.
Transwell Migration Assays
LX-2 or JS 1 cells were cultured in Col I-coated migration cups to a confluence of 80–90%. Then, exosomes and/or Sal were added to the lower chamber, and with the same medium being added to the upper chamber as well. Incubation was carried out for 24 h, and the migration cups were then taken out and air-dried. Fixation of the cells on the lower surface of the migration cup was done using 4% paraformaldehyde and staining with crystal violet. The total number of cells that migrated to the bottom was recorded with an inverted microscope (Olympus, Tokyo, Japan) and evaluated using ImageJ software (NIH, United States).
Di-Acetylated-Low-Density Lipoprotein Assays
The adhered LSECs were incubated in ECM medium comprising DiI-Ac-LDL (Yiyuan Biotech, Guangzhou, China) for 4 h in the dark. The cells were then rinsed thrice with PBS, fixed with 4% paraformaldehyde for 15 min, and rinsed again with PBS. The endocytosis of DiI-Ac-LDL by LSECs was studied using an inverted fluorescence microscope (Olympus, Tokyo, Japan).
TUNEL Assay
According to the manufacturer's instructions, sections of frozen liver tissue of 8 μm thickness were prepared and incubated with TUNEL.
Immunofluorescence Staining
The LSECs were collected following 3 days of culturing, rinsed with PBS, and fixed using 4% paraformaldehyde for 30 min at room temperature. The frozen sections of mice liver tissue were fixed with precooled acetone for 15 min. Once fixed, the cells and frozen sections were rinsed again with PBS and incubated using 0.1% X-Triton-100 for 15 min at room temperature to disrupt the membrane. They were permeabilized and blocked using 5% BSA at room temperature for 1 h and then incubated with respective primary antibodies at 4°C overnight. The following day, they were incubated with anti-rabbit IgG (Cy3-labeled) in the dark at room temperature for 1 h and rinsed again with PBS. The cells were then stained using DAPI and rinsed using PBS. The sample was sealed, and their fluorescence was studied with the help of an inverted fluorescence microscope.
Protein Isolation and Western Blotting Analysis
RIPA lysate comprising complete Mini, PMSF, and phosphatase inhibitors was utilized to isolate liver tissues and cells' total protein. Protein quantification was performed with the BCA protein assay kit (Beyotime Institute of Biotechnology, Shanghai, China). An equivalent amount (30 μg) of proteins was electrophoresed by SDS-PAGE and transferred to PVDF membranes (Millipore, United States). The membranes were then incubated with blocking buffer (Beyotime Institute of Biotechnology, Shanghai, China) at room temperature for 1 h and incubated with respective primary antibodies overnight at 4°C. The membranes were rinsed using PBS-T for 20 min and treated with anti-rabbit IgG or anti-mouse IgG for 1 h. The membranes were rinsed with PBS-T again, and the images were recorded by means of Odyssey imaging system (LI-COR, United Kingdom) and analyzed with the ImageJ software. A part of the membranes was also stained with ponceau after incubating with antibodies.
RNA Isolation and RT-PCR Analysis
TRIzol total RNA preparation kit (Shanghai Sangon Biotech, Shanghai, China) was utilized to isolate the total RNA of cells and synthesized to cDNA with a ReverAid First Strand cDNA Synthesis Kit (Thermo, United States) following the manufacturer’s procedures. The cDNA was mixed with primers and SYBR Green Real-time PCR Master Mix (TOYOBO, Japan) in a certain ratio; the relative expressions of mRNA were measured utilizing the ViiA 7 Real-Time PCR System (ABI, Carlsbad, CA, United States). Primer sequences used for detection of Sphk1, SphK2, S1PR1,2,3 were shown in Table 1.
TABLE 1 | Primer sequences for PCR.
[image: Table 1]Statistical Analysis
The outcomes have been recorded in terms of mean ± standard error of the mean. The differences among groups were evaluated via t-test or One-way ANOVA using SPSS 21.0 software. Values of p < 0.05 were considered statistically significant.
RESULTS
Sal Alleviated CCl4-Induced Liver Fibrosis in Mice
Serum ATL and AST were detected to be considerably higher in the Model group than those in the Control group (p < 0.01) (Figure 1A), indicating obvious liver function damage due to CCl4. Nevertheless, these changes were observed to be reversed by Sal (p < 0.05 or p < 0.01) (Figure 1A). HE staining revealed that CCl4 resulted in collagen deposition, structural destruction, and inflammatory cell infiltration in liver lobules and portal areas. Sal treatment was found to remarkably alleviate these histopathological lesions (Figure 1B).
[image: Figure 1]FIGURE 1 | Effects of Sal on liver injury and fibrosis induced by CCl4. (A): Levels of serum ATL and AST in different groups. (B): HE staining of liver tissues in each group (×100). (C): Sirius red staining of liver tissue sections (×100). (D): Sirius red-positive area. (E): Contents of Hyp in liver tissue. **p < 0.01, vs. Cr; ##p < 0.01, vs. M. (F): Expressions of FN, Col I, and α-SMA in mice liver tissue were detected by WB. (n = 15, *p < 0.05, **p < 0.01, vs Cr; #p < 0.05, ##p < 0.01, vs M.) ALT: alanine transaminase; AST: aspartate aminotransferase; Hyp: hydroxyproline; Cr: control group; M: model group; Sal: salidroside group. α-SMA: α-smooth muscle actin; FN: fibronectin; Col I: type I collagen; Cr: control group; M: model group; Sal: salidroside group.
Besides, Sirius red staining revealed excessive collagen deposition in the Model group than that in the control group, and Sal was noted to lower the collagen deposition (Figures 1C,D) substantially. Then, the effect of Sal on liver fibrosis was further examined by identifying the Hyp content in liver tissue and the characteristic indicators of liver fibrosis, including FN, Col I, and α-SMA. The Hyp content in liver tissues of the Model group was found to be remarkably higher as compared with that of the control group. Sal treatment reduced the Hyp level (p < 0.01) (Figure 1E). Moreover, higher quantities of FN, Col I, and α-SMA proteins were expressed in the Model group, which were considerably subdued by Sal administration (p < 0.05 or p < 0.01) (Figure 1F), signifying Sal reduced CCl4-induced liver fibrosis.
Sal Alleviated CCl4-Induced Apoptosis of Hepatocytes in Mice via Regulating JNK Activation
Considering the defensive effect of Sal on liver injury and fibrosis, Sal’s influence on hepatocyte apoptosis was further studied by TUNEL staining. As indicated in Figure 2A, the apoptotic hepatocytes in the Model group were significantly amplified compared with those in the control group. Apoptotic cells in the Sal group as compared with the Model group were observed to be considerably reduced, indicating Sal’s efficacy in alleviating CCl4-induced hepatocyte apoptosis.
[image: Figure 2]FIGURE 2 | Effect of Sal on apoptosis of hepatocytes in mice with liver fibrosis induced by CCl4. (A): Immunofluorescence staining of TUNEL and Albumin (×100). (B): Effects of Sal on the expression of p-JNK, cleaved caspase3, cleaved RARP, Bax, and Bcl-2 in mice liver induced by CCl4. (n = 15, *p < 0.05, **p < 0.01, vs. Cr; #p < 0.05, ##p < 0.01, vs. M.). DAPI: 4′,6-diamidino-2-phenylindole; TUNEL: TdT-mediated dUTP nick end labeling.
Sal’s efficiency in expressing classic proteins in the mitochondrial apoptosis pathway and the role of the JNK signaling pathway in CCl4-induced liver fibrosis were also investigated. Higher levels of cleaved caspase 3, cleaved PARP and Bax were expressed in the Model group, while Bcl-2 was lowered. Sal therapy was detected to reverse these changes and upregulate the ratio of Bcl-2 to Bax (p < 0.05 or p < 0.01) (Figure 2B). As displayed in Figure 2B, CCl4 supported JNK phosphorylation in liver tissues. Sal therapy was recorded to downregulate the enhanced expression of p-JNK in model mice (p < 0.05) (Figure 2B). These findings indicate Sal considerably reduced mitochondria-mediated hepatocytes apoptosis by inhibiting JNK phosphorylation.
Sal Regulated the SphK/S1P/S1PR Signaling Pathway in the Liver of Mice
Sal's antifibrosis efficacy in relation to the regulation of SphK/S1P/S1PR signaling pathway was studied by examining the expression levels of SphK, S1P, and S1PRs. The protein and mRNA levels of SphK1 were detected to be upregulated, and SphK2 protein and mRNA expression downregulated in the liver tissues of the Model group as compared with those in the control group (p < 0.05 or p < 0.01) (Figures 3A,C). Sal was found to inhibit these effects (p < 0.01) (Figures 3A,C). Moreover, a high S1P level was observed in the model group (p < 0.01) (Figure 3B), and Sal was found to lower its level.
[image: Figure 3]FIGURE 3 | Effects of Sal on the expressions of SphK/S1P/S1PRs signaling pathway in mice liver induced by CCl4. (A): The mRNA expressions of SphK1, SphK2, SPPR1, S1PR2 and S1PR3 in mice liver tissue. (B): Level of S1P in serum from mice. (C): The protein expressions of SphK1, SphK2, of S1PR1, S1PR2, and S1PR3 in mice liver tissue (n = 15, *p < 0.05, **p < 0.01, vs Cr; #p < 0.05, ##p < 0.01, vs. M.) SphK1: Sphingosine kinase 1; S1P: Sphingosine-1-phosphate; S1PR1: Sphingosine 1-phosphate receptor 1; S1PR2: Sphingosine 1-phosphate receptor 2; S1PR3: Sphingosine 1-phosphate receptor 3.
In addition, CCl4 was also detected to regulate S1PRs, the receptors of S1P. Notably, it also amplified the expression of S1PR1 and S1PR3 but subdued that of S1PR2. Sal substantially eradicated the effects of S1PRs triggered by CCl4, whether stimulating or hindering (Figure 3C).
Sal Inhibited the Expression of SphK1 in Serum Exosomes and the Migration of HSC Induced by Serum Exosomes
Serum exosomes from mice and humans were successfully isolated in this research, and their characteristics were analyzed by electron microscopy (Figure 4A), while the expression of markers of exosomes, TSG101 and CD9, was identified by Western blot (Figure 4B). SphK1 was noted to be highly expressed in serum exosomes from liver cirrhosis patients, which encouraged the migration of LX-2 (p < 0.01) (Figures 4C,D). A similar remarkably high expression of SphK1 in the serum exosomes derived from mice with liver fibrosis was recorded (p < 0.01) (Figure 4E). Moreover, Sal treatment was detected to downregulate the expression of SphK1 in serum exosomes (p < 0.05) (Figure 4E). As theorized, the serum exosomes in the mice with liver fibrosis were also found to encourage the migration of JS 1, and the serum exosomes of the Sal group to subdue the migration of JS 1 (p < 0.01) (Figure 4F).
[image: Figure 4]FIGURE 4 | Characteristics of serum exosomes and their effect on migration of HSC. (A): Serum exosomes had a double-layer membrane structure. (B): Expression of TSG101 and CD9 in serum exosomes from human and mice. (C): Expression of SphK1 in serum exosomes from human (n = 6, *p < 0.05, vs. Normal-exo.) (D): Effects of serum exosomes from different populations on LX-2 migration (n = 6, *p < 0.05, vs Normal-exo.) (E): Expression of SphK1 in serum exosomes from different groups of mice (n = 15, **p < 0.01, vs. Cr-exo, #p < 0.05, vs. M-exo,) (F): Effects of serum exosomes from different groups of mice on JS 1 migration (n = 15, **p < 0.01, vs Cr-exo, ##p < 0.01, vs. M-exo.) TSG101: tumor susceptibility gene 101.
SphK1 was Highly Expressed in Primary LSEC of Mice With Liver Fibrosis Induced by CCl4
Serum-derived exosomes contain too many contents, not limited to a certain organ or even a certain type of cell. Therefore, it is very difficult to trace whether the components in serum exosomes originate from a certain cell. Considering the special anatomical position of LSEC and HSC and the essential role of the interaction between LSECs and HSC in the process of liver fibrosis (Deleve, 2015), we cultured the primary LSEC and detected its expression of SphK1, trying to prove the source of SphK1. The freshly isolated LSECs were small and spherical. During the in vitro culture, the LSECs were observed to gradually stretch out and adopt a long spindle shape (Figure 5A). Figures 5B,C present isolated LSECs phagocytosed Dil-Ac-LDL and expressed CD31, both of which are features of LSECs. Primary LSECs were also isolated from liver fibrosis model mice prompted by CCl4, which expressed considerably higher SphK1 than that in the Wild mice (p < 0.01) (Figure 5D).
[image: Figure 5]FIGURE 5 | Expression of SphK1 in LSECs isolated from mice with liver fibrosis induced by CCl4. (A): Morphology of isolated mouse primary LSECs. (B): Isolated mouse primary LSEC could phagocytosis Dil-Ac-LDL. (C): Isolated mouse primary LSECs expressed CD31. (D): LSEC of mice with liver fibrosis upregulated the expression of SphK1 (n = 5, **p < 0.01, vs. Wild.)
Sal Alleviated Exosomal SphK1-Induced LX-2 Migration and Activation by Inhibiting AKT Activation
High levels of SphK1 were detected in primary mouse LSECs of liver fibrosis mice. Although the effect of exosomal SphK1 was tried to be studied on LSECs and HSC, the exosomes could not be derived owing to the inadequate number of primary LSECs. Thus, SK-HEP-1 cell lines that function similarly to LSECs were used (Cogger et al., 2008). Overexpression SphK1, SK-HEP-1, was established, and exosomes were isolated from the culture medium to study how exosomal SphK1 influenced the function of LX-2. As displayed in Figures 6A,B, substantially protein and mRNA expression of SphK1 was detected in SK-HEP-1 cells transfected with the lentivirus carrying SphK1 as compared with empty vector-transfected SK-HEP-1 cells (p < 0.05 or p < 0.01) (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Effects of Sal on exosomal SphK1-induced LX-2 migration and activation. (A): Expression of SphK1 in transfected cells was detected by WB. (B): Expression of SphK1 in transfected cells was detected by PCR. (C): Expression of TSG101 and CD9 in exosomes from culture mediums. (D,E): Expression of SphK1 and FN in exosomes from culture mediums of transfected cells. (n = 3, **p < 0.01, vs Cr-exo.) (F): Sal inhibited exosomal SphK1-induced LX-2 migration and activation. (G): Sal inhibited exosomal SphK1-induced AKT phosphorylation in LX-2. (n = 3, *p < 0.05, **p < 0.01, vs. Cr-exo; #p < 0.05, ##p < 0.01, vs. SphK1+-exo.).
As predicted, the exosomes from the culture medium of SphK+-SK-HEP-1 cells released significant quantities of SphK1. Moreover, upregulation of FN was recorded in the exosomes of SphK+-SK-HEP-1 cells (p < 0.05 or p < 0.01) (Figures 6D,E). LX-2 cells were incubated with exosomes to explore the influence of exosomal SphK1 on the function of LX-2. As displayed in Figure 8F and G, the exosomal SphK1 caused the migration of LX-2 and the Col I level in LX-2, which could be reversed by Sal (p < 0.05 or p < 0.01) (Figures 6F,G). Earlier studies have evidenced AKT phosphorylation to support HSC activation, while exosomal SphK1 was found to encourage AKT activation, and Sal reduces this effect in this research (p < 0.05 or p < 0.01) (Figure 6G). Thus, Sal was theorized to lessen LX-2 migration and activation induced by exosomal SphK1 by hindering AKT activation.
DISCUSSION
According to the complex pathological mechanism of fibrosis, multiple targets and pathways are the traits of traditional Chinese medicine. Traditional Chinese herbal medicine has been increasingly substantiated to treat liver fibrosis (Li, 2020), as it has effectively established the protective influence of Sal on liver fibrosis (Wu et al., 2003; Feng et al., 2018). Sal has already been proved to inhibit the migration of HSC in one of our earlier researches (Zhang et al., 2012). Exosomes have been explored extensively in recent years for their vital function as carriers for drug delivery. Earlier studies have revealed curcumin-encapsulated exosomes to possess anti-inflammatory, antioxidant, and anticancerous properties (Oskouie et al., 2018). In this study, a mouse model of liver fibrosis triggered by CCl4 was replicated further to investigate Sal's potential influence on liver fibrosis. Exosomes carrying SphK1 secreted by SK-HEP-1, a cell line with endothelial cell function, were also isolated, and their effect on HSC function and the effect of Sal treatment in vitro was analyzed.
Inflammation is a significant feature of fibrosis; constraining hepatic inflammation is essential in treating liver fibrosis. Previous studies have reported that Sal reduces liver fibrosis through anti-inflammatory (Feng et al., 2018). In this study, Sal was not just found to efficiently reduce the serum concentrations of ALT and AST in CCl4-induced liver fibrosis mice but also to hinder the infiltration of inflammatory cells into the liver tissue, evidencing that Sal could ease the damage caused by inflammation in the process of liver fibrosis. Unfortunately, in order to reserve as much serum as possible for the extraction of exosomes, this study did not detect IL1, IL6, TNF-α and other inflammatory factors in mouse serum, and failed to explain the anti-inflammatory effect of Sal more intuitively.
Cell apoptosis is known to have an essential role in embryonic development and tissue homeostasis (Tuzlak et al., 2016), but apoptotic cells can activate a series of pathological events under certain circumstances (Schwabe and Luedde, 2018). Apoptosis of damaged hepatocytes amplified inflammation, HSC activation, and liver fibrosis (Kisseleva and Brenner, 2020). Cell apoptosis primarily includes extrinsic and intrinsic pathways. The intrinsic or the mitochondrial-mediated apoptosis pathway is essentially regulated by the Bcl-2 family (Bock and Tait, 2020). Bcl-2 family is divided into 3 categories on the basis of function and structure: BH3, the apoptosis initiator; the antiapoptotic guardians, such as Bcl-2; and the proapoptotic proteins, such as Bax and Bak (Czabotar et al., 2014). Various cytotoxic stimuli activate BH3 pathologically, subduing the expression of antiapoptotic proteins and activating proapoptotic proteins, thus destroying the permeability of the mitochondrial inner membrane. Mitochondrial apoptosis is known to be co-regulated by the Bcl-2 family; the ratio of Bcl-2 to Bax is the key determining factor of apoptosis (Yu et al., 2021). Damaged mitochondria secrete cytochrome C that in turn is known to activate the caspase family, which is a group of cysteine protease that participates in cell apoptosis (Van Opdenbosch and Lamkanfi, 2019). Of these, caspase-3 is the central link and an essential initiator of the apoptosis process (Galluzzi et al., 2016). Caspase-3 physiologically exists as an inactive zymogen. Caspase-3 is rapidly cleaved and activated to trigger cell death signals in case of various injuries (Lim et al., 2021). In the present study, the hepatocyte apoptosis was observed in the Model group, the expression of cleaved caspase 3, cleaved PARP and Bax were upregulated, while Bcl-2 was downregulated. Sal was observed to reverse the high expression of Bax and low expression of Bcl-2 induced by CCl4 and upregulate the ratio of Bcl-2 to Bax. Sal was also observed to inhibit the activation of caspase-3 and PRAP, the substrate of caspase-3, thereby hindering cell apoptosis.
SphK1 has been shown to be involved in the regulation of mitochondrial permeability transition by several studies. Besides, SphK1 deficiency hinders JNK activation and defends acetaminophen-induced hepatocyte death (Li et al., 2019), whereas SphK1 overexpression was found to aggravate cell apoptosis (Lu et al., 2018). In this study, Sal was detected to alleviate hepatocytes apoptosis as well as JNK activation. The effect of Sal on the SphK/S1P/S1PRs signaling pathway in CCl4-induced hepatic fibrosis mice was also explored. S1P, bioactive sphingomyelin, is released by Sphingosine kinases (SphKs) catalyzing Sphingosine, which participates in regulating various biological activities such as cell proliferation and migration. Two subtypes of SphK are SphK1 and SphK2 (Ogretmen, 2018). SphK1 can migrate from the cytoplasm to the plasma membrane and promote S1P formation on the cell membrane under the influence of growth factors, hormones, or cytokines. Furthermore, SphK1 occurs chiefly in the cytoplasm, whereas SphK2 in the nucleus and mitochondrial inner membrane, which can likely upsurge the S1P concentration in the nucleus (Spiegel and Milstien, 2011). High quantities of SphK1 expression have been shown recently to aid in the progression of liver fibrosis (Sato et al., 2016), whereas SphK1 inhibition substantially reduces the degree of liver fibrosis (Yang et al., 2013). Another study found compared with that in healthy volunteers, the level of SphK2 was reduced in the liver of patients with alcoholic cirrhosis and hepatocellular carcinoma, and SphK2 deficiency could aggravate liver injury induced by alcohol (Kwong et al., 2019). Our date suggested that the expression of SphK1 in the fibrotic liver was remarkably upregulated, and the SphK2 level was obviously reduced, in agreement with the findings of earlier researches. While Sal could reverse these changes, whether these changes were stimulating or hindering. Moreover, there are growing researches regarding of the expression level of S1P and its ligands and their roles in liver fibrosis. For instance, Yang et al. (Yang et al., 2013) reported the expression of S1P increased progressively with the aggravation of liver fibrosis in mice induced by CCl4 or BDL. Besides, their study displayed these changes of S1P are not only manifested in fibrotic animals but also upregulated in liver tissues from hepatitis B, C, and alcoholic cirrhosis patients (Yang et al., 2013). In this study, high concentrations of S1P were also found in the mice serum with liver fibrosis and Sal reversed the change of S1P. Earlier studies have established that S1PR1, S1PR2, and S1PR3 can be expressed in human liver fibroblasts (hepatic myofibroblast, hMFs). Remarkably, S1PR1 and S1PR3 occurred in high concentrations in fibrotic liver tissues, whereas S1PR2 expression was downregulated (Li et al., 2011), the findings being in agreement with those of our experiments. Essentially, Sal reversed the increase in S1PR1 and S1PR3 and the decrease in S1PR2 induced by CCl4. Based on published research, the differences in the SphK/S1P/S1PRs signaling pathway among humans, rats, and mice samples may be owing to the species differences and diverse fibrogenesis mechanisms. Additional studies are indispensable to investigate the role of the SphK/S1P/S1PRs signaling pathway in regulating liver fibrosis and its therapeutic significance.
After observing the effects of Sal on SphK1 and S1PRs in vivo, we tried to clarify whether the influence of Sal on SphK1 and S1PRs in liver tissue could be localized on certain cells. Considering the key role of HSC in liver fibrosis, LX-2 was treated with PMA (an agonist of SphK1) and/or Sal. The results showed that Sal could inhibit HSC migration induced by PMA, but did not affect the expressions of SphK1 and S1PRs in LX-2 (Data not shown). Combined with previous studies reported that exosomal SphK1 derived by LSEC could induce HSC migration (Wang et al., 2015). Therefore, we tried to illustrate effect of Sal on HSC based on regulation of LSEC exosomes on HSC.
Exosomes are extracellular vesicles of diameters ranging from 50 to 150 nm (van Niel et al., 2018). They possess the same characteristics containing “exosome marker” proteins related to exosome biogenesis and secretion, such as the Rab family, GTPase, ALG-2-interacting protein X (ALIX), and TSG101. Exosomes are also rich in heat shock proteins, such as HSP60, HSP70, and HSP90; integrins; and tetraspanins, viz, CD9, CD63, CD81, and CD82. However, the inclusions of exosomes are highly heterogeneous based on the state and type of cells (Sung et al., 2018). For instance, the expression of CD81 in serum exosomes of patients with chronic hepatitis C was significantly higher than that in the healthy volunteers and patients in the virus response phase (Martin-Walter et al., 2012). The exosomes of lipid-induced hepatocyte secreted high amounts of miR-128-3p, which stimulated HSC migration after being taken up by HSC(Povero et al., 2015). In this study, serum exosomes derived from liver cirrhosis patients or mice with liver fibrosis released high concentrations of SphK1 and promoted HSC migration. Simultaneously, compared with serum-derived exosomes from Model group mice, serum-derived exosomes from Sal group mice expressed lower SphK1 and reduced JS 1 migration. In addition, exosome-mediated intercellular communication has been shown to require docking on the plasma membrane in an earlier study (Teng and Fussenegger, 2021). Also, integrins, lipids, heparan sulfate proteoglycans, and ECM components (especially FN and laminin) can function as mediators in the intercellular interaction (van Niel et al., 2018). In this study, the expression of FN was upregulated in exosomes of SphK+-SK-HEP-1 cells, signifying that the FN on the surface of exosomes mediated interactions between exosomes and cells thus influencing the function of the recipient cells. The concentration of SphK1 was amplified in primary LSECs of liver fibrosis mice. Also, exosomal SphK1 derived from SK-HEP-1, a cell line with a similar function to that of LSECs, promoted the migration, activation, and AKT phosphorylation of LX-2. Sal relieved these effects. These outcomes indicated that Sal likely alleviated the migration and activation of LX-2 induced by exosomal SphK1 by inhibiting the activation of AKT.
To conclude, our study evidenced that Sal could effectively reduce liver injury, hepatocyte apoptosis, and liver fibrosis in vivo. In addition, the protective efficacy of Sal might be comprehended by regulating JNK activation and controlling the SphK/S1P/S1PRs axis. Moreover, Sal was observed to reduce the migration and activation of LX-2 induced by exosomal SphK1 by subduing the activation of AKT in vitro. In summary, the present study explained the anti-fibrosis mechanism of Sal based on the perspective of regulating the biological activity of HSC by LSEC-derived exosomes. More experiments are needed to further explain the role of Sal on liver fibrosis.
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As a newly approved oral hypoglycaemic agent, the sodium-glucose cotransporter 2 (SGLT2) inhibitor dapagliflozin, which is derived from the natural product phlorizin can effectively reduce blood glucose. Recent clinical studies have found that dapagliflozin alleviates non-alcoholic fatty liver disease (NAFLD), but the specific mechanism remains to be explored. This study aimed to investigate the underlying mechanism of dapagliflozin in alleviating hepatocyte steatosis in vitro and in vivo. We fed the spontaneous type 2 diabetes mellitus rats with high-fat diets and cultured human normal liver LO2 cells and human hepatocellular carcinoma HepG2 cells with palmitic acid (PA) to induce hepatocellular steatosis. Dapagliflozin attenuated hepatic lipid accumulation both in vitro and in vivo. In Zucker diabetic fatty (ZDF) rats, dapagliflozin reduced hepatic lipid accumulation via promoting phosphorylation of acetyl-CoA carboxylase 1 (ACC1), and upregulating lipid β-oxidation enzyme acyl-CoA oxidase 1 (ACOX1). Furthermore, dapagliflozin increased the expression of the autophagy-related markers LC3B and Beclin1, in parallel with a drop in p62 level. Similar effects were observed in PA-stimulated LO2 cells and HepG2 cells. Dapagliflozin treatment could also significantly activated AMPK and reduced the phosphorylation of mTOR in ZDF rats and PA-stimulated LO2 cells and HepG2 cells. We demonstrated that dapagliflozin ameliorates hepatic steatosis by decreasing lipogenic enzyme, while inducing fatty acid oxidation enzyme and autophagy, which could be associated with AMPK activation. Moreover, our results indicate that dapagliflozin induces autophagy via the AMPK-mTOR pathway. These findings reveal a novel clinical application and functional mechanism of dapagliflozin in the treatment of NAFLD.
Keywords: NAFLD, AMPK, mTOR, autophagy, dapagliflozin
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD), the most common liver disease worldwide, is characterized by the hepatic fat accumulation in patients without alcohol abuse (Angulo, 2002). Metabolic syndromes, such as obesity and hyperglycaemia, predispose patients to developing severe NAFLDs, including nonalcoholic steatohepatitis (NASH), liver cirrhosis, and hepatocellular carcinoma (Lu et al., 2018). In patients with type 2 diabetes mellitus (T2DM), the prevalence rate of NAFLD is approximately 70%, among which 20% develops advanced fibrosis, revealing the high correlation between diabetes and NAFLD (Bril et al., 2016). In fact, NAFLD is only one outcome of multisystem diseases, in which the most frequent causes of high morbidity and mortality are cardiovascular diseases, extrahepatic malignant tumors and liver-related complications (Adams et al., 2017). At present, the common measures for NAFLD treatment are restricted to diet adjustment, exercise and bariatric surgery, due to lacking of effective and safe medications. Therefore, a pharmacological treatment for NAFLD is urgently required.
Dapagliflozin, a sodium-glucose cotransporter 2 (SGLT2) inhibitor, is a novel antidiabetic agent that is approved for the treatment of T2DM by based on its ability to inhibit SGLT2-mediated renal glucose reabsorption. In addition to providing effective glycaemic control, dapagliflozin help decrease body weight, reduce rate of cardiovascular death, and possibly slow the progression of diabetic kidney diseases (Dhillon, 2019). Dapagliflozin has been reported to alleviate hepatic steatosis in patients with type 2 diabetes and NAFLD; however, whether the improvement in liver steatosis is related to the reduction in body weight by dapagliflozin cannot be ruled out (Kurinami et al., 2018; Shimizu et al., 2019). A recent study suggested that dapagliflozin attenuated SGLT2 expression, which could prevent excessive glucose absorption and increase AMPK phosphorylation in HFD-induced obese mice or OA-stimulated HuS-E/2 cells (Chiang et al., 2020), but the explicit mechanism has not yet been fully clarified. Thus, whether dapagliflozin can moderate hepatic steatosis independent of hypoglycaemic control and body weight loss requires further investigation.
Acetyl-CoA carboxylase 1 (ACC1), a rate-controlling enzyme in de novo lipogenesis, plays a crucial role in fatty acid metabolism. Inhibition of ACC1 can significantly reduce hepatic steatosis and hepatic insulin resistance (Brownsey et al., 1997; Goedeke et al., 2018). Acyl-CoA oxidase 1 (ACOX1), a rate-limiting enzyme in the peroxisomal β-oxidation pathway, promotes catabolism of very long–chain fatty acids. ACOX1-deficient mice exhibit spontaneous hepatic steatosis and steatohepatitis (Sheridan et al., 2011; Moreno-Fernandez et al., 2018). Hepatic lipid accumulation is caused by an imbalance between lipid synthesis and lipid degradation, which are mediated through several pathways, such as increased de novo lipogenesis and reduced fatty acid oxidation. AMPK is a vital energy sensor that regulates hepatic lipid metabolism (Madiraju et al., 2016). mTOR, a crucial downstream target of AMPK, negatively regulates autophagy (Kim and Guan., 2015). It was reported that the hepatic autophagy was suppressed by inhibiting AMPK, which caused the development of hepatic steatosis (You et al., 2004). Although the pathogenesis of NAFLD is elusive, increasing evidence suggests that impaired autophagy plays a vital role in the development of NAFLD. In the present study, we investigated the protective effect of the SGLT2 inhibitor dapagliflozin in alleviating NAFLD both in vivo and in vitro, and further clarified the role of AMPK activation in ameliorating hepatic lipid accumulation and the involvement of the AMPK-mTOR signaling pathway in autophagy induction.
MATERIALS AND METHODS
Antibodies and Reagents
Protein expression was assessed by immunoblot analysis of cell lysates (20–60 μg) in RIPA buffer in the presence of the following antibodies: including anti-p-AMPK (Affinity, AF3423), anti-AMPK (Affinity, AF6423), anti-p-ACC1 (Cell Signaling Technology, 11818s), anti-ACC1(Cell Signaling Technology, 4190s), anti-ACOX1 (Santa Cruz Biotechnology, sc-517306), anti-p-mTOR (Affinity, AF3308), anti-mTOR (Affinity, AF6308), anti-SGLT2 (Abcam, ab37296), anti-LC3B (Cell Signaling Technology, 12741S), anti-Beclin1 (Cell Signaling Technology, 4122s), anti-p62/SQSTM1 (Proteintech, 18420-1-AP), and anti-GAPDH (Abcam, ab8245).
Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO, United States). Dulbecco's modified Eagle’s medium (DMEM), fetal bovine serum (FBS, Gibco) were obtained from Gibco; palmitate (PA) was obtained from Sigma-Aldrich (P9767); compound C (Comp C) was purchased from AbMole (M2238), chloroquine (CQ, S4157) and dapagliflozin (S1548) were bought from Selleck; and Oil Red O and triglyceride detection kit (G1262; BC0625) were obtained from Solarbio.
Animal Model
Eight-week-old male Zucker Diabetic Fatty (ZDF, fa/fa) rats and Zucker lean (ZL, fa/+) rats were purchased from the Laboratory Animal Center of Vital River [Beijing, China; license number, SYXK (Yue) 2011–0,074]. Five ZL rats and 10 male ZDF rats, at 8 weeks of age, were fed with a high-fat diet Purina #5008 for 4 weeks to induce diabetes. At the age of 12 weeks, the ZDF rats were randomly separated into two groups (n = 5 in each group) including: the diabetic control group (ZDF) and the diabetic group treated with dapagliflozin (ZDF + Dapa). In addition, the rats in ZL group were used as the non-diabetic controls. High-fat diet Purina #5008 was provided from 8 weeks of age to the end of the experiment. The rats in the ZDF + Dapa group were administered with dapagliflozin at a dosage of 1.0 mg/kg/day using intragastric gavage, while the ZL group and the ZDF group were treated with a vehicle via gavage as control. The interventions had been maintained for 9 weeks. Glucose levels of all the rats in different groups were measured every week. At the age of 21 weeks, all rats were anesthetized and sacrificed, blood was collected via the tail vein, and liver tissues were weighed at once after sampling and then stored at −80°C for subsequent measurements. All animal experimental procedures were performed with the approval of the Southern Medical University Animal Care and Use Committee in accordance with established ethical guidelines for animal studies (Resolution No. L2015039).
Oral Glucose Tolerance Tests
Oral glucose tolerance tests (2 g/kg of body weight) were performed on overnight fasted rats using a glucometer, and the blood samples were obtained from the tail vein at 0, 30, 60, and 120 min to measure blood glucose levels. Ultimately, the area under the curve (AUC) of blood glucose was calculated by the trapezoidal method (AUC = 1/4*fasting glucose +1/2*30-min glucose +3/4*60-min glucose +1/2*120-min glucose).
Cell Viability Assay
Cell viability assays of HepG2 cells and LO2 cells were carried out using Cell Counting Kit 8 (CCK8) (Dojindo; Kumamoto, Japan). Cells were plated into 96-well plates at a density of 1 × 10^4 cells per well and cultured overnight. Then, the culture medium was replaced by DMEM supplemented with PA (0.3 mM) and dapagliflozin (0, 10, 20, 40, 80, and 100 μg/ml). After incubation for 24 h, 10 μL CCK-8 reagent and 90 μL DMEM were added to each well for an additional 2 h of cultivation and the absorbance value was analyzed with a microplate reader at the wavelength of 450 nm.
Cell Culture and Treatments
Immortalized normal human hepatocyte-derived liver cells (LO2) and human hepatocellular carcinoma cells (HepG2) were obtained from Shanghai Institute of Cellular Biology of Chinese Academy of Sciences. When cultured in DMEM supplemented with 10% FBS at 37°C in a humidified incubator containing 5% CO2, the cells were treated with 0.3 mM PA for 24 h to create the hepatocyte steatosis model in vitro. Then, hepatocytes were exposed to dapagliflozin at a concentration of 20 μM with or without chloroquine for 24 h. To study the effect of AMPK inhibition on autophagy, cells were treated with 10 μM compound C (Comp C) for 24 h.
Western Blot Analysis
HepG2 cells, LO2 cells and rat liver tissues were extracted in RIPA lysis buffer with protease inhibitor (Beyotime, Biotechnology). Phosphatase inhibitor was added to detect phosphorylated proteins. The protein concentrations of the lysates were quantified using the BCA Protein Assay Kit (Beyotime). Equal amounts of proteins were size-separated on a 10% SDS-polyacrylamide gel and then electroblotted onto PVDF membranes. Membranes were blocked by using a blocking reagent (0.1% Tween 20 and 5% Bovine Serum Albumin in TBS) for 1 h and subsequently incubated with specific primary antibodies (1:1,000) against LC3B, AMPK, p-AMPK, p62, Beclin1, ACC1, p-ACC1, ACOX1, p-mTOR, mTOR, SGLT2, and GAPDH overnight at 4 °C. After incubation with the secondary antibodies (1:10,000) for 1 h at room temperature, the signals were developed with an ECL luminescent kit and detected using enhanced chemiluminescence detection system (Pierce, Rockford, IL). The protein bands were analyzed densitometrically by ImageJ, and GAPDH protein was used as an internal control.
RNA Isolation and Quantitative Real-Time PCR Analysis
Total RNA was extracted from liver tissues and cells using TRIzol reagent and reverse-transcribed into cDNA according to the manufacturer’s protocols. A quantitative PCR (qPCR) analysis was performed using SYBR Green PCR master mix (Applied Biosystems; Foster City, CA) on a 7,500 Fast Real-Time PCR system to examine the expression of related genes. The sequences of the primers used in this study are listed in (Supplementary Table S1). The expression levels of the target genes were normalized to that of GAPDH, and the ΔΔcycle threshold method was used for the quantitative analysis. All reagents in this study including those for RNA preparation, reverse transcription and quantitative real-time PCR analysis were purchased from Takara (Japan).
Immunofluorescence Staining
Immunofluorescence staining was performed according to standard protocols. Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized in 0.25% Triton X-100 for 15 min and blocked with 5% normal goat serum for 1 h. Samples were incubated with primary antibodies against SGLT2 (1:100) and LC3B (1:100) at 4°C overnight followed by the incubation with secondary antibodies (1:100; Jackson Laboratories) for 1 h at room temperature, and the staining of 4′,6-diamidino-2-phenylindole (DAPI; 1:100; Invitrogen) for 4min. All cells were observed and captured under an Olympus FluoView FV1000 confocal microscope (Olympus, Hamburg, Germany). For the quantitative analysis, the average score of selected areas was calculated using Image Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, United States).
Intracellular Lipid Droplets Staining
The accumulation of intracellular lipid droplets was detected by BODIPY 493/503 staining. Hepatocytes were treated with the indicated concentrations of PA and dapagliflozin for 24 h. Subsequently, the cells were fixed with 4% paraformaldehyde and stained with 1 μg/ml BODIPY 493/503 for 30 min at 37°C. Cell images and fluorescence intensity were visualized and quantified using an Olympus FluoView FV1000 confocal microscope.
Oil Red O Staining and Cellular Triglyceride Assays
Lipid droplets were visualized and quantified by Oil Red O (ORO) staining. According to the instructions, the cells were fixed with ORO fixative for 20min, and stained with newly prepared ORO staining solution for 20 min. After washing with 60% isopropanol, they were restained by Mayer hematoxylin for 2 min. Then, red-stained lipid droplets were subsequently observed and imaged using a light microscope (Olympus, Japan) at 400 × magnification. To quantify the intracellular lipid accumulation, the TG content in HepG2 cells and LO2 cells was measured using a Triglyceride Content Detection Kit according to the manufacturer's recommended protocols.
Liver Histopathological Examination
For Oil Red O staining, 8-μm-thick frozen sections were prepared and stained with freshly diluted Oil Red O staining solution for 20 min. After washed with 60% isopropanol, the sections were re-stained by Mayer hematoxylin for 2 min. The histological features of the samples were observed and imaged using a light microscopy. For hematoxylin and eosin (H&E) staining, the liver tissue was fixed in 4% formalin for 24 h, and then maintained in 70% alcohol for subsequent processing in paraffin for the histological studies. Paraffin sections were cut at 3 μm before paraffin removal. Then slices were obtained and stained with hematoxylin-eosin reagents.
Immunohistochemistry Staining (IHC)
IHC was used to detect the expression of proteins in 3 μm sections from formalin-fixed and paraffin-embedded tissue specimens as previously described (Tang et al., 2019). The tissues were incubated with primary antibodies (1:200) against LC3B, Beclin1, p62, and SGLT-2 at 4°C overnight, followed by incubation with the secondary antibody. Then the sections were stained with a 3,3′-diaminobenzidine solution for 3 min and counterstained with Mayer’s hematoxylin. Photomicrographs were captured under an optical microscope at 400 × magnification. Image-Pro Plus 6.0 software was used to select the same brown-yellow color as the unified standard for judging the positiveness of all photos, and analyze each photo to get the cumulative optical density value (IOD) of each photo and the pixel area of to be tested (AREA). The area density value (IOD/AREA) was obtained, and a larger value corresponded to a higher positive expression level.
Statistical Analysis
The results are expressed as the mean ± SEM. Comparisons between two groups were assessed using a t-test. Statistical analyses were performed using SPSS 20.0 statistical software and GraphPad Prism 6.02. Statistical significance was defined as a p value of <0.05.
RESULTS
Dapagliflozin Improves Glucose Intolerance and Regulates Lipid Metabolism in ZDF Rats
The ZDF rat is a recognized T2DM animal model characterized with overweight, impaired glucose tolerance and hyperlipidemia due to the leptin receptor mutation (Al-awar et al., 2016). To confirm the influence of dapagliflozin on the metabolic phenotypes of ZDF rats in vivo, body weight and blood glucose were weekly assessed in different groups. As shown in Figure 1A, the body weight of ZDF rats was significantly higher than that of ZL rats from 11 to 21 weeks. In the first three weeks after the administration of dapagliflozin, the body weight of ZDF rats began to decrease significantly compared to that of the ZDF rats without treatments. At the end of the experiment, the body weights of the ZDF + Dapa and ZDF groups showed no significant difference. In addition, the blood glucose level in the treatment group was dramatically reduced throughout the entire experiment (Figure 1B). To investigate the effect of dapagliflozin on glucose tolerance, OGTTs were performed on all animals without anesthesia after an overnight fast. As demonstrated in Figure 1C, the AUC revealed that the ZL group was tolerant of glucose, while the rats in ZDF group had an impaired tolerance to glucose. However, the impaired glucose tolerance was significantly improved after dapagliflozin administration. In addition, dapagliflozin treatment also improved whole body insulin sensitivity in this ZDF rat model as reflected by a significant reduction in plasma insulin concentrations (Figure 1D).
[image: Figure 1]FIGURE 1 | Dapagliflozin improves glucose intolerance and regulates lipid metabolism in ZDF rats. (A) Body weight was recorded every week and body weight gain was measured at the end of the 21st week. (B) Blood glucose levels were monitored throughout the entire experiment. (C) The area under the curve (AUC) of blood glucose was calculated by the trapezoidal method. (D) Serum insulin levels were evaluated in groups. (E–H) Serum levels of TG, TC, LDL-C, and HDL-C were evaluated in groups. ZL: ZL rats as a normal control, ZDF: ZDF rats fed with a high-fat diet, ZDF + Dapa: dapagliflozin-treated ZDF rats. Data are expressed as the means ± SEM of five animals per group. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the ZDF rat group.
To evaluate the effect of dapagliflozin on lipid metabolism, serum lipid profiles including total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) levels were tested in groups. Compared with the ZL rats, the ZDF rats exhibited markedly increased serum levels of TC, TG and LDL-C, indicating an impaired lipid metabolism. Compared with the ZDF rats, the ZDF rats with the dapagliflozin treatments showed significant decrease in the abnormally elevated serum TG and LDL-C levels, although the TC levels were not statistically impacted by the dapagliflozin intervention (Figures 1E–H).
Dapagliflozin Alleviates Hepatic Lipid Accumulation in ZDF Rats and PA-Stimulated LO2 and HepG2 Cells
To determine whether dapagliflozin alleviated hepatic lipid accumulation in vivo, the liver/body weight ratio and hepatic lipid accumulation in hepatic histology were evaluated in groups. The histological observation of H&E and Oil Red O staining indicated that dapagliflozin administration apparently alleviated hepatic steatosis through reducing the fatty degeneration of hepatocytes and intracellular lipid droplet formation (Figures 2A,B). As shown in Figure 2C, significant differences in body weight were not observed between the ZDF rats with or without dapagliflozin treatment, but the liver weight and the liver/body weight ratio were dramatically reduced in comparison with those of the ZDF group. Moreover, dapagliflozin treatment downregulated the expression of several hepatic lipogenic genes including ACC1 and SREBP-1c, and upregulated genes related to fatty acid oxidation, such as CPT1 and ACOX1 (Figure 2D).
[image: Figure 2]FIGURE 2 | Dapagliflozin alleviates hepatic lipid accumulation in ZDF rats and PA-stimulated LO2 and HepG2 cells. (A, B) Liver sections were stained with H&E (Scale bars: 50 μm)and Oil Red O (Scale bars: 20 μm). (C) Liver/body weight ratio was calculated by liver weight (g)/body weight (g). (D) The mRNA expression levels of hepatic lipogenic genes ACC1, SREBP-1c, and fatty acid oxidation genes CPT1 and ACOX1 were examined by real-time q-PCR (E) CCK-8 assays indicate the effect of dapagliflozin (10, 20, 40, 80, and 100 μmol/L) on the viability of HepG2 cells and LO2 cells. (F) HepG2 cells and LO2 cells were stained with 1 μg/ml BODIPY 493/503 and fluorescence images were captured by a confocal microscope. (G) LO2 and HepG2 cells were stained with Oil Red O. Scale bars: 20 μm. Data are expressed as the means ± SEM from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
Next, we examined the effect of dapagliflozin on lipid accumulation in LO2 and HepG2 cells. Prior to testing the effect of dapagliflozin in cells in vitro, a CCK-8 assay was performed to evaluate the cytotoxic effects of dapagliflozin on hepatic cells, and the results showed that dapagliflozin had a limited effect on the viability of LO2 cells and HepG2 cells, even at a concentration up to 20 μmol/L (Figure 2E). As shown in Figure 2F, the fluorescence intensity of BODIPY 493/503-stained lipid droplets was decreased after dapagliflozin administration in cells. To further confirm the lipid clearance effects of dapagliflozin in hepatic cells, we stained lipid droplets with Oil Red O (ORO). Exposure to 0.3 mM PA for 24 h dramatically increased the intracellular lipid accumulation in LO2 cells and HepG2 cells, whereas cotreatment with dapagliflozin could obviously attenuate the PA-induced lipid accumulation in both of hepatic cell lines (Figure 2G). Taken together, these findings indicated that dapagliflozin prevented against hepatic lipid deposition in ZDF rats and PA-stimulated hepatic cells.
Expression of SGLT2 in Rat Liver, LO2 Cells and HepG2 Cells
To determine whether dapagliflozin exerted its effects by targeting on SGLT2, we investigated the expression of SGLT2 in LO2, HepG2, HK2 cells, and animal tissues by Western blot, immunofluorescence and immunohistochemistry analyses. As shown in Figure 3A, the Western blot analysis showed a band in the liver with the same molecular weight as that in the kidney, which indicates the expression of SGLT2 in rat liver. Immunohistochemical staining also confirmed the expression of SGLT2 predominantly on the cell membrane in both kidney and liver tissues. In addition, immunofluorescence staining and Western blot analysis indicated the expression of SGLT2 in LO2 cells and HepG2 cells (Figure 3B).
[image: Figure 3]FIGURE 3 | Expression of SGLT2 in rat liver and LO2 and HepG2 cells. (A) Western blot analysis and IHC staining demonstrate the protein expression level of SGLT2 in rat liver and kidney tissues. (B) Western blot analysis and immunofluorescence staining show the expression of SGLT2 in human hepatic cell lines.
Dapagliflozin Induces Autophagy and Regulates Fatty Acid Metabolism in ZDF Rats and PA-Stimulated LO2 and HepG2 Cells
We examined the autophagic alterations in the rat liver and compared the effects with PA-stimulated LO2 and HepG2 cells. Detection of autophagy and the expression of autophagy-related genes were evaluated by Western blot analysis and immunohistochemistry (IHC) in the liver tissue of each group. Immunohistochemical staining showed that dapagliflozin administration significantly increased the expression of LC3B and Beclin1, but decreased that of p62 in the liver of ZDF rats (Figure 4A). As shown in Figure 4B, dapagliflozin significantly upregulated the levels of LC3B-II and Beclin1 and decreased the levels of p62 compared with the ZDF group. In addition, the administration of dapagliflozin increased ACC1 phosphorylation and significantly upregulated fatty acid oxidation gene ACOX1 (Figure 4C). These data suggested that dapagliflozin induced autophagy and improved cellular lipid metabolism in ZDF rats.
[image: Figure 4]FIGURE 4 | Dapagliflozin induces autophagy and regulates fatty acid metabolism in ZDF rats and PA-stimulated LO2 and HepG2 cells. (A) IHC staining detected the expression of LC3B, Beclin-1 and p62 in hepatic tissue. Scale bars: 20 μm. Data are expressed as the means ± SEM of five animals per group. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the ZDF rat group. (B) Western blot analysis evaluated the protein expression levels of LC3B, Beclin-1, and p62 in rats. (C) Western blot analysis detected the expression of ACC1, p-ACC1, and ACOX1 in the livers of rats. (D, E) LC3B immunofluorescence staining showed the endogenous LC3B level of LO2 and HepG2 cells. (F, G) Western blot analysis demonstrated the expression of LC3B, Beclin-1, and p62 in LO2 and HepG2 cells. (H, I) Western blot analysis detected the protein expression of ACC1, p-ACC1 and ACOX1 in cells. (J, K) LO2 and HepG2 cells were treated with 0.3 mM PA, 20 μM dapagliflozin and 20 µM chloroquine (CQ) for 24 h. The cells were stained with Oil Red O and intracellular TG was quantitatively analyzed. Scale bars: 20 μm. Data are expressed as the means ± SEM from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
Moreover, the effects of dapagliflozin on the LC3B expression in PA-induced hepatocytes were detected by immunofluorescence staining and Western blot assays. Administration of dapagliflozin dramatically increased the expression of LC3B, as indicated by the enhanced fluorescence intensity (Figures 4D,E). Consistently, the Western blot assays demonstrated that dapagliflozin increased the expression of LC3B-II and Beclin1, and inhibited the expression of p62, which strongly indicated the enhancement of autophagy (Figures 4F,G). Similar outcomes on ACC1 phosphorylation and ACOX1 protein expression were also observed after dapagliflozin administration in PA-stimulated LO2 cells and HepG2 cells (Figures 4H,I). To assess the influence of dapagliflozin on autophagy, we pharmacologically blocked autophagosome-lysosome fusion using chloroquine diphosphate (CQ, 20 μmol/L), a lysosomal inhibitor. As shown in (Figures 4J,K), cotreatment with CQ abolished the effect of dapagliflozin on reducing lipid accumulation, indicating that involvement of autophagy in dapagliflozin alleviated hepatic lipid accumulation.
Dapagliflozin Induces Autophagy via the AMPK-mTOR Pathway in vitro and in vivo
To test whether autophagy is activated via the AMPK-mTOR pathway, the protein expression of AMPK and mTOR was examined in vitro and in vivo. As shown in Figures 5A–C, the p-AMPK/AMPK ratio was elevated in dapagliflozin-treated ZDF rats or hepatocytes, while the p-mTOR/mTOR ratio was significantly reduced. Then, to determine the association of AMPK activation with dapagliflozin-induced autophagy, AMPK inhibitor compound C (Comp C) was used to block AMPK phosphorylation in hepatic cells. Treatment with Comp C reversed the effect of dapagliflozin on cellular lipid deposition, indicating the involvement of the AMPK pathway in dapagliflozin-mediated protection against hepatic steatosis (Figures 5D,E).
[image: Figure 5]FIGURE 5 | Dapagliflozin induces autophagy via the AMPK-mTOR pathway in vitro and in vivo.(A–C) Western blot analysis evaluated the protein expression levels of p-AMPK, AMPK, p-mTOR, and mTOR in rats and cells. (D, E) LO2 and HepG2 cells were treated with 0.3 mM PA, 20 μM dapagliflozin and 10 µM compound C (Comp C) for 24 h. The cells were stained with Oil Red O and intracellular TG was quantitatively analyzed. Scale bars: 20 μm. Data are expressed as the means ± SEM from three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
DISCUSSION
NAFLD is a burgeoning health problem worldwide and has become a significant risk factor for both hepatic and cardiometabolic mortality (Al-awar et al., 2016). However, effective drugs approved for the treatment of NAFLD are still lacking. SGLT2 inhibitors are listed as a new class of oral anti-hyperglycaemic medications for the pharmacological management of T2DM (Chaudhury et al., 2017). A single-center retrospective observational study indicated that dapagliflozin and empagliflozin could improve the metabolic and hepatic disorders (Lee et al., 2018). Thus, it is of great significance to explore the underlying specific mechanisms of SGLT2 inhibitors in alleviating the diet-induced metabolic dysfunction and NAFLD. In the present study, we report a beneficial effect of dapagliflozin in ameliorating hepatic steatosis by modulating AMPK-mediated autophagic activation. We observed for the first time that the dapagliflozin alleviated lipid accumulation and lipotoxicity, accompanied by induced autophagy in ZDF rats and PA-induced human hepatic cells, indicating that the antihepatosteatotic effects of dapagliflozin might be independent of its hypoglycaemic activities.
Previous studies have demonstrated that the excessive lipid accumulation can lead to cellular injury and death (Czaja, 2016; Li et al., 2020). In this study, we focused on the effects of dapagliflozin on hepatic steatosis and explored the relevant mechanism using hepatic cells and ZDF rats with obesity, NAFLD and metabolic dysfunction. Both LO2 cells and HepG2 cells were used to study the effects of dapagliflozin with the presence of PA. Our data showed that continuous intervention with dapagliflozin attenuated liver weight, lipotoxicity, dyslipidaemia, impaired glucose tolerance and hepatic lipid deposition in ZDF rats. Meanwhile, BODIPY 493/503 and ORO staining indicated that dapagliflozin prevented against intracellular lipid accumulation in PA-stimulated LO2 cells and HepG2 cells.
SGLT2 is a sodium-glucose transporter that is mainly expressed in the proximal convoluted tubules of the kidney, and its ubiquitous expression has also been detected in other human tissues (Uthman et al., 2018). Some studies have demonstrated that the protein expression of SGLT2 could be detected in the immortalized human primary hepatocytes HuS-E/2 cells, human hepatocellular carcinoma HepG2 cells and mouse hepatic tissue (Hawley et al., 2016; Kaji et al., 2018; Chiang et al., 2020). However, the SGLTs family consists of 12 members, and the expression of these proteins in extrarenal tissues is controversial due to the lack of specific antibodies (Wright et al., 2011). In this study, we demonstrated the expression of SGLT2 in hepatic cell lines and rat liver tissues.
Autophagy is a pathway of lysosome degradation that can ameliorate the state of insulin resistance by regulating cellular lipid metabolism (Amir and Czaja., 2011). Currently, emerging evidence suggests that autophagy may be associated with the pathological and physiological changes of NAFLD (Park and Lee., 2014). Autophagy has been reported to delay the progression of NAFLD and protects against liver injury by decreasing hepatocyte lipid accumulation (Czaja, 2016). However, previous studies have not reported on the role of SGLT2 inhibitors in inducing autophagy and reducing hepatic lipid accumulation by directly targeting hepatocytes. Our data strongly suggest that dapagliflozin administration reduces the intracellular lipid accumulation and activates the autophagy machinery because increased autophagy markers (LC3B and Beclin1 protein levels), and decreased p62 levels were found in vitro and in vivo. Most importantly, this improvement effect was abolished by incubation with CQ, a lysosomal function inhibitor, suggesting the involvement of autophagy activation in dapagliflozin-mediated hypolipidaemic effects. Hepatic lipid accumulation is caused in part by increased intracellular de novo lipogenesis, in which the ACC1 enzyme catalyzes the first rate-controlling step (Goedeke et al., 2018; Ipsen et al., 2018). Specific knockout of ACC1 reduced de novo lipogenesis in hepatocytes and lipid accumulation in the liver of mice (Mao et al., 2006). ACOX1 is the rate-limiting enzyme in peroxisomal fatty acid oxidation (Xiao et al., 2020), and the deficiency of ACOX1 leads to hepatic lipid accumulation, inflammation and fibrosis (Ipsen et al., 2018). Thus, reducing de novo lipogenesis or increasing fatty acid oxidation will improve hepatic lipid accumulation. In this study, we demonstrated that dapagliflozin phosphorylated and inactivated ACC1 and increased the expression of ACOX1, which helped to alleviate cellular lipid accumulation in vitro and in vivo.
AMPK is a crucial metabolic regulator that not only inhibits energy-consuming pathways but also activates the energy-compensating process (Ha et al., 2015). Evidence shows that AMPK plays a critical role in autophagy induction in response to various cellular stresses, such as glucose starvation (Vingtdeux et al., 2010). In the liver, AMPK activation regulates metabolism by increasing catabolic pathways, such as autophagy (Alers et al., 2012) and fatty acid oxidation (Fernandez-Galilea et al., 2014), and decreasing anabolic pathways such as lipid synthesis (Zhou et al., 2001). In addition, mTOR, a downstream target of AMPK, negatively regulates autophagy activity (Kim et al., 2011). Our study demonstrated that dapagliflozin could increase the phosphorylation of AMPK, while suppressing the phosphorylation of mTOR in dapagliflozin-treated ZDF rats and cultured hepatic cells. Meanwhile this phenomenon was reversed by the AMPK specific inhibitor compound C, which strongly suggests that the effects of dapagliflozin on the amelioration in hepatic steatosis are directly mediated through AMPK activation. In addition, these results also illustrate that the AMPK-mTOR pathway plays an important role in the activation of autophagy in steatotic hepatic cells.
In summary, we demonstrated that dapagliflozin ameliorates hepatic steatosis by decreasing the de novo lipogenesis enzyme ACC1, increasing the fatty acid oxidation enzyme ACOX1 and inducing autophagy. These beneficial effects seem to be in part mediated through AMPK activation (Figure 6). In addition, our data indicate that dapagliflozin induces autophagy via the AMPK-mTOR pathway. Importantly, our findings suggest an important mechanism for the positive effects of dapagliflozin on alleviating hepatic steatosis and provide evidence for the novel clinical usage of dapagliflozin in NAFLD by targeting intracellular autophagy in hepatic cells.
[image: Figure 6]FIGURE 6 | Summary of the underlying mechanism of dapagliflozin on alleviating hepatic steatosis.
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Exosomes are 30–150 nm sized vesicles released by a variety of cells, and are found in most physiological compartments (feces, blood, urine, saliva, breast milk). They can contain different cargo, including nucleic acids, proteins and lipids. In Inflammatory Bowel Disease (IBD), a distinct exosome profile can be detected in blood and fecal samples. In addition, circulating exosomes can carry targets on their surface for monoclonal antibodies used as IBD therapy. This review aims to understand the exosome profile in humans and other mammals, the cargo contained in them, the effect of exosomes on the gut, and the application of exosomes in IBD therapy.
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INTRODUCTION
Exosomes are biological nanovesicles (30–150 nm) that are made by most cell types (Gross et al., 2012). They fuse with the plasma membrane of the cell and are released outside, they can be detected in almost all biological fluids (Edgar, 2016). The exosomal membrane is made of lipids and proteins (Mathivanan et al., 2010). The cargo contained within the exosomes can be proteins, nucleic acids and lipids which may or may not be similar to those of the parent cell (Valadi et al., 2007). Neighboring and/or distant cells can benefit from the cargo of circulating exosomes. They function as signaling molecules and can bring about regulation. The knowledge of their autocrine, paracrine, juxtacrine, and endocrine regulation has aroused the curiosity of many researchers. Studies indicate that exosomes play a role in extracellular matrix remodeling and signal transmission (Beshbishy et al., 2020). They also play vital roles in many disease conditions like cancer, neurodegenerative disorders, cardiovascular diseases, diabetes and others like Inflammatory Bowel Disease (IBD) by regulating immunity, inflammation, and tissue homeostasis.
Inflammatory Bowel Disease (IBD) has been widely thought to be a western disease; however, the global prevalence of IBD has been increasing since 2000. One in 200 individuals in Western countries suffers from IBD (Ng et al., 2017). Crohn’s disease (CD) and ulcerative colitis (UC) are the two distinct disorders of IBD. CD and UC differ in the symptoms, complications, part of the gastrointestinal (GI) tract they affect, pathophysiology, disease course and management. UC affects the colon and is characterized by continuous lesions and superficial inflammation, which can lead to erosions, ulcers and bloody diarrhea. CD is progressive and destructive—many patients have systemic, extra intestinal manifestations, which strongly affects their quality of life due to risk of hospitalization, complications and surgery (Torres et al., 2017).
The pathogenesis of IBD is still ambiguous, the process is linked to genetic, environmental, gut microbiota and immune response factors (Ocansey et al., 2019). Some individuals with IBD have a genetic predisposition due to which there is a failure in maintaining intestinal homeostasis (Console et al., 2019). Intestinal Epithelial Cells (IECs) are constantly exposed to numerous bacteria and dietary-derived antigens. In order to defend itself, the human body needs to mount a robust immune response against invading pathogens, however if this response is prolonged it can be deleterious to the host leading to acute and chronic inflammatory disorder. Thus, the cells of the body employ intricate signaling network to control inflammation (Ayyar and Reddy, 2018). This system includes many small extra cellular components such as extra-cellular vesicles (EV), non-coding RNAs (ncRNA) like miRNA (microRNA), snRNA (small nucleolar RNA), siRNA (small interfering RNA), lncRNA (long non-coding RNA), and others (Ayyar et al., 2014). The immune system of the intestinal mucosa employs the use of such extra-cellular factors such as exosomes to maintain a balance between exhibiting tolerance toward normal microbiota and food proteins and eliciting an immune response toward enteric pathogens. Exosomes regulate cells of the immune system, gut microbes and factors maintaining the gut barrier within the IBD microenvironment. This helps repair damage and restore intestinal mucosal functions. IBD therapy is directed at improving immune regulation and easing intestinal mucosal inflammation. Exosome based therapy can help achieve these goals. In this article, we review the contents of exosomes and their effects in IBD; focusing on their effect on immune cells and gut microbiota. We also examine the potential applications of exosomes and exosomal cargo as biomarkers of IBD and in IBD therapy.
EXOSOMES
Exosomes, prostasomes, ectosomes, microvesicles, microparticles, tolerosomes, and nanovesicles are collectively referred as EVs. Currently, exosomes cannot be easily separated from other EVs (Beshbishy et al., 2020). Thus, exosomes separated from biological fluids and cell culture supernatants that are used for research are regarded as EVs, as stated in the guidelines developed by the International Society of Extracellular Vesicles (ISEV) (Théry et al., 2018). Existence of EVs was documented for the first time in 1946 (Chargaff and West, 1946). By 1977, the release of membrane fragments was considered a ubiquitous feature of viable cells. Till 1980, they were commonly considered as cellular debris (P. Wolf, 1967). The discovery of exosomes occurred in 1983. Pan and Johnstone reported that during maturation of reticulocytes in sheep, small vesicles were engaged in the release of transferrin receptors into the extracellular milieu (Pan and Johnstone, 1983). These vesicles were termed exosomes in 1989 (Johnstone et al., 1989). Subsequent studies demonstrated that exosomes originate from endosomal vesicles.
Biogenesis of Exosomes
Exosomes have a lipid bilayer membrane and are incapable of replicating. The process by which exosomes are synthesized differs from other EVs. These vesicles are forged from a novel multi-step “exosome biogenesis” pathway. The plasma membrane of the cell buds inwards to form membrane enclosed compartments called early endosomes (Pant et al., 2012). Early endosomes mature into late endosomes, these are also called multivesicular bodies (MVB). MVBs acquire intraluminal vesicles (ILVs) in their lumen. Inward budding of early endosomal membrane results in generation of ILVs. ILVs contain biologically active molecules like lipids (Subra et al., 2010), proteins (André et al., 2004) and nucleic acids (Valadi et al., 2007). These components may be selectively enriched by the endosomal sorting complexes required for transport (ESCRTs) (Tamai et al., 2010). The process may also be orchestrated by ESCRT-independent mechanisms which involve tetraspanins or lipids (Colombo et al., 2013). Depending on the molecules used, the mechanism is considered ESCRT dependent or ESCRT independent (Stuffers et al., 2009). The resultant MVBs can have two fates: survive as exosomes or perish. Fusion of MVBs with plasma membrane leads to their release in extracellular space as exosomes (Gruenberg and Goot, 2006). Alternatively, MVBs may fuse with lysosomes which leads to degradation of their content (Palmulli and Van Niel, 2018). Exosomes are released by exocytosis pathway in the course of cellular crosstalk or during receptor removal mechanisms. Growth factor receptors on the plasma membrane play a pivotal role in the exocytosis pathway (Stoorvogel et al., 2002). It is not yet fully understood as to how exosomes are released. Even though considerable progress has been made in this field, substantial gap exists in our knowledge of cargo sorting mechanisms in exosomes and other vesicular bodies.
Characterization of Exosomes
A few minimal requirements have been made mandatory by ISEV to establish the existence of exosome in a study. Experimental methods like electron microscopy, concentration monitoring techniques, and western blotting are needed to identify the presence of exosomes (Théry et al., 2018). Also, physical properties like particle size are calculated during isolation via ultracentrifugation, density gradient separation, and polymer-based precipitation methods. (Chang et al., 2020). Under TEM (Transmission Electron Microscopy), exosomes resemble cup-shaped lipoidal vesicles (Théry et al., 2009). Most exosomes bear tetraspanin proteins and this superfamily of proteins was considered to be a definitive marker of exosomes. Recent research indicates that micro-vesicles (MVs) also bear CD63, CD9, and CD81 tetraspanin proteins (Simons and Raposo, 2009). Many studies on exosomes have shown Alix and TSG101 (Tumor Susceptibility Gene 101 protein) and heat shock proteins HSC70 and HSP90 to be associated with these vesicles (Maas et al., 2017). The main difference between endosomes and MVs is that MVs are derived from outward blebbing of the plasma membrane (Agrahari et al., 2019).
Trafficking of Exosomes
The cell to cell communication by exosomes can occur via three mechanisms. The first mechanism involves receptor-ligand interaction. Signaling receptors of target cell interact directly with exosomal transmembrane proteins (Munich et al., 2012). In the second mechanism, the plasma membrane of target cell fuses with exosome, the contents of the exosome is directly delivered into the cytosol (Mulcahy et al., 2014). In the third mechanism, the exosomes get internalized by target cells. The internalized exosomes may either merge with endosomes, undergo transcytosis and be released for uptake by neighboring cells or the exosomes mature into lysosome in the target cells and are degraded (Tian et al., 2013). Some of the factors that influence internalization of exosomes have been studied. Exosomal lipid rafts and annexins are essential for exosomal internalization (Koumangoye et al., 2011). This is not to say that all factors responsible for internalization of exosomes are present only on exosomes. The proteins mediating internalization of exosomes are present on both target cells and exosomes (Escrevente et al., 2011). Apart from proteins, alteration of cholesterol content leading to disruption of lipid rafts also impairs exosomal internalization (Gonda et al., 2019). We still lack knowledge of how a mechanism is preferred over another by the exosome and/or the cell; is it condition, cell type or exosome specific?
Exosomal Cargo
Cell-to-cell communication is essential and exosomes help in facilitating this cellular crosstalk (Carrière et al., 2016). The lumen of the exosome contains the cargo-which could be lipids, proteins, nucleic acid like mRNAs, microRNAs, and other non-coding RNAs (ncRNA) (Sato-Kuwabara et al., 2015). The cargo can be same or different from that of the parent cell. Exosomes contain proteins primarily present in endosomes, plasma membrane and cytosol. They rarely enclose factors originating from the nucleus, mitochondria, endoplasmic reticulum or golgi. Also, formation and secretion of exosomes is a cost intensive process for the cell requiring enzymes and ATP (adenosine triphosphate) (J. Zhang et al., 2015). We believe there is mechanism in the cell for actively selecting exosomes and their cargos.
Proteins
Exosomal research data from different sources reveal that they share common exosomal constituents. As of 2016, 41,860 exosomal proteins, >7,540 exosomal RNA, and 1,116 exosomal lipid molecules have been cataloged from more than 286 exosome-based studies defined as per ISEV guidelines (Keerthikumar et al., 2016). Exosomes have two different kinds of protein content. The first kind depends on the cell and tissue from which it originates, while the other kind of protein constitutively occurs in exosomes and can be used as exosomal markers (Console et al., 2019). TSG101, Charged Multivesicular Body Protein 2a (CHMP2A), Ras-related protein Rab-11B (RAB11B), CD9, CD63, and CD81 are currently used as exosomal protein markers (Gross et al., 2012). Other common proteins documented in exosomes include adhesion molecules, heat shock proteins (such as HSC73, HSC90), annexins I, II, V, and VI, cytoskeletal proteins (synenin, actin, moesin, albumin) and GTPases (Samanta et al., 2018). Interestingly, some cytoskeletal proteins, glycolytic enzymes, and argonaute 1–4 (required for miRNA stability) are not detected in exosomes (Jeppesen et al., 2019).
Lipids
The current knowledge regarding the lipid content of exosomes is limited. Exosomes may contain cholesterol, sphingomyelin, ceramide, and phosphatidylserine. Cholesterol was found in the membrane of internal vesicles of MVB (Möbius et al., 2003). This is relevant as many membrane transporters are sensitive to cholesterol (Dickens et al., 2017). The structure of exosomal membrane is analogus to that of the plasma membrane; it also contains detergent resistant subdomains (Colombo et al., 2014).
Nucleic Acids
The other cargo contained within exosomes is nucleic acids (DNA, mRNA, miRNA, lncRNA, and ncRNA). The delivery of nucleic acids to cells can alter expression of genes and regulate the immune status in neighboring tissue. miRNAs can modulate immune responses by production and release of cytokines and chemokines resulting in a feedback regulation of immune homeostasis (Ayyar and Reddy, 2017). The nucleic acid content within exosomes differ. Identifying them will help us understand the role they may play in many processes. As exosomes are produced by almost all cells, they can be harvested from physiological fluids and their contents may indicate health of the tissues (healthy vs. diseased). They have the potential to be used as biomarkers: a diagnostic tool. A recent study suggests that the DNA found in small EVs are of extracellular origin that are released via an autophagy and multivesicular-endosome-dependent but exosome independent mechanism (Jeppesen et al., 2019). The source of different EV components and their functions is listed in Table 1.
TABLE 1 | Source and function of different extracellular vesicle components in IBD.
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The role of exosomes in IBD has garnered interest among researchers. Exosomal proteins, RNAs and lipids regulate factors of IBD like immune cells, gut microbiota and the mucosal barrier (Chang et al., 2020). Many studies have used exosomes from a variety of starting materials to study the process of IBD alleviation and related factors of interest. Translational studies are being conducted to tap into the possible use of exosomes as diagnostic markers and drug delivery systems, and also on the utility of modified exosomes in IBD therapy (Ocansey et al., 2020). Many of the studies cited in this review do not differentiate between the different types of EVs like exosomes, endosomes and MVBs, hence for the sake of convenience we have used the general term EVs while describing study findings.
Exosomal Profile in Intestinal Mucosa
Epithelial cells, Paneth cells, macrophages, and lymphocytes are cells in the intestinal tract that are directly exposed to digested food, microbes, and foreign antigens making immune homeostasis a challenging and complex process (Peterson and Artis, 2014). While maintaining immune homeostasis, the intestinal barrier strikes a perfect balance by clearing pathogenic bacteria and maintaining immune tolerance with the commensals. Evidence indicates that dysregulation of intestinal homeostasis leads to IBD pathogenesis. Intestinal homeostasis depends on effective crosstalk between extracellular factors, EVs and the host’s intestinal immune defense (comprised of the mucus membrane, intestinal epithelial cells (IECs) and the immune cells) (Avila-Calderón et al., 2015). EVs act not only as communicator between cells but also between cells and organisms (Chang et al., 2020). This is important as the mammalian intestine encounters 10 trillion (1013) microbes (10X the number of total cells in a mammalian body) (Sartor, 2008). EVs from micro-organisms and the host body communicate and help maintain a peaceful coexistence, maintaining intestinal immune homeostasis which is a major determinant of health (Sommer et al., 2017). Physiological fluids also contain EVs which affect the intestinal microbiota.
Exosomes From Intestinal Epithelial Cells
IECs play a major role in immune modulation in the gut that even though they are not professional antigen presenting cells (APC), they bear major histocompatibility complex (MHC) I, II, and HLA-DM (Lin et al., 2005). The knowledge of IEC releasing EVs has been known for a while now (Van Niel et al., 2001). IEC EVs like parent cells, contain immunomodulatory molecules. They also express MHC I and II, expression of which is elevated during inflammation as compared to basal condition (Van Niel et al., 2001). EVs released from these cells can be released apically or basolaterally. They carry A33 antigen, whose expression is confined to the intestinal epithelium (Van Niel et al., 2001). A33 is now considered a marker for IEC exosomes (Van Niel et al., 2003; Lin et al., 2005; Mallegol et al., 2007).
IEC EVs are known to interact with Dendritic cells (DC) (Mallegol et al., 2007). They stimulate DC, Treg and macrophage maturation with tolerogenic properties through immunoregulatory signals (Jeffrey et al., 2018). Also, tolerogenic DCs are essential for maintaining intestinal homeostasis (Peterson and Artis, 2014). The cytokine, TGF-β is produced in tolerogenic DCs and Tregs in its latent form as LTGF-β. IEC EVs carrying integrin αvβ6 are internalized by intestinal tolerogenic DCs, wherein they help activate TGF-β, induce Treg cells and initiate tolerogenic responses in the gut (Chen et al., 2011). CD4+ T cell proliferation is inhibited by TGF-β containing IEC EVs (Jiang et al., 2016). IEC EVs have a wide spectrum immuno modulatory effect. EVs expressing CD63 and EpCAM (Epithelial cell adhesion molecule) suppress DC maturation and inhibit antigen presentation by DCs and also induce DC apoptosis in post-trauma immune dysfunction in rats (Kojima et al., 2018). EpCAM plays a unique role in immuno-modulation by facilitating a physical interaction between intraepithelial lymphocytes and IECs (Jiang et al., 2016). Annexin 1 (ANXA1) is crucial for maintaining the intestinal barrier during inflammatory response; it is found in exosomes released from IECs (Leoni et al., 2015). These ANXA 1 containing EVs help in resolving inflammation in murine colitis, their number increases during wound healing (Leoni et al., 2013; Perretti and D’Acquisto, 2009). These EVs bind to formyl peptide receptors (FPRs) and may be employed to activate wound repair in epithelial cells (Leoni et al., 2015). In IBD patients, mucosal-luminal interface EVs express MPO (myeloperoxidase). MPO is a defense protein which creates oxidative stress against microbes in the intestines (X. Zhang et al., 2018). At the same time, intestinal fluid EVs from IBD patients have a pro-inflammatory effect on IECs in-vitro (Mitsuhashi et al., 2017). This disparity can be attributed to the source of EVs. EVs secreted by Bacteroides fragilis induce secretion of host mucosal EVs containing sphingosine-1-phosphate, CCL20, and prostaglandin E2 (Deng et al., 2015). Th17 cells are sequestered by Prostaglandin E2 and CCL20 via MyD88-mediated pathway (Deng et al., 2015), while sphingosine-1-phosphate plays a role in tumorigenesis (Kunkel et al., 2013; Hait and Maiti, 2017; Patmanathan et al., 2017). Conversely, it is possible that CCL20 and other pro-inflammatory cytokines are inhibited by EVs derived from healthy intestinal mucosa (Deng et al., 2015). Figure 1 summarizes exosomal effects of IEC derived exosomes on intestinal barrier functions and immunity.
[image: Figure 1]FIGURE 1 | Modulation of intestinal inflammation by intestinal epithelial cell derived exosomes. Intestinal epithelial cell derived exosomes help maintain gut immune homeostasis through secretion of Annexin A1. They induce a tolerogenic immune response by secretion of integrin, cytokines and chemokines. They also protect the gut immune barrier from bacterial invasion by secreting myeloperoxidase which creates oxidative stress against bacteria. ANXA1, Annexin A1; αvβ6, Integrin αvβ6; B. fragilis, Bacteroides fragilis; CCL20, C-C Motif Chemokine Ligand 20; DC, dendritic cell; IEC, Intestinal epithelial cells; MPO: myeloperoxidase; Th17, TGF-β, transforming growth factor β; T helper 17; Treg, regulatory T cell.
Exosomes From Immune Cells
The mucosal barrier maintains immune homeostasis in the gut by spatially separating the gut microbiota from the host immune system. In IBD, there is dysfunction of the barrier, immune dysregulation and dysbiosis. Both the innate and the adaptive immune system signals lead to IBD pathogenesis. The innate immune response is quicker; it involves phagocytosis, antigen presentation and provides stimulus for initiation of the adaptive immune response. The process involves macrophages, DCs, neutrophils, and monocytes (Ayyar et al., 2014). Many APCs have been reported to secrete exosomes, these exosomes may also bear MHC molecules (Morelli et al., 2004).
DCs are professional APCs of the immune system and can initiate an immune response upon sensing antigens. Based on the stage and maturation of parent DCs, DC derived exosomes may have immune stimulatory/suppressive effects (Lindenbergh and Stoorvogel, 2018; H.; Zhang et al., 2019). EVs from DCs can inhibit T-cell proliferation, this could play a key role in modulating inflammation in IBD (Kim et al., 2007; Tkach et al., 2017). Mature DC-derived exosomes that contain tumor antigens potentially could induce anti-tumor immunity in in-vitro trials, while immature exosomes could induce peripheral tolerance by T-cell immunosuppression (Yang et al., 2010). TGF-β1-modified bone marrow derived DCs (BMDC) produce exosomes that induce CD4+Foxp3+Tregs and attenuate Th17 population in lymphocytes from mesenteric lymph nodes of inflammatory site in DSS induced mice (Cai et al., 2012). Similarly, IL-10 treated DC exosomes inhibit 2,4,6-trinitrobenzenesulfonic acid (TNBS) induced colitis in rats by stimulating CD4+CD25+Tregs (Yang et al., 2010). In a similar study, EVs from Schistosoma japonicum-soluble antigen-treated DCs provided protection during acute IBD development (Tkach et al., 2017; L. Wang et al., 2017). Immune tolerance can be achieved through regulation of activated T cells, by harnessing the immunosuppressive activity of exosomes. APC derived exosomes can activate CD4+ and/or CD8+ T lymphocytes, their antigen presentation capacity relies on DC, indicating that APCs take up DC derived exosomes to promote T cell activation. Exosomes may quickly transfer immune information via APCs (Van Niel et al., 2003).
IBD progression is affected in myriad ways by other immune cell derived EVs. Neutrophil infiltration occurs in IBD and is accompanied by liberating MPO into the extracellular space. MPO results in production of oxidative radicals which damage the gut barrier. It was found that MPO was delivered to IEC via EVs and inflammatory response was enhanced, inhibiting wound closure and healing (Slater et al., 2017). EVs also contain miRNAs as cargo; miRNAs are excellent regulators of immune response (Ayyar et al., 2014). EVs containing proinflammatory miRNAs can promote doublestrand breaks (DSBs) in affected colonic epithelia (Butin-Israeli et al., 2019). Neutrophil derived EVs can contain miR-23a and miR-155. These EVs promote lamin B1- dependent replication fork collapse and also suppress homologous recombination (HR) by repressing RAD51 (Bui and Sumagin, 2019; Butin-Israeli et al., 2019). During transepithelial migration of granulocytes, granulocyte EVs accumulate on IECs. This promotes the recruitment of granulocytes accompanied by a loss of epithelial cadherins (Butin-Israeli et al., 2016). On the other hand, granulocytic myeloid-derived suppressor cells-derived EVs diminish number of Th1 cells and a resultant surge is observed in Treg population in colitis induced mice (Y. Wang et al., 2016). WNT signaling is essential for intestinal epithelium and homeostasis (Kuhnert et al., 2004; Gregorieff et al., 2005). Intestinal stem cells can be rescued by macrophage-derived EVs. They can also improve enterocyte survival post radiation via modulation of WNT signaling pathway (Saha et al., 2016). Figure 2 shows the general modulatory features of immune-cell-derived exosomes on the immune system.
[image: Figure 2]FIGURE 2 | Modulation of intestinal inflammation by immune cell derived extracellular vesicles. Exosomes derived from immune cells promote anti-inflammatory responses by inducing immune tolerance and triggering regulatory T cells (Treg) activation while inhibiting T helper cells. Exosome-treated immune cells further express exosomes that encourage anti-inflammatory responses. Mature APC derived exosomes promote loss of E-cadherin, which leads to breach of barrier integrity and facilitates bacterial invasion and transmigration. These exosomes also recruit immune cells and drive a pro-inflammatory immune response. Neutrophil derived exosomes secrete myeloperoxidase and miRNAs which are taken up by intestinal epithelial cells. miR-23a and miR-155 can introduce double strand breaks and impair wound healing in degenerated colonic epithelium. In summary, depending on the parent cells, exosomes derived from immune cells can drive toward a pro-inflammatory or an anti-inflammatory response. APC, antigen presenting cell; BMDC, Bone marrow derived dendritic cell; CD, cluster of differentiation; DC, dendritic cell; EV, extracellular vesicles; FOXP3, Forkhead box protein 3; IL-10, Interleukin 10; miR, microRNA; MPO: myeloperoxidase; TGF-β, transforming growth factor β; Th17, T helper 17; Treg, regulatory T cell.
Exosomal Profile in Animals
Many studies have been conducted in rats and mice to study the effects exosomes in IBD. A radical difference was observed in the proportion of gut-bacteria derived EVs in feces of DSS (dextran sulfate sodium) induced colitis mice in comparison with those from healthy mice (Kang et al., 2013). The fecal EVs can be IEC-derived, microbiome-derived or may come from the diet. When healthy exosomes from mice were transferred to IBD-induced mice, it was observed that the disease severity markedly reduced in recipient mice (Jiang et al., 2016). This shows that exosomes have therapeutic potential. Another study showed that the protein load of exosomes in healthy and acute-colitis induced mice was different. A total of 56 acute phase proteins and immunoglobulins were found to be differentially expressed between the two groups (Wong et al., 2016). Lactobacillus and Bifidobacterium are known probiotics which are administered to IBD patients. DCs and EV isolated from TLR2 (toll-like-receptor 2) knockout mice and healthy mice were co-cultured with these bacteria. It was observed that TLR2/6 activity in DCs was reduced significantly (van Bergenhenegouwen et al., 2014). The effect was reversed upon EV depletion suggesting an immunosuppressive role of these EVs. Fecal OMVs (outer membrane vesicles) from colitis induced rats (DSS) reduced the expression of enzyme UDP-glucuronosyltransferase 1A1 (UGT1A1) in human Caco-2 cells while OMVs from healthy rats upregulated the enzyme expression (X. J. Gao et al., 2018). UGT1A1 helps in maintaining the Intestinal epithelial barrier. This study shows that rat OMVs can modulate mucosal immunity. EVs isolated from mesenteric lymph modulated the immune response through DC suppression in post-trauma immune dysfunction in rats (Kojima et al., 2018). When exosomes are introduced in naïve rats from IBD induced rats, antigen specific tolerance is detected; these exosomes were briefly called tolerosomes (Karlsson et al., 2001).
Exosomal Profile in Blood
Diseases like Cancer, inflammatory diseases and infections result in change in exosome composition of patients as compared to healthy controls. These changes can be observed in biological fluids like blood and blood components, saliva, stool, urine. These fluids represent an excellent tool for identification of biomarkers (Barile and Vassalli, 2017). Unfortunately, there are not many reports of EVs or exosomes in blood/serum. In 2015, Leoni et al. looked at serum exosome levels in IBD patients. They found that exosomes released from IECs, entered circulation and expressed ANXA 1, which is crucial for maintaining the intestinal barrier during inflammatory response. Serum of IBD patients contain good number of such vesicles (Leoni et al., 2015). Additional research on the serum exosomal content in IBD patients will help better our understanding.
Role of Dietary EVs in Inflammatory Bowel Disease
The source of exosome existing in human body could be produced by human cells such as immune cells, IECs, tumor cells or by plant cells which are introduced through dietary food. As almost all biological cells produce exosomes; many of the edible foods that we consume contain exosomes.
Plant Derived Exosomes
Some studies have been conducted on exosomes derived from edible plants. Curcuma longa and grapes contain exosomes that helps in alleviating IBD. Curcuma longa is a medical herb, the exosomes derived from this plant may inactivate NF-κB to alleviate colitis and improve intestinal wound repair (H. Zhang et al., 2019). Exosome-like nanoparticles (ELN) from grape juice play a protective role in DSS-induced colitis mice when administered via the oral route (Ju et al., 2013). ELNs from ginger rhizome strongly inhibit NLRP3 (nucleotide-binding domain and leucine-rich repeat-containing family, pyrin domain-containing 3) inflammasome activation. Events occurring downstream of inflammasome activation like secretion of cytokines IL-1β and IL-18, auto cleavage of caspase-1 and pyroptotic cell death can also be impeded by these ELNs (Chen et al., 2019). Broccoli derived ELNs inhibit induced colitis in mice. These ELNs help in the activation of AMPK (AMP [adenosine monophosphate]-activated protein kinase) in DCs, which promotes DC tolerance and prevents DC activation, leading to inhibition of DSS induced colitis in mice (Deng et al., 2017).
Milk Derived Exosomes
Breast milk not only provides nutrition but also helps shape the neonate gut immune system (Turfkruyer and Verhasselt, 2015). Breast milk has immunoglobulin which help in responding precisely to encountered antigens (Walker and Iyengar, 2015; Doare et al., 2018). Recent studies have shown EVs contained in milk can affect intestinal homeostasis (Admyre et al., 2007). Bioactive milk exosomes are known to carry miRNAs, mRNAs, lncRNAs, TGF-β and a variety of other proteins and lipids (Reinhardt et al., 2012; Reinhardt et al., 2013; Pieters et al., 2015; Tomé-Carneiro et al., 2018). Exosomes are resistant to the harsh conditions in the gastrointestinal tract (Benmoussa et al., 2016; Liao et al., 2017; Kahn et al., 2018) but are actively captured by intestinal epithelial cells (T. Wolf et al., 2015). It has been observed that a considerable portion of milk exosomes (from consumed milk) enter circulation in rodents and humans (Baier et al., 2014; Manca et al., 2018; Betker et al., 2019). The fate of unabsorbed exosomes is not yet known. There is strong evidence that milk exosomes are crucial for maturation and intestinal function (Gao H. N. et al., 2019; Gao R. et al., 2019; Hock et al., 2017; Li et al., 2019; Miyake et al., 2020; Reif et al., 2019; Xie et al., 2020). Strong evidence indicates that human, porcine and bovine milk exosomes aid intestinal cell growth in mice (Gao H. N. et al., 2019; Hock et al., 2017; Reif et al., 2019). Milk exosomes can also attenuate LPS-induced apoptosis (Xie et al., 2019), and prevent intestinal endothelial cell damage (R. Gao et al., 2019b; Miyake et al., 2020). They also enhance goblet cell numbers and mucin production (Li et al., 2019). They can also modify bacterial growth, and promote intestinal microbiota (Doare et al., 2018; Zhou et al., 2019). Interestingly, pasteurized fresh milk contains more bioactive milk exosomes as compared to fermented milk products like yoghurt (Yu et al., 2017). Figure 3 describes the role of microbiome derived OMVs and dietary exosomes in modulating intestinal inflammation.
[image: Figure 3]FIGURE 3 | Modulation of intestinal inflammation by microbiome derived outer membrane vesicles and dietary exosomes. Exosomes and OMVs (outer membrane vesicles) through their functional components, directly or indirectly interact with gut intestinal epithelial cells (IECs). Dietary exosomes attenuate apoptosis and promote intestinal wound repair. OMVs from commensal bacteria induce the proliferation of IECs and development of the intestinal tract, and indirectly enhance barrier functions by inhibiting components of the inflammatory environment that negatively impact tight junction molecules and IECs. They also interact with immune cells and promote an anti-inflammatory immune response. On the other hand, pathogenic bacteria, though their OMVs can induce inflammation and apoptosis. They can also cause a breach in the epithelial barrier by cleaving E-cadherin. This facilitates bacterial invasion and transmigration into the intestinal tissue. DC, dendritic cell; HAP, hemagglutinin protease; IL, Interleukin; NF-κB, nuclear factor kappa light chain enhancer of activated B cells; OMV, outer membrane vesicle, PSA: capsular polysaccharide; sRNA52320, shortRNA 52320; Treg, regulatory T cell; VesC, calcium-dependent trypsin-like serine protease; ZO-1, Zonula occludens 1.
Role of Microbiota Derived Outer Membrane Vesicles in Inflammatory Bowel Disease
All biological life forms are capable of producing EVs. These include micro-organisms encountered in the intestinal tract like protozoa, archaea, bacteria and fungi (Brown et al., 2015). It has been reported that commensal microbes can modulate IECs and immune cells in the intestine by affecting maturation and other related functions. As alterations in intestinal microbiota affect the pathogenesis and development of IBD, the EVs secreted by the commensal microbes may help maintain gut immune homeostasis (Geveres et al., 2014). The involvement of extracellular factors from microbes in modulating immune response has been observed as early as 1967 (S. Chatterjee and Das, 1967). In 1967, Chatterjee and Das showed that the bacteria, Neisseria meningitides secreted endotoxins as cell wall blebs in-vivo (S. Chatterjee and Das, 1967). However, the mechanism has not yet been understood thoroughly.
Pathogenic bacteria exist in the intestines and their EVs can negatively influence gut homeostasis. They breach the intestinal barrier and facilitate mucosal invasion leading to IBD pathogenesis. Helicobacter pylori infection in the gut leads to gastritis, ulceration and malignancy. In 2003, a study found that it was not necessary for the bacterium to associate with the epithelial cell to cause disease, the OMVs released by the bacteria could interact with the host epithelial cell and bring about an adverse reaction (Ismail et al., 2003). Enterohemorrhagic Escherichia coli (EHEC) O157 EVs promote IL-8 secretion in IECs through TLR5 and TLR4/MD-2 pathway (Bielaszewska et al., 2018). They also induce apoptosis by delivering hemolysin from EHEC to endothelial cells and mitochondria (Bielaszewska et al., 2013). UGT1A1 is an important part of intestinal epithelial barrier. Fecal OMVs isolated from colitis induced rats (DSS) reduced the expression of UGT1A1 in human Caco-2 cells while, OMVs from healthy rats upregulated UGT1A1 (X. J. Gao et al., 2018). This shows that gut microbiota can regulate intestinal UGT1A1 expression. Vibrio cholera secretes two proteases, hemagglutinin protease (HAP) and calcium-dependent trypsin-like serine protease (VesC) in association with OMVs, these are transported to human IECs in an active form. Studies show that HAP induces apoptosis and VesC induces necrosis and increases IL-8 secretion in host cells. Data also suggests that VesC promotes intestinal colonization of V. cholerae in mice (Mondal et al., 2016). Also, IECs take up these EVs and stimulate the MAPK and NF-κB pathways in a nucleotide-binding oligomerization domain-containing 1 (NOD1)-dependent manner. This causes a change in the expression of IL-8, GM-CSF, CCL2, CCL20, and thymic stromal lymphopoietin (D. Chatterjee and Chaudhuri, 2013). Epithelial cadherin is essential for maintaining epithelial integrity, EVs from Campylobacter jejuni cleaved epithelial cadherin and facilitated the infiltration of pathogenic bacteria into IECs (Elmi et al., 2016; Boehm et al., 2018). Evidence suggests that immune responses mounted against commensal like Bacteroides thetaiotaomicron could trigger colitis in genetically vulnerable hosts (Hickey et al., 2015).
Microbiome derived EVs present in the host can also help maintain gut immune homeostasis. The innate immune defense of the gut relies heavily on the integrity of the epithelial layer which acts as a barrier. Apart from IECs that reinforce this barrier, probiotic bacteria can also influence barrier integrity by regulating the pro-inflammatory signals, reinforcing tight junctions between IECs and by facilitating cross-talk between commensals, gut epithelia and the mucosal immunity. Escherichia coli C25, is a commensal organism present in the human gut, the OMVs released by this bacterium elicits a moderate pro-inflammatory response via secretion of IL-8 in vitro (Patten et al., 2017). This response is beneficial to the host as healthy human intestine has a low-level inflammatory environment. OMVs from E. coli C25 have also shown to regulate the translocation of parent bacteria across the intestinal epithelium. This aids in maintaining a favorable symbiotic relationship with the host (Patten et al., 2017). Another probiotic bacteria, E. coli Nissle 1917 (EcN) helps in maintaining tight junctions by secreting OMVs and soluble factors which induce ZO-1 and claudin-14 expression, and inhibit claudin-2 expression (Alvarez et al., 2016). The pro-inflammatory effect of E. coli OMVs can be ameliorated by Akkermansia muciniphila EVs. Also, A. muciniphila EVs are depleted in colitis induced mice as compared to healthy mice, indicating that they play a protective role in IBD. Indeed, IBD indicators like loss of body weight, length of colon, infiltration of colon wall are maintained when A. muciniphila EVs are delivered orally (Kang et al., 2013). B. fragilis OMVs containing PSA (capsular polysaccharide) can protect against inflammation in TNBS colitis mice model. This is achieved by production of anti-inflammatory cytokines by DCs, enhancing the Treg response (Shen et al., 2012). Pseudomonas aeruginosa releases EVs which contains shortRNAs (sRNA), this sRNA was shown to reduce IL-8 secretion from LPS (lipopolysaccharide) induced IECs. This sRNA termed as sRNA52320 can also attenuate cytokine secretion and neutrophil infiltration (Koeppen et al., 2016). B. thetaiotaomicron produces a phosphatase, BTMinpp which is packaged inside OMVs, thus protecting its catalytic activity. This enzyme promotes intracellular Ca2+ signaling in IECs and thereby the physiological responses of the digestive system are sustained (Stentz et al., 2014). Additionally, E. coli OMVs (probiotic and commensal strains) induce more anti-inflammatory cytokines in explanted colonic tissue, although a modest expression of proinflammatory cytokines, such as IL-6 and IL-8 is also observed (Fábrega et al., 2016).
The host can also combat EVs from pathogenic microbes. OMVs secreted from bacteria contain cargo and this cargo is recognized by pattern recognition receptors (PRR) of the host immune system which mount an inflammatory response. The OMV released from E. coli contains peptidoglycan which is recognized by NOD1 receptor. This triggers the NOD1 signaling cascade, inducing the expression of pro-inflammatory molecules like NF-κB, IL-6, and IL-8 (Cañas et al., 2018). However, the OMVs may escape immune surveillance and enter IECs via clathrin-dependent endocytosis resulting in host cell DNA damage (Cañas et al., 2016). It’s not just the EVs from bacteria that regulate host cells but EVs present in the host’s physiological fluid can also interact with bacteria and promote bacterial aggregation (van Bergenhenegouwen et al., 2014). Pathogenic bacteria and commensals derived EVs regulate inter-species communication in the gut which leads to immunoregulation of signaling pathways. The source and functions of different OMV components and their function in IBD is listed in Table 2.
TABLE 2 | Source and function of different bacterial outer membrane vesicle components in IBD.
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Micro-environmental changes take place at the site of intestinal mucosal inflammation: nutrient shortage, dysregulated oxygen supply in tissue and production of reactive nitrogen and oxygen species. Mucosal barrier, cell fate, immune regulation, and gut microbiota are affected by the consequent oxidative and hypoxia derived stress (Taylor and Colgan, 2007; Cao, 2018). An inflammatory cascade is triggered within this microenvironment through intricate crosstalk between different cell types (Marafini et al., 2019). Inflammatory cells such as granulocytes, macrophages and monocytes, and also cells of the adaptive immune system like B and T cells are sequestered within the site of active inflammation, by cytokines like IL-8 (Marafini et al., 2019). When the intestinal barrier is intact, it is very difficult for luminal antigens to approach the lamina propria. When immune cells are within the lamina propria, a tolerance system is set in place which limits induction of an immune response. On the other hand, when barrier integrity is compromised, antigens trespass the barrier and the tolerance system is invalidated. This culminates in secretion of chemokines, recruitment and infiltration of immune cells, further aggravating inflammation (Neurath, 2019). The current diagnosis of IBD involves invasive procedures like endoscopy and colonoscopy. They are also expensive, time-consuming and inconvenient for the patients. There is a need to develop a less-invasive, faster, reliable detection method for IBD.
The origin of exosomes present in the intestinal tract can be host cells, diet or microbial organisms (Chang et al., 2020). The EV content in bile samples of individuals suffering from malignant common bile stenosis was significantly higher than those seen in the bile samples of healthy controls, suggesting that the nature of EVs differs with respect to health condition of the body (Severino et al., 2017). ANXA1 is crucial for maintaining the intestinal barrier during inflammatory response; it is found in exosomes released from intestinal epithelial cells (IEC). Serum of IBD patients contain good number of such vesicles, making it a promising biomarker for intestinal inflammation (Leoni et al., 2015). Proteasome Subunit Alpha type 7 (PSMA7) is found in oral exosomes secreted by the oral mucosal cells of IBD patients. The expression of PSMA7 isolated from saliva in IBD patients is remarkably different than those in healthy controls and is a good biomarker candidate (Zheng et al., 2017). More exosomal characterization studies on biological fluids from IBD patients would help in identifying novel biomarkers that could help in early diagnosis of IBD.
EFFECT OF EXOSOMES ON CURRENT INFLAMMATORY BOWEL DISEASE TREATMENT
IBD treatment involves anti-inflammatory drugs, immune system suppressors, and biologics supplemented with antibiotics and dietary supplements. Biologics are the newest category of drugs in IBD treatment. Most of them are monoclonal antibodies which neutralize inflammation causing proteins in the body. The most common form of biologics administered to IBD patients are TNF blocking agents e.g.,: Infliximab, Adalimumab, Golimumab, and Certolizumab. Other biologics used in IBD treatment are Vedolizumab, which is a α4β7 blocker and Ustekinumab, which blocks the IL12-IL23 pathway.
A recent study detected α4β7 integrin expression on the surface of circulating exosomes from serum of IBD patients being treated with Vedolizumab (VDZ) (Domenis et al., 2020). These α4β7 expressing exosomes were able to bind to VDZ competitively in-vitro. In IBD treatment, VDZ acts by binding to the α4β7 integrin found on a subset of T cells and prevents their trafficking into the gut. This data suggests that exosomes could be involved in mediating VDZ resistance in IBD patients by sequestration of therapeutic molecules into vesicles. Most IBD patients on treatment with a biologic drug respond poorly to a second biologic drug (Gisbert ad Chaparro, 2020). The study by Domenis et al. (2020) reports that the serum exosomal concentration and vesicle surface expression of α4β7 integrin was greater in the serum of patients on TNF blocking drugs compared to TNF naïve patients. The resultant exosomal sequestration of VDZ also increased in patients on TNF blocking drugs suggesting that previous treatment with a biologic drug alters the expression of α4β7 integrin and binding capacity of circulating exosomes. This potentially explains the reduced efficacy of VDZ in IBD patients who were previously treated with TNF blocking agents.
To date this is the only study correlating the effect of exosomes on IBD treatment modalities. Further studies in this direction would help design better treatment strategies that could increase drug bioavailability.
ROLE OF EXOSOMES IN INFLAMMATORY BOWEL DISEASE THERAPY
Exosomes are natural carriers of functional RNAs, proteins and have the characteristics to be employed for transporting drugs or biologicals. They can also be employed for tissue repair and regeneration. Modification of exosomes either biologically or chemically will boost their therapeutic potential (Ocansey et al., 2020). IBD is characterized by disruption of the immune system and abnormal stimulation of immune cells. As mentioned in this review, DC derived EVs through immune excitation or repression mitigate IBD progression. Hence, it is plausible that immune cells derived EVs may be the new therapeutic intervention for IBD.
The interest in EV research also propels the exploration of artificial nanoparticles as tool for disease treatment. Studies have looked at EV-like nanoparticles as treatment for IBD. Bioadhesive chitosan has been developed, which can be delivered by oral route to accumulate in a safe and specific way to affected areas in the GI tract (Han et al., 2019). Intestinal organoids containing 5-ASA-loaded nanoparticles have been used to relieve IBD (Davoudi et al., 2018). Mannosylated bioreducible cationic polymers have been used to synthesize RNAi (RNA interference) nanoparticles to lower cell-death and improve treatment efficacy in IBD (Xiao et al., 2013). EVs are bio-compatible and stable than artificial nanoparticles as they are innate in nature, being derived from cells and microbes. EVs can also be engineered, enhancing their role in treatment and therapy in IBD (Hood and Wickline, 2012; Hood, 2016). Promising results have been observed with Rifaximin loaded EVs (Kumar and Newton, 2017; García-Manrique et al., 2018). These studies demonstrate that EVs have a potential use in drug delivery.
Breast milk is known to have immunoglobulins, approximately 15 years ago it was discovered that it contains immune-modulatory EVs (Admyre et al., 2007). Since then milk EVs have received considerable attention and a lot of studies have been conducted to understand the process of drug delivery in the intestinal tract. EVs are resilient to gastric/pancreatic digestion (Hata et al., 2010), indicating that breast milk EVs are delivered to intestines of infants (Kahn et al., 2018). Milk derived EVs were also observed in human intestinal crypt-like cells, indicating a possible role in neonatal mucosal immunity (Liao et al., 2017). Several studies recommend that IEC viability, stem-cell activity and proliferation capacity increase when treated with milk derived EVs (T. Chen et al., 2016; Gao H. N. et al., 2019; Hock et al., 2017). Breast milk EVs can prevent cell death in IECs and decrease necrotizing enterocolitis (NEC) (Lucas and Cole, 1990; Martin et al., 2018). They also offer the possibility of delivering drugs in milk (Schanler et al., 1992; Zamrik et al., 2018). Small molecules such as siRNA are ideal candidate for therapy but they are unstable during delivery. A 2017 study showed that AF488 could be encapsulated in milk whey and EVs would ensure their delivery to Caco-2 cells (Shandilya et al., 2017).
Protein cargo content of EVs have also been researched. Intestinal EVs contain high levels of the cytokine, TGF-β1 which induces Treg cells and immunosuppressive DCs in IBD mice (Jiang et al., 2016). Meanwhile, ANXA1 containing exosomes stimulates epithelial cell repair in a colitis mice-model. Increased amount of ANXA1 is also observed in sera of IBD patients, the increase is directly proportionate to disease severity (Leoni et al., 2015). This provides strong evidence to use EV components as biomarkers for disease severity and IBD progression but may also have a role in therapy. Anti-tumor immunity can be induced by mature DC-derived exosomes carrying tumor antigens in in-vitro trials (Yang et al., 2010). Most translational EV studies are still in the pre-clinical stages with data available from animal and cellular models. Additional research would help in exploring the application of EVs in diagnostics and therapeutics in a clinical setting.
DISCUSSION
Evidence from recent studies on exosomes in particular and EVs in general indicate that these extracellular vesicles are capable of modulation of genes and cellular function and can thereby regulate inflammation and immune response. Based on our review of published studies, it is evident that exosomal cargo is strongly associated with the nature of the cells which produces them. Exosomal components are optimal for use as biomarkers as they can be extracted with minimal invasive techniques from most biological fluids like blood, urine, saliva, and feces. Existing data in IBD is limited to initial characterizations of exosomes in blood and fecal samples. Further studies are required to identify sensitive and specific markers of mucosal inflammation, and ideally inflammatory pathways. This could guide treatment decisions when several mechanisms of drug action are available to clinicians. As researchers we need to make efforts to develop robust methodologies for isolation of exosomes from fecal samples to ensure results are reliable and reproducible.
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Objectives: Targeting tumor necrosis factor (TNF) with biologic agents, such as infliximab and adalimumab, is a widely used and effective therapeutic strategy in inflammatory bowel disease (IBD). Unfortunately, a significant number of patients fail to respond or lose response over time to these agents. Previous studies have defined multiple complex roles for canonical NF-κB signaling in the pathogenesis of IBD. However, preliminary evidence suggests that the lesser defined noncanonical NF-κB signaling pathway also contributes to disease pathogenesis and response to anti-TNF agents. The objective of this study was to evaluate this hypothesis in Crohn’s disease (CD) and ulcerative colitis (UC) patients.
Design: A total of 27 subjects with IBD (19 with CD and 8 with UC) and 15 control subjects were tested. Clinical criteria, patient history, and endoscopic disease activity were factors used to categorize patients and define therapeutic response. Biopsy specimens were collected during colonoscopy and expression was determined for 88 target genes known to be associated with noncanonical NF-κB signaling and IBD.
Results: Noncanonical NF-κB signaling was significantly upregulated in IBD patients and was associated with increased gastrointestinal inflammation, epithelial cell death, lymphocyte migration, and Nod-like receptor signaling. Furthermore, noncanonical NF-κB signaling was further upregulated in patients unresponsive to anti-TNF agents and was suppressed in responsive patients. MAP3K14, NFKB2, CCL19, CXCL12, and CXCL13 were significantly dysregulated, as were genes that encode pathway regulators, such as CYLD, NLRP12, and BIRC2/3.
Conclusion: Our study identifies a previously uncharacterized role for the understudied noncanonical NF-κB signaling pathway in the pathogenesis of IBD and anti-TNF therapy responsiveness. The genes and pathways identified may ultimately prove useful in IBD management and could potentially be used as biomarkers of drug response.
Keywords: noncanonical NF-κB pathway, anti-TNF agents, inflammatory bowel disease, Crohn’s disease, ulcerative colitis, alternative pathway, NIK, therapeutic response
INTRODUCTION
Inflammatory bowel diseases (IBD)–Crohn’s disease (CD) and ulcerative colitis (UC)-are characterized by chronic inflammation of the gastrointestinal tract, driven by elements of both the innate and adaptive immune systems in genetically susceptible individuals. Together these diseases afflict approximately over 6 million people worldwide, which makes them a significant global health and economic burden (Ng et al., 2018). The nuclear factor kappa B (NF-κB) family of transcription factors are master regulators of inflammation and drive a diverse spectrum of biological processes (Rothschild et al., 2018). This signaling cascade is commonly found dysregulated in IBD patients, leading to dysfunctional cytokine and chemokine production in the gastrointestinal tract. NF-κB signaling occurs through two distinct pathways, defined as the canonical pathway and the noncanonical (or alternative) pathway.
In the context of IBD, the overwhelming majority of studies have focused on the canonical NF-κB signaling cascade. This cascade relies on the proteins RelA (p65) and p50 which form the heterodimer RelA/p50. Upon activation of this pathway, this heterodimer translocates into the nucleus, where it functions as a transcription factor. In this pathway, signaling is rapid and constitutive. Activation of the cascade results in the transcription of a wide range of well characterized inflammatory mediators such as IL-1β, TNF, and IL-6 (McDaniel et al., 2016). TNF in particular plays a central role in the pathogenesis of IBD (Billmeier et al., 2016) as shown by the clinical efficacy of anti-TNF medications such as infliximab (IFX) or adalimumab (ADA)-mainstay therapies for both CD and UC. These therapies have been shown to reduce the risk of hospitalization, surgery, and improve quality of life (Mao et al., 2017). In addition, they have been shown to prevent CD relapse after surgery (Sorrentino 2013). However, up to 40% of IBD patients do not respond to initial treatment with anti-TNF agents [primary nonresponse (PNR)], and a similar proportion of patients lose response over time [secondary loss of response (SLR)] after initially achieving clinical remission (Danese et al., 2011; Ben-Horin et al., 2014). The mechanism of PNR and SLR to anti-TNF agents is not completely understood and likely to be multifactorial. Several explanations have been suggested, including the immune system switch to an alternative inflammatory pathway, immunogenicity with production of drug neutralizing antibodies and medical unresposiveness due to advanced disease (Sorrentino 2008; Yarur et al., 2014; Biancheri et al., 2015; Brandse et al., 2016). While one mechanism does not exclude others and they might all play a role in different circumstances, the possibility of alternative pathways driving inflammation in IBD may provide insight into why medications targeting molecules different from TNF might be effective in SLR and PNR.
Unlike the canonical pathway, there is minimal data on the role of this signaling cascade in IBD. Noncanonical NF-κB signaling is highly regulated at the post-transcriptional and post-translational level, resulting in a slower, more controlled, and chronic signaling response. The noncanonical pathway relies on a heterodimer different from that of the canonical pathway and is comprised of RelB and 100, which is later cleaved into its active form of RelB and p52 (Sun 2011). In the noncanonical signaling cascade, NF-κB initiates the transcription of a limited repertoire of target genes, including those coding for the chemokines CXCL12, CXCL13, CCL19, and CCL21 (Supplementary Figure S1). Prior research from our group using a pre-clinical mouse model found that mice lacking negative regulators of noncanonical NF-κB signaling - such as the Nod-like receptor NLRP12-demonstrated increased noncanonical pathway activation and susceptibility to models of IBD and inflammation-driven colon tumorigenesis (Allen et al., 2012). These findings suggest a role of noncanonical NF-κB signaling in IBD pathogenesis. In this study, we examine the hypothesis that this pathway may be involved in anti-TNF agents response in IBD patients.
MATERIALS AND METHODS
Protection of Human Subjects
All studies were conducted following the regulations, policies, and guidelines set forth by the National Institutes of Health for research involving human subjects. All studies were conducted under the approval of the Institutional Review Board of Carilion Clinic and Virginia Tech Carilion School of Medicine.
Patient Selection
A total of 27 established IBD patients (19 with CD and 8 with UC) and 15 control subjects were prospectively recruited from the IBD Center at Carilion Clinic from 2015 to 2018. Patients were ≥ 18 years of age, without other gastrointestinal or systemic disorders, without recent NSAIDs use, and scheduled for colonoscopy for clinical indications. Pregnant patients were excluded.
Sample Collection
Tissue samples from each patient were obtained through biopsies of both visible lesions and non-affected areas in the colon and/or the terminal ileum. Tissue samples were stored in RNAlater at −80°C. Patients were separated into different groups based on diagnosis (CD or UC), type of medication use, and response to therapy. Tissue from controls was obtained from patients undergoing colonoscopy for reasons other than IBD (e.g., rectal bleeding) and included in the study only after endoscopy and histology proved to be normal.
Data Collection
Clinical data were abstracted from the patient medical charts. Demographics variables collected included age, gender, and smoking status. For IBD patients, disease diagnosis, and phenotype were determined at the time of study enrollment based on the Montreal disease classification (Satsangi et al., 2006). IBD medications and response to anti-TNF agents were recorded. Anti-TNF agents consisted of IFX and ADA in this patient cohort. Loss of response to anti-TNF therapy was classified as PNR or SLR. PNR was defined as complete lack of response to initiation of anti-TNF therapy whereas patients with SLR were those who initially responded to an anti-TNF agent - at least through the induction phase - but subsequently lost response. Clinical symptoms, inflammatory markers, imaging, and/or endoscopy findings were used to determine response.
Tissue Processing and Data Analysis
Biopsy samples were removed from RNAlater, finely minced, and homogenized in RLT buffer (Qiagen) with 2-mercaptoethanol. Tissues were processed using an AllPrep Kit (Qiagen) following the manufacturer’s protocol. RNA was analyzed for quality and concentration using a NanoDrop™. Pools were made using equal concentrations of RNA from each patient sample for each experimental group. Patient samples were assigned to pools randomly and at least three pools were generated for each experimental group. The total amount of RNA used for each cDNA reaction was 600 ng and cDNA was generated using a First Strand Kit (Qiagen) following manufacturer’s protocols. Following cDNA preparation, gene expression was evaluated using a custom Qiagen RT2 Superarray following manufacturer’s protocol. A list of 88 candidate genes for the custom Superarray platform is provided in Supplementary Figure S2. For each array, gene expression was determined utilizing the ΔΔCt method, using a panel of five housekeeping genes and internal controls provided on each array. Gene expression was determined using a 7,500 Fast Block Real-Time PCR System (ABI). Data was analyzed using SA Biosciences Data Analysis Center and Ingenuity Pathway Analysis (IPA). IPA images were then generated using BioRender.
In addition to the analysis of pooled samples, quantitative rtPCR was also performed in select genes of interest for each individual specimen. Complimentary DNA was generated from each specimen using an ABI High Capacity cDNA kit, in accordance with the manufacturer’s protocol and 1 μg amplified using the Taqman-based rtPCR platform (ThermoFisher) on the ABI system. Gene expression was determined using the ΔΔCt method. All data were normalized to 18s and the fold change in gene expression was determined.
Statistical Analysis
For gene expression analysis, data was analyzed using GraphPad Prism, version 6 (GraphPad Software, Inc., San Diego, CA). Student’s two-tailed t test was used for comparison between experimental groups. Multiple comparisons were conducted using one-way and two-way ANOVA where appropriate followed by Tukey post-test for multiple pairwise examinations. Correlation was computed using GraphPad Prism. Changes were identified as statistically significant if p-value was less than 0.05. Mean values were reported together with the SEM. The number of patients were determined based on a power analysis conducted using findings from a retrospective metadata analysis of publicly accessible gene expression data from dataset GSE16879. Gene expression was determined for a single marker of noncanonical NF-κB signaling (CXCL13) and the average and standard deviation of expression for this gene was used to determine the number of patients to target in the clinical study presented here.
RESULTS
Noncanonical NF-κB is Upregulated in IBD
Tissues samples were obtained from 27 IBD patients and 15 controls. In the IBD group, 19 patients had CD and eight patients had UC (Table 1). The mean age of IBD patients was 41 years, 44% were females and 15% were active smokers. Of this patient pool, 33% of IBD patients were anti-TNF responders while 44% were not on medications or were taking medications other than anti-TNF agents. All anti-TNF non-responders in this study experienced SLR. The majority of CD and UC patients had ileocolonic and extensive colonic involvement respectively.
TABLE 1 | Patient characteristics.
[image: Table 1]First, we examined the association of the noncanonical NF-κB pathway in IBD patients compared to controls. We found a significant upregulation of 39 genes and downregulation of three genes associated with noncanonical NF-κB signaling in the pooled untreated CD patients (Figure 1A). These dysregulated genes encode for proteins with crucial roles in the signaling cascade. We also conducted individual real-time PCR analysis on a selection of these genes to validate the findings of the gene expression arrays. Individual qPCR was conducted on five genes that were significantly dysregulated in the custom gene expression arrays and are critical points in the noncanonical NF-κB signaling pathway (Supplementary Figure S1). TNF is one of the activating molecules; NIK is a critical kinase required for perpetuation of this activating signal; and CXCL12, CXCL13, and CXCR4 are products of the signaling pathway. The individual gene expression was consistent with custom arrays: TNF, MAP3K14 (NIK), CXCL12, CXCL13, and CXCR4 genes were all significantly upregulated in biopsies collected from inflamed areas compared to biopsies collected from non-inflamed areas in the same individual patients (Figure 1B).
[image: Figure 1]FIGURE 1 | Noncanonical NF-κB Signaling is Upregulated in Inflammatory Bowel Disease Patients (A) Left: Compared to gene expression from intestinal tissues of controls (n = 15, 3 pools), 39 genes related to noncanonical NF-κB pathway were upregulated in intestinal tissues obtained from untreated CD patients (n = 2, 1 pool) with yellow indicating upregulation and blue indicating downregulation (lines represent 1, 0, and −1 fold change; genes outside of dashed lines are considered significantly dysregulated). Housekeeping genes used for normalization include ACTB, B2M, and GADPH; Right: list of 39 upregulated genes and three downregulated genes and fold change values. (B). Using real-time PCR of individual patient samples, the main noncanonical NF-kB pathway components TNF, NIK, CXCL12, CXCL13, and CXCR4 were found to be upregulated in inflamed areas compared to non-inflamed areas obtained from the same individual patients (inflamed lesions n = 4; non-inflamed tissue n = 4).
Noncanonical NF-κB Signaling is Downregulated in Anti-TNF Responsive Patients
We then examined the role of the noncanonical NF-κB pathway in IBD patients in relation to their responsiveness to anti-TNF agents. Compared to controls, in IBD patients not responding to anti-TNF therapy, we identified 42 upregulated genes and only two downregulated genes (Figure 2A). Notably, CXCL13 was significantly upregulated (+18.77 fold) in nonresponders.
[image: Figure 2]FIGURE 2 | Noncanonical NF-κB is Downregulated in IBD Patients Responding To Anti-TNF Therapy. (A): Inflamed tissues from anti-TNF nonresponders (n = 10, two pools, CD patients and UC patients) showed 39 upregulated genes related to the noncanonical NF-κB signaling, compared to only 19 genes in anti-TNF responders (n = 5, two pools) (B), with yellow indicating upregulation and blue indicating downregulation (lines represent 1, 0, and −1 fold change; genes outside of dashed lines are considered significantly dysregulated). A list of the involved genes is provided next to each graph. Housekeeping genes used for normalization include ACTB, B2M, and GADPH(C–F): Ingenuity Pathway Analysis revealed that noncanonical NF-κB was a significant signaling hub that was downregulated in patients responding to anti-TNF therapy. Expression levels of the main noncanonical genes NIK (MAP3K14), CXCL12, CXCL13, and CCL21 were upregulated in both untreated patients (n = 2, one pool) (C) and patients treated with non-anti-TNF medications (n = 10, two pools) (D). However, anti-TNF responders (n = 5, two pools) (E), showed a distinct attenuation of expression of these genes. Meanwhile, anti-TNF non-responders showed upregulation of CXCL12 and CXCL13 and downregulation of CCL21. Note: green represents downregulation; red represents upregulation.
Conversely, in IBD patients responding to anti-TNF agents we identified 20 upregulated genes and seven downregulated genes involved in noncanonical NF-κB signaling (Figure 2B). Upregulated genes included NLRP12, a negative regulator of noncanonical signaling, while downregulated genes included noncanonical chemokine CXCL13 and noncanonical receptor for CXCR4.
Pathway analysis revealed significant downregulation of noncanonical NF-κB signaling in IBD patients responsive to anti-TNFα therapy compared to untreated IBD patients and IBD patients treated with other (non-anti-TNF) medications (Figures 2C–F). This decreased expression was observed in several genes throughout the signaling pathway, and specifically included reduced expression of MAP3K14, NFKB2, TRAF3, STAT3, CXCL12, CXCL13, CXCR4, and CCR7 that were not observed in the other IBD patient groups. Interestingly, in IBD patients unresponsive to anti-TNF therapy, noncanonical NF-κB signaling was upregulated compared to untreated IBD patients. In these patients, upregulation of noncanonical NF-κB signaling was strongly associated with the downregulation of NLRP12 and upregulation of MAP3K14, CXCL12, and CXCL13. Together, these data demonstrate that noncanonical NF-κB signaling was significantly decreased in anti-TNF responders and increased in anti-TNF nonresponders.
CXCL12 and CXCL13 Expression is Correlated to Anti-TNF Responsiveness
Currently, only four major chemokines have been associated with the noncanonical NF-κB signaling cascade, CCL19, CCL21, CXCL12, and CXCL13. We examined these chemokine expression patterns in relation to anti-TNF responsiveness. In untreated IBD patients and in those treated with other (non-anti-TNF) therapies, CCL19, CCL21, CXCL12, and CXCL13 expression were upregulated. IBD patients responding to anti-TNF therapy demonstrated a significant decrease in CXCL12, CXCL13, and CCL21 compared to those in the untreated IBD group (Figure 3A). By contrast, CXCL12 and CXCL13 were significantly upregulated in IBD patients not responding to anti-TNF therapy while CCL19 and CCL21 were downregulated in these patients. Both CXCL12 and CXCL13 were strongly correlated with anti-TNF responsiveness, whereas CCL19 and CCL21 only demonstrated a weak correlation. Based on the expression profile associated with these chemokines, it appears that migration of naïve lymphocytes was the signaling network most strongly altered in patients not responding to anti-TNF agents (Figure 3B). Hence, by contrast with nonresponders, in IBD patients responding to anti-TNF therapy, the downregulation of CXCL12 and CXCL13 could result in reduced migration of lymphocytes to inflamed tissues.
[image: Figure 3]FIGURE 3 | CXCL12 and CXCL13 are Downregulated in IBD Patients Responding to Anti-TNFα Therapy. (A) CXCL12, CXCL13, CCL19, and CCL21 were significantly upregulated in both untreated IBD patients (n = 2, one pool) and IBD patients treated with non-anti-TNF medications (n = 10, two pools). CXCL12, CXCL13, and CCL19 displayed opposite expression profiles based on anti-TNF responsiveness, with upregulation in anti-TNF nonresponders (n = 10, two pools) and downregulation in responders (n = 5, two pools) for CXCL12 and CXCL13. CCL21 remained downregulated regardless of response to anti-TNF agents. (B) Predicted effect on the migration of naïve lymphocytes to inflamed tissue based on changes of the noncanonical chemokines which are involved in lymphocyte trafficking. In anti-TNF responders, lymphocyte trafficking is reduced. By contrast anti-TNF nonresponders demonstrate increased lymphocyte trafficking. In general, the increase in noncanonical signaling molecules results in a large increase in predicted lymphocyte migration. Note: Blue and orange dashed lines with arrows indicate indirect inhibition and activation, respectively. Yellow and black dashed lines with arrows depict inconsistent effects and no prediction, respectively.
DISCUSSION
Anti-TNF therapy acting through the canonical NF-κB signaling pathway has been the cornerstone of IBD treatment for the past several years. Despite its success, a significant proportion of IBD patients may not respond or lose response over time to anti-TNF therapy. This population of anti-TNF nonresponders has an increased risk of disease complications but might respond to newer biologic medications such as ustekinumab or vedolizumab (Feagan et al., 2016 and Feagan et al.2017). The mechanisms of PNR and SLR to anti-TNF agents are poorly understood. One possible explanation is that the driving mechanism of inflammation in these IBD patients may have shifted to an alternative signaling pathway.
The noncanonical NF-κB pathway has been recognized as a key regulator and promoter of the adaptive immune system, particularly in the development of secondary lymphoid organs. Prior studies from our group have demonstrated the role of this signaling pathway in mouse models of colon inflammation and eosinophilic esophagitis (Allen et al., 2012; Eden et al., 2017).
In this study, we found significant upregulation of the genes involved in the noncanonical NF-κB pathway in IBD patients compared to healthy controls. Furthermore, the main chemokines in this pathway, namely CXCL12 and CXCL13, were significantly downregulated in IBD patients who responded to anti-TNF agents and were upregulated in nonresponders. These findings suggest that the activation of the noncanonical NF-κB signaling pathway may contribute to the mechanism underlying the lack/loss of response to anti-TNF therapy. The upregulated genes in the noncanonical NF-κB pathway involved in lack/loss of response to anti-TNF therapy may involve leukocyte migration to the affected tissue as predicted by IPA analysis.
The relatively small sample size and single center nature are limitations of our study. In addition, it is unclear how many of our anti-TNF nonresponders would respond to additional anti-TNF agents (Swaminath et al., 2009; Löfberg et al., 2012). Whether the expression pattern of the noncanonical genes differs in patients who respond to a second anti-TNF agent compared to those who do not respond to any anti-TNF medication remains unknown. Also, our study does not clarify the role of this pathway in PNR–since all of our patients experienced SLR.
In conclusion, this is the first study in humans that has explored the role of the noncanonical NF-κB signaling in the pathogenesis of IBD. More importantly, our findings provide a potential mechanistic insight into the lack/loss of response to anti-TNF agents in IBD. If our observations are confirmed, targeting the noncanonical NF-κB signaling pathway could significantly impact IBD management and therapy outcomes.
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Kaempferol Alleviates Steatosis and Inflammation During Early Non-Alcoholic Steatohepatitis Associated With Liver X Receptor α-Lysophosphatidylcholine Acyltransferase 3 Signaling Pathway
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Background: Kaempferol (KP) has a variety of biological effects such as anti-inflammatory, anti-oxidant, anti-aging and cardiovascular protection. Whether KP has a therapeutic effect on non-alcoholic steatohepatitis (NASH), and the detailed mechanism is currently unclear. This study aims to explore the mechanism of KP in the treatment of NASH through in vivo and in vitro experiments.
Methods: 1) In vivo experiment: In the C57BL/6 NASH mice model induced by high fat diet (HFD), KP was administered by gavage at a dose of 20 mg/kg/day. 2) In vitro experiment: Palmitic acid/Oleic acid (PA/OA, 0.375/0.75 mM) was used to intervene HepG2 and AML12 cells to establish a steatosis cell model. Three concentrations of KP, low (20 μmol/L), medium (40 μmol/L) and high (60 μmol/L) were used in vitro. The mRNA and protein expression of related molecules involved in LXRα-LPCAT3-ERS pathway were detected using RT-qPCR and Western blot.
Results: In the NASH mouse model, KP can significantly reduce the expression of LXRα, LPCAT3 and ERS-related factors PERK, eIF2α, ATF6, ATF4, XBP1, CHOP, IRE1α and GRP78. In the PA/OA-induced cell model, KP could decrease the content of triglyceride and lipid droplets, and also decrease the expression of LXR α, LPCAT3 and ERS related factors PERK, eIF2α, ATF6, ATF4, XBP1, CHOP, IRE1α and GRP78.
Conclusion: KP may decrease the expression level of LXRα and LPCAT3, thus improve ERS and reduce hepatic steatosis and inflammation.
Keywords: kaempferol, NASH, LXR, LPCAT3, ERS
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a clinical pathological syndrome, which includes simple steatosis, steatohepatitis (NASH), liver fibrosis and cirrhosis and their clinical consequences (Nobili et al., 2019). NASH is usually associated with more severer liver cirrhosis and liver cancer (Friedman et al., 2018). NAFLD is one of the leading cause of liver disease in the world, which is closely linked to the increased prevalence of obesity and metabolic diseases. NAFLD affects more than 20% of the population of the Europe and United States. NAFLD prevalence varies widely from the Asia-pacific region, ranging from about 5 to 32% (Younossi et al., 2018). Approximately one third of NAFLD patients will progress to NASH (Takahashi and Fukusato, 2014).
Phospholipids (PLs) is an important part of biological membranes and the precursors of many signal molecules (Vance, 2015). Liver X receptors (LXRs) are regulators of membrane phospholipid composition, important regulators for regulating cholesterol and fatty acid homeostasis, and effective inflammation inhibitors (Rong et al., 2013). Lysophosphatidylcholine acyltransferase 3 (LPCAT3) is a key enzyme that encodes the remodeling pathway to PLs, and is a direct target gene of mouse and human LXR (Demeure et al., 2011; Wang et al., 2016). LPCAT3 modulates the activation of inflammatory kinases by changing membrane components, and regulates inflammation by affecting the availability of substrates produced by inflammatory mediators (Singh and Liu, 2017b). Rong et al. stated that LXR activation increased the expression of LPCAT3 and reduced the saturation of the ER membrane. Acute knockout of LPCAT3 in the liver could aggravate endoplasmic reticulum stress (ERS). At the same time, the inflammation of the liver would increase because the activity of LPCAT3 was inhibited. It can be concluded that the LXR-LPCAT3 pathway is important to regulating ERS, and is involved in the progress of NASH.
Apoptosis is an active cell death process controlled by gene, which is mainly divided into endogenous pathway (mitochondrial pathway), exogenous pathway (death receptor pathway) and ERS induced apoptosis (Hu et al., 2018). The link between ERS and liver disease has been found in a growing number of studies, including NAFLD, alcoholic fatty liver, viral hepatitis, NASH, liver cancer, etc., (Brenner et al., 2013; Li F. et al., 2017). Endoplasmic reticulum (ER) is the main site for protein synthesis, lipid production and calcium ion storage in eukaryotic cells. When cells are stimulated externally, the ER produces a large number of unfolded or misfolded proteins, which leads to the unfolded protein response (UPR) (Chaudhari et al., 2014; Demirtas et al., 2016). In the early stage, UPR can relieve the pressure on the ER and promote the restoration of normal function of ER. However, sustained ERS induces apoptosis through UPR (Ozcan and Tabas, 2012). Cell signal transduction pathways induced by UPR include three pathways: protein kinase R-like ER kinase/eukaryotic translation initiation factor 2 (PERK/eIF-2α), activating transcription factor 6 (ATF6) pathway and inositol-requiring enzyme 1/X-box-binding protein 1 (IRE1/XBP1) (Wang and Kaufman, 2016). ERS activates sterol regulatory element binding protein (SREBP) through the ATF6, PERK and IRE1 signaling pathways to promote lipid accumulation in the liver (Zhang et al., 2012). It has been proved that ERS can activate the apoptotic pathway and induce apoptosis by activating downstream signal molecules (Iurlaro and Muñoz-Pinedo, 2016). Dasgupta et al. (2020) demonstrated that the destruction of IRE1A or inhibition of Ire1a in liver cells reduces the release of inflammatory extracellular vesicles (EVs), and reduces liver damaged and inflammation in the mice were fed a diet high in fat, fructose, and cholesterol. Bax inhibitor-1 (BI-1) is a negative regulator of the ER stress sensor IRE1α. Lebeaupin et al. (2018) treated BI-1−/− mice on a high-fat diet (HFD) with tunicamycin and developed liver failure of a short period of time. After IRE1α inhibitors were used to treat BI-1−/− mice, liver inflammation was significantly improved. Hernández-Alvarez et al. (2019) found that the lack of Mfn2 would promote ERS, leading to the progression of NASH to liver cancer. Therefore, regulating ERS can be considered as an important approach and new strategy for prevention and treatment of steatosis.
Kaempferol (KP) is a dietary bioflavonoid, which is widely present in various plants. It has a variety of biological effects such as anti-inflammatory, anti-oxidant, anti-aging and cardiovascular protection (Li and Pu, 2011; Lee B. et al., 2015; Suchal et al., 2017; Kouhestani et al., 2018). Lee B. et al. (2015) found that KP may bind to PPARα during adipocyte differentiation to stimulate fatty acid oxidation signals in adipocytes, thereby reducing cellular triglyceride (TG) accumulation. Lee Y.-J. et al. (2015) used zebrafish to verify the inhibitory effect of KP on lipid accumulation. KP inhibited lipid accumulation in zebrafish by inhibiting fat-related genes (Lee B. et al., 2015). Wang et al. (2019) found that KP can improve liver failure induced by lipopolysaccharide-galactosamine by reducing ERS. Other studies have shown that the regulation of KP on ERS was bidirectional, which can promote the apoptosis of tumor cells and inhibit the apoptosis of non-tumor cells (Ashrafizadeh et al., 2020). Our previous review summarized the application of KP in treating diseases and the underlying mechanisms that are currently being studied (Ren et al., 2019). In our previous study, it has been demonstrated that KP not only reduced serum alanine aminotransferase (ALT), low density lipoprotein (LDL), TG and total cholesterol (TC) content, but also reduced the accumulation of lipids in the liver (Lu et al., 2020). However, there are insufficient studies on the detailed mechanism of KP on improving NASH.
In this study, we revealed that the expression of LXR-LPCAT3-ERS pathway-related factors was remarkably increased to the liver of mice fed a HFD, and the similar results were observed in palmitic acid/oleic acid (PA/OA)-induced steatotic cells. After intervention with KP, either in vitro or in vivo, KP significantly reduced the expression of LXR-LPCAT3 pathway, inhibited the expression of molecules involved in ERS, and then improved HFD-related liver damage. Finally, we conclude that KP is a promising drug for the treatment of NASH.
MATERIALS AND METHODS
Animals and Treatment
Six-week-old male C57BL/6J mice were purchased from Shanghai SLAC Experimental Animal Co., Ltd. China. The experimental animals are kept in the specific pathogen free environment of the Experimental Animal Center of Shanghai University of Traditional Chinese Medicine. The temperature is about 20 ± 4°C, and the humidity is about 15–16%. C57BL/6J mice were randomly divided into normal control group (Control, NC group, N = 7), HFD (Calorie composition: fat 60%, protein 20%, carbohydrate 20%, D12492, Research Diets, United States) fed group (HFD model, HFD group, N = 8) and HFD fed with KP (HFD + KP, HFD + KP group, N = 8). The mice in group NC were fed normal diet, and the mice in group HFD and HFD + KP were fed HFD for 24 weeks. At the beginning of the 21st week, KP (4 mg/ml) was gavaged in the HFD + KP group at a dose of 0.5 ml/100 g on the basis of HFD feeding. At the same time, mice in NC and HFD groups received equal volume of normal saline (Supplementary Figure S1). The serum and liver tissue of mice was collected. All the experimental procedures were approved by the Institutional Animal Care and Use Committee at the Shanghai University of Traditional Chinese Medicine (SYXKhu 2014-0008).
Cell Lines
HepG2 and AML12 cells were obtained from the Cell bank of typical culture preservation Committee of Chinese Academy of Sciences. The cells were cultured in high glucose DMEM (containing 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin and 1‰ Amphotericin B) and was maintained at 37°C, 95% air humidity and 5% CO2.
Establishment of Steatosis Cell Line
PA (P0500, Sigma, United States) was dissolved in methanol, and OA (0550, Sigma, United States) was dissolved in PBS. PA:OA was then added to the culture solution at a ratio of 1:2. Final concentrations of PA/OA were as below: ①0 mM, ②0.25/0.5 mM, ③0.375/0.75 mM, ④0.5/1 mM, ⑤0.625/1.25 mM and ⑥0.75/1.5 mM. HepG2 and AML12 cells were cultured for 24 h to observe the morphological changes. Cells were detected with cell counting kit-8 (CCK8), TG kit and Oil-Red O staining.
Real-Time Quantitative PCR
Total RNA was extracted from mouse livers, HepG2 and AML12 cells using Trizol reagents (R0016, Beyotime Biotechnology, Shanghai, China). cDNA were transcribed according to the instructions in the reverse transcription kit (A5001, Promega, United States). The cDNA was using real-time quantitative polymerase chain reaction (RT-qPCR) performed with the SYBR Green PCR Master Mix (11201E03, YEASEN, Shanghai, China) and gene-specific primers. The results were normalized with β-actin as control RT-qPCR was performed using a CFX-96 Real Time System (Bio-Rad, United States). Polymerase chains reaction primers are listed in Supplementary Table S1.
Western Blot
Liver and cell sample were lysed with radio immunoprecipitation assay (RIPA) buffer (WB0102, Weiao, Shanghai, China) containing phenylmethylsulfonyl fluoride (PMSF) (WB0122, Weiao, Shanghai, China). The proteins were extracted after centrifugation, and subsequently a bicinchoninic acid (BCA) (B48110, YEASEN, Shanghai, China) protein quantitation kit was used to determine the concentrations. 30 μg of protein was subjected to 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis, then transferred to a polyvinylidene fluoride membrane, and then incubated with the corresponding primary antibody overnight at 4°C. Antibodies and dilution ratio were as below: 1:1,000 for rabbit anti-Actin (R1207, HUABIO, Hangzhou, China), 1:1,000 for rabbit anti-LXRα (ab176323, Abcam, Cambridge, MA), 1:500 for rabbit anti-LPCAT3 (HAPL0516, HUABIO, Hangzhou, China), 1:1,000 for rabbit anti-phospho-PERK (3,179, Cell Signaling Technology, MA), 1:1,000 for rabbit anti-PERK (20582-1-AP, Proteintech Group, MA), 1:1,000 for rabbit anti-phospho-eIF2α (3398S, Cell Signaling Technology, MA), 1:1,000 for rabbit anti-eIF2α (3398S, Cell Signaling Technology, MA), 1:500 for rabbit anti-ATF4 (10835-1-AP, Proteintech Group, MA), 1:200 for rabbit anti-CHOP (15204-1-AP, Proteintech Group, MA), 1:500 for rabbit anti-ATF6 (ab203119, Abcam, Cambridge, MA), 1:1,000 for rabbit anti-GRP78 (3177S, Cell Signaling Technology, MA), 1:1,000 for rabbit anti-phospho-IRE1α (AF7150, Affbiotech, China), 1:1,000 for rabbit anti-IRE1α (3294S, Cell Signaling Technology, MA), 1:1,000 for rabbit anti-XBP1 (ab220783, Abcam, Cambridge, MA), 1:200 for rabbit anti-PPARα (ab215270, Abcam, Cambridge, MA), 1:200 for rabbit anti-ABCA1 (ab18180, Abcam, Cambridge, MA). The membrane was then incubated with a secondary antibody (1:5,000, Peroxidase-conjugated affinity goat anti-mice IgG, HA1001, HUABIO, China). ImageJsoftware (National Institutes of Health, Bethesda, MD) was used to scan and analyze the western blot band to obtain protein quantitative data.
Cell Proliferation Assay
The cells were planted in 96-well plates with a density of 1 × 10^4 cells per well. After the cells were cultured for 24 h, 10 μl of CCK8 solution was added to each well of the 96-well plate and mixed. After in a 37°C incubator for 3 h, the optical density was measured at 450 nm wavelength with a microplate reader (Infinite M200 PRO, TECAN, Switzerland).
Triglyceride Detection
The cells were planted in 96-well plates with a density of 1 × 10^4 cells per well. After 24 h of incubation, the cell suspension was extracted, and TG was detected according to the instructions in the intracellular TG kit (A110-1, Jiancheng, Nanjing, China).
Oil Red O Staining
The cells were cultured in a 12-well plate with a cell density of 2 × 10^5 cells per well. After the cells were cultured for 24 h, the culture medium in the 12-well plate was discarded. The cells were washed twice with PBS and fixed with 4% paraformaldehyde for 30 min. The fixatives were removed in the 12-well plate and cells were washed twice with PBS. Oil Red O staining solution (G1262, Solarbio, Beijing, China) was added to the 12-well plate and incubate for 30 min. The cells were washed with 60% isopropanol and stained with hematoxylin for 30 s. Finally, the cells were rinsed three times with distilled water.
Statistical Analysis
All experimental data were analyzed using GraphPad Prism version 8.0, and all data are presented as the means ± SEM. One-way analysis of variance assessment with Tukey’s test and Bonferroni’s post hoc test was used to statistically analyze differences among groups. p < 0.05 was considered significant.
RESULTS
Kaempferol Significantly Reduced the Expression of Liver X Receptors α and Lysophosphatidylcholine Acyltransferase 3 in High-Fat Diet-Induced Non-Alcoholic Steatohepatitis Mouse Model
In order to study whether KP played a role in the LXRα-LPCAT3-ERS pathway, the mRNA and protein expression of LXRα and LPCAT3 levels in liver in the NASH mice model were first studied. Compared with group NC, the mRNA expression of LXRα and LPCAT3 in the liver in group HFD were significantly higher (p < 0.05 and p < 0.01, respectively) (Figure 1A). Compared with the HFD group, the expression of LXRα and LPCAT3 mRNA in the group HFD + KP was drastically decreased (p < 0.05 and p < 0.05, respectively) (Figure 1A). The similar result was obtained at the protein level. However, though the protein expression of LXRα in group HFD + KP was lower than that in group M, there was no statistical difference (Figure 1B).
[image: Figure 1]FIGURE 1 | KP regulated the mRNA and protein expression of LXRα and LPCAT3 in vivo. (A): mRNA level expression of LXRα and LPCAT3 in liver samples; (B): Protein level expression of LXRα and LPCAT3 in liver samples. NC: Normal control group, HFD: HFD group, HFD + KP: HFD + KP group. Quantification of mRNA and protein level expression was normalized to ß-actin levels. Compared with group NC, *, p < 0.05, **, p < 0.01; Compared with group HFD, △, p < 0.05.
Kaempferol Regulated the Expression of Factors Related to the Endoplasmic Reticulum Stress Signaling Pathway in High-Fat Diet-Induced Non-Alcoholic Steatohepatitis Mouse Model
Next, we further analyzed the expression of related molecules in the following step involved in ERS. RT-qPCR results showed that the mRNA levels of PERK, eIF2α, ATF4, CHOP, ATF6, GRP78 and IRE1α in the liver in the HFD group were significantly increased than thoses in NC group. After KP intervention, the mRNA expressions of PERK, ATF4, ATF6, GRP78 and IRE1α were significantly reduced. However, there was no statistically significance of the mRNA levels of eIF2α, CHOP and XBP1 (Figure 2A).
[image: Figure 2]FIGURE 2 | KP regulated the mRNA and protein expression of factors related to ERS in vivo. (A): mRNA expression in liver samples; (B): protein expression in liver samples. NC: Normal control group, HFD: HFD group, HFD + KP: HFD + KP group. For (A,B), Quantification of mRNA and protein level expression was normalized to β-actin levels, except protein phosphorylation level expression of PERK, eIF2α, IRE1α expression was normalized to their prototypes. Compared with group NC, *, p < 0.05, **, p < 0.01; Compared with group HFD, △, p < 0.05, △△, p < 0.01.
At the protein level, compared with the NC group, the phosphorylation levels of PERK and eIF2α in the liver in the HFD group have been extensively multiplied (p < 0.05 and p < 0.01, respectively), and the protein expression of ATF4 and GRP78 also elevated notably (p < 0.05). However, the protein expression of ATF6, XBP1 and IRE1α in group HFD did not change appreciably compared with group NC. After KP intervention, the phosphorylation levels of eIF2α and IRE1α were significantly reduced, and the protein expression levels of eIF2α, ATF6 and GRP78 were also significantly reduced. The differences between PERK, ATF4, CHOP and XBP1 expression among groups were not statistically significant (Figure 2B). Collectively, these results indicate that KP can protect liver from ERS damage induced by HFD.
Kaempferol Reduced the mRNA Expression of Inflammatory Factors in the High-Fat Diet-Induced Non-Alcoholic Steatohepatitis Mouse Model
In order to find out whether KP can improve the state of NASH, qRT-PCR was used to detect the mRNA expression of inflammation-related factors in liver tissues. Compared with the NC group, the expressions of tumor necrosis factor α (TNFα), C-X-C motif chemokine 10 (CXCL10), C-C chemokine ligand 5 (CCL5) and monocyte chemoattractant protein-1 (MCP-1) mRNA in the HFD group increased, and interleukin 6 (IL6) had a rising trend, but there was no statistical difference. After KP treatment, the mRNA expression levels of TNF-α, IL6, CXCL10, CCL5 and MCP-1 in the HFD + KP group were significantly reduced (Figure 3).
[image: Figure 3]FIGURE 3 | KP reduced the mRNA expression of inflammatory factors in vivo. NC: Normal control group, HFD: HFD group, HFD + KP: HFD + KP group. Quantification of mRNA level expression was normalized to β-actin levels. Compared with group NC, *, p < 0.05, **, p < 0.01; Compared with group HFD, △, p < 0.05, △△, p < 0.01, △△△, p < 0.001.
Kaempferol Reduced the Deposition of Lipid Droplets in Cells Induced by Palmitic Acid/Oleic Acid
In order to verify the efficacy of KP on NASH, we further established an in vitro steatosis model. First of all, the best simulation condition of PA/OA and the best intervention condition of KP in cells were selected. PA/OA was used to establish the model in HepG2 and AML12 cells. The three test results of CCK8 cell viability detection, oil red O staining method and cell TG content were comprehensively analyzed. We found that when the PA/OA concentration was 0.375/0.75 mM, the activity of HepG2 and AML12 cells was not significantly affected. At the same time, a large number of intracellular lipid droplets were formed, and the intracellular TG content was significantly higher than that of the normal control group (Supplementary Figure S2). Therefore, 0.375/0.75 mM PA/OA was selected as the best concentration for modeling. To evaluate the effect of KP on cell viability, KP at concentrations of 0, 20, 40, 60, 80, and 100 μM were added to HepG2 and AML12 cells, and then were cultured for 24, 48, and 72 h, respectively. It was finally found that when the concentration was not higher than 60 μM and within a 24 h time, KP was safe and non-toxic to HepG2 and AML12 cells. Therefore, this concentration range and time were selected as the intervention conditions for subsequent KP intervention experiments (Figure 4A).
[image: Figure 4]FIGURE 4 | KP reduced the deposition of lipid droplets in cells induced by PA/OA. (A): The survival rate of HepG2 and AML12 cells after the intervention of KP in different concentration and time; (B): The change of TG content after different concentration of KP in HepG2 and AML12 cells interfered with PA/OA (0.375/0.75 mM); (C): The oil red O staining in HepG2 and AML12 cells interfered with PA/OA (0.375/0.75 mM) and/or KP with different concentrations (× 400). NC: Normal control group, PA/OA: PA/OA group, KP = 20 µM: KP low concentration group, KP = 40 µM: KP medium concentration group, KP = 60 µM: KP high concentration group. Compared with group NC, *, p < 0.05, **, p < 0.01, ***, p < 0.001; Compared with group PA/OA, △, p < 0.05.
Based on the above conditions, it was divided into normal control group (NC), PA/OA group (PA/OA 0.375/0.75 mM), KP low-dose group (PA/OA 0.375/0.75 mM + KP 20 μM), KP medium dose group (PA/OA 0.375/0.75 mM + KP 40 μM), KP high-dose group (PA/OA 0.375/0.75 mM + KP 60 μM) in vitro. In different dose groups of KP, PA/OA and KP were added to the medium at the same time and cultured for 24 h. The results confirmed that, in contrast with group NC, TG content in HepG2 cells and AML12 cells in group PA/OA were significantly increased (p < 0.05 and p < 0.01, respectively). After treatment with KP at three concentrations of 20, 40 and 60 μM, the TG content of HepG2 and AML12 cells decreased, and the concentration decreased notably at 60 μM (p < 0.05) (Figure 4B). Oil red O staining showed that the deposition of lipid droplets in HepG2 and AML12 cells in the PA/OA group increased compared with that in the NC group, and KP significantly reduced lipid deposition in both cells (Figure 4C).
Kaempferol Reduced the Expression of Liver X Receptors α and Lysophosphatidylcholine Acyltransferase 3 in Palmitic Acid/Oleic Acid-Induced Steatosis Model Cells
It has been validated that KP can reduce the expression of LXRα and LPCAT3 in liver tissue, and an in vitro model has been used to further verify this result.
The mRNA levels of LXRα and LPCAT3 in the PA/OA group were substantially up-regulated in both HepG2 and AML12 cells induced by PA/OA. After KP intervention, the mRNA transcription of LXRα and LPCAT3 were significantly down-regulated (Figure 5A).
[image: Figure 5]FIGURE 5 | KP regulated the mRNA and protein expression of LXRα and LPCAT3 in vitro. (A): mRNA level expression of LXRα and LPCAT3 in HepG2 and AML12 cells; (B): Protein level expression of LXRα and LPCAT3 in HepG2 and AML12 cells. NC: Normal control group, PA/OA: PA/OA group, KP = 20 µM: KP low concentration group, KP = 40 µM: KP medium concentration group, KP = 60 µM: KP high concentration group. Quantification of mRNA and protein level expression was normalized to ß-actin levels. Compared with group NC, *, p < 0.05, **, p < 0.01; Compared with group PA/OA, △, p < 0.05, △△, p < 0.01.
Western blot results showed that the level of LXRα protein increased in the two cells in the PA/OA group, and it was more obvious in AML12 cells (p < 0.05). After the intervention of different concentrations of KP, the LXRα protein levels of the two cells were all down-regulated (Figure 4B). Compared with group NC, the protein level of LPCAT3 in each cell of group PA/OA was increased, while it was significantly increased in AML12 cells (p < 0.05) (Figure 5B). The protein level of LPCAT3 in the two cells decreased in a concentration-dependent manner when the KP concentration was 40 and 60 μM. It can be seen from the above results that KP can significantly reduce the expression of LXRα and LPCAT3 in the steatosis model.
Kaempferol Regulated the Expression of Factors Related to the Endoplasmic Reticulum Stress Signaling Pathway in Palmitic Acid/Oleic Acid-Induced Steatosis Model Cells
Subsequently, the mRNA expression and protein expression levels of the ERS-related factors of HepG2 and AML12 cells were detected.
Compared with group NC, the mRNA levels of PERK, eIF2α, ATF4, CHOP, ATF6, GRP78, XBP1 and IRE1α in group PA/OA were increased. The expression of PERK, eIF2α, ATF4, CHOP, ATF6, GRP78, XBP1 and IRE1α mRNA in the KP group were significantly reduced. After KP intervention, the down-regulation of eIF2α, ATF4, XBP1 and IRE1α mRNA in the two types of cells all showed concentration-dependent tolerance, whilst the down-regulation of PERK and CHOP mRNA was only concentration-dependent in HepG2 cells (Figure 6A).
[image: Figure 6]FIGURE 6 | KP regulated the mRNA and protein expression of factors related to ERS in vitro. (A): mRNA Expression in HepG2 and AML12 cells; (B): protein Expression in HepG2 and AML12 cells. NC: Normal control group, PA/OA: PA/OA group, KP = 20 µM: KP low concentration group, KP = 40 µM: KP medium concentration group, KP = 60 µM: KP high concentration group. Quantification of mRNA and protein level expression was normalized to β-actin levels, except protein phosphorylation level expression of PERK, eIF2α, IRE1α expression was normalized to their prototypes. Compared with group NC, *, p < 0.05, **, p < 0.01, ***, p < 0.001; Compared with group PA/OA, △, p < 0.05, △△, p < 0.01.
The phosphorylation levels of PERK, eIF2α and IRE1α in the PA/OA group were higher than those in the NC group not only in HepG2 but also in AML12 cells, however the adjustments in the phosphorylation level of PERK in HepG2 cells were not statistically significant. The protein expressions of ATF4, CHOP, ATF6, GRP78 and XBP1 in the PA/OA group of the two cells also increased significantly. After the intervention of different concentrations of KP, the protein expression levels of these factors in the two cells were reduced, and the phosphorylation levels of PERK and eIF2α in the high-concentration group of KP decreased more significantly. In the two kinds of cells, the protein levels of ATF6, ATF4, CHOP, GRP78 and XBP1 were significantly reduced in the high concentration group. The phosphorylation level of IRE1α in the KP medium and high concentration groups of HepG2 cells extensively decreased, and the phosphorylation level of IRE1α in the KP intervention groups in AML12 cells showed a downward trend, but it was not obvious (Figure 6B).
Kaempferol Reduced the mRNA Expression of Inflammatory Factors in Palmitic Acid/Oleic Acid-Induced Steatosis Model Cells
We also examined the mRNA expression of inflammation-related factors in cells using qRT-PCR.
Compared with the NC group, the mRNA levels of TNFα, IL6, CXCL10, CCL5 and MCP-1 in the PA/OA group increased significantly in the two types of cells. In hepG2 cells, TNF-α, IL6, CCL5 and MCP-1 all showed a decrease in KP concentration dependent tolerance, and CXCL10 only decreased in the middle and high concentration groups of KP. In AML12 cells, the mRNA levels of IL6, CXCL10 and CCL5 were significantly down-regulated after KP intervention. TNFα did not decrease significantly when KP = 20 μM, but mRNA levels decreased significantly at KP = 40 and 60 μM. The expression of MCP-1 showed no obvious downward trend after KP intervention (Figure 7).
[image: Figure 7]FIGURE 7 | KP reduced the mRNA expression of inflammatory factors in vitro. NC: Normal control group, PA/OA: PA/OA group, KP = 20 µM: KP low concentration group, KP = 40 µM: KP medium concentration group, KP = 60 µM: KP high concentration group. Quantification of mRNA expression was normalized to β-actin levels. Compared with group NC, *, p < 0.05, **, p < 0.01, ***, p < 0.001; Compared with group PA/OA, △, p < 0.05, △△, p < 0.01, △△△, p < 0.001.
Kaempferol Regulated Lipid Metabolism Both in vivo and in vitro
Peroxisome proliferator-activated receptor-α (PPAR-α) belongs to the PPAR subfamily, which is a type of nuclear receptor highly expressed in the liver. PPARα will be activated to enhance the oxidation of fatty acids when fatty acids in the liver are elevated (Pawlak et al., 2015). It was found that when liver PPARα was specifically knocked out, liver steatosis would increase (Montagner et al., 2016a). ATP binding cassette transporter A1 (ABCA1) is a transport protein involved in high-density lipoprotein (HDL) biosynthesis and cellular cholesterol homeostasis. Phospholipids and free cholesterol can be transferred to apolipoprotein A1 by ABCA1, and then form new HDL particles (Phillips, 2018). Previous studies have shown that overexpression of ABCA1 can reduce liver lipid levels (Yang et al., 2010; Liu et al., 2014). In the present study, we found that the mRNA and protein expression of PPAR-α and ABCA1 decreased in the HFD-induced NASH model than the control group, and also in the PA/OA-induced steatosis cell model, while KP could increase their expression both in vivo and in vitro (Supplementary Figure S3). These results suggest that KP plays a role in regulating lipid metabolism.
DISCUSSION
NAFLD, as one of the common diseases affecting human life and health in the world, has attracted more and more attention to researchers (Fan et al., 2017; Younossi et al., 2018). It is expected that the incidence of NAFLD would increase to 314.58 million by 2030 in China. Compared with the number of cases in 2016 (246.33 million cases), the increase was 29.1% (Estes et al., 2018). NASH is a type of NAFLD, and approximately 20% of NASH patients will develop liver cirrhosis. Now, NASH has become the main cause of liver transplantation in American patients (Sheka et al., 2020).
Our former study has shown that KP was effective against improving liver injury in HFD-induced NASH mice model (Lu et al., 2020). In the present study, we further demonstrated that KP can modulate the mRNA or the protein expression of the molecules involved in LXRα-LPCAT3-ERS pathway in both HFD-induced mice model and PA/OA-induced steatosis cell model. To our best knowledge, it is the first time to illustrate the molecular mechanism of KP on improving NASH.
KP is a type of aglycone flavonoids existing in a variety of plants, which has antibacterial, anti-inflammatory, antioxidant, anti-tumor, heart protection, neuroprotective and anti-diabetes effects (Chen and Chen, 2013; Dabeek and Marra, 2019; Imran et al., 2019). In our previous studies, it has been proved that KP can alleviate liver injury in HFD-induced NASH mice model (Lu et al., 2020). In this study, in order to verify the efficacy of KP on NASH, HepG2 and AML12 cell lines were selected to establish an in vitro cell model of steatosis using PA/OA. As similiar as the results in vivo, the content of TG in the steatosis model group decreased after the intervention of KP (20, 40, and 60 μM), in particular in the high concentration group, suggesting that KP attenuates the TG storage of PA/OA-induced steatosis cell model. From the results of oil red O staining, KP can also substantially decrease lipid deposition in fatty degeneration cells. These data further verified that KP can improve PA/OA induced liver steatosis.
The LXRα-LPCAT3 pathway is an important regulator of PLs metabolism, metabolic stress response and inflammation. Till now, there are different points on the role of LPCAT3 in the lipogenesis. LXR activation promotes the entry of unsaturated fatty acids into PLs through LPCAT3, thereby reducing liver ERS and inflammation (Rong et al., 2013). Patrick et al. (Ferrara et al., 2021) found that mice with skeletal muscle-specific knockout of LPCAT3 (LPCAT3-MKO) exhibited greater muscle lyso-PC/PC, concomitant with improved skeletal muscle insulin sensitivity. Conversely, skeletal muscle-specific overexpression of LPCAT3 (LPCAT3-MKI) promoted glucose intolerance. Thibaut et al. (Bourgeois et al., 2020) found that deletion of LPCAT3 in myeloid cells worsened hepatic steatosis after a high-fat diet. Recent study has shown that LPCAT3 is a direct PPAR-δ target gene and has a novel function of PPAR-δ in regulation of phospholipid metabolism through LPCAT3 (Singh and Liu, 2017a).
In this study, after the intervention of KP, the mRNA levels and protein expression levels of LXR and LPCAT3 were decreased in the liver tissues of the NASH mice model. Our studies supported that LPCAT3 was highly expressed in NASH model by the involvement of lipogenesis. The above studies support that KP can improve lipid accumulation through LXR-LPCAT3.
Wang et al. (2013) showed that LPCAT3 regulated the formation of ERS and inflammation. ERS is considered to be one of the necessary mechanisms that purpose liver steatosis and inflammatory changes (Rong et al., 2013). After ERS stimulation, the PERK/elF2α, ATF6 and IRE1/XBP-1 signal pathways are activated, and the mRNA and protein expression of PERK, eIF2α, ATF4, ATF6, IRE1α and GRP78 are considerably increased, which induces CHOP expression and promotes cell apoptosis (Wang and Kaufman, 2016). ERS will dissociate PERK from GPR78/bid, and then the downstream elF2α will be phosphorylated (Donnelly et al., 2013). Phosphorylated elF2α reduced the general translation rate, but activated the downstream translation of ATF4 and CHOP (Malhi and Kaufman, 2011; Luhr et al., 2019). The expression of the anti-apoptotic gene BCL-2 can be inhibited by CHOP, thereby accelerating cell death (Marciniak et al., 2004). ATF6 will transfer to the Golgi apparatus when it is activated. It becomes ATF6 (n) after being cleaved in the Golgi apparatus and regulates ERS together with XBP1s (Walter et al., 2018). The misfolded protein phosphorylates IRE1α and induces conformational changes in the RNase domain (Ghosh et al., 2014). Next, XBP1 is cut into XBP1s, which initiates the UPR gene expression program in response to ERS (Yoshida et al., 2001; Huang et al., 2019).
In our study, KP was used to interfere with NASH mouse model and PA/OA-induced steatosis model cells. It was found that after KP intervention, the expression of factors related to ERS decreased significantly from both mice and cells. First, the levels of PERK, eIF2α, ATF4 and CHOP in the PERK pathway were significantly decreased. Second, the expression of ATF6 in the ATF6 pathway also decreased. Third, the expression of IRE1α and XBP1 in the IRE1α pathway was also significantly inhibited. In addition, the expression of GPR78 was also suppressed, possibly because the dissociation of GPR78 from PERK, ATF6 and IRE1α became less. We concluded that KP regulates ERS status by reducing the expression of LXR-LPACT3, thereby improving lipid degeneration (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic diagram of the mechanism of KP regulating LXRα-LPCAT3 signaling pathway. KP intervention suppressed endoplasmic reticulum stress. The LXR-LPCAT3-ERS pathway is activated when induced by HFD or PA/OA. This allows unfolded proteins to accumulate in the ER. At the same time, GPR78 dissociates from PERK, IRE1, and ATF6, and then binds to the unfolded protein. The dissociated PERK, IRE1 and ATF6 were activated. CHOP-induced apoptosis occurs when PERK, IRE1, ATF6 and their downstream pathways are continuously activated. The expression of LXR and LPCAT3 decreased significantly when treated with KP, and then the unfolded protein decreased, PERK, IRE1 and ATF6 dissociated from GRP78 decreased. Abbreviations: HFD: high fat diet, PA/OA: Palmitic acid/Oleic acid, LPCAT3: lysophosphatidylcholine acyltransferase 3, LXR α: liver X receptor alpha, PERK: protein kinase R-like ER kinase, Eif-2α: eukaryotic translation initiation factor 2α, ATF6: activating transcription factor 6, IRE1: inositol-requiring enzyme 1, XBP1: X-box-binding protein 1, ATF4: activating transcription factor 4, CHOP: C/EBP homologous protein, ERAD: Endoplasmic reticulum-associated degradation.
Cytokines are the main mediators required for the comprehensive response to various stimuli in the immune and inflammatory process. It includes interleukin, tumor necrosis factor, chemokine family, etc. These factors are key regulators that initiate and drive inflammatory diseases (Borish and Steinke, 2003). TNFα and IL6 are up-regulated in many inflammatory diseases, such as rheumatoid arthritis (van Schouwenburg et al., 2013; Pandolfi et al., 2020), inflammatory lung diseases (Malaviya et al., 2017) and tumors (Balkwill, 2006; Jones and Jenkins, 2018). Malaviya et al. (2017) showed that TNFα antagonists showed a good effect on inflammatory lung disease. Nakagawa et al. (2014) found that inflammatory macrophages activated by ERS promote the release of inflammatory mediators such as TNFα and IL6. In the liver, CCL5 and CXCL10 can regulate the cytopathic and antiviral immune response of T cells and natural killer cells. MCP-1 can promote the accumulation of macrophages, steatosis and inflammation (Marra and Tacke, 2014). Fan et al. (2020) found that CXCL10 promoted the recruitment of natural killer cells to the liver in the NASH model induced by the methionine-and choline-deficient diet (MCD). CCL5 was significantly up-regulated in HFD-induced liver fibrosis model (Li B.-H. et al., 2017). Baeck et al. (2012) found that blocking MCP-1 can reduced macrophage infiltration and reduced the release of pro-inflammatory factors TNFα, interferon g and IL6. Our results showed that KP can regulate the release of inflammatory factors in the NASH mouse model and cell model by improving ERS, and ultimately reduce liver inflammation.
 However, there are still several limitations in the present study. For example, LPCAT3 gene knockout animal models or siRNA interference techniques have not been used to further confirm the role of LPCAT3 in the mechanism of KP on improving NASH. Primary cells have not been used to build cell models. In a bioinformatics analysis study on NAFLD, it is mentioned that the occurrence of NAFLD is also related to insulin signaling pathway, PPAR signaling pathway, p53 signaling pathway and mitogen-activated protein kinase (MAPK) signaling pathway (Liu et al., 2020). The study found that giving p53 knockout mice a high-fat diet reduced the occurrence of NAFLD. Moreover, knocking out P53 in the cell also reduced the accumulation of lipids in the cell (Zhang et al., 2020). Tomita et al. (2012) showed that the expression of p53 and p66Shc was up-regulated in the liver tissue of the NASH mouse model. Montagner et al. (2016a) found that lack of PPARα in hepatocytes leads to susceptibility to steatosis, which may be related to the damage of fatty acid catabolism. Inhibition of MAPK signaling pathway also showed the effect of reducing liver lipid deposition and liver fibrosis in rats (Shen et al., 2019). It has been discovered that KP intervention affects the expression of PPARα and ABCA1, but the specific mechanism is still unclear. The role of the above pathways in the occurrence of NAFLD and NASH, and whether KP also plays a therapeutic role through these pathways will be the direction of our further research.
CONCLUSION
In summary, this study has confirmed that KP can improve liver damage by regulating LXRα-LPCAT3 and inhibiting ERS from both in vivo and in vitro. At the same time, the expression of inflammatory factors is reduced. The role of KP provides a new direction for the treatment of NASH. LPCAT3 can also be used as a potential target for NASH treatment.
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Cholestasis is a liver disease characterized by the accumulation of toxic bile salts, bilirubin, and cholesterol, resulting in hepatocellular damage. Recent findings have revealed several key steps of cholestasis liver injury including the toxicity of bile acids and accumulation of proinflammatory mediator. In this study, we investigated the protective effect of bicyclol in cholestasis caused by bile duct ligation (BDL), as well as relevant mechanisms. Bicyclol attenuated liver damage in BDL mice by increasing the levels of hydrophilic bile acid such as α-MCA and β-MCA, regulating bile acid-related pathways and improving histopathological indexes. High-mobility group box 1 (HMGB1) is an extracellular damage-associated molecular pattern molecule which can be used as biomarkers of cells and host defense. Bicyclol treatment decreased extracellular release of HMGB1. In addition, HMGB1 is also involved in regulating autophagy in response to oxidative stress. Bicyclol promoted the lipidation of LC3 (microtubule-associated protein 1 light chain 3)-Ⅱ to activate autophagy. The nuclear factor, E2-related factor 2 (Nrf2) and its antioxidant downstream genes were also activated. Our results indicate that bicyclol is a promising therapeutic strategy for cholestasis by regulating the bile acids and autophagy-mediated HMGB1/p62/Nrf2 pathway.
Keywords: liver injury, cholestasis, BDL, high mobility group box 1, autophagy, Nrf2, bicyclol
INTRODUCTION
Cholestasis is a pathological condition caused by obstruction or cessation of bile flow resulting in intrahepatic cholestasis and accompanied by cell injury, inflammatory infiltration, cell apoptosis, liver fibrosis, and even cirrhosis (Yokoda and Carey, 2019). Currently, the main drug treatment for chronic cholestatic liver injury is ursodeoxycholic acid (UDCA). However, some patients do not respond to this treatment (Wagner and Fickert, 2020). Hence, novel treatment approaches, which could be based on a comprehensive understanding of the mechanisms of the different stages of disease progression, are urgently needed.
A previous study found that primary bile acids conjugated with glycine or taurine were significantly increased in serum of patients with cholestasis liver injury (Woolbright et al., 2015). Bile acids (BAs), such as taurocholic acid (TCA), glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), and glycodeoxycholic acid (GDCA), can be used as biomarkers of liver injury or as indicators of drug-induced liver injury (DILI) (Yang et al., 2019). The hydrophobicity of bile acids was affected by the number and orientation of the hydrophilic region, where lithocholic acid (LCA) was the most hydrophobic while cholic acid (CA) was less hydrophobic (Ashby et al., 2018). On the other hand, the conjugated groups also affected the hydrophobicity of bile acids, where unconjugated was the most hydrophobic and glycine conjugated was more hydrophobic than taurine or sulphate conjugated (Ashby et al., 2018). The toxicity of bile acids is mostly dependent on its hydrophobicity. According to previous studies, TCA, the major endogenous BAs in rodents, significantly increases the mRNA level of inflammatory cytokines monocyte chemotactic protein 1 (Ccl2) and macrophage inflammatory protein 2α (cxcl2) (Cai et al., 2017). The toxicity of BAs during obstructive cholestatic liver injury likely occurs because of biliary BAs leakage. Previous studies proved that biliary BAs at 0.5x dose resulted in significant hepatocyte necrosis (Woolbright et al., 2015).
High-mobility group box-1 (HMGB1) protein, a member of the high-mobility group 1 (HMG-1) family, modulates cell death in acute liver injury by NF-κB signal pathway activated by advanced glycan end products (RAGE) and toll-like receptor 4 (TLR4) (Eguchi et al., 2014). HMGB1 is involved in many liver diseases. Previous studies have found that the level of liver HMGB1 protein was correlated with alcoholic steatohepatitis (ASH) and primary biliary cirrhosis (PBC) in patients with chronic Hepatitis C virus (HCV), as well as in chronic carbon tetrachloride (CCl4) treated mice (Ge et al., 2018). HMGB1 levels also increased in BDL induced cholestatic mice (Woolbright et al., 2013; Dondorf et al., 2017), while carnosic acid provided protection against BDL induced fibrosis by inhibiting HMGB1 expression (Zhang et al., 2017a). HMGB1 is a proinflammatory cytokine released by injured cells and the innate immune system, which alerts other cells that infection or sterile injury has occurred (Andersson and Tracey, 2011). Neutrophils and Cxcl2, Ccl2 mRNA levels were significantly decreased in mice with hepatocyte-specific Hmgb1 knockout (Huebener et al., 2019).
Autophagy deficiency leads to the rise of HMGB1 levels and promotes ductular reaction and tumorigenesis via its receptor RAGE (Khambu et al., 2018). HMGB1 regulates autophagy under the circumstances of oxidative stress (Kang et al., 2011). The oxidation HMGB1 binding to Beclin1 causes the dissociation of Bcl-2 from Beclin1, leading to the induction of autophagy (Tang et al., 2010). So, autophagy and HMGB1 are closely connected. Autophagy includes five processes: initiation, elongation, closure, maturation, and degradation. LC3B and p62 are the most commonly used markers of autophagy. The carboxyl terminus of the LC3 protein is specifically cleaved to form LC3-Ⅰ with the exposed carboxyl-terminal glycine, which is combined with phosphatidylethanolamine to form LC3-Ⅱ (Kuma et al., 2017). LC3-Ⅱ targets the inner and outer membranes of autophagosomes to participate in the elongation step of autophagy (Kuma et al., 2017; Qian et al., 2017). P62 as a receptor for ubiquitinated proteins and organelles is selectively transported into the autophagosomes, after which it is degraded by autophagy (Ichimura and Komatsu, 2010).
The high levels of p62 associated with the suppression of autophagy competitively interacts with Kelch-like ECH-associated protein-1 (Keap1), the nuclear factor Nrf2-binding site, resulting in activation of Nrf2 and its target genes (Komatsu et al., 2010; Jiang et al., 2015). The activation of Nrf2 protects from various liver diseases through different molecular mechanisms (Xu et al., 2018). After activation, Nrf2 is translocated to the nucleus to activate heme oxygenase-1 (HO-1), NADPH quinone oxidoreductase-1 (NQO1), glutamate cysteine ligase (GCLC), and other genes to resist damage caused by oxidative stress (Galicia-Moreno et al., 2020). Nrf2-knockout mice are more susceptible to hepatic injury after BDL, as vitamin A activates Nrf2 to protect liver function in BDL rats, thus proving that Nrf2 activation is beneficial in cholestatic liver injury (Weerachayaphorn et al., 2012; Shin et al., 2013; Wang et al., 2014).
Bicyclol (4,4′-dimethoxy-5,6,5′,6′-bis (methylenedioxy)-2-hydroxymethyl-2′-methoxycarbonyl biphenyl) is a synthetic drug widely used to treat HCV (Li et al., 2018; Huang et al., 2019). Bicyclol has been proven to induce autophagy and inhibit cell proliferation through PI3K/AKT and MEK/ERK pathways (Wang et al., 2016b). Previous studies in our laboratory have shown that bicyclol can activate Nrf2 to act against CCl4 induced hepatotoxicity (Zhao et al., 2020). What’s more, Zhen, Yong-Zhan et al. have found that BDL-induced liver fibrosis can be significantly attenuated by bicyclol through reversing fibrogenic gene expression (Zhen et al., 2015). Nonetheless, there are still few studies on the mechanism of the protective effect of bicyclol in BDL-induced liver damage.
In this study, we aimed to explore the protective effect of bicyclol in BDL induced liver injury. Our research was mainly based on two aspects: the synthesis, excretion, and composition of bile acid, and the pathway associated with autophagy-mediated by HMGB1.
MATERIALS AND METHODS
Animals
Eleven-weeks old male (22–23 g) c57BL/6 mice were purchased from Beijing HFK Bioscience CO., LTD. All mice were housed in the SPF animal room with a constant temperature (22°C), and a 12/12 h light/dark cycles and were given free access to water and food. Before the experiment, mice were allowed to adapt to the environment for 1 week. All animal studies (including the mice euthanasia procedure) were done in compliance with the regulations and guidelines of the Animal Ethical and Welfare Committee (AEWC) at the Institute of Radiation Medicine Chinese Academy of Medical Sciences and conducted according to the AAALAC and the IACUC guidelines.
The mice were randomly divided into three groups: Sham group (n = 8), BDL group (n = 6), and BDL + Bicyclol group (n = 6); the different numbers in different groups are due to the injury following BDL surgery. BDL was employed to induce cholestatic liver injury as described in a previous study (Fickert et al., 2002). Briefly, after anesthesia with isoflurane, the bile duct was separated from the portal vein and hepatic artery, then ligated using a 6–0 suture. The sham group underwent similar laparotomy without BDL. BDL + Bicyclol group was orally administered with bicyclol at a dose of 100 mg/kg (Hu and Liu, 2006; Zhen et al., 2015) body weight daily for 14 days, while sham and BDL group were treated with volume-matched 0.5% carboxymethylcellulose sodium (CMC-Na). Bicyclol was a kind gift from the Beijing Union Pharmaceutical Company (Beijing, China) with a purity of over 99%. Animals were sacrificed on days 14 after the operation, after which the blood and liver were collected and stored at −80°C for further research.
Serum Biochemical Analysis
The serum levels of aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), γ-glutamyl transpeptadase (GGT), serum bile acid (TBA), and total cholesterol (TC) were measured by the automated chemistry analyzer (AU5800, Beckman Coulter, United States) of the clinical laboratory (Tianjin medical university general hospital).
Histology
Liver tissue was fixed in 4% paraformaldehyde at room temperature and blocked with paraffin wax, after which they were sectioned into 4 um thick slices and stained with hematoxylin and eosin (H&E) according to the standard H&E protocol. The inflammatory cell infiltration and necrosis were assessed by two experienced pathologists according to Ishak scoring criteria, including piece-meal necrosis, fusion necrosis, lytic necrosis, and portal inflammation (Ishak et al., 1995). Images were taken by Leica microscope (Leica DM5000B; Germany) at 200X magnification.
Measurement of Gallbladder Bile Acids Composition
Gallbladder bile was collected, and its composition was measured with liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Yang et al., 2017). Briefly, standard samples were added into 50 ul bile samples, the supernatant was extracted after oscillation and centrifuged at 12,000 rpm for 10 min and then further concentrated on the concentrator. The concentrate was reconstituted in 100 uL of methyl/water (50/50) and analyzed by the LC-MS/MS system. The chromatographic separation was performed on the ACQUITY UPLC HSS T3 column (2.1*100 mm, 1.8 um). Data acquisition systems mainly included Ultra Performance Liquid Chromatography (Shim-pack UFLC SHIMADZU CBM30A) and Tandem mass spectrometry (Applied Biosystems 6500 QTRAP).
Immunofluorescence
The slides with liver samples were dewaxed with xylene and various ethanol concentrations and blocked with 5% bovine serum albumin (BSA) for 30 min. After that, the slides were incubated with primary antibodies against p62/SQSTM1 (no. NBP1-48320SS; Novus) at 4°C overnight. After being washed with PBS, the sections were incubated with secondary antibodies at 37°C for 1 h. The nuclei were stained with 4′-6′-diamino-2-phenylindole dihydrochloride (DAPI), and then sealed with resins. The sections were observed under a fluorescence microscope (Leica DM5000B; Germany).
Cell Culture and Treatment
Alpha mouse liver 12 cell line AML12 were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China) and cultured in Dulbecco's Modified Eagle Media: Nutrient Mixture F-12 (DMEM—F12) (#119435; Gibco) supplemented with 10% fetal bovine serum (Gibco), 1% Insulin—Transferrin-Selenium (ITS) (#41400045; Gibco),40 ng/ml dexamethasone. Cells were grown in a humidified atmosphere with 5% CO2 at 37°C. Once the cells reached confluency near 80%, they were digested with 0.125% trypsin-EDTA and seeded into 6-well plates. For analysis of protein and mRNA levels, cells were stimulated for 24 h with 100 uM TCA and/or 500 uM bicyclol. Taurocholic acid (TCA) was purchased from Sigma-Aldrich.
Western Blot
Liver tissues and cells were homogenized in RIPA buffer (Solarbio, China) that contained PMSF (Solarbio, China) and phosphatase inhibitors on ice. The homogenates were centrifuged, and supernatants were extracted, after which 1/3 volume of loading buffer was added and stored at −80°C for further study. The protein was quantified by a BCA protein assay kit (Solarbio, China). Equal amounts of proteins were separated by SDS-PAGE gels and transferred to nitrocellulose membranes. After blocking with 5% non-fat milk, membranes were incubated with primary antibodies overnight at 4°C. The primary anti-CYP7A1 (#sc-518007, Santa Cruz), anti-BSEP (#sc-74500, Santa Cruz), anti-FXR (#ab235094, Abcam), anti- SQSTM1/p62 (#39749, Cell Signaling Technology), anti-LC3A/B (D11) (#3868, Cell Signaling Technology), anti-Beclin-1 (#3495, Cell Signaling Technology), anti-HMGB1 (#6893, Cell Signaling Technology), anti-RAGE (ab216329, Abcam, Cambridge, MA, United States), anti-TLR4 (#A17436, ABclonal Technology), anti-NRF2 (#12721, Cell Signaling Technology), anti-Keap1 (#A17061, ABclonal Technology) and anti-β-actin (#3700, Cell Signaling Technology) were used. The secondary horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG antibodies (Zhongshan Golden Bridge Biotechnology, Beijing, China) were incubated at room temperature for 1 h. After fully washing, the ECL Reagent (Solarbio, China) and Image Lab (Bio-Rad, America) were used to analyze the bands.
Real-Time RT-PCR
Total RNA was extracted from liver tissues, and AML12 cells using Trizol reagent and the concentration was determined by an enzyme-labeled instrument. The RNA was reverse-transcribed into cDNA using SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, United States). The reaction mix was performed as follows: 50°C (2 min); 95°C (5 min); followed by 50 cycles of 95°C (15 s) and 60°C (30 s). Relative expression of target genes was calculated by the 2-ΔΔCt method and normalized to GAPDH. The primer sequences are shown in Table 1.
TABLE 1 | Specific qPCR primers used in this study.
[image: Table 1]Statistical Analysis
Data are expressed as mean ± SEM and analyzed with GraphPad Prism 8.0.1 (GraphPad Software, United States). One-way ANOVA followed by Tukey’s multiple comparisons test was used to calculate the statistical significance. A p-value of <0.05 was considered statistically significant.
RESULTS
Protective Effects of Bicyclol on Liver Injury in Bile Duct Ligation Mice
To explore the effects of bicyclol on BDL induced mice liver injury, we tested liver enzymes including AST, ALT, ALP, GGT, TBA, and TC, and liver pathology. The serum AST, ALT, ALP, GGT, TBA, and TC levels increased in BDL compared with the sham group (Figures 1A–F). Bicyclol significantly decreased the AST, ALT, ALP, and GGT levels. However, the TBA and TC levels were comparable between BDL and BDL + Bicyclol groups. As indicated by H&E staining, BDL induced inflammatory cell infiltration and hepatic necrosis in mice liver, the effects of which were then ameliorated by bicyclol (Figure 1G). The beneficial effects were also proved by liver appearance, where livers from BDL mice had many yellow-white granules on the surface. In contrast, yellow-white granules of the liver were significantly improved in the bicyclol treatment group (Figure 1H). These results revealed that bicyclol could relieve BDL induced liver injury.
[image: Figure 1]FIGURE 1 | Bicyclol markedly improved the liver enzyme, histology, and liver gross appearance in BDL mice. (A–F) Serum biochemistry including AST, ALT, ALP, GGT, TBA, and TC. (G) H&E stain liver histology (Scale bar, 100 um). (H) Gross liver appearance (Scale bar, 10 mm). AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, γ-glutamyl transpeptidase; TBA, total bile acid; TC, total cholesterol. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. sham; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. BDL.
Bicyclol Treatment Changed Bile Acid Composition
In those mice with bile duct ligation, the gallbladder volume significantly increased, and the bile was stagnant (Figure 2A); thus, we collected the bile in the gallbladder and analyzed the composition. In total, we tested 25 different kinds of bile acids, finding four BAs CA, GCDCA, α-muricholic acid (α-MCA), β-muricholic acid (β-MCA) levels that differed between BDL and bicyclol groups (Figure 2). A heatmap was plotted to show the levels of four bile acids (Figure 2B). CA, GCDCA, α-MCA, β-MCA in three samples of the bicyclol group were higher than that in the BDL group. In addition, violin plot analysis showed that the levels of bile acids, including CA, GCDCA, α-MCA, and β-MCA were higher in the bicyclol group than in the BDL group (Figure 2C). Previous studies have found that cholate and β-muricholate were the main components of mouse bile acid pool (Kerr et al., 2002), with the following order from hydrophobic to hydrophilic: LCA > deoxycholic acid (DCA) > chenodeoxycholic acid (CDCA) > CA > UDCA > MCA (de Aguiar Vallim et al., 2013). Our results showed that bicyclol could increase hydrophilic bile acid, mainly the α-MCA, β-MCA levels.
[image: Figure 2]FIGURE 2 | Bile acid composition in the gallbladder. (A) The gallbladder of BDL mice. (B) Heatmap of differential bile acids of gallbladder bile samples. Rows represent different bile acids, while columns represent different samples. Colors from green to red indicate increasing levels from low to high. (C) Violin plot analysis comparing the levels of CA, GCDCA, α-MCA, β-MCA in the BDL and Bicyclol groups. Green represents the BDL group, whereas orange represents the Bicyclol group.
Bicyclol Prevented Liver Injury by Preventing Hepatic Bile Acid Synthesis and Promoting Bile Acid Excretion
Cyp7a1 is the key enzyme in the classic bile acid synthesis pathway (Chiang and Ferrell, 2019). Fxr is a nuclear receptor that suppresses Cyp7a1 expression (Xu et al., 2016). In our study, liver Cyp7a1 mRNA expression level was elevated by BDL and significantly reduced post bicyclol treatment (Figure 3A). BDL significantly reduced Fxr expression at the mRNA level, which was then reversed by bicyclol (Figure 3B). Bsep expression at the mRNA level was also decreased in the BDL group and increased in BDL + Bicyclol group (Figure 3C). TCA resulted in the most abundant BAs in blood, which was significantly increased in cirrhosis and hepatocellular carcinoma (HCC) patients, and induced inflammatory gene expression in liver cells. Consequently, we treated TCA cells to mimic the cell damage caused by bile (Chen et al., 2011; Wang et al., 2016a). TCA caused a down-regulation of Fxr [F (2,7) = 7.736], which was reversed by bicyclol. Fxr further caused a decrease of Cyp7a1 and an increase of Bsep (Figures 3D–F). At the same time, bicyclol significantly up-regulated the protein expression of BSEP and inhibited the protein level of CYP7A1 although there was no significant difference, even if the FXR protein expression was not changed by bicyclol (Figure 3G). These results suggested that bicyclol could activate Fxr to suppress Cyp7a1 expression, which led to a reduction of BA synthesis and acceleration of BA excretion.
[image: Figure 3]FIGURE 3 | Effects of bicyclol on genes related to bile metabolism. (A–C) The mRNA levels of bile metabolism-related genes (Fxr, Cyp7a1, Bsep) in BDL and bicyclol treatment mice. The mRNA levels (D–F) and protein levels (G) of bile metabolism-related genes (Fxr, Cyp7a1, Bsep) in AML12 cells after TCA and bicyclol exposure. Cr represents control group without special treatment, TCA means cells were stimulated with 100 uM TCA for 24 h, TCA + Bicyclol means cells were pretreated with 500 uM bicyclol for 2 h, then stimulated with 100 uM TCA for 24 h. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. sham or Cr; #p < 0.05, ##p < 0.01 vs. BDL or TCA.
Bicyclol Ameliorates Bile Duct Ligation-Induced Liver Injury by Down-Regulation of High-Mobility Group Box-1
Inflammatory factors, including tumor necrosis factor-α (TNF-α), interleukin-1 β (IL-1β), interleukin- 6 (IL-6), transforming growth factor-β (TGF-β), are involved in drug-induced liver injury, cholestasis, alcoholic and non-alcoholic fatty liver diseases, and other chronic liver disease processes (Szabo and Csak, 2012). Severe bile duct damage often triggers inflammation. To further verify the liver damage caused by BDL and the effect of bicyclol, we tested the mRNA levels of TNF-α and IL-1β. The results showed that bicyclol recovered the BDL-induced IL-1β, TNF-α mRNA higher expression (Figures 4A,B). HMGB1, as a member of damage-associated molecular patterns (DAMPs) and its receptor RAGE, promote neutrophil infiltration in necrotic tissue, thus aggravating necrosis (Huebener et al., 2015). So, we also measured the protein expression changes of HMGB1 in the liver and AML12 cells. The HMGB1 expression levels were upregulated in the BDL or TCA groups, and this upregulation was offset by bicyclol (Figures 4C,E). Similarly, BDL and TCA also caused the up-regulation of RAGE protein and was also reversed by bicyclol (Figures 4D,F). TLR4 can be activated by HMGB1, the expression of TLR4 was upregulated at TCA and TCA + Bicyclol groups compare to Cr group (Figure 4G).
[image: Figure 4]FIGURE 4 | Effect of bicyclol on inflammatory cytokines, HMGB1, and its receptor RAGE and TLR4. The mRNA level of Tnf-α (A) and IL-1β (B) in mouse liver tissue. (C,D) Immunoblots for HMGB1 and RAGE in mouse liver. (E,F) Immunoblots for HMGB1 and RAGE in AML12 cells. (G) Immunoblots for TLR4 in AML12 cells. *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham or Cr; #p < 0.05, ##p < 0.01 vs. BDL or TCA. Protein levels were normalized to levels of β-actin.
Bicyclol Stimulated Autophagy in Mice and Alpha Mouse Liver 12 Cells
To analyze the effect of bicyclol on autophagy, two important markers of autophagy were detected. The conversion from LC3-Ⅰ (soluble form) to LC3-Ⅱ (lapidated form) and p62 protein are autophagy activation indicators. Western blot showed that the expression of LC3-Ⅱ levels was increased, and p62 was decreased in the BDL group. Also, bicyclol treatment further upregulated the LC3-Ⅱ., but the p62 levels were also increased by bicyclol (Figure 5A). In vitro, bicyclol enhanced the TCA induced accumulation of LC3-Ⅱ and p62 (Figure 5C). We also observed the expression of p62 in the liver by immunofluorescence (Figure 5B). The results showed that the nucleus of the cholestasis site was broken and dissolved, there was no normal structure, and the fluorescence of p62 was significantly reduced. Bicyclol significantly improved cell necrosis with p62 fluorescence increased dramatically (Figure 5B). These results were consistent with the western blot findings. Besides these, the expression levels of pro-autophagy protein Beclin-1 were upregulated by TCA, even though there was no significant difference (Figure 5D).
[image: Figure 5]FIGURE 5 | Effect of bicyclol on autophagy. (A) P62 and LC3-Ⅱ protein levels in mice were detected by western blot. (B) Paraffin sections of liver tissue were stained with p62 (red) and counterstained with DAPI to visualize nuclei (blue) by immunofluorescence. Scale bar, 30 um. (C) Immunoblots for p62 and LC3-Ⅱ in AML12 cells. (D) Immunoblots for Beclin-1 in AML12 cells. *p < 0.05 vs. sham or Cr; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. BDL or TCA. Protein levels were normalized to levels of β-actin.
Bicyclol Regulated Nuclear Factor, E2-Related Factor 2 Mediated Antioxidant Response
Cholestasis is related to oxidative stress. Under basal conditions, Nrf2 binds to Keap1 in the cytoplasm; under oxidative stress, Nrf2 dissociates from the Nrf2/Keap1 complex and translocate to the nucleus, thereby initiating the transcription of anti-oxidative stress genes. As shown in Figure 6A Nrf2 mRNA level was significantly increased in BDL + Bicyclol group compared with the Sham and BDL groups. In addition, the downstream target genes, including NADPH: quinone oxidoreductase 1 (Nqo1) and heme oxygenase-1 (Hmox1), were also determined. The results showed that Nqo1 and Hmox1 were upregulated in BDL and BDL + Bicyclol groups compared with the Sham group (Figures 6B,C). The level of Hmox1 was further upregulated by bicyclol. The Nrf2 and Nqo1 mRNA levels were increased in bicyclol-treated AML12 cells; however, there were no significant differences in TCA-treated AML12 cells (Figures 6D,E). In addition, the protein level of Nrf2 also increased by bicyclol (Figure 6G). The expression level of Keap1 was significant increased after TCA exposure, while pretreatment with bicyclol reversed the upregulation (Figure 6H).
[image: Figure 6]FIGURE 6 | Effects of bicyclol on Nrf2 and its target genes. (A–C) The mRNA levels of Nrf2, Nqo1, Hmox1 in BDL and bicyclol treatment mice. (D–F) The mRNA levels of Nrf2, Nqo1, Hmox1; The protein levels of Nrf2 (G) and Keap1 (H) in AML12 cells after TCA and bicyclol exposure. Dates are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. sham or Cr; #p < 0.05, ##p < 0.01 vs. BDL or TCA.
DISCUSSION
Cholestasis is a liver disease characterized by the accumulation of toxic bile salts, bilirubin, and cholesterol, resulting in hepatocellular injury, which eventually develop into fibrosis and cirrhosis. UDCA, as an exogenous hydrophilic bile acid that replaces endogenous hydrophobic bile acids and obeticholic acid as FXR agonists, have been used to treat PBC (Gulamhusein and Hirschfield, 2020). Besides UDCA and obeticholic acid, 24-norursodeoxycholic acid (norUDCA) is also used to treat PSC and cholestasis liver diseases with favorable outcomes (Fickert et al., 2013; Fickert et al., 2017). Unfortunately, 40% of patients do not have a satisfactory response to UDCA and are at risk of cirrhosis or non-neoplastic complications (Leung et al., 2020; Wagner and Fickert, 2020). The results of the present study demonstrated that BDL could lead to the accumulation of serum TBA and TC which induce a significant liver injury, as evidenced by the increasing of serum ALT, AST, ALP, GGT and hepatic necrosis. Bicyclol treatment exhibited significant protection against BDL induced liver injury by reducing the elevated serum ALT, AST, ALP, GGT levels and hepatic necrosis. Bicyclol also improved bile stasis in the liver as evidenced by the liver gross appearance that yellow-white granules were significantly decreased by bicyclol. These results are consistent with a previous study that bicyclol treatment ameliorated liver condition in BDL rats (Zhen et al., 2015). In addition, our research supplements the potential mechanisms that may be involved.
The composition of bile acids in different species is different. In the human body, CA and CDCA are the main components, while CA and muricholic acid (MCA) are the main bile acid components in mice (de Aguiar Vallim et al., 2013). Due to the presence or absence of hydroxyl groups in the corresponding position and direction on the molecular skeleton, bile acids’ hydrophilicity is different. The order from hydrophilic to hydrophobic reads as follows: MCA > UDCA > CA > CDCA > DCA > LCA (de Aguiar Vallim et al., 2013). The previous study has shown that colesevelam can improve cholestatic liver and biliary tract damage by changing biliary BA composition, mainly by causing hydrophilization of BAs (up-regulating liver and biliary α-MCA, β-MCA and ω-MCA levels) (Fuchs et al., 2018). Another study found that the FXR agonist obeticholic acid increased the levels of α/β MCA from 11.3 to 29.4% and reduced the absorption of cholesterol (Xu et al., 2016). Our experiments revealed that the levels of hydrophilic bile acids such as α-MCA and β-MCA were significantly up-regulated after bicyclol treatment compared to the BDL group. It seems that bicyclol treatment promoted the excretion of the bile acids from the body through the circulation, thus reducing the toxic damage of bile acids. Clinical trials have also found that the bile acid composition in PBC patients treated with UDCA was also changed as the bile was enriched with UDCA, while CA and CDCA were significantly down-regulated, and endogenous bile acids combined with glycine were also increased (Combes et al., 1999). Yet, in our study, we found a different result, i.e., bicyclol treatment increased the levels of CA and GCDCA. Our explanation is that while bicyclol improves the laboratory indicators of BDL accompanied by ongoing liver damage, but GCDCA accumulation can cause liver cell damage because of its hydrophobicity.
BAs are synthesized from cholesterol in the liver through classical and alternative pathways that involve 14 enzymes. Among them, the classical pathway is catalyzed by Cyp7a1 to synthesize primary bile acids CA and CDCA (Russell, 2003). Cyp7a1 overexpressed mice have increased bile acid pool and a higher level of hepatic cholesterol (Li et al., 2011). Nuclear receptors are also involved in BAs balance. Fxr regulates most of the bile acid formation processes, including transport and detoxification, and limits the overload of bile acids in liver cells (Wagner et al., 2011). Fxr participates in BAs balance through a variety of ways, including inhibiting liver Cyp7a1 transcription, inducing intestinal Fgf-15 to activate liver FGF receptor 4 (FGFR-4), repressing Na/taurocholate cotransporter (NTCP), activating the bile salt export pump Bsep and similar (Wagner et al., 2011). The Fxr agonist obeticholic acid (OCA) inhibits the expression of Cyp7a1 by activating liver Fxr and Shp expression and changes the bile acid pool size and composition to inhibit intestinal cholesterol absorption (Xu et al., 2016). Our results showed that treatment with bicyclol in BDL mice up-regulated Fxr transcription while down-regulating Cyp7a1 and up-regulating the expression of Bsep. Many previous studies have proven that gut microbes are involved in the synthesis and excretion of bile acids and the conversion of components, such as VSL#3 probiotics (including eight different probiotic strains) (Degirolamo et al., 2014) and probiotic Lactobacillus rhamnosus GG (LGG) (Liu et al., 2020), while bile acids can also affect bacterial structure in vitro and in vivo (Tian et al., 2020). Besides affecting the growth of intestinal bacteria, bile also participates in anti-adhesion and neutralizing endotoxins (Wiest et al., 2014). The lack of intestinal bile leads to bacterial translocation and intestinal inflammation, which promotes the progression and development of colorectal cancer (Jia et al., 2018). Therefore, intestinal bacteria and pathological changes after BDL should also be investigated due to the lack of bile in the intestinal.
HMGB1 can have both favorable and unfavorable consequences. On the one hand, hepatocyte-specific HMGB1 knockout mice suffer from increased mitochondrial damage and cell death during liver ischemia/reperfusion (Huang et al., 2014). On the other hand, hepatocyte HMGB1 is involved in the pathogenesis of ALD (Ge et al., 2014). Zhang et al found that NF-KBp65 was significantly up-regulated after treatment with FXR siRNA or inhibitor, accompanied by the up-regulation of IL-1β and TNF-α (Zhang et al., 2017b). In the present study, we found that bicyclol increased the FXR expression while it decreased the mRNA levels of inflammatory factors TNFα and IL-1β and the protein level of HMGB1 in the liver. Autophagy, which maintains liver homeostasis by eliminating toxic substances in the liver, is involved in accumulation disorders, non-alcoholic fatty liver disease, fibrosis, hepatocellular carcinoma, hyperammonaemia, viral infections and other liver diseases (Hazari et al., 2020). HMGB1 can stimulate autophagy in a variety of ways, including BECN1 in the cytoplasm, HSPB1 in the nucleus, and RAGE outside the cell. Previous studies have also shown that HMGB1 deficiency has no adverse impact on liver function, nor does it affect mitochondrial quality and autophagy (Huebener et al., 2014; Sun and Tang, 2014). We detected LC3-II/I and p62, which are two markers of autophagy. The results showed that BDL resulted in the up-regulation of LC3-II/I ratio and the degradation of p62 to activate autophagy and protect the liver from cholestasis damage. Bicyclol further increased the LC3-II/I ratio, but caused the accumulation of p62, which in turn activated autophagy to provide protection. Although our experiment did not find that bicyclol could change the expression of pro-autophagy protein Beclin-1, previous study has reported that Beclin-1 and Atg7 were up-regulated by bicyclol (Zhao et al., 2020). All these demonstrate that bicyclol can resist the progression of cholestasis liver injury through autophagy.
The p62-Keap1-Nrf2 pathway is part of the cellular antioxidant defense mechanism, in which p62 accumulates and competitively combines with Keap1 to activate Nrf2 (Komatsu et al., 2010). A recent study showed that activation of the p62-Keap1-Nrf2 pathway protects the ferroptosis in hepatocellular carcinoma cells (Sun et al., 2016). In our study, we found that the decrease of p62 led to the upregulation of Keap1, and Nrf2 was no significant changes. The accumulation of p62 caused by bicyclol treatment resulted in the degradation of Keap1 and activation of Nrf2. Nrf2 is one of the nuclear transcription factors, which provide protection against oxidative stress by regulating the expression of endogenous antioxidants. Genes regulated by Nrf2 are involved in the synthesis and regeneration of GSH, the expression of GST and GPx, the production of NADPH, and the expression of genes encoding iron chelation (Battino et al., 2018). In this study, we detected the mRNA levels of Nrf2 and its downstream target genes Nqo1, Hmox1, and Gclc. Our results demonstrate that Gclc was not significantly different in animal experiments or cell experiments (data not shown). Heping et al reported that the mRNA and protein levels of GCLC, GCLM, and NRF2 all temporarily increased during BDL and then fell to baseline or below. These results suggested that either ursodeoxycholic acid or S-adenosylmethionine therapy alone can prevent the down-regulation of GCLC, GCLM, and NRF2 protein levels, while the combination of the two can increase these levels even higher (Yang et al., 2009). Other studies have shown that BDL leads to increased nuclear migration of NRF2, the expression of downstream target genes Nqo1, Hmox1, and Gclm is also up-regulated, and Vitamin A or baicalin intervention further increases the above performance (Wang et al., 2014; Shen et al., 2017). In our study, the mRNA level of Nrf2 was not significantly up-regulated in the BDL group, while the levels of Nqo1 and Hmox1 were substantially up-regulated. Bicyclol not only up-regulated the mRNA level of Nqo1 and Hmox1, but it also up-regulated the level of Nrf2. In vitro cell experiments, TCA only up-regulated the level of Nrf2 mRNA without significant difference, while bicyclol up-regulated the mRNA and protein levels of Nrf2 and Nqo1. So, bicyclol also improved liver damage caused by BDL by activating Nrf2 and its downstream targets Nqo1 and Hmox1, which is consistent with previous studies (Zhang et al., 2014; Zhao et al., 2020).
CONCLUSION
These results indicate that bicyclol can improve liver damage caused by BDL in obstructive cholestasis. The bicyclol treatment promotes hydrophilization of bile acids, inhibits bile acid synthesis through Fxr/Cyp7a1, and promotes the excretion of bile acids through the Fxr/Bsep pathway. In addition, the fact that bicyclol treatment exerts its therapeutic effect through p62-Nrf2 anti-inflammatory and antioxidant pathways further the research on cholestasis liver injury.
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Retinoid X receptor (RXR) is a nuclear receptor that heterodimerizes with several nuclear receptors, integrating ligand-mediated signals across the heterodimers. Synthetic RXR agonists have been developed to cure certain inflammatory diseases, including inflammatory bowel diseases (IBDs). However, pre-existing RXR agonists, which are lipophilic and readily absorbed in the upper intestine, cause considerable adverse effects such as hepatomegaly, hyperlipidemia, and hypothyroidism. To minimize these adverse effects, we have developed an RXR agonist, NEt-3IB, which has lipophilic and thus poorly absorptive properties. In this study, we evaluated the effects of NEt-3IB in an experimental murine colitis model induced through the adoptive transfer of CD45RBhighCD4+ T cells. Pharmacokinetic studies demonstrated that the major portion of NEt-3IB was successfully delivered to the large intestine after oral administration. Notably, NEt-3IB treatment suppressed the development of T cell-mediated chronic colitis, as indicated by improvement of wasting symptoms, inflammatory infiltration, and mucosal hyperplasia. The protective effect of NEt-3IB was mediated by the suppression of IFN-γ-producing Th1 cell expansion in the colon. In conclusion, NEt-3IB, a large intestine-directed RXR agonist, is a promising drug candidate for IBDs.
Keywords: RXR, NEt-3IB, inflammatory bowel disease, colitis, Th1 cells
INTRODUCTION
Crohn’s disease (CD) is an inflammatory bowel disease (IBD) that is characterized by intermittent abdominal pain, diarrhea, bodyweight loss, and hematochezia (bloody stools) (Ho and Khalil, 2015). Although the exact etiology of CD is unknown, genetic variations and immune dysregulation have been implicated in CD development (De Souza and Fiocchi, 2016). In the gastrointestinal mucosal of patients with CD, inflammation is prolonged by excessive activation of immune cells such as effector T cells and inflammatory macrophages (De Souza and Fiocchi, 2016). For decades, steroids have been used to cure CD, although long-term treatment with these agents causes considerable adverse effects such as edema and sleep disturbance (Carter et al., 2004). More recently, biological agents such as anti-TNF-α antibodies were developed to potently suppress the inflammatory response in CD. However, the cost of biological agents is much higher than that of the classical chemical drugs, and approximately 30% of CD patients fail to respond to therapy using anti-TNF-α antibodies (Adegbola et al., 2018). Moreover, half of the primary responders lose their therapeutic response over time, thereby facing an increased dosage or a revised therapeutic strategy (Adegbola et al., 2018). These facts emphasize the medical need for the development of first-in-class medicines with high efficacy, low cost, and minimal adverse effects.
Retinoid X receptor (RXR) is a nuclear receptor that heterodimerizes with other nuclear receptors such as peroxisome proliferator-activated receptor (PPAR), liver X receptor (LXR), pregnane X receptor (PXR), and NR4A1 (Nur77) (Evans and Mangelsdorf, 2014). Treatment with an RXR agonist can activate these partner nuclear receptors without their own ligand stimulation (Takeuchi et al., 2013; Evans and Mangelsdorf, 2014), a phenomenon termed the “permissive effect.” Activation of these nuclear receptors shows an anti-inflammatory effect, at least partly through mitigating the proliferation and differentiation of inflammatory macrophages and effector T cells (Onuki et al., 2018). In particular, activation of PPARγ by agonist treatment inhibits the differentiation of IFN-γ-producing type 1 helper T (Th1) cells by blocking the JAK–STAT signaling pathway (Natarajan and Bright, 2002; Kanakasabai et al., 2010; Solt et al., 2012). Similarly, activation of LXR inhibits the proliferation of T cells by controlling sterol metabolism via induction of ATP-binding cassette transporter G1 (ABCG1), which is involved in the transmembrane transport of sterols (Bensinger et al., 2008). NR4A1 deficiency is reported to expand the Th1 response because activation of NR4A1 also limits the proliferation of CD4+ T cells by controlling oxidative phosphorylation and aerobic glycolysis (Liebmann et al., 2018). Furthermore, treatment with a PXR agonist prevents the expansion of Th1 cells (Dubrac et al., 2010).
RXR agonists can activate these partner receptors simultaneously, and therefore RXR was considered a promising molecular target for inflammatory disorders. Nonetheless, pre-existing RXR agonists have been reported to induce various adverse effects, such as excess bodyweight gain, hepatomegaly, hypothyroidism, and hypertriglyceridemia (Standeven et al., 1997; Liu et al., 2002; de Vries-Van der Weij et al., 2009). To address this issue, we recently developed NEt-3IB, an RXR full agonist with lower lipophilicity compared with pre-existing RXR agonists such as bexarotene (Figure 1A) (Kobayashi et al., 2015). We demonstrated that NEt-3IB induces a low blood concentration after oral administration. Furthermore, using PET/CT imaging, we also observed that NEt-3IB exhibited enterohepatic circulation upon intestinal absorption and was delivered to the lower digestive tract (Kobayashi et al., 2015). These pharmacokinetic properties of NEt-3IB may be beneficial in avoiding systemic adverse effects and delivering the drug to the lower intestine (Kakuta et al., 2012). In this study, we evaluated the anti-inflammatory effects of NEt-3IB in an experimental CD model induced by adoptive transfer of CD45RBhighCD4+ T cells (Powrie et al., 1993). We report that NEt-3IB was persistent in the intestinal lumen after oral administration and ameliorated the wasting and colitis. This effect was attributed to the reduced accumulation of Th1 cells in the colon.
[image: Figure 1]FIGURE 1 | Distribution of NEt-3IB after a single dosage to male mice. (A, B) Concentration of bexarotene or NEt-3IB in plasma and feces, respectively. Each compound was orally administered at (A) 30 mg/kg and (B) 10 mg/kg. (C–F) Plasma, bile, liver, and kidney distribution of NEt-3IB after single administration at 1 mg/kg (i.v.) and 10 mg/kg (p.o.). Circles and triangles show p.o. and i,v. data, respectively. Data shown are mean [n = 5 (A, C–F) or 3 (B)] ± SD.
MATERIALS AND METHODS
Chemical Reagents
Bexarotene and NEt-3IB were synthesized as described previously (Boehm et al., 1994; Takamatsu et al., 2008).
Animals
ICR mice were purchased from Charles River Laboratories Japan (Yokohama, Japan) and maintained under specific pathogen-free (SPF) conditions at Okayama University, Okayama, Japan. C.B-17-scid/scid and C.B-17+/+ mice were purchased from CLEA Japan (Tokyo, Japan) and maintained under SPF conditions at Keio University, Tokyo, Japan. Rag1−/− mice were bred and maintained under SPF conditions at Keio University. C.B-17-scid/scid and Rag1−/− mice were fed with CE-2 diet (CLEA Japan) before T cell transfer and with MF diet (Oriental Yeast, Tokyo, Japan) containing 0.015% NEt-3IB or regular MF after transfer. Foxp3-hCD2 knock-in mice were bred and maintained under SPF conditions at Keio University. C57BL6/J mice were purchased from CLEA Japan. Foxp3-hCD2 knock-in mice and C57BL6/J mice were fed with AIN-93G diet (Research Diet, New Brunswick, NJ, United States) until their use in experiments at 6–12 weeks old. All animal experiments except for pharmacokinetic studies were approved by the Animal Studies Committees of Keio University.
Pharmacokinetic Studies
This experiment was conducted in accordance with the Guidelines for Animal Experiments at Department of Animal Resources, Advanced Science Research Center, Okayama University, and all procedures were approved by the Animal Care and Use Committee, Okayama University. The test compounds were administered to 6-week-old ICR male mice (n = 5 per group). In the oral administration study, the test compounds (10 mg/10 ml/kg) were suspended in 1% ethanol and 0.5% carboxymethyl cellulose (CMC) in distilled water and administered by oral gavage. In the intravenous administration study, the test compounds (1 mg/5 ml/kg) were dissolved in saline containing 20% WellSolve (Celeste Corporation, Tokyo, Japan) and administered via the tail vein. Blood samples (approximately 0.6–1.0 ml each) were taken from the inferior vena cava under isoflurane anesthesia at 0.5, 1, 3, 6, and 24 h after administration. Then the animals were killed by cervical dislocation. Brain, liver, kidney, bile, and large-intestinal contents were immediately extirpated. Blood treated with heparin in a centrifuge tube was centrifuged at 1,900 × g at room temperature for 5 min. To 100 μl of the resulting plasma, 100 μl ice-cold 5.0 mM ammonium acetate solution (adjusted with acetic acid to pH 5.0) and 1.0 ml ice-cold EtOAc were added. The resulting mixture was vortexed for 30 s, kept at room temperature for 10 min, and centrifuged at 1,900 ×g at room temperature for 30 s. An 800 μl aliquot of the EtOAc phase was removed and concentrated to dryness in a centrifugal evaporator. The resulting residue was added to 100 μl acetonitrile. Brain, liver, and kidney samples were homogenized in ice-cold EtOAc (500 µL/100 mg tissue) using a Cell Destroyer PS1000 (BMS, Tokyo, Japan) and steel beads (for 5 mm) at 4,260 rpm for 60 s. Bile was collected by washing out the gallbladder with 500 µl EtOAc. The extract was vortexed for 30 s, kept under ultrasonic irradiation at room temperature for 5 min, and centrifuged at 12,000 ×g at 4°C for 10 min. A 200 μl aliquot of the EtOAc phase was collected and concentrated to dryness in a centrifugal evaporator. The resulting residue was dissolved by adding 100 μl acetonitrile. Each solution was directly subjected to LC-MS/MS analysis, and the concentration of each compound was determined from the peak area of the sample with reference to a calibration plot obtained with the authentic compound. All contents in the large intestine were collected, and MeOH (1 ml) was added under ultrasonic irradiation at room temperature for 20 min. The resultant suspension was centrifuged at 1,500 ×g at 4°C for 20 min. An 800 μl aliquot of the MeOH phase was diluted 10-fold with methanol. Each solution was directly subjected to High Performance Liquid Chromatography (HPLC) analysis, and the concentration of NEt-3IB was determined from the peak area of the sample with reference to a calibration plot obtained with the authentic compound.
Liquid Chromatography With Tandem Mass Spectrometry 
The API4000 LC-MS/MS system (Applied Biosystems, Toronto, Canada) was used, consisting of an LC-20AD pump, an SPD-20AV UV-Vis spectrophotometric detector, and a CTO-20AC column oven (SHIMADZU, Kyoto, Japan) operating at 40°C. A TSKgel ODS-100V column (2.0 i.d. × 50 mm, 3 μm; TOSOH, Tokyo, Japan) was used. The mobile phase was acetonitrile/H2O = 65/35 containing 0.1% formic acid, v/v, and the flow rate was set at 0.2 ml/min.
High-Performance Liquid Chromatography 
A Shimadzu liquid chromatographic system (Kyoto, Japan) consisting of an LC-10AD pump, an SPD-10AV UV–vis spectrophotometric detector, a CTO-10AS column oven, and a C-R5A Chromatopac was used. An Inertsil ODS-3 column (4.6 mm i.d. × 100 mm, 5 μm, GL Sciences, Tokyo, Japan) with a guard column of Inertsil ODS-3 (4.6 mm i.d. × 10 mm, 5 μm, GL Sciences) was operated at 40°C. The mobile phase was methanol/H2O = 85/15 containing 0.1% formic acid, v/v. The flow rate was set at 0.7 ml/min and the absorbance at 260 nm was monitored.
Induction of Colitis by Adoptive Transfer of CD4+ CD45RBhigh T Cells
Colitis was induced in C.B-17-scid/scid mice by adoptive transfer of CD45RBhigh T cells. Mojosort Mouse CD 4 T Cell Isolation Kit (BioLegend, San Diego, CA, United States) and biotin-conjugated anti-mouse TER-119 (TER-119; BioLegend) were used to negatively select CD4+ T cells of splenocytes from C.B-17+/+ mice. Negatively selected CD4+ T cells were labeled with Alexa Fluor 647-conjugated anti-mouse CD4 (RM-4-5; BioLegend), BV510-conjugated anti-mouse CD45 (30-F11; BioLegend), and BV421-conjugated anti-mouse CD45RB (16A; BD Horizon, San Jose, CA, United States). Dead cells were labeled with 7-aminoactinomycin D (7-AAD) (BioLegend). CD45+CD4+CD45RBhigh live T cells were isolated by FACS Aria III (BD Biosciences San Jose, CA, United States). The C.B-17-scid/scid recipients were each injected with 2 × 105 cells via the tail vein and transferred to conventional conditions in the animal facilities at Keio University. Mice were fed with 0.015% NEt-3IB-containing MF diet or control MF diet for 7 weeks. The body weights of the mice were measured every week, and the fecal diarrhea score was also measured from week 4. The diarrhea score were assessed as follows: normal stool (0), slightly soft (1), soft but formed (2), not formed (3), and liquid stool (4) (Kjellev et al., 2006). The mice were humanely killed at week 7.
Cell Preparation
Colonic lamina propria (LP) lymphocytes were obtained as follows. Colon tissues were treated with 1 mM dithiothreitol and 20 mM EDTA containing Hank’s Balanced Salt Solutions (all from Nacalai-Tesque, Kyoto, Japan) for 20 min in a shaking incubator (37°C, 200 rpm) to remove epithelial cells. After the tissues were treated once more with 20 mM EDTA containing Hank’s Balanced Salt Solution for 20 min, the tissues were then minced and dissociated with Liberase solution containing 26 units/ml Liberase TM (Roche, Basel, Switzerland), 5 mg/ml DNase I (Sigma Aldrich, St Louis, MO), 2% newborn calf serum (Thermo Fisher Scientific, Waltham, MA, United States), 100 μg/ml penicillin and streptomycin, and 20 mM HEPES in RPMI 1640 medium (all from Nacalai Tesque) at 37°C for 30 min. The cell suspensions were then filtered to obtain single-cell suspensions. Single-cell suspensions from mesenteric lymph nodes (MLNs) was prepared by mechanically crushing MLNs through 100 μm cell strainers (Greiner Bio-One) in RPMI 1640 medium containing 2% newborn calf serum (Thermo Fisher Scientific).
For cell counts, cells were mixed with Precision Count Beads (BioLegend), anti-mouse CD16/32 (93; BioLegend), eFluor 450-conjugated anti-mouse CD45 (30-F11; Thermo Fisher Scientific), and 7-aminoactinomycin D (7-AAD) (BioLegend) and were analyzed by FACS Celesta and FlowJo software version 10 (BD Biosciences).
Histology
Colonic tissue samples were fixed in Mildform (10% formalin; Wako Pure Chemical Industries, Osaka, Japan) overnight. After fixation, the samples were embedded in paraffin using a Leica EG1160. Samples were cut into 5 µm sections, deparaffinized and rehydrated, and then stained with hematoxylin (Agilent Technologies, Inc., Santa Clara, CA, United States) and eosin (Wako Pure Chemical Industries, Osaka, Japan). Histological colitis scores were reviewed by DT, who was blinded to each experiment. The sections were scored for the presence of crypt abscesses (0–1), the degree of thickness (0–3), and the degree of inflammatory infiltrate (0–3). The maximum score of the histological index was 7.
Flow Cytometry
For inflammatory T cell analysis of the colitis model, the following monoclonal antibodies were used: BV510-conjugated anti-mouse CD45 (30-F11; BioLegend), redFluor 710-conjugated anti-mouse CD4 (RM4-5; Tonbo Bioscience), BV605-conjugated anti-mouse TCRβ (H57-597; BD Biosciences), BV650-conjugated anti-mouse IFN-γ (XMG1.2; BD Horizon), and BV786-conjugated anti-mouse IL-17A (TC11-18H10.1; BD Horizon). For Treg cell analysis of the colitis model, the following monoclonal antibodies were used: BV510-conjugated anti-mouse CD45 (30-F11; BioLegend), redFluor-710-conjugated anti-mouse CD4 (RM4-5; Tonbo Biosciences, San Diego, CA, United States), FITC-conjugated anti-mouse TCRβ (H57-597; BD Biosciences), and eFluor 660-conjugated anti-mouse Foxp3 (FJK-16s; ThermoFisher Scientific). For macrophage analysis of the colitis model, the following monoclonal antibodies were used: BV510-conjugated anti-mouse CD45 (30-F11; BioLegend), Alexa Fluor 594-conjugated anti-mouse CD3 (17A2; BioLegend), redFluor 710-conjugated anti-mouse B220 (RA3-6B2; Tonbo Biosciences), APC-conjugated anti-mouse Ly-6C (AL-21; BD Pharmagen, San Jose, CA, United States), Alexa Fluor 488-conjugated anti-mouse Ly-6G/Ly-6C (Gr-1; BioLegend), BUV737-conjugated anti-mouse CD11b (M1/70; BD Horizon), BUV 395-conjugated anti-mouse CD11c (HL3; BD Horizon), and PerCP-Cy5.5-conjugated anti-mouse I-A/I-E (M5/114.15.2; BioLegend). For in vitro T cell analysis, the following monoclonal antibodies were used: BV510-conjugated anti-mouse CD45 (30-F11; BioLegend), redFluor 710-conjugated anti-mouse CD4 (RM4-5; Tonbo Biosciences), BUV737-conjugated anti-mouse TCRβ (H57-597; BD Horizon), PerCP-Cy5.5-conjugated anti-mouse IFN-γ (XMG1.2; BioLegend), PE-conjugated anti-mouse/human T-bet (O4-46; BD Pharmagen), and eFluor 660-conjugated anti-mouse Foxp3 (FJK-16s; Thermo Fisher Scientific). Dead cells were labeled with Fixable Viability Stain 780 (BD Biosciences). For intracellular cytokine and transcription factor staining, LP lymphocytes and MLN lymphocytes were cultured for 4 h in complete medium (RPMI containing 10% MP Biomedicals, Santa Ana, CA, United States: fetal bovine serum (FBS), Nacalai-Tesque 100 μg/ml penicillin and streptomycin, Thermo Fisher Scientific 55 µM mercaptoethanol, and Nacalai-Tesque 20 mM HEPES), and cultured T cells were cultured for 4 h in half-complete medium (RPMI containing 5% FBS, 100 μg/ml penicillin and streptomycin, 55 µM mercaptoethanol, and 20 mM HEPES), each supplemented with Cell Activation Cocktail (BioLegend) and Protein Transport Inhibitor Cocktail (Thermo Fisher Scientific). Lymphocytes and T cells were first blocked with anti-CD16/32 and then stained with the monoclonal antibodies described above. IC fixation buffer and permeabilization buffer (Thermo Fisher Scientific) were used for intracellular cytokine staining, and the Transcription Factor Buffer Set (BD Pharmagen) was used for transcription factor staining. For absolute cell counts, cells were mixed with Precision Count Beads (BioLegend) and anti-mouse CD16/32 (93; BioLegend) and stained with eFluor 450-conjugated anti-mouse CD45 (30-F11; Thermo Fisher Scientific) and 7-AAD. The stained samples were analyzed using an LSRII or a FACS Celesta (BD Biosciences), and FlowJo software version 10.
In vitro Cultures
CD4+ T cells were enriched from splenocytes from C57BL6/J mice or Foxp3-hCD2 knock-in mice by a negative selection method with the BD iMag cell separation system, using biotin-conjugated antibodies against mouse CD8α (53-6.7; Tonbo Biosciences), CD11b (M1/70; BioLegend), CD11c (N418; Thermo Fisher Scientific), B220 (RA3-6B2; BioLegend), Ly-6C/Ly6-G (Gr-1; BioLegend), TER-119 (TER-119; BioLegend), and Streptavidin Particle Plus (BD IMag). Negatively selected CD4+ T cells were labeled with BV605-conjugated anti-mouse CD4 (RM4-5; BioLegend), BV510-conjugated anti-mouse CD44 (IM4; BD Horizon), redFluor 710-conjugated anti-mouse CD45 (30-F11; Tonbo Biosciences), PE-Cy7-conjugated anti-CD25 (PC61.5; Thermo Fisher Scientific), APC-eFluor 780-conjugated anti-mouse NK 1.1 (PK136; Thermo Fisher Scientific), eFluor450-conjugated anti-CD62L (MEL-14; Thermo Fisher Scientific), and APC-conjugated anti-human CD2 (RPA-2.10; BioLegend). Dead cells were labeled with 7-AAD (BioLegend). CD45+CD4+CD62L+CD44−NK 1.1−Foxp3−(hCD2−) live naive T cells were isolated by FACSAria III (BD Biosciences). In the experiments described in Figure 4, 1×105 of CD4+ naive T cells were cultured in advanced RPMI containing 5% FBS in the presence or absence of NEt-3IB for 3–5 days. For the experiment using CellTrace Violet (Thermo Fisher Scientific), T cells were incubated at 37°C for 20 min with CellTrace Violet before culture. T cells were polarized to the Th1 subtype by the addition of 10 μg/ml anti-mouse IL-4 (Bio X Cell, Lebanon, NH, United States) and 20 ng/ml recombinant mouse IL-2 and IL-12 (BioLegend). The stained samples were analyzed using FACS LSR II (BD Biosciences) and Flowjo software version 10.
Statistical Analysis
Statistical significance between two groups was calculated by Student’s t-test or Welch’s t-test. In the in vitro study, statistical significance between the control group and other groups was calculated by Dunnet’s multiple comparison test or Dunn’s multiple comparison test. p < 0.05 indicated statistical significance. Data were output by Prism version 9 (GraphPad, San Diego, CA, United States).
RESULTS
NEt-3IB has Low Systemic Transferability and Reaches the Colon
To better understand the pharmacokinetics of NEt-3IB and bexarotene (Figure 1A), another RXR agonist clinically used for the treatment of cutaneous T cell lymphoma (Budgin et al., 2005), we initially measured their concentrations in plasma and feces after a single oral administration. The plasma concentrations of NEt-3IB were much lower than those of bexarotene at any timepoint (0.5–6 h post-administration) (Figure 1B). Correspondingly, the delivery of NEt-3IB to the feces accumulated to approximately 60% of the dosage, whereas that of bexarotene was less than 10% at 24 h post-administration (Figure 1C). These data confirm that orally administered NEt-3IB reaches the colon more efficiently compared with bexarotene due to its low systemic transferability.
To further examine the systemic pharmacokinetics of NEt-3IB, mice received intravenous (i.v.) injection (1 mg/kg) and oral administration (p.o.) (10 mg/kg) of NEt-3IB. The concentrations of NEt-3IB in plasma began to decline by 1 h after i.v. or 6 h after p.o. administration, and reciprocally, the concentrations in the bile increased at these time points (Figures 1D,E). On the basis of these observations, we assumed that the liver may excrete NEt-3IB to the intestinal tract via the bile duct. To test this assumption, we measured the concentration of NEt-3IB in the liver and the kidney. Although the concentration of NEt-3IB in the liver promptly decreased, that in the bile gradually increased after i.v. injection (Figure 1F). The hepatic concentration of NEt-3IB peaked immediately after p.o. administration and then gradually declined (Figure 1F). Conversely, NEt-3IB concentration in the kidney rapidly decreased after i.v. administration and remained consistently low after p.o. administration. Thus, NEt-3IB was excreted to the bile in the liver rather than the kidney (Figure 1G).
NEt-3IB Treatment Alleviates T Cell-dependent Colitis
We subsequently examined the anti-inflammatory effects of NEt-3IB in an experimental colitis model induced by transferring CD4+CD45RBhigh T cells into C.B-17-scid/scid mice and treating with chow containing 0.015% NEt-3IB (approximately 30 mg/kg/day) or with regular chow as a control. In the control group, bodyweight gain was suppressed from 1-week post-transfer onwards (Figure 2A). Meanwhile, the NEt-3IB-treated group gained weight gradually over the course of the experiment, suggesting that NEt-3IB alleviated wasting disease. Similarly, NEt-3IB administration ameliorated diarrhea associated with colitis, even though both groups exhibited only mild symptoms (Figure 2B). Likewise, the colon weight and degree of thickening (colon weight/length) were significantly lower in the NEt-3IB group than that in the control group at 7 weeks after cell transfer (Figures 2C–F). Histopathological examination also showed massive infiltration of mononuclear cells in the colon of the control group but not in the NEt-3IB group (Figure 2G). Furthermore, the control group exhibited more severe crypt loss and edema (Figures 2G,H). Flow cytometry confirmed the massive infiltration of leukocytes in the colon lamina propria (cLP) in the control group, whereas fewer inflammatory infiltrates were observed in the NEt-3IB group (Figure 2I).
[image: Figure 2]FIGURE 2 | NEt-3IB ameliorates T-cell-dependent experimental colitis. (A–H) Experimental colitis was induced by adoptive transfer of CD4+CD45RBhigh T cells into C.B-17 scid/scid mice fed with control or NEt-3IB-containing diet for 7 weeks, and bodyweight loss (A) and diarrhea score (B) were observed. Data shown are the average. Area under the curve of bodyweight change and fecal score. (C–F) Colon length, colon weight, and colon thickening were observed and measured in week 7. Scale bar: 1 cm. (G) Colonic specimens were stained with hematoxylin and eosin (HE). (H) Histological scores of colonic specimens. (I) Total CD45+ cells in the colon lamina propria of the CD4+ CD45RBhigh T cell transfer model. *p < 0.05, **p < 0.01.
To further confirm the pharmacological effects of NEt-3IB, we also evaluated the progressive bodyweight loss and diarrhea in a similar colitis model using Rag1−/− mice as a recipient. The control Rag1−/− recipients exhibited progressive body weight loss in association with severe diarrhea. However, the administration of NEt-3IB significantly mitigated the wasting disease (Supplementary Figure S1A). Furthermore, NEt-3IB improved colitis symptoms, namely, diarrhea, colon weight, colonic wall thickening, crypt loss, and edema (Supplementary Figures S1B–G). Collectively, these data revealed an anti-inflammatory effect of NEt-3IB in the T cell-dependent mouse colitis model.
NEt-3IB Suppressed the Accumulation of Th1 Cells in the cLP
In the CD4+CD45RBhigh T-cell-transferred colitis model, IFN-γ-producing effector T (Teff) cells including conventional T helper 1 (Th1) cells and IFN-γ/IL-17-co-expressing T helper 17 (IFN-γ-producing Th17) cells are responsible for the pathogenesis (Powrie et al., 1993; Sujino et al., 2011). To determine whether NEt-3IB administration affects the development of these Teff cell subsets, we analyzed T cell profiles in the cLP and MLN of the colitis model at 7 weeks post-transfer by flow cytometry after intracellular cytokine staining. In the cLP, the numbers of Th1 cells, Th17 cells, and IFN-γ-producing Th17 cells in the NEt-3IB group were less than half that in the control group, although the frequencies of these cells were comparable between the two groups (Supplementary Figure S2A and Figure 3A). Moreover, Th1 and Th17 cells in the MLN were significantly decreased in the NEt-3IB group compared with the control group, and IFN-γ-producing Th17 cells also tended to be reduced. Of note, we also observed that the number of Foxp3+ Treg cells was slightly but significantly decreased in both the cLP and MLN of the NEt-3IB group (Supplementary Figure S2B and Figure 3C). Colonic Teff cell-derived IFN-γ activates macrophages to produce pro-inflammatory cytokines that cause inflammation in the colon (Stout and Bottomly, 1989). Considering that NEt-3IB treatment reduced Th1 cells in the cLP in the colitis model, we analyzed the colonic macrophages at 7 weeks post-transfer. We observed that the total number of macrophages (CD11b+ Ly6G−Ly6C−CD11c− MHC class II+) was decreased significantly in the NEt-3IB-treated group compared with the control group (Supplementary Figure S2C and Figure 3D). These data illustrated that NEt-3IB diminishes colitis by inhibiting the accumulation of IFN-γ-producing Teff cells and inflammatory macrophages in the cLP and MLN.
[image: Figure 3]FIGURE 3 | NEt-3IB inhibits inflammatory T cells. (A) Frequency and cell number of IFN-γ-producing cells and IL-17A-producing cells in the colon lamina propria. (B) Frequency and cell number of Th1 transcription factor T-bet and Th17 transcription factor RORγt-presenting cells of the colon lamina propria and mesenteric lymph nodes. (C) Frequency and cell number of Foxp3+ regulatory T cells in the colon lamina propria and mesenteric lymph node of T cell-transferred SCID mice. (D) Macrophages were gated as CD11b+Ly6G−Ly6C−CD11c−MHC2+. The right-hand graphs show the frequency of macrophages in CD45+ cells and the number of macrophages. (A–D) are from CD45RBhigh T cell transfer model mice at 7 weeks post-transfer.
NEt-3IB Inhibits the Differentiation and Proliferation of Th1 Cells
We further investigated whether NEt-3IB has a direct impact on the differentiation of Th cells using an in vitro culture system. Sorted naïve CD4+ T cells were cultured under Th1-skewed conditions for 5 days with or without NEt-3IB treatment before flow cytometric analysis for the expression of Th1 markers (T-bet, IFN-γ), and a Treg marker (Foxp3). We found that the frequencies of the T-bet+ and IFN-γ+ cells decreased in the NEt-3IB-treated group in a dose-dependent manner (Supplementary Figure S2D and Figure 4A). Surprisingly, NEt-3IB treatment increased the proportion of Foxp3+ T cells in a dose-dependent manner despite culture in Th1 conditions (Supplementary Figure S2E and Figure 4B).
[image: Figure 4]FIGURE 4 | NEt-3IB inhibits differentiation of inflammatory T cells and induces Foxp3+ cells in Th1 and Th17 conditions. (A, B) Naïve T cells were cultured in Th1 conditions, with or without NEt-3IB treatment for 5 days and analyzed for T-bet and IFN-γ expression (A), and for Foxp3 expression in the CD4+ T cell population (B). (C) Naïve T cells were labeled with CellTrace Violet and cultured in Th1 conditions with or without NEt-3IB treatment for 5 days. Cultured cells were analyzed for their degree of proliferation in the CD4+ T-bet+ IFN-γ+ population. *p < 0.05, **p < 0.01, ***p < 0.005.
We subsequently examined whether NEt-3IB affected the proliferation of Th1 cells in vitro. Fluorescent dye-labeled naïve CD4+ T cells were cultured under Th1-differentiating conditions for 5 days with or without Net-3IB treatment, and then the dilution of CellTrace Violet was analyzed to detect proliferating cells. NEt-3IB treatment significantly reduced the frequency of proliferating cells in the T-bet+IFN-γ+ Th1 population when compared with the vehicle control (Supplementary Figure S2F and Figure 4C). Together, these data suggest that NEt-3IB directly inhibits both the differentiation and proliferation of Th1 cells.
DISCUSSION
In this study, we demonstrated that NEt-3IB attenuated the development of wasting disease and colitis in T cell-dependent experimental colitis models by inhibiting the accumulation of Th1 cells, which is the most dominant cell type contributing to the pathogenesis of CD. Furthermore, our in vitro data revealed that NEt-3IB directly inhibited the differentiation and expansion of Th1 cells. NEt-3IB was designed to have lower lipophilicity compared with conventional RXR agonists such as bexarotene (Takamatsu et al., 2008; Kobayashi et al., 2015). We confirmed that NEt-3IB exhibits a lower plasma concentration compared with bexarotene after oral administration. In the detailed pharmacokinetics analysis after i.v. administration, the distribution to the liver represented approximately 49% of the total dosage of NEt-3IB, while in the kidney there was only 12% of the total dosage. Considering that the concentration of NEt-3IB in bile rises after its peak in the liver, NEt-3IB is mostly likely to be excreted efficiently to the bile. Notably, we observed that 60% of the total dosage reached the colon within 24 h post-oral administration, after the bile concentration peaked at 4 h. These data support the enterohepatic circulation of NEt-3IB, consistent with our previous report (Kobayashi et al., 2015). In contrast, such enterohepatic circulation was not observed in bexarotene, which was readily absorbed in the upper intestine after oral administration with only a small portion delivered to the colon. Thus, NEt-3IB is efficiently delivered to the colonic lumen and should be translocated to the cLP under inflammatory conditions, which are often associated with mucosal barrier disruption.
Early studies showed that the activation and overexpression of certain nuclear receptors exert anti-inflammatory effects. For instance, PPAR agonists suppress the differentiation of Th1 cells in vitro by inhibiting the JAK–STAT signaling pathway (Natarajan and Bright, 2002). LXR agonists also display similar effects on the differentiation of Th1 cells (Solt et al., 2012). Moreover, PPARγ and LXR agonists both suppress the proliferation of T cells (Yang et al., 2000; Cunard et al., 2002; Diab et al., 2004; Bensinger et al., 2008; Solt et al., 2012). Given that these nuclear receptors heterodimerize with RXR, and RXR agonists can activate these partner nuclear receptors, the inhibitory effect of NEt-3IB on Th1 response may depend on the activation of LXR and PPAR signaling. Additionally, PPARγ agonists inhibit IL-12 production by macrophages, which is important for the differentiation and survival of Th1 cells (Natarajan and Bright, 2002). Thus, NEt-3IB may directly and indirectly suppress the Th1 response through the inhibition of IL-12 production by macrophages.
Our in vitro experiments demonstrated that Foxp3+ cells arose in the NEt-3IB-treated group despite the Th1-differentiation conditions. Given that RXR agonists modulate Foxp3+ Treg cell differentiation (Takeuchi et al., 2013), NEt-3IB may drive naïve CD4+ T cells to upregulate Foxp3 regardless of the culture conditions. Because ectopic Foxp3 expression represses IFN-γ expression, it is possible that NEt-3IB reduced the number of Th1 cells in vitro by downregulating T-bet expression. Nevertheless, in the CD4+CD45RBhigh T-cell-transfer colitis model, no significant difference in the frequency of Treg cells was identified between the control and NEt-3B-treated groups. This observation implies that NEt-3IB may repress IFN-γ expression via an unknown mechanism other than upregulation of Foxp3. For instance, NEt-3IB may indirectly dampen Th1 cell expansion by diminishing Th17 cell differentiation. We observed a reduction in IFN-γ-producing Th17 cells in the cLP of the NEt-3IB-treated group. This transient cell population is generated from conventional Th17 cells and further differentiates into Th1 cells (Sujino et al., 2011; Basdeo et al., 2017). Therefore, the reduction in IFN-γ-producing Th17 cells in the cLP of the NEt-3IB group cells may lead to a decrease in Th1 cells. Notably, RXR and LXR agonists negatively regulate the differentiation of Th17 cells in vitro (Solt et al., 2012; Takeuchi et al., 2013). Thus, NEt-3IB possibly restricted the development of Th17 cells in the colitis model mice, resulting in the reduction of IFN-γ-producing Th17, and in turn, Th17 cell-derived Th1 cells.
NEt-3IB treatment also reduced the number of macrophages. NEt-3IB is likely to indirectly suppress the infiltration of macrophages by inhibiting the expansion of IFN-γ-producing Th17 and Th1 cells. Furthermore, NEt-3IB may directly diminish macrophage activation. In support of this, we previously found that a partial RXR agonist, CBT-PMN, downregulates the production of pro-inflammatory cytokines by bone marrow-derived macrophages (Onuki et al., 2018). Furthermore, other groups showed that FXR agonist treatment significantly downregulated IFN-γ-related gene expression (Renga et al., 2009), and that PPAR and LXR agonists also suppress the production of inflammatory cytokines from macrophages (Birrell et al., 2007; Paukkeri et al., 2013) Additionally, overexpression of NR4A1 and NR4A2 in human macrophages inhibits pro-inflammatory cytokines (Bonta et al., 2006). All these nuclear receptors form heterodimers with RXR and are activated by RXR agonists. These facts support the possibility that NEt-3IB directly inhibits the activation and cytokine production of macrophages by activating RXR partner nuclear receptors.
In conclusion, the present study demonstrated that NEt-3IB ameliorated colitis by inhibiting both the expansion of Th1 cells and the activation of inflammatory macrophages locally in the colon. Our results indicate that NEt-3IB is a promising candidate for IBD treatment as a small molecule inhibitor.
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AICAR, an AMP-Activated Protein Kinase Activator, Ameliorates Acute Pancreatitis-Associated Liver Injury Partially Through Nrf2-Mediated Antioxidant Effects and Inhibition of NLRP3 Inflammasome Activation
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Acute pancreatitis (AP) is a highly fatal acute inflammation and is often accompanied by multiple organ dysfunction syndrome (MODS). The liver, one of the most vulnerable extrapancreatic organs in AP, is the major organ involved in the evolution of the disease and correlates strongly with the occurrence of MODS. However, the etiology of pancreatitis-associated liver injury (PALI) has not been clarified and currently lacks an effective treatment. 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) is a cell permeable nucleoside with pleiotropic effects on anti-inflammatory and antioxidant stress that binds with adenosine monophosphate protein kinase (AMPK) and induces AMPK activation. However, the role of AICAR in PALI remains elusive. Here, we show that activation of AMPK by AICAR, a direct AMPK agonist, significantly ameliorates sodium taurocholate-induced PALI in rats, whereas treatment of PALI rats with the AMPK antagonist Compound C profoundly exacerbates the degree of liver injury, suggesting that hepatic AMPK activation exerts an essential protective role in PALI. Mechanistically, AICAR induces AMPK activation, which in turn activates nuclear factor erythroid 2-related factor 2(Nrf2) -regulated hepatic antioxidant capacity and inhibits NLRP3 inflammasome-mediated pyrolysis, protecting rats from sodium taurocholate-induced PALI. In addition, Nrf2 deficiency strikingly weakens the beneficial effects of AICAR on alleviation of liver injury, oxidative stress and NLRP3 inflammasome activation in L-arginine-induced PALI mice. Thus, AICAR protects against PALI in rodents by triggering AMPK, which is mediated at least in part by Nrf2-modulated antioxidant effects and NLRP3 inflammasome activation.
Keywords: pancreatitis, liver injury, AMPK, Nrf2, NLRP3 inflammasome
INTRODUCTION
Acute pancreatitis (AP) is a highly fatal acute inflammation with rapid progression. (Argaiz and de Moraes, 2021). There is an increasing prevalence of AP, with an estimated 33.74 cases per 100,000 people worldwide each year (Garg and Singh, 2019). The high mortality of AP is largely attributed to multiple organ dysfunction syndrome (MODS), such as liver or lung injury (Shi et al., 2020). The liver, a major organ involved in the evolution of AP, is strikingly vulnerable to inflammatory cytokines and correlates strongly with the occurrence of MODS (Li S. et al., 2019; Mei et al., 2019). Pancreatitis-associated liver injury (PALI) is a serious and even fatal complication in the development of AP (Wang et al., 2018). Mechanistically, a series of endogenous vasoactive substances released during AP lead to hepatic microcirculation disturbance, which is the essential cause of liver injury (Wenhong et al., 2012). Liver injury in turn triggers a systemic inflammatory response by affecting toxin metabolism and releasing massive inflammatory mediators (Rios et al., 2010; Ou et al., 2017). The PALI phenomenon has been observed in both clinical and experimental settings (Wang et al., 2006; Wenhong et al., 2012; Lv et al., 2015; Bakır et al., 2016; Ou et al., 2017). Notably, Curbey et al. reported that 80% of AP patients had liver damage and the liver injury aggravates the degree of pancreatitis if it is not intervened in time, which significantly prolongs the course of pancreatitis (Ou et al., 2017; Li X. et al., 2019). To date, the etiology of PALI has not been clarified, and no effective treatment has been developed. Thus, finding a promising therapeutic way to prevent or treat this devastating and fatal disease is urgently needed.
Adenosine monophosphate protein kinase (AMPK) is the main energy receptor regulating cell metabolism (Yang et al., 2021; Zhao et al., 2021). The activation of AMPK depends on the phosphorylation of Thr172 of the α subunit (Garcia and Shaw, 2017). In general, AMPK is activated under energy stress by sensing an increase in the ratios of AMP/ATP and ADP/ATP, thereby stimulating the catabolic process and maintaining energy homeostasis (Lin and Hardie, 2018). In addition to its role in energy dynamic balance, activated AMPK is also associated with reducing redox stress, inhibiting inflammation or limiting cell proliferation (Zimmermann et al., 2015; Liu et al., 2020; Chin et al., 2021). Recent studies indicate that AMPK activation plays an inhibitory role in mediating ethanol-induced oxidative stress in human pancreatic acinar cells, whereas AMPK inhibition can aggravate liver inflammation in mice with hepatic ischemia-reperfusion (Zhou et al., 2018; Srinivasan et al., 2020). Although the anti-inflammatory and antioxidant stress functions of AMPK activation have been well characterized, little is known about the pathophysiological roles in PALI, and the potential mechanism whereby AMPK activation protects against PALI remains poorly defined.
Under physiological conditions, serine 374, 408 and 433 of nuclear factor erythroid related factor 2 (Nrf2) are hyperphosphorylated with the activation of AMPK (Matzinger et al., 2020). Early studies have reported that AMPK activation enhances cellular antioxidant potential by activating the transcriptional activity of Nrf2 (Garcia and Shaw, 2017; Xu et al., 2020). Nrf2 is a member of the Cap’n’Collar (CNC) family of basic leucine zipper (bZIP) transcription factors, which activates the endogenous antioxidant defense system through translocation into the nucleus, thus combating inflammation and oxidative stress (Tonelli et al., 2018; Lyu et al., 2020; Gong et al., 2021; Tan et al., 2021). Inflammation causes oxidative stress; in turn, oxidative stress also boosts the production of inflammatory cytokines through activation of proinflammatory pathways, including the known Nod-like Receptor Protein 3 (NLRP3) inflammasome pathway (Zeng et al., 2017). It consists of NLRP3 scaffold, adaptor protein apoptosis-associated speck-like protein (ASC) and proinflammatory caspase-1 (Zou et al., 2021). When NLRP3 is activated, the p20 subunit and p10 subunit are heterodimerized to form bioactive caspase-1, which processes the release of IL-1β and induces a unique inflammatory type of cell death called pyroptosis (Chen et al., 2017; Unamuno et al., 2021). Growing evidence has established that NLRP3 inflammasome activation leads to hepatocyte pyroptosis and severe liver inflammation (Han et al., 2018; Wree et al., 2018). Recently, the inverse correlation between the activated Nrf2 and NLRP3 inflammasome pathway that inhibits inflammation through augmenting antioxidant capacity in mice have been proved in acute lung injury (Liu et al., 2017). Nonetheless, whether the activation of AMPK plays an antioxidative and anti-inflammatory role through Nrf2-mediated antioxidant effects and inhibition of the NLRP3 inflammasome pathway in PALI remain to be determined.
5-Aminoimidazole-4-formamide ribonucleotide (AICAR) is a kind of cellular permeable nucleoside that activates AMPK to play anti-inflammatory and antioxidant stress effects (Swinnen et al., 2005; Bone et al., 2017; Kaphalia et al., 2019). AICAR is converted into ZMP (an AMP mimic) in cells to bind to the γ subunit of AMPK, causing conformational changes in the enzyme and promoting the phosphorylation of Thr172 of the AMPKα subunit by liver kinase B1 (LKB1) or other upstream AMPK kinases (AMPKK) (Sun et al., 2007; Hill et al., 2016; Lane et al., 2020; Višnjić et al., 2021). Emerging evidence indicates that the activation of AMPK by AICAR attenuates high glucose-induced oxidative stress in rat cardiomyocytes (Shen et al., 2019). Moreover, the direct AMPK agonist AICAR negatively regulates the IL-6-stimulated inflammatory response in human liver cells by suppressing the phosphorylation of STAT3 (Nerstedt et al., 2010). However, it is not clear whether pharmacological activation of AMPK by the direct AMPK small molecule agonist AICAR is a therapeutic strategy for PALI.
In the present study, we investigated whether activation of AMPK by AICAR limits the inflammatory response and oxidative stress in the progression of PALI in two rodent models of severe acute pancreatitis (SAP) via Nrf2-mediated antioxidant effects and NLRP3 inflammasome activation. Our results provide the first direct evidence of the beneficial effects of pharmacological activation of AMPK by AICAR against the progression of PALI, including reduced redox stress and decreased NLRP3 inflammasome activation. Moreover, Nrf2 deficiency dramatically weakened these beneficial effects of AICAR in L-arginine-induced PALI mice. Thus, AICAR protects against PALI at least in part through Nrf2-mediated antioxidant effects and inhibition of NLRP3 inflammasome activation.
MATERIALS AND METHODS
Animal Experiments
Male SD rats (220–250 g, age 7–8 weeks) were obtained from the Experimental Animal Center of Wenzhou Medical University. Nrf2-knockout (Nrf2−/−) mice on C57BL/6 background were procured from Jackson Laboratory (Bar Harbor, Maine, United States). These homozygous Nrf2−/− mice were backcrossed with C57BL/6 wild type mice. Heterozygous offspring were then further bred to gain wild type and Nrf2−/− littermates. Genotypes of Nrf2−/− mice were identified by PCR. All rats and mice were fed randomly at 24 ± 2°C and 40–60% humidity with a 12 h dark cycle before the experiment. All animal procedures were reviewed and approved by the Animal Ethics Committee of Wenzhou Medical University.
Wild-type rats were randomly divided into four groups: the control group (n = 10), severe acute pancreatitis (SAP) group (n = 10), AMPK agonist (AICAR) group (n = 8) and AMPK inhibitor (Compound C, CC) group (n = 8). Sham operation was performed in the control group. Pancreatitis was induced in the SAP, AICAR and CC groups by retrograde injection of 3% sodium taurocholate (STC, 0.1 ml/100 g of body weight, YZ-110815, Solarbio, Beijing, China) via the pancreatic duct using a syringe pump as previously described (Fang et al., 2020). The AICAR group received intraperitoneal injection of AICAR (400 mg/kg) 1 h before the operation. In the CC group, CC (13.8 mg/kg) was also injected intraperitoneally 1 h before the operation. AMPK agonist (AICAR) and AMPK inhibitor (CC) were purchased from MedChemExpress (HY-13417, HY-13418A, MedChemExpress, New Jersey, United States). The specific dosages of AICAR and CC used in this study based in the description in previous studies with minor modifications (Saito et al., 2012; Guo et al., 2014; Martin et al., 2019). 24 h after injection of sodium taurocholate, the rats were anesthetized with isoflurane (in 4% for induction and 3% for maintenance; R510, RWD Life Science, Shenzhen, China) on the anesthetic machine. Rats were sacrificed, and pancreatic tissues, liver tissues and blood samples were collected for further study.
Male C57BL/6 mice or Nrf2−/− mice were randomly divided into three groups: the control group (n = 6), SAP group (n = 6) and AMPK agonist (AICAR) group (n = 6). The control group mice were intraperitoneally injected with 0.9% normal saline. In the SAP and AICAR groups, the pancreatitis model was established by intraperitoneal injection of 8% L-arginine (pH = 7.0, 4.0 g/kg, A5006, Sigma, Missouri, United States) twice at an interval of 1 h as previously described (Liu et al., 2016). In the AICAR group, mice were intraperitoneally injected with AICAR (400 mg/kg) twice: 1 h before and 24 h after model establishment. 48 h after the injection of L-arginine, the mice were anesthetized with isoflurane (in 3.5% for induction and 2.5% for maintenance) on the anesthesia machine. Finally, the mice were sacrificed, and pancreatic tissues, liver tissues and blood samples were collected for subsequent experiments.
Histopathological Analysis
Pancreatic and liver tissues were collected, fixed immediately in 4% paraformaldehyde for 24  h, dehydrated in a graded ethanol series, and then embedded in paraffin. The tissue blocks were cut into 4.5 μm-thick sections, dewaxed, and hydrated. Then, pancreatic and liver sections were stained with hematoxylin and eosin (H&E) staining (G1120, Solarbio, Beijing, China) according to the manufacturer’s instructions. After observation under an Olympus BX-51 microscope (Olympus Corporation, Tokyo, Japan), histological scores were obtained to evaluate the degree of pancreatic and liver injury with Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, United States) as described elsewhere (Rongione et al., 1997; Elshal et al., 2019).
Immunohistochemistry Analysis
Immunohistochemistry was used to qualitatively analyze the expression of phenotypic markers. The liver sections (4.5 μm) were boiled in antigen retrieval buffer containing citrate-hydrochloric acid (C8532, Sigma, Missouri, United States) for 15 min. Then, hydrogen peroxide (3%) was used for 10 min to block the activity of endogenous peroxidase and subsequently blocked with 5% bovine serum albumin (A1933, Sigma, Missouri, United States) for 30 min at 37°C. Primary antibodies for IL-6 (1:200; MB9296, Bioworld Technology, Minnesota, United States), IL-1β (1:200; BS6067, Bioworld Technology, Minnesota, United States), TNF-α (1:200; BS6000, Bioworld Technology, Minnesota, United States), MCP-1 (1:200; DF7577, Affinity, Ohio, United States), HO-1 (1:200; ab13243, Abcam, Massachusetts, United States) and NQO-1 (1:200; ab28947, Abcam, Massachusetts, United States) were added and incubated at 4°C overnight. After washing, the sections were incubated with secondary antibodies (1:200; A0277, Beyotime Institute of Biotechology; Goat anti-rabbit IgG-HRP) for 1 h at 37 °C. Finally, the slides were stained using diaminobenzidine (DAB, P0202, Beyotime, Shanghai, China) for color visualization. Images of representative tissue spots were captured with an Olympus BX-51 microscope (Olympus Corporation, Tokyo, Japan) and analyzed with Image-Pro Plus 6.0 software (Media Cybernetics, Bethesda, United States).
Biochemical Indexes Assay
Fresh pancreatic and liver tissues and blood samples were collected for biochemical analysis. The levels of serum amylase and lipase were measured by assay kit (C016-1-1, A054-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) to evaluate the degree of pancreatitis. The serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured with commercial kit (C009-2-1, C010-2-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) to evaluate the degree of liver injury and function. The contents of malondialdehyde (MDA) and superoxide dismutase (SOD) in pancreas and liver homogenate were determined with commercial kit (A003-1-2, A001-3-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The contents of myeloperoxidase (MPO) were measured with commercial kit (A044-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). All measurements were conducted according to the manufacturer’s instructions of the assay kit.
Western Blot Analysis
The liver tissues were homogenized in RIPA lysis buffer (P0013C, Beyotime, Shanghai, China), and then the extract was transferred to a centrifuge tube and centrifuged at 12,000 rpm for 20 min. After testing the total protein concentration with a BCA protein analysis kit (P0012S, Beyotime, Shanghai, China), 40 μg of protein sample was separated on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a PVDF membrane. The membrane was blocked with 5% skim milk for 1 h and then incubated with specific primary antibodies against p-AMPK (Thr172; 1:1,000; 8208S, Cell Singling Technology, Boston, United States), AMPK (1:1,000; 5832S, Cell Singling Technology, Boston, United States), CD68 (1:1,000; ab125212, Abcam, Massachusetts, United States), NLRP3 (1:1,000; ab263899, Abcam, Massachusetts, United States), Caspase-1 (1:1,000; 22915-1-AP, Proteintech, Wuhan, China), cleaved IL-1β (1:1,000; AF4006, Proteintech, Wuhan, China), Nrf2 (1:1,000; 20733S, Cell Singling Technology, Boston, United States), HO-1 (1:1,000; ab13243, Abcam, Massachusetts, United States), NQO-1 (1:1,000; ab28947, Abcam, Massachusetts, United States), Lamin B (1:1,000; 12987-1-AP, Proteintech, Wuhan, China) and GAPDH (1:5,000; A00227-1, Boster, Wuhan, China) at 4°C overnight. All membranes were washed with TBST 3 times and incubated with horseradish peroxidase-conjugated secondary antibody (1: 5,000; A25012, Abbkine Scientific Co., Ltd, Wuhan, China) for 1 h. Finally, the bands were visualized using enhanced chemiluminescence (WP20005, Thermo Fisher Scientific, California, United States), and densitometry analysis was performed using VisionWorks imaging software (Eastman Kodak Company, New York, United States).
Nuclear Protein Extraction
Nuclear components were extracted from fresh liver tissues using a nuclear protein extraction kit (P0027, Beyotime, Shanghai, China) according to the manufacturer’s instructions.
RNA Extraction and qRT-PCR
Total RNA was extracted from liver tissues with TRIzol Reagent (15596026, Thermo Fisher Scientific, California, United States) according to the manufacturer’s specifications. Reverse transcription was completed by a Prime-Script RT Master Mix transcription kit (RR036A, TaKaRa, Tokyo, Japan). mRNA-specific primers (Sangon Biotech, China) were used to detect the RNA expression of IL-6, IL-1β and TNF-α. A 7500 Fast system (Applied Biosystems, United States) was used for qRT-PCR analysis. The results were analyzed using the 2−ΔΔCt method, and GAPDH was amplified as an internal standard. The primer sequences are listed in Supplementary Table S1.
Statistical Analysis
All experiments were independently repeated three times. Values are presented as the mean ± SD (standard deviation). Statistical analysis was performed using GraphPad Prism 7.0 software (GraphPad Software, Inc., La Jolla, CA United States). Statistical significance was assessed by Student’s t-test and one-way analysis of variance. Multiple comparisons between groups were analyzed using Tukey’s post hoc test. p < 0.05 was considered statistically significant.
RESULTS
Direct AMPK Agonist AICAR Attenuates Pancreatitis-Associated Liver Injury and Restores Liver Function in Sodium Taurocholate-Induced SAP Rats
We investigated whether the direct AMPK activator AICAR (400 mg/kg) alleviates pancreatitis-associated liver injury by AMPK activation in a rat model of sodium taurocholate-induced SAP. We first validated the AMPK activator activity of AICAR in liver tissues of sodium taurocholate-induced SAP rats. Interestingly, the ratio of p-AMPK/AMPK in liver tissues significantly decreased after sodium taurocholate treatment. However, administration of AICAR by intraperitoneal injection into sodium taurocholate-treated rats resulted in a dramatic elevation of this ratio, suggesting that the reduced AMPK phosphorylation levels in the liver tissues of SAP rats were effectively activated by AICAR (Figure 1A). Hematoxylin and eosin staining demonstrated that the pancreas in SAP rats presented with notable interstitial edema, inflammatory cell infiltration and hemorrhagic necrosis, with the pancreatitis score analysis indicating a >5-fold increase over the control (Figures 1B,D). Likewise, the liver tissues of SAP rats were accompanied by obvious hepatocyte edema, necrosis, liver sinusoid congestion and dramatically damaged hepatic lobular structure, with the liver score analysis indicating a >4-fold increase compared with the control groups (Figures 1C,D). However, these negative changes were markedly reduced in the AICAR treatment groups (Figures 1B–D). Consistent with our histologic findings, the plasma levels of amylase and lipase, two common clinical indicators for assessing pancreatic injury (Steinberg et al., 2017), were elevated in SAP rats compared with control rats, whereas AICAR treatment prevented these increases (Figure 1E). Meanwhile, the increased levels of MDA and decreased concentrations of SOD in the pancreas of SAP rats indicated oxidative stress injury and downregulated antioxidant ability of the pancreas; however, administration of AICAR in rats significantly decreased the levels of MDA and increased the concentrations of SOD in pancreatic tissues of SAP rats, suggesting that AICAR supplementation restores the antioxidant ability of the pancreas in sodium taurocholate-induced SAP rats (Figure 1F). Correspondingly, evaluation of liver function in the SAP rats indicated that both the serum values of ALT and AST were significantly increased. In the presence of the AMPK activator AICAR, liver function was improved (Figure 1G). Taken together, the above results suggest that sodium taurocholate infusion established a successful rat model of PALI and that supplementation with AICAR not only reduces the severity of pancreatitis but also attenuates PALI and restores liver function in sodium taurocholate-induced SAP rats.
[image: Figure 1]FIGURE 1 | The therapeutic effects of AICAR on pancreatitis-associated liver injury (PALI) in sodium taurocholate-induced SAP rats. 7–8 week-old wild-type male SD rats were randomly divided into three groups: the control group (control, n = 10) was treated with sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n = 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n = 8) received intraperitoneal injection of AICAR (400 mg/kg) 1 h before the operation. (A) The protein expression levels of phosphorylated AMPK (p-AMPK) and AMPK were detected by Western blot, and the relative ratios of p-AMPK/AMPK were quantified by VisionWorks imaging software. The normalized values are indicated in the histogram. GAPDH expression was used as loading control. (B,C) Representative pathological images of the pancreas and liver (200x and 400x) under a light microscope (H&E staining, Bar = 50 μm). (D) Histological scores were obtained to evaluate the degree of pancreas and liver injury from H&E staining. (E) Serum amylase and lipase levels in rats. (F) The MDA and SOD contents in pancreatic tissues of rats in each group. (G) Detection of serum ALT and AST activity. Data are presented as the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
AICAR Prevents SAP-Induced Hepatic Inflammation in a Sodium Taurocholate-Induced SAP Rat Model
We explored the hypothesis that the molecular basis of AICAR in improving PALI is attributed to its anti-inflammatory capability. Our results indicated that the SAP rats exhibited higher hepatic expression of monocyte chemotactic protein 1 (MCP-1, a protein that specifically affects chemotaxis and activates macrophages) and CD68 (a rat macrophage marker) as well as increased concentrations of MPO (a functional and activation marker of neutrophils) in liver tissues compared with the control groups, whereas AICAR treatment profoundly downregulated the expression levels of these inflammatory mediators (Figures 2A,B,D,E). In addition, immunohistochemical staining and qRT-PCR indicated that the protein and messenger RNA (mRNA) expression levels of IL-6, IL-1β and TNF-α were significantly elevated in the liver tissues of SAP rats compared with the control group; however, replenishment of AICAR inhibited the increased expression of these inflammatory cytokines (Figures 2A–C). These observations confirm that AICAR treatment protects against PALI in sodium taurocholate-induced SAP rats, likely by inhibiting the inflammatory response in the liver.
[image: Figure 2]FIGURE 2 | AICAR protects against SAP-induced hepatic inflammation in a sodium taurocholate-induced PALI rat model. 7–8 week-old wild-type male SD rats were randomly divided into three groups: the control group (control, n = 10) was treated with sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n = 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n = 8) received intraperitoneal injection of AICAR (400 mg/kg) 1 h before the operation. (A,B) The protein expression of IL-6, IL-1β, TNF-α and MCP-1 in liver sections was detected by immunohistochemistry (original magnification ×200, Bar = 50 μm). Image-Pro Plus 6.0 software was used for statistical analysis. (C) The mRNA levels of IL-6, IL-1β, and TNF-α in liver tissues were measured by RT-qPCR. (D) MPO contents in liver tissues. (E) The protein expression of CD68 was assessed by Western blot and quantified by densitometry using VisionWorks imaging software. GAPDH expression was used as a loading control. Each value represents the mean ± SD. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
AICAR Treatment Markedly Increases the Antioxidant Abilities of the Liver in Sodium Taurocholate-Induced SAP Rats
To further determine the roles of AICAR in PALI, we next investigated whether replenishment of AICAR can rescue the damaged antioxidant system in sodium taurocholate-induced SAP rats. Not surprisingly, immunohistochemical staining and Western blot results indicated that the hepatic expression levels of antioxidant proteins heme oxygenase-1 (HO-1) and NADPH quinone oxidoreductase 1 (NQO-1) were slightly upregulated in sodium taurocholate-induced SAP rats, which may represent a stress protection for the liver to defend against pancreatitis-induced liver injury. Notably, AICAR supplementation further augmented the hepatic expression levels of HO-1 and NQO-1 after sodium taurocholate treatment in rats (Figures 3A–E). Furthermore, the detection results of hepatic tissues in sodium taurocholate-induced SAP rats showed that the levels of MDA were significantly elevated, whereas the concentrations of SOD were strikingly decreased, suggesting that the antioxidant capacity of the liver in sodium taurocholate-induced SAP rats was disrupted. However, treatment with AICAR significantly restored the antioxidant abilities of the liver, as evidenced by an obvious elevation in hepatic concentrations of SOD and a marked decline in the hepatic levels of MDA (Figure 3F). These data suggest that AICAR supplementation prevents sodium taurocholate-induced PALI in rats by increasing antioxidant activities in the liver.
[image: Figure 3]FIGURE 3 | AICAR prevents hepatic oxidative stress in a sodium taurocholate-induced PALI rat model. 7–8 week-old wild-type male SD rats were randomly divided into three groups: the control group (control, n = 10) was treated with sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n = 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n = 8) received intraperitoneal injection of AICAR (400 mg/kg) 1 h before the operation. (A,B) Liver sections were collected and stained with antibodies against HO-1 and NQO-1, and the average integrated optical density (IOD)/area of HO-1 and NQO-1 was quantified using Image-Pro Plus 6.0 software (original magnification ×200, Bar = 50 μm). (C–E) The protein expression levels of HO-1 and NQO-1 in liver tissues were assessed by Western blot and quantified by densitometry using VisionWorks imaging software. The level of GAPDH was used as a loading control. (F) MDA and SOD contents were measured in liver tissues. Data are presented as the mean ± SD obtained from three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
AICAR Treatment Activates the AMPK/Nrf2 Signaling Pathway and Inhibits NLRP3 Inflammasome Activation in the Liver Tissues of Sodium Taurocholate-Induced SAP Rats
Next, we focused on dissecting the deeper molecular mechanism by which AICAR inhibits oxidative stress and inflammation in the liver tissues of sodium taurocholate-induced SAP rats by activating AMPK phosphorylation. We performed Western blot to test the nuclear translocation of Nrf2 and the protein expression of NLRP3 as well as its downstream proteins caspase-1 and cleaved IL-1β in hepatic tissues of sodium taurocholate-induced SAP rats after treatment with AICAR. The nuclear translocation of Nrf2 was increased following sodium taurocholate treatment, whereas AICAR supplementation further promoted the nuclear accumulation of Nrf2 (Figures 4A,C). Moreover, sodium taurocholate treatment significantly increased the hepatic expression of NLRP3, caspase-1 and cleaved-IL-1β, while AICAR supplementation reversed this phenomenon (Figures 4B,C). These findings suggest that AICAR markedly alters the nuclear accumulation of Nrf2 and inhibits NLRP3 inflammasome activation in sodium taurocholate-induced PALI rats by activating AMPK phosphorylation. Thus, we speculate that Nrf2 and NLRP3 inflammasome pathway may mediate essential parts in the protective roles of AICAR against oxidative stress and inflammation in sodium taurocholate-induced PALI rats.
[image: Figure 4]FIGURE 4 | The effects of AICAR on the activation of the AMPK/Nrf2 signaling pathway and inhibition of NLRP3 inflammasome activation in the liver tissues of sodium taurocholate-induced SAP rats. 7–8 week-old wild-type male SD rats were randomly divided into three groups: the control group (control, n = 10) was treated with sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n = 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK agonist (AICAR) group (n = 8) received intraperitoneal injection of AICAR (400 mg/kg) 1 h before the operation. (A) The levels of nuclear accumulation of Nrf2 in liver tissues of each group were detected by Western blot analysis. For the internal control, Lamin B was used. (B) The protein expression levels of NLRP3, caspase-1, and cleaved IL-1β in liver tissues were measured by Western blot using anti-NLRP3, anti-caspase-1 and anti-cleaved IL-1β antibodies. GAPDH was used as an internal control. (C) Relative band densities were quantified using VisionWorks imaging software, and the results are expressed in the histogram. Data are presented as the mean ± SD obtained from three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
Inhibition of AMPK Activation by Compound C Markedly Aggravates PALI in Sodium Taurocholate-Induced SAP Rats
To further elucidate the role of AMPK in PALI, we treated rats with the AMPK inhibitor Compound C (CC, 13.8 mg/kg) by intraperitoneal injection to block the phosphorylation of AMPK in liver tissues, followed by sodium taurocholate infusion. Unsurprisingly, Western blot results showed that sodium taurocholate infusion significantly reduced the ratio of p-AMPK/AMPK in liver tissues. As expected, this ratio was further reduced by CC treatment, suggesting that CC treatment successfully inhibited AMPK phosphorylation levels in the liver tissues of SAP rats (Figure 5A). Interestingly, treatment with CC significantly exacerbated sodium taurocholate-induced pancreatic injury in rats, as evidenced by further increased acinar necrosis and inflammatory cell infiltration (Figure 5B). Evaluation of the pancreatitis score in pancreatic sections also revealed that CC treatment was accompanied by more severe pancreatic injury than SAP (Figure 5D). We also observed that administration of CC in rats augmented SAP-induced edema, necrosis and structural disorder in hepatic lobules with further increased liver injury scores compared with SAP rats (Figures 5C,D). In addition, the amplitude of SAP-induced elevation of serum levels of both ALT and AST, two markers of liver injury, in CC-treated rats was higher than that in the SAP groups (Figure 5E). The above results indicate that inhibition of AMPK phosphorylation by CC enhances sodium taurocholate-induced PALI in rats.
[image: Figure 5]FIGURE 5 | Inhibition of AMPK phosphorylation by Compound C markedly aggravates PALI in sodium taurocholate-induced SAP rats. Seven-to eight-week-old wild-type male SD rats were randomly divided into three groups: the control group (control, n = 10) was treated with a sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n = 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK inhibitor (CC) group (n = 8) received intraperitoneal injection of CC (Compound C, 13.8 mg/kg) 1 h before the operation. (A) The protein expression levels of AMPK and phosphorylated AMPK (p-AMPK) in liver tissues were detected by Western blot using anti-AMPK and anti-p-AMPK antibodies. GAPDH was used as the internal reference control. Data are presented as mean ± SD of three independent experiments. (B,C) Histological images of H&E staining in pancreas and liver tissues (200x and 400x) under a light microscope (Bar = 50 μm). (D) Histological scores were obtained to evaluate the degree of pancreas and liver injury from H&E staining. (E) Serum ALT and AST concentrations were detected. Data are presented as the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
AMPK Inhibition by Compound C Enhances Hepatic Oxidative Stress and NLRP3 Inflammasome Activation in Sodium Taurocholate-Induced PALI Rats
We next explored whether inhibition of AMPK activation by CC could promote hepatic oxidative stress and inflammation levels in sodium taurocholate-induced SAP rats. We found that the increase in the nuclear translocation of Nrf2 in the hepatic tissues of SAP rats was markedly reduced after CC treatment (Figures 6A,B). We further measured MDA and SOD levels, which are indicators of oxidative damage, in the liver tissues of each group. The levels of hepatic MDA in rats treated with CC were significantly augmented compared to those in the SAP groups (Figure 6C). Alternatively, treatment with CC had a reduced effect on the magnitude of sodium taurocholate-induced decline in hepatic SOD levels (Figure 6D). Moreover, these changes in CC-treated SAP rats were accompanied by significantly increased hepatic expression of NLRP3, caspase-1 and cleaved IL-1β compared with SAP rats (Figures 6E,F), which results in a certain type of inflammatory response-related cell death called pyroptosis (Guo et al., 2021). Thus, we next compared the levels of IL-6, IL-1β and TNF-α in the liver tissues of SAP rats by q-PCR analysis with or without CC treatment. Consistent with our previous findings, the expression of these inflammatory cytokines was upregulated in the SAP groups, whereas CC treatment led to a further increase in the mRNA abundance of the aforementioned inflammatory genes (Figure 6G). Ultimately, our data suggest that inhibition of AMPK phosphorylation by CC aggravates PALI in sodium taurocholate-induced SAP rats, likely by repressing Nrf2-mediated antioxidant stress and anti-inflammatory roles.
[image: Figure 6]FIGURE 6 | Inhibition of AMPK phosphorylation by Compound C enhances hepatic oxidative stress and inflammation levels in sodium taurocholate-induced SAP rats. Seven-to eight-week-old wild type male SD rats were randomly divided into three groups: the control group (control, n = 10) was treated with a sham operation and injected with 0.9% normal saline; the severe acute pancreatitis (SAP) group (n = 10) was infused with 3% sodium taurocholate (0.1 ml/100 g); and the AMPK inhibitor (CC) group (n = 8) received intraperitoneal injection of CC (Compound C, 13.8 mg/kg) 1 h before the operation. (A) The nuclear translocation levels of Nrf2 in liver tissues were determined by Western blot. For the internal control, Lamin B was used. (C,D) The contents of MDA and SOD in liver tissues were determined. (E) The protein expression of NLRP3, caspase-1, and cleaved IL-1β was detected by Western blot. GAPDH was used as the internal reference control. (B,F) The relative ratios of Nrf2, NLRP3, caspase-1, and cleaved IL-1β were quantified using VisionWorks imaging software. (G) The mRNA levels of IL-6, IL-1β, and TNF-α in liver tissues were measured by RT-qPCR. Data are presented as the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs control group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. SAP group.
Nrf2 Knockout Weakens the Protective Effects of AICAR on PALI in L-Arginine-Induced SAP Mice
Since the aforementioned data indicate that the anti-inflammatory and antioxidant stress effects of AICAR may be related to the induction of Nrf2 nuclear translocation, we further investigated whether Nrf2 deficiency would affect the protective effects of AICAR against PALI in L-arginine-induced SAP mice. L-arginine-induced elevations in serum levels of pancreas injury enzymes (amylase and lipase) and the pathological changes as well as pancreatitis scores analyzed in H&E-stained pancreas sections in Nrf2 knockout (KO) mice were higher than those in WT SAP mice (Figures 7A–D). Meanwhile, the beneficial effects of AICAR against L-arginine-induced pancreatic injury reflected by the above indicators were significantly attenuated in Nrf2 KO mice compared with WT littermates (Figures 7A,C). Likewise, the pathological changes in liver sections of the Nrf2 KO SAP mice were more severe than those in the WT SAP groups by H&E staining (Figure 7B). Additionally, treatment of WT SAP mice with AICAR markedly reduced these negative pathological changes (Figure 7B); however, these protective effects mediated by AICAR were weakened in Nrf2 KO mice (Figure 7B). The liver injury scores, consistent with the pathological appearance in each group, further confirmed our findings (Figure 7C). Moreover, the serum levels of ALT and AST in both WT and Nrf2 KO mice were augmented after L-arginine administration. Notably, the levels of these two markers indicated that liver injury in Nrf2 KO mice was higher than that in WT mice (Figure 7E). Alternatively, AICAR treatment markedly attenuated the L-arginine-induced elevation in the serum levels of ALT and AST in WT SAP mice, while these phenomena were significantly inhibited in Nrf2 KO mice (Figure 7E). Therefore, these results indicate that Nrf2 plays an important role in the protective effects of AICAR against L-arginine-induced PALI in mice.
[image: Figure 7]FIGURE 7 | Nrf2 knockout attenuates the protective effects of AICAR on PALI and the inhibitory effects of hepatic oxidative stress in L-arginine-induced SAP mice. Male wild-type mice or Nrf2−/− mice were divided into three groups: the control group (control, n = 6) was intraperitoneally injected with 0.9% normal saline; the SAP group (n = 6) was intraperitoneally injected with 8% L-arginine hydrochloride (pH = 7.0, 4 g/kg) twice at an interval of 1 h; and the AMPK agonist (AICAR, n = 6) group was intraperitoneally injected with AICAR (400 mg/kg) twice: 1 h before and 24 h after L-arginine hydrochloride administration. (A,B) Representative pathological images of the pancreas and liver (200x) under a light microscope (H&E staining, Bar = 50 μm). (C) Histological scores were obtained to evaluate the degree of pancreas and liver injury from H&E staining. (D) The concentrations of serum amylase and lipase were detected. (E) The levels of serum ALT and AST were measured to evaluate liver function. (F) Concentrations of MDA and SOD in liver tissues from different groups. Data are presented as the mean ± SD of three independent experiments. Data are presented as mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Nrf2 Deficiency Impairs the Inhibitory Effects of AICAR Against PALI-Related Hepatic Oxidative Stress and NLRP3 Inflammasome Activation in L-Arginine-Induced SAP Mice
To further clarify whether the beneficial effect of AICAR on antioxidant stress was Nrf2 dependent, we measured MDA and SOD levels in the liver tissues of L-arginine-treated Nrf2 KO mice and WT littermates with or without AICAR supplementation. After L-arginine treatment, the production of MDA in liver tissues was conspicuously increased, and the levels of SOD were significantly decreased in Nrf2 KO mice compared to WT mice. Additionally, administration of AICAR was associated with markedly reduced MDA levels, and the concentrations of SOD were significantly augmented compared to those in the WT SAP group. However, these beneficial antioxidant effects of AICAR were largely blocked in Nrf2 KO mice compared to WT littermates (Figure 7F). These observations indicate that the antioxidant ability of AICAR in the liver tissues of L-arginine-induced PALI mice was partially dependent on Nrf2.
We next determined whether induction of Nrf2 is required for the inhibition of the NLRP3 inflammasome-associated inflammatory response in the liver tissues of L-arginine-induced PALI mice. Thus, we performed Western blot to compare the hepatic expression levels of NLRP3, caspase-1 and cleaved-IL-1β between L-arginine-treated Nrf2 KO mice and WT littermates with or without AICAR administration. The results showed that the hepatic expression of NLRP3, caspase-1 and cleaved-IL-1β in Nrf2 KO mice was higher than that in WT littermates after L-arginine treatment (Figures 8A–C). Furthermore, replenishment of AICAR profoundly decreased the expression of these indicators in the liver tissues of WT littermates compared with the WT SAP group; however, these observed trends were significantly reversed in Nrf2 KO mice (Figures 8B,C). Thus, our findings suggest that Nrf2 deficiency impairs the inhibitory effect of AICAR against NLRP3 inflammasome activation in L-arginine-induced PALI mice. To further elucidate the role of Nrf2 in the anti-inflammatory effects of AICAR, we detected the expression levels of several inflammatory factors, including IL-6, IL-1β and TNF-α, in each group of Nrf2 KO mice and WT littermates. Immunohistochemistry analysis showed that L-arginine induced the expression of these inflammatory factors in the liver tissues of both Nrf2 KO mice and WT littermates, resulting in a further increase in their expression (Figures 8D–F). Moreover, replenishment of AICAR decreased L-arginine-induced hepatic inflammatory factor accumulation in WT littermates, while these anti-inflammatory effects of AICAR were markedly reversed in Nrf2 KO mice compared with WT controls (Figures 8D–F). Taken together, our results suggest that Nrf2 deficiency largely eliminates the negative regulation of AICAR on the NLRP3 inflammasome activation associated inflammatory response in the liver tissues of L-arginine-induced PALI mice.
[image: Figure 8]FIGURE 8 | Nrf2 deficiency impairs the inhibitory effects of AICAR against hepatic NLRP3 inflammasome activation in L-arginine-induced SAP mice. Male wild type mice or Nrf2−/− mice were divided into three groups: the control group (control, n = 6) was intraperitoneally injected with 0.9% normal saline; the SAP group (n = 6) was intraperitoneally injected with 8% L-arginine hydrochloride (pH = 7.0, 4 g/kg) twice at an interval of 1 h; and the AMPK agonist (AICAR, n = 6) group wasintraperitoneally injected with AICAR (400 mg/kg) twice: 1 h before and 24 h after L-arginine hydrochloride administration. (A–C) The protein expression levels of phosphorylated AMPK, total AMPK, NLRP3, caspase-1, and cleaved IL-1β were measured by Western blot, and the relative ratios of p-AMPK/AMPK and band densities of Nrf2, NLRP3, caspase-1, and cleaved IL-1β were quantified using VisionWorks imaging software. GAPDH was used as an internal reference. (D–F) The protein expression of IL-6, IL-1β and TNF-α in liver sections was detected by immunohistochemistry (original magnification ×200, Bar = 50 μm). Image-Pro Plus 6.0 software was used for statistical analysis. Data are presented as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
DISCUSSION
The central goal of this study was to investigate the pharmacological activation of AMPK by AICAR as a therapeutic strategy for the treatment of PALI. Our findings demonstrated that AICAR activates AMPK, which leads to Nrf2-mediated antioxidant stress and inhibition of NLRP3-related inflammation, and thus improving PALI. This study indicated that AMPK exerted an essential role in the pathological processes of PALI and presented the first evidence that pharmacological activation of AMPK by AICAR ameliorates PALI, suggesting that AICAR may be a promising therapeutic agent for the treatment of PALI.
In the current study, we demonstrated that both 1 day after sodium taurocholate infusion in rats and 2 days after intraperitoneal injection of L-arginine in mice successfully induced rodent models of PALI, as evidenced by marked elevation in the plasma levels of amylase, lipase, ALT and AST as well as severe pathological injury of the pancreas and liver in the two experimental SAP models (Figures 1B–G, Figures 7A–F). This study provided novel evidence that SAP caused a drastic reduction in hepatic expression levels of phosphorylated AMPK in sodium taurocholate- and L-arginine-induced rodent SAP models, suggesting that AMPK may be involved in the pathogenesis of PALI (Figure 1A, Figures 8A,C). Herein, we obtained two lines of evidence to demonstrate our hypothesis. On the one hand, administration of the direct AMPK activator AICAR led to a dramatic elevation in hepatic expression levels of phosphorylated AMPK and prevented PALI in sodium taurocholate- and L-arginine-induced rodent SAP models (Figures 1A–G, Figures 7A–E, Figures 8A,C). On the other hand, inhibiting the activity of AMPK in liver tissues by using the AMPK inhibitor Compound C profoundly exacerbated PALI in sodium taurocholate-induced SAP rats (Figures 5A–E). Although previous studies have shown that compound C may play roles independent of AMPK inhibition, such as anti-glioma and inhibition of Bone morphogenetic protein (BMP) pathway, it is still the only available cell permeability AMPK antagonist (Yu et al., 2008; Liu et al., 2014). Similar to our findings, AMPK activation by AICAR has been shown to protect the kidney from overt damage in a rat model of kidney ischemia-reperfusion injury (Lempiäinen et al., 2012). In addition, a Compound C-induced reduction in myocardial AMPK activity impaired cardiac function and aggravated oxidative stress in cardiomyocytes in DOX-induced acute cardiotoxicity mice (Liu et al., 2018).
In the pathogenesis of PALI, the uncontrollable hepatic inflammatory response and elevated oxidative stress triggered by SAP will continue to damage hepatocytes, which are central mediators for accelerating the development of PALI (Yang et al., 2003; Moniaux et al., 2011). According to previous reports, AMPK activation is involved in the inhibition of the IL-6-stimulated inflammatory response in human liver cells and mediates the antioxidant stress ability of fibroblast growth factor (FGF) one in a mouse model of nonalcoholic fatty liver disease (Nerstedt et al., 2013; Liu et al., 2020). Therefore, we explored the hypothesis that the molecular basis of AICAR in improving PALI is attributed to its anti-inflammatory capability and reduction of hepatic oxidative stress by AMPK activation. Our findings demonstrated that AMPK was required for the regulation of hepatic inflammation and oxidative stress in sodium taurocholate-induced PALI rats and that AICAR ameliorated PALI by AMPK activation in this rat model, which was associated with its anti-inflammatory and antioxidative actions.
Next, we focused on dissecting the molecular mechanism to explain how AMPK activation by AICAR reduced hepatic inflammation and oxidative stress in PALI. In response to inflammatory reaction, Nrf2 is released from Keap1 and translocates to the nucleus, thus activating the endogenous antioxidant defense system by enhancing the transcription of a variety of antioxidant enzymes, such as HO-1 and NQO-1, presenting a superior effect in oxygen reduction balance. In particular, oxidative stress and inflammation are closely connected, and increased levels of proinflammatory cytokines induce oxidative stress. In turn, oxidative stress overactivation further exacerbates the inflammatory response (Dandekar et al., 2015; Antonucci et al., 2017). Furthermore, studies have also shown that the activation of Nrf2 can inhibit inflammation-mediated injury via its antioxidant cascade (Joo Choi et al., 2014; Saha et al., 2020). Notably, several recent studies have demonstrated that Nrf2 negatively regulates the activity of the NLRP3 inflammasome, which is a central regulator of inflammation required for PALI (Hou et al., 2018; Chen et al., 2019). Upon stimulation, NLRP3 collects ASC protein and converts procaspase-1 into active caspase-1, which cleaves pro-IL-β or pro-IL-18 into mature forms, ensuing and promoting hepatic inflammatory injury (Mridha et al., 2017). However, the crosstalk between Nrf2 and the NLRP3 inflammasome pathway in PALI remains to be determined. In addition, previous reports found that AMPK also inhibits NLRP3 inflammasome activation in a mouse model of diabetic cardiomyopathy and acute pancreatitis (Chen et al., 2020; Yang et al., 2020). In fact, AMPK phosphorylates Nrf2 at serine 374, 408, and 433, moves Nrf2 from the cytoplasm to the nucleus, and binds to the antioxidant response element (ARE) gene to exert its antioxidant effect (Matzinger et al., 2020). In the current study, rats treated with AMPK agonists (AICAR) and inhibitors (CC) demonstrated that AMPK plays an important role in activating Nrf2 signaling and inhibiting NLRP3 inflammasome pathways in PALI and that hepatic Nrf2 may act as a key mediator of AICAR protection against PALI-associated oxidative stress and NLRP3 inflammasome activation. Therefore, we speculate that the direct activation of AMPK by AICAR exerts its antioxidant and anti-inflammatory roles to prevent PALI through Nrf2-mediated antioxidant effects and inhibition of the NLRP3 inflammasome pathway.
To verify our hypothesis, we used Nrf2 KO mice and WT mice to conduct a comparative study in an L-arginine-induced PALI model with or without AICAR treatment. We found that knockout of Nrf2 limited the ability of AICAR to reduce the severity of PALI in mice (Figures 7A–E). Most importantly, Nrf2 gene deletion markedly weakened the protective effects of AICAR to prevent SAP-induced oxidative stress and NLRP3 inflammasome activation in the liver tissues of L-arginine-induced PALI mice (Figure 7F, Figures 8B,C). However, AICAR still had a slight protective effect on PALI in Nrf2 KO mice. AMPK can regulate a variety of physiological and pathological effects through multiple pathways to affect cell metabolism and survival (Carling, 2017; Ramirez Reyes et al., 2021). This result may be attributed to the activation of AMPK by AICAR leading to other pathway modulations independent of Nrf2 signaling in PALI and resulting in other biological effects, such as AMPK-related mitochondrial homeostasis, ferroptosis and necroptosis, which are worthy of further exploration in our future research (Herzig et al., 2018; Song et al., 2018; Lee et al., 2020). Nonetheless, our findings indicate that activation of Nrf2 by AICAR mediates important roles in ameliorating hepatic oxidative stress and inhibiting NLRP3 inflammasome pathway activation in PALI mice regardless of whether Nrf2 is the master pathway.
Despite our novel findings, the current study has some limitations. First, our observations are only based on two rodent PALI models. AICAR has been used clinically for myocardial protection in coronary artery bypass grafting and myocardial ischemic injury (Rao et al., 2016). We should further determine the role of AICAR in PALI in humanoid large animals and in clinical studies. Second, our results demonstrated that AICAR protects against PALI partially through Nrf2-mediated antioxidant effects and inhibition of NLRP3 inflammasome activation, whether AICAR plays these positive roles mainly depends on reducing the activation of inflammatory cells, such as macrophages and neutrophils, exerting a protective effect on hepatocytes or inducing other hepatoprotective factors requires further investigation. Third, although AICAR is a widely used AMPK agonist, it also plays important AMPK-independent effects including regulating gluconeogenesis and oxidative phosphorylation (OXPHOS). Therefore, in addition to its inhibitory effects on inflammation and oxidative stress by activating ampk, AICAR may play protective roles of PALI through these AMPK-independent pathways which need to be further explored (Višnjić et al., 2021). Fourth, this study predominantly focuses on the AMPK/Nrf2 signaling pathway. However, there are also many other important regulatory pathways involved in the course of PALI such as Toll like receptor 4 (TLR4) signaling pathway, transforming growth factor β1 (TGF-β1) and p38 mitogen-activated protein kinase (MAPK) signaling pathway (TGF-β1-p38 MAPK), which need to be investigated in our future study (Wang et al., 2018). Fifth, given the powerful therapeutic effect of AICAR in PALI, the potential effect of AICAR in other organ dysfunctions including respiratory, renal, and cardiovascular of SAP needs to be further explored.
In summary, our data indicate that AICAR, a direct AMPK activator, exhibits significant therapeutic effects against PALI in sodium taurocholate- and L-arginine-induced rodent models by promoting AMPK phosphorylation by effectively inhibiting hepatic oxidative stress and inflammation. Thus, as a cell permeable nucleoside, AICAR has high therapeutic value for the treatment of PALI. Importantly, this study provides new insight into the mechanisms underlying the improvement of hepatic oxidative stress and inflammation in PALI by AICAR. AMPK activation promotes the nuclear accumulation of Nrf2, which partially mediates antioxidant effects and inhibits NLRP3 inflammasome activation and thus is important for AICAR protection against PALI (Figure 9). We conclude that because AICAR is already used in the clinic, the development of novel therapies using AICAR to promote AMPK phosphorylation is promising for future medical interventions of PALI.
[image: Figure 9]FIGURE 9 | Mechanistic illustration of the basis of AICAR protection against pancreatitis-associated liver injury (PALI). AICAR inhibits hepatic oxidative stress and inflammation by promoting AMPK phosphorylation partially via Nrf2-mediated antioxidant effects and inhibition of NLRP3 inflammasome activation, resulting in protection against PALI in sodium taurocholate- and L-arginine-induced SAP models.
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The present study aimed to determine if metformin exerts anti-inflammatory and mucus-protective effects via the gut microbiota. Metformin has extensive benefits including anti-inflammatory effects. Previous studies showed that metformin changed the gut microbiota composition and increases the number of goblet cells. Intestinal dysbiosis and goblet cell depletion are important features of ulcerative colitis (UC). The underlying mechanism and whether metformin can improve the mucus barrier in UC remain unclear. Metformin (400 mg/kg/day) was administered to mice with dextran sulfate sodium (DSS)-induced UC for 2 wk to investigate the effects of metformin on the intestinal mucus barrier. The gut microbiota was depleted, using antibiotics, to explore its role in the mucus-protecting effects of metformin. Akkermansia muciniphila (A. muciniphila), which was enriched in metformin-treated mice, was administered to mice to investigate the effects of the bacteria on UC and the mucus barrier. Metformin attenuated DSS-induced UC in mice, as evidenced by the alleviation of diarrhea, hematochezia, and the decrease in body weight. The expression of mucin2, a prominent mucus barrier protein, was increased in the metformin-treated group compared to the DSS-treated group. Furthermore, fecal 16S rRNA analysis showed that metformin treatment changed the gut microbiota composition by increasing the relative abundance of Lactobacillus and Akkermansia species while decreasing Erysipelatoclostridium at the genus level. Antibiotic treatment partly abolished the anti-inflammatory and mucus-protecting effects of metformin. Administration of A. muciniphila alleviated the colonic inflammation and mucus barrier disruption. Metformin alleviated DSS-induced UC in mice and protected against cell damage via affecting the gut microbiota, thereby providing a new mechanism for the therapeutic effect of metformin in patients with UC. This study also provides evidence that A. muciniphila as a probiotic has potential benefits for UC.
Keywords: intestinal barrier, inflammatory bowel diseases, probiotics, gut microbiota, mucin2
INTRODUCTION
Ulcerative colitis (UC), characterized by chronic and relapsing inflammation in the colon, is becoming a global disease (M’Koma, 2013). However, the underlying pathogenesis of UC is incompletely understood. It is thought to involve genetic factors, abnormal immune responses, environmental factors, intestinal barrier dysfunction, and dysbiosis (Zhang and Li, 2014; Testa et al., 2017; Ungaro et al., 2017). Goblet cell depletion and gut dysbiosis are important features of UC (Strugala et al., 2008; Gersemann et al., 2009; Johansson et al., 2014).
Mucus barrier dysfunction plays a significant role in the pathogenesis of UC. The mucus barrier, organized by the Mucin2 (Muc2) mucin, is a gel that covers the intestinal epithelium (Johansson and Hansson, 2011; Kühn and Klar, 2015). Several studies have shown that the thickness of the mucus is decreased in wild-type mice with DSS-induced UC, while Muc2-deficient mice developed spontaneous UC and were more susceptible to DSS-induced colitis (Van der Sluis et al., 2006; Heazlewood et al., 2008; Petersson et al., 2010). The mucus barrier is also impaired in patients with UC (Shen et al., 2018) (Van der Post et al., 2019).
The gut microbiota plays an important role in the pathogenesis of UC. The composition, diversity and richness of the gut microbiota are altered in patients with inflammatory bowel disease (IBD) (Knox et al., 2019) and are related to disease severity as well as treatment efficacy (Zhou et al., 2018). Furthermore, in animal models, the absence of gut microbiota reduces inflammation in the mouse colon (Hernández-Chirlaque et al., 2016). The manipulation of the microbiota by fecal microbiota transplantation (FMT) or administration of probiotics may have potential benefits in the treatment of IBD (Shen et al., 2014; Paramsothy et al., 2017).
Metformin, with a relatively low cost and a superior safety profile, is the first-line treatment for type 2 diabetes (McCreight et al., 2016). Recent studies have demonstrated that metformin has extensive benefits, besides its anti-diabetic effects, including anticancer effects (Leone et al., 2014), cardiovascular benefits (Rena and Lang, 2018; Van der Post et al., 2019), anti-aging effects (Anisimov, 2013), and anti-inflammatory effects (Saisho, 2015; Cameron Amy et al., 2016). In particular, metformin treatment increases the number of goblet cells in the intestine (Shin et al., 2014; Xue et al., 2016), indicating that metformin may have mucus protective effects. Several studies have established that metformin can attenuate colitis in mice by suppressing nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Koh et al., 2014), Phosphorylated-Signal transducer and activator of transcription 3 (pSTAT3) (Lee et al., 2015), Jun N-terminal kinases (JNK) (Deng et al., 2018) and p38 mitogen-activated protein kinase (MAPK) activation (Di Fusco et al., 2018). However, most of these studies focus on the mechanisms involved in the host factor and the influence of gut microbiota on the therapeutic effects of metformin in colitis the is not fully understood.
Metformin can alter the gut microbiota by increasing the abundance of Akkermansia muciniphila (A. muciniphila) and Lactobacillus (Hur and Lee, 2015; Bauer et al., 2018; Zhang, 2019), both of which have an anti-inflammatory profile. Emerging evidence shows that A. muciniphila is decreased in inflammatory bowel diseases, which is negatively associated with inflammation scores (Png et al., 2010; Rajilić-Stojanović et al., 2013; Earley et al., 2019). Lactobacillus also shows potential benefits for IBD, as it has anti-inflammatory and gut barrier-protective effects (Vich Vila et al., 2018). The gut microbiota also has significant impacts on the mucus barrier: gut microbiota and their bacterial products regulate Muc2 secretion by goblet cells, and, hence, the properties of the mucus barrier (Petersson et al., 2010; Jakobsson et al., 2015; Birchenough et al., 2016). These studies suggest that gut microbiota altered by metformin may play a critical role in its anti-inflammatory effects. However, whether metformin exerts its anti-inflammatory and mucus barrier protective effects in UC via affecting the gut microbiota has not been determined.
Here, the present study proved that metformin exerted its anti-inflammatory and mucus-protective effects via affecting the gut microbiota, particularly, via enriching A. muciniphila.
METHODS
Animal Model
All animal studies were carried out in specific pathogen-free (SPF) laboratory of the Department of Laboratory Animal, Southern Medical University, in accordance with the guidelines of the Southern Medical University Committee for Experimental Animals. And the protocols were approved by the Animal Experimental Ethics Committee of the Southern Medical University, China (L2018225). Wild-type male C57BL/6 mice (6–8-wk-old) ranging from 20 to 25 g in weight were purchased from the Animal Center of the Southern Medical University in China. The animals were housed at 22–24°C with an artificial 12 h/12 h day/night cycle in SPF conditions. Mice (6–8-wk-old) were treated with metformin (400 mg/kg/d), administered via oral gavage, 7 days before dextran sulfate sodium salt (DSS) treatment, and then in parallel with DSS treatment. Colitis in mice was induced as previously described (Chassaing et al., 2014). To be brief, DSS (MPbio, Solon, OH, United States) (2% w/v), with a molecular weight of 36,000–50,000 Da, was added to drinking water and administered to the mice for 6 days, followed by 1 day of regular water administration. The disease activity index (DAI) was evaluated after DSS administration as previously described (Wang et al., 2015). Fecal samples were collected on day 6 following DSS treatment. The mice were anesthetized by 100 mg/kg pentobarbital sodium (provide by the Department of Laboratory Animal, Nanfang Hospital) and euthanized by using cervical dislocation on day 7 after DSS treatment and the colons were removed.
Depletion of the Gut Microbiota Using Antibiotics
The gut microbiota of mice was depleted according to a method described previously (Chen et al., 2020) with minor adjustments. Mice were administered with an antibiotic cocktail consisting of vancomycin 100 mg/kg/day, metronidazole 200 mg/kg/day, gentamicin 40 mg/kg/day, and ampicillin 200 mg/kg/day. The antibiotic cocktail was administered to the mice by oral gavage for 5 days prior to metformin treatment and the induction of experimental colitis described above. The fecal substance was collected on day 5 to evaluate the effect of the antibiotic treatment on the gut microbiota by using gel electrophoresis.
Bacterial Culture and Animal Treatment
Akkermansia muciniphila bacteria (ATTC BAA-835), purchased from ATCC (Manassas, VA, United States), were cultured anaerobically (80% N2, 10% CO2, and 10% H2) at 37°C in brain heart infusion (BHI) medium (Zhai et al., 2019) with an AnoxomatTM MarkII anaerobic system (Mart Microbiology). Bacteria used for oral gavage were washed once using 5 ml of anaerobic phosphate-buffered saline (PBS, pH = 7.4) after centrifugation, and then resuspended in anaerobic PBS. The mice were orally gavaged with 1.50 × 1011 CFU bacterial cells per kilogram of body weight per day for 7 days prior to DSS treatment and 6 days parallel with DSS treatment. All the experiments were performed according to the General Requirements for Biosafety (GB 19489-2008).
Histological Analysis
Tissues were embedded in paraffin and were cut into 4-μm sections and stained with hematoxylin and eosin (HE). The scores were assessed by two blinded investigators from the aspects of inflammation level, inflammation extent, crypt damage and involvement percentage according to the protocols devised by Deng et al. (Deng et al., 2018). Briefly, the level of inflammation was graded as (0) none; (1) slight; (2) moderate; (3) severe. The inflammation extent was graded as: (0) none; (1) mucosa; (2) mucosa and submucosa; (3) transmural. The crypt damage was graded on a scale from 0 to 4: (0) none; (1) basal 1/3 damaged; (2) basal 2/3 damaged; (3) only surface epithelium intact; (4) entire crypt and epithelium lost. These changes were quantified based on the percentage of disease process involvement as follows: (1) 1–25%; (2) 26–50%; (3) 51–75%; (4) 76–100% (Supplementary Table S1).
Immunofluorescence
Immunofluorescence staining was performed as previously described with minor modifications (Robertson et al., 2008). Sections were deparaffinized in xylene three times for 10 min, and their endogenous peroxidase was quenched for 15 min using 3% hydrogen peroxide in methanol. Subsequently, the sections were rehydrated using a graded ethanol series and antigen retrieval was performed using a sodium citrate buffer at a sub-boiling temperature for 10 min. The slides were then cooled at the bench-top and washed with PBS three times for 5 min, blocked with 10% BSA for 1 h, and incubated overnight at 4°C with the following primary antibodies: anti-MUC2 (1:200, #MA5-12345; Invitrogen), anti-Kruppel-like factor 4 (KLF4) (1:100, #ab129473; Abcam), anti-mouse atonal homolog 1 (MATH1) (1:300, #PA5-29392; Abcam), anti-hairy and enhancer of split type-1 (Hes1) (1:200, #ab71559; Abcam), anti-SAM pointed domain-containing ETS transcription factor (SPDEF) (1:100, #LS-C749124; LSBIO). After washing three times for 5 min with PBS, the slides were incubated with the appropriate secondary antibodies conjugated with a fluorescent label for 1 h at room temperature in the dark. The sections were washed three times for 5 min in PBS and incubated with 4′,6-diamidino-2-phenylindole (DAPI) for 3 min at room temperature followed by PBS washing for another three times. Finally, the slides were mounted and investigated under a fluorescence microscope (BX53F; Olympus, Tokyo, Japan) using cellSens Dimension software.
Alcian Blue-periodic Acid-Shiff (AB-PAS) Staining and Goblet Cell Counting
AB-PAS staining was performed using commercial kits (DG0007100; Solarbio, Beijing, China) according to the manufacturer’s manual. The number of goblet cells was determined by counting the Alcian Blue positive vacuoles (Becker et al., 2013).
RNA Extraction
The total RNA from colon tissue was isolated using the Trizol method (Rio et al., 2010). Briefly, the colon samples were homogenized using 1 ml Trizol reagent per 80 mg of tissue. The homogenized samples were incubated for 10 min at room temperature. A total of 0.2 ml chloroform per 1 ml homogenized sample was used and the mixture was vortexed vigorously for 15 s. Then, the samples were incubated for 10 min at room temperature and centrifuged at 12,000 g for 10 min at 4°C. After centrifugation, the upper layer was transferred into a fresh tube. Then, 0.5 ml isopropyl alcohol was added to each tube and the samples were incubated for 10 min at room temperature. Next, the samples were centrifuged at 12,000 g for 10 min at 4°C and the supernatant was completely removed. A total of 1 ml of 75% ethanol was added per tube and the tube was washed gently. The samples were incubated for 10 min at room temperature and then centrifuged at 12,000 g for 10 min at 4°C. All the remaining ethanol was removed, the samples were air-dried and 20 μl diethylpyrocarbonate (DEPC) water was added per tube to dissolve the RNA.
Real-time Quantitative PCR (RT-qPCR)
First-strand cDNA was synthesized using the PrimeScript RT Master Mix (Takara) according to the manufacturer’s manual, and RT-qPCR was performed using the Roche LightCycler 480II with the SYBR Premix Ex Taq. The primer sequences are provided in Supplementary Table S2. The 2∆∆CT method was used to calculate the expression of the detected mRNA using β-actin as the reference gene (Deng et al., 2018).
DNA Extraction
DNA was extracted from fecal samples by using the TIANamp Stool DNA Kit (#DP328; TIANGEN Biotech) according to the manufacturer’s instructions (Shao et al., 2017). The DNA was diluted to 1 ng/μl.
PCR Amplification
Fecal DNA was amplified using the TIANGEN 2× Taq PCR MasterMix (KT201), according to the manufacturer’s manual and the V4 primers 514F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 805R (5′-GGACTACHVGGGTWTCTAAT-3′) (Yin et al., 2015).
16S rRNA Sequencing
16S rRNA sequencing was performed as previously described (Janda and Abbott, 2007). Briefly, fecal DNA amplification was performed using the TIANGEN 2× Taq PCR MasterMix (KT201), according to the manufacturer’s manual. Amplification of the 16S/18S rRNA genes was performed using the specific primers with the barcodes: 16S V4: 515F-806R; 18S V4: 528F-706R; 18S V9: 1380F-1510R; ITS1: ITS5-1737F, ITS2-2043R; ITS2: ITS3-2024F, ITS4-2409R. Then, the PCR products were sequenced using the Illumina GAII (Illumina, San Diego, CA, United States) at the Beijing Genomic Institute (Shenzhen, China) and the data were clustered using the Illumina paired barcoded-sequencing (end) (BIPES) (PE) process for preliminary analysis. The rest of the sequences were screened by UCHIME and the suspected chimeric sequences were removed. All the reads were sorted into different samples according to their barcodes.
Statistical Analysis
All the data from at least three independent experiments were displayed as the mean ± standard deviation (SD). The student’s t-test and/or one-way analysis of variance (ANOVA) with a proper post hoc Tukey-Kramer test comparison was carried out to determine if the differences were statistically significant. A p value of less than 0.05 was considered statistically significant.
RESULTS
Metformin Alleviated DSS-induced UC in Mice
To determine if metformin can attenuate colitis, mice were first treated with 2% DSS to induce colitis and then treated with 400 mg/kg/day metformin or PBS solution (Figure 1A). Metformin reduced the severity of UC in mice as manifested by the reduced weight loss and less severe DAI scores (Figures 1B,C). Next, the colon length of mice was measured, and less colon length shortening was found in metformin-treated mice compared to mice treated with PBS (Figures 1D,E). Colon histology showed that metformin alleviated the damage and inflammation caused by DSS and reduced the histological scores (Figures 1F,G). The expression of pro-inflammatory cytokines interleukin 1β (IL1β) and tumor necrosis factor-α (TNF-α) in the colon were assessed. Consistent with previous results, metformin significantly reduced the level of IL1β and TNF-α (Figure 1H). These indicated that metformin had an anti-inflammatory effect.
[image: Figure 1]FIGURE 1 | Metformin alleviates dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) in mice. Flow chart of animal treatment (n = 6–10) (A), weight loss and gain (n = 6–10) (B), disease activity index (DAI) scores (n = 6–10) (C), representative pictures of the mouse colon (n = 6–10) (D), colon length (n = 6–10) (E), hematoxylin and eosin (HE) staining (scale bars, 400 μm) (n = 6–10) (F), and histological scores (n = 6–10) (G). RT-qPCR assay of tumor necrosis factor-α (TNF-α) and interleukin 1β (IL1β) in colon tissue (n = 3) (H) and statistical comparison was made using an ANOVA test followed by Tukey-Kramer post-hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001.
Metformin Protected Against Mucus Barrier Dysfunction in DSS-induced UC
Mucus barrier dysfunction plays an important role in the pathogenesis of UC. The present study has shown that metformin can attenuate UC in mice. We explored the effects of metformin on the mucus barrier of the mouse colon. The expression of MUC2, the major component of the mucus barrier, was increased in DSS-induced colitis at the mRNA level (Figure 2A). Additionally, immunofluorescence assays were performed to assess the expression level of mucin2 protein. Metformin treatment also increased mucin2 expression at the protein level (Figure 2B). Mucin1 (Muc1), mucin3 (Muc3), and mucin4 (Muc4) are critical components of the colon mucus barrier. Metformin treatment significantly increased the expression of Muc1 and Muc4 (Figure 2C). These results suggested that metformin can protect against mucus barrier dysfunction by increasing the expression of mucins, particularly that of mucin2, in the colon and thus contributed to its anti-inflammatory effect.
[image: Figure 2]FIGURE 2 | Metformin protects the mucus barrier by increasing the expression of mucins in ulcerative colitis (UC). RT-qPCR assay of mucin 2 (MUC2) expression of colon tissue (n = 3–4) (A), immunofluorescence assay showing the expression of mucin2 protein in colon tissue (scale bars, 200 μm) (n = 4) (B), and RT-qPCR assay (n = 3–6) of the relative expression levels of MUC1, MUC3, and MUC4 in colon tissue at mRNA level (C) and statistical comparison was made using an ANOVA test followed by Tukey-Kramer post-hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.
Metformin Positively Regulated the Differentiation of Goblet Cells
Mucin2 is synthesized and secreted by goblet cells. To explore the effects of metformin on goblet cells, the numbers of goblet cells in the colon were measured. Metformin treatment significantly increased the number of goblet cells (Figures 3A,B). KLF4, MATH1, SPDEF and HES1 play an important role in regulating the differentiation of goblet cells: KLF4, MATH1 and SPDEF can promote the differentiation of goblet cells while HES1 has an opposite effect. The expressions of them were assessed by RT-qPCR assays. Mice treated with metformin had a higher expression of KLF4, MATH1 and SPDEF and a lower expression of HES1 (Figure 3C). Furthermore, immunofluorescence assays showed that metformin treatment increased the expression of Klf4 and decreased that of Hes1 in colon tissue (Figures 3D,E), which suggested that metformin increased the number of goblet cells by promoting its differentiation.
[image: Figure 3]FIGURE 3 | Metformin positively regulates the differentiation of goblet cells. Alcian blue-periodic acid-Shiff (AB-PAS) staining of colon tissue (scale bars, 400 μm) (n = 4–7) (A) and count of goblet cells (n = 4–7) (B), RT-qPCR assay (n = 3–6) of Kruppel-like factor 4 (KLF4), hairy and enhancer of split type-1 (HES1), MATH1 and SAM pointed domain containing ETS transcription factor (SPDEF) at the mRNA level (C), immunofluorescence assay of Klf4 (scale bars, 200 m) (n = 4) (D) and Hes1 (scale bars, 200 μm) (n = 4) (E) protein detection in the mouse colon and statistical comparison was made using an ANOVA test followed by Tukey-Kramer post-hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001.
Metformin Changed the Structure of the Gut Microbiota in DSS-induced UC in Mice
Previous studies have shown that metformin altered the structure of the gut microbiota of mice on a high-fat diet (Shin et al., 2014), which may play an important role in the anti-inflammatory and mucus-protective effects of metformin. 16S rRNA sequencing was performed to investigate the influence of metformin on the gut microbiota in DSS-induced UC in mice. At the phylum level, DSS treatment decreased the relative abundance of Bacteroidetes and Proteobacteria while it increased the relative abundance of Firmicutes compared with the normal control (Figure 4A). However, metformin treatment partly restored the structure of the gut microbiota in DSS-induced UC. The relative abundance of the phylum Bacteroidetes in the metformin group was increased, while the relative abundance of the phylum Firmicutes was decreased compared with the DSS group (Figure 4A). Furthermore, the relative abundance of the phylum Verrucomicrobia was increased after metformin treatment compared with the DSS and control groups (Figure 4A). At the genus level, metformin increased the abundance of Bacteroides and Lactobacillus compared with the DSS group. Metformin also increased the abundance of the genus Akkermansia compared with the DSS and control groups (Figure 4B). Increased or decreased Firmicutes/Bacteroidetes (F/B) ratio is regard as dysbiosis (Mariat et al., 2009). The F/B ratio increased by DSS treatment was lowered by metformin (Figure 4C), indicating that metformin reversed the dysbiosis in colitis mice. Importantly, the relative abundance of the genus Akkermansia was enriched in the metformin group (Figure 4D). These results showed that metformin can partly restore the structure of gut microbiota impaired by DSS treatment and enrich Akkermansia at the same time.
[image: Figure 4]FIGURE 4 | Metformin changes the structure of the gut microbiota (n = 4–10). Fecal 16S rRNA sequencing of gut microbiota of the metformin, dextran sulfate sodium (DSS) and control group. Relative abundance (% of the total community) of 10 most abundant phyla (A) and 10 most abundant genera (B), Firmicutes/Bacteroidetes (F/B) ratio (log10 transformation) (C) and ternary plot indicating the fraction of 10 most abundant genera in the metformin group (bottom left corner), dextran sulfate sodium (DSS) group (bottom right corner) and control group (top corner) with the size of each dot representing the relative abundance (D).
Antibiotic Treatment Abolished the Anti-inflammatory Effects of Metformin
To further investigate the effects of the gut microbiota on the anti-inflammatory beneficence of metformin, mice were treated with an antibiotic cocktail to deplete the gut microbiota (Figure 5A). The microbiota was depleted effectively after a 5-day antibiotic cocktail treatment (Supplementary Figure S1). There was no significant difference between the DSS and the antibiotics + DSS + metformin (abx + DSS + Met) group in weight loss and DAI (Figures 5B,C), which indicated that antibiotic treatment abolished the protective effects of metformin in DSS-induced UC. Mice in the abx + DSS + Met group also experienced more severe colon shortening compared with mice in the DSS + metformin (DSS + Met) group (Figures 5D,E). Histological analysis of colon tissue was performed for further verification. Although metformin inhibited the damage of colon tissue in DSS-induced UC, antibiotic treatment abolished these protective effects (Figures 5F,G), which suggested that gut microbiota is of great significance in the anti-inflammatory effects of metformin.
[image: Figure 5]FIGURE 5 | Antibiotics abolish the anti-inflammatory effects of metformin. Flow chart of animal treatment (A), weight loss and gain (n = 6–10) (B), disease activity index (DAI) scores (n = 6–10) (C), representative pictures of the mouse colon (n = 6–10) (D), colon length (n = 6–10) (E), hematoxylin and eosin (HE) staining (scale bars, 400 μm) (F), histological scores (n = 5–8) (G) *p < 0.05 (DSS+Met vs abx+DSS) and statistical comparison was made using an ANOVA test followed by Dunnett’s post-hoc tests. **p < 0.01, ***p < 0.00, #p < 0.05 (DSS+Met vs abx+DSS+Met), ##p < 0.01.
Antibiotic Treatment Abolished the Mucus-protective Effects of Metformin
Furthermore, the effects of the depletion of the gut microbiota on the mucus-protective effects of metformin were investigated by assessing the number of goblet cells and the expression of mucin2 at the mRNA and protein levels. The number of goblet cells in the DSS + Met group was increased compared with that of the DSS group while antibiotics treatment abolished such effects (Figures 6A,B). Antibiotics also inhibited the metformin-induced expression of MUC2 at the mRNA level and of mucin2 at the protein level (Figures 6C,D). The mucus-protective effect of metformin was also influenced by gut microbiota.
[image: Figure 6]FIGURE 6 | Antibiotics abolish the mucus-protective effects of metformin. Alcian blue-periodic acid-Shiff (AB-PAS) staining (scale bars, 400 μm) (n = 5–7) (A) and count of goblet cells (n = 5–7) (B), relative expression levels of mucin 2 (MUC2) (n = 3–4) (C), and immunofluorescence assay of mucin2 protein in the mouse colon (scale bars, 200 μm) (n = 3) (D) and statistical comparison was made using an ANOVA test followed by Dunnett’s post-hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001.
A. muciniphila Exerted Anti-inflammatory and Mucus-protective Effects Similar to Those of Metformin
To explore whether A. muciniphila (akk)—which was enriched in the metformin group-exerts anti-inflammatory and mucus-barrier-protective effects like metformin, mice were administered with A. muciniphila via oral gavage (Figure 7A). A. muciniphila reduced weight loss (Figures 7B,C) and DAI scores (Figure 7D) in mice treated with DSS. Significant differences were found between the akk + DSS and DSS groups in colon length (Figures 7E,F) and histological scores (Figures 7G,H). Administration of A. muciniphila reduced the expression of TNF-α and IL1β, which were induced by DSS treatment (Figure 7I). In addition, A. muciniphila increased the number of goblet cells (Figures 8A,B) and the expression of mucin2 mucins (Figures 8C,D) compared with the DSS group, demonstrating that A. muciniphila has similar anti-inflammatory and mucus-protective effects.
[image: Figure 7]FIGURE 7 | Akkermansia muciniphila alleviates dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) in mice. Flow chart of animal treatment (A), weight loss and gain during DSS treatment (n = 6–14) (B) and weight loss percentage at day 6 (n = 6–14) (C), disease activity index (DAI) scores (n = 6–14) (D), representative pictures of the mouse colon (n = 6–14) (E), colon length (n = 6–14) (F), hematoxylin and eosin (HE) staining of colon tissue (scale bars, 400 μm) (n = 6–10) (G), colon histological scores (n = 6–10) (H), and RT-qPCR assay of tumor necrosis factor-α (TNF-α) and interleukin 1β (IL1β) in colon tissue (n = 2–6) (I) and statistical comparison was made using an ANOVA test followed by Tukey-Kramer post-hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001.
[image: Figure 8]FIGURE 8 | Akkermansia muciniphila protects the mucus barrier in ulcerative colitis (UC). Alcian blue-periodic acid-Shiff (AB-PAS) staining of colon tissue (scale bars, 400 μm) (n = 6–7) (A) and count of goblet cells (n = 6–7) (B), RT-qPCR assay of mucin 2 (MUC2) (n = 3–4) (C), and immunofluorescence assay of mucin2 protein detection in colon tissue (scale bars, 200 μm) (n = 4) (D) and statistical comparison was made using an ANOVA test followed by Tukey-Kramer post-hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001, ns, no significance.
DISCUSSION
The present study shows that metformin reduced colonic inflammation and protected against mucus barrier disruption along with an alteration of the gut microbiota during UC. Importantly, depletion of the gut microbiota partly abolished the anti-inflammatory and mucus-protective effects of metformin, indicating that metformin exerts its effects via the gut microbiota. Furthermore, administration of A. muciniphila alone, which was enriched in the metformin-treated group, to mice with DSS-induced UC mimicked the anti-inflammatory and mucus-protective effects of metformin. Based on these results the current study provides a critical understanding of the role of the gut microbiota in the anti-inflammatory and mucus-protective effects of metformin.
The results show that metformin mitigates the severity of mouse UC. Consistently, there is evidence showing that metformin exerts anti-inflammatory effects in mouse colitis: Di Fusco et al. reported that metformin reduced colonic inflammation by activating the AMP-activated protein kinase (AMPK) signaling pathway (Di Fusco et al., 2018); Lee et al. showed that metformin ameliorated colitis by suppressing STAT3 signaling via activating the AMPK signaling pathway (Lee et al., 2015). Deng et al. also has proved that metformin protected against intestinal barrier dysfunction via AMPKa1-dependent inhibition of JNK signaling activation and, thus, attenuated mouse colitis (Deng et al., 2018).
Accompanied by reduced colonic inflammation, metformin also restored the DSS-induced mucus barrier destruction by increasing the expression of mucin2, mucin1, mucin3, mucin4 and the number of goblet cells. Mucin1, mucin3 and mucin4 are transmembrane mucins. Their highly glycosylated extracellular domains can form a tight mesh structure and exert a barrier function. And their intracellular domains are involved in signaling pathways that regulate inflammation and cell differentiation (Putten and Strijbis, 2017). Mucin1 is upregulated in inflammation (Paone and Cani, 2020) which is consistent with the results of the present study. Mucin1 serves as a negative regulator of inflammation by suppressing the T helper 17-cell response (Nishida et al., 2012), toll-like receptor pathway and NLRP3 inflammasome complex activation (Dhar and McAuley, 2019), which may contribute to the anti-inflammatory effects of metformin in the current research. On the contrary, mucin3 and mucin4 are decreased during inflammation (Lindén et al., 2008). Mucin3 is negatively correlated with inflammation and dysbiosis levels (Algieri et al., 2021) in vivo, and can inhibit bacteria adherence in vitro (Pan et al., 2013). Kim et al. showed that mucin4 expression was decreased during DSS-induced colitis (Kim et al., 2019). However, contrary to Kim’s and results of the present research, Song et al. found that mucin3 was increased in the azoxymethane (AOM)/DSS colon cancer mouse model (Song et al., 2018). These may be due to the different experimental models that were used. Consistently, Xue et al. showed that metformin treatment increased the number of goblet cells by promoting secretory cell lineage differentiation, and reduced colonic inflammation via AMPK activation in IL10-knockout mice (Xue et al., 2016). Shin et al. also found that metformin treatment increased the number of goblet cells in mice fed a high-fat diet (Shin et al., 2014). In the clinic, goblet cell depletion and mucus barrier disruption were common in UC patients (Swidsinski et al., 2007; Strugala et al., 2008; Van der Post et al., 2019). Furthermore, the abnormality of the mucus barrier plays an important role in the pathogenesis of UC. Previous studies have shown that the aberrant mucus barrier structure caused by Muc2 deficiency led to a more severe colonic inflammation in a mouse colitis model (Van der Sluis et al., 2006; Heazlewood et al., 2008; Petersson et al., 2010). In this study metformin also promoted the differentiation of goblet cells by increasing the expression of KLF4, MATH1 and SPDEF and decreasing that of HES1. Wnt and Notch signaling play a central role in the regulation of intestinal epithelium differentiation (van der Flier and Clevers, 2009). More specifically, Wnt signaling promotes secretory cells differentiation (i.e., goblet, Paneth and enteroendocrine cells) and Notch signaling is required for enterocyte development. KLF4, MATH1 and SPDEF, which are stimulated by the Wnt pathway and inhibited by the Notch pathway, are critical for goblet cells formation (Gregorieff et al., 2009; van der Flier and Clevers, 2009). HES1, on the contrary, is promoted by Notch signaling and inhibits goblet cells development by decreasing the expression of MATH1 (van der Flier and Clevers, 2009). These findings indicate that the mucus barrier may have a critical protective effect against UC and metformin exerts a mucus-protective effect in DSS-induced colitis. Thus, we conclude that the mucus-barrier-protective effects of metformin may be attributed to its anti-inflammatory effects in the colon.
Metformin is a widely used anti-diabetic treatment. The interaction between metformin and the gut microbiota has been reported in previous studies. The concentrations of metformin in the intestine are much higher than those in the plasma (Bailey et al., 2008). Shin et al. showed that metformin exerted its pharmacological effects by modulating the gut microbiota in a diet-induced diabetes mouse model (Shin et al., 2014). Similar results have been reported by Bauer et al. (Bauer et al., 2018). However, most of these studies focus on diabetes mellitus. Although the gut microbiota plays a critical role in the pathogenesis of UC (Zhang and Li, 2014; Testa et al., 2017; Ungaro et al., 2017), its role in the pharmacological effects of metformin on UC remains unclear. In the current study, we showed that metformin changed the structure of the gut microbiota. At the phylum level, the alteration of the gut microbiota in IBD remains controversial. Santoru et al. showed that the levels of Firmicutes and Proteobacteria were increased in IBD, whereas those of Bacteroidetes were decreased (Santoru et al., 2017). In contrast, Frank et al. reported that the levels of Firmicutes and Bacteroidetes were decreased in IBD (Frank et al., 2007). Furthermore, Walker et al. showed that Firmicutes levels were decreased while those of Bacteroidetes were increased in IBD (Walker et al., 2011). Although the results of these studies are contradictory, they are to a certain extent consistent with our results. Importantly, metformin treatment partly restored the structure of the gut microbiota which was altered by DSS treatment at the phylum level. Furthermore, similar results were found at the genus level. Moreover, metformin treatment increased the relative abundance of the genera Bacteroides, Lactobacillus and Akkermansia, which are considered to be potential probiotics (Shin et al., 2014; Bauer et al., 2018; Tan et al., 2019). Accordingly, the F/B ratio increased by DSS treatment was restored by metformin. F/B ratio is widely accepted as a significant marker for intestinal homeostasis-increased or decreased F/B ratio is regarded as dysbiosis (Mariat et al., 2009). Previous studies have shown that the F/B ratio was increased in the DSS model and decreased when colitis was alleviated (Rodríguez-Nogales et al., 2018; Yeo et al., 2020). Taken together, these findings suggest that metformin may exert its anti-inflammatory and mucus-protective effects via modulating the gut microbiota. To confirm the hypothesis, we administered an antibiotic cocktail to mice via oral gavage to deplete the gut microbiota and the anti-inflammatory and mucus-protective effects of metformin were partly abrogated. The gut microbiota also has an important role in shaping the mucus barrier (Jakobsson et al., 2015). In germ-free rats, the structure of mucus in the colon is impaired and the thickness is reduced (Schroeder, 2019). Bergström et al. reported that compared with germ-free mice, the presence of the microbiota increased the expression level of Muc2 (Bergström et al., 2012). Moreover, Troll et al. reported that the microbiota promoted the differentiation of goblet cells by activating the Notch signaling pathway (Troll et al., 2018).
Notably, in the current study, A. muciniphila was enriched only in the metformin-treated group. A. muciniphila is a gram-negative, anaerobic bacterium (Derrien, 2004) which has been reported to be decreased in patients with UC (Earley et al., 2019). Shin et al. have shown that metformin increased the levels of A. muciniphila in mice on a high-fat diet, improved glucose homeostasis, and, interestingly, increased the number of goblet cells (Shin et al., 2014). The present study found that administration of A. muciniphila reduced the colonic inflammation and protected the mucus barrier disruption in UC. Bian et al. reported that the severity of DSS-induced colitis in mice was relieved upon administration of A. muciniphila (Bian et al., 2019), whereas Kang et al. reported that extracellular vesicles derived from A. muciniphila protected against DSS-induced colitis (Kang et al., 2013). These results further confirmed that metformin exerted its therapeutic effects on UC via modulating the gut microbiota and increasing the levels of potential probiotics (e.g. A. muciniphila).
The doses of metformin that used in this study are similar to those in patients receiving metformin treatment. In clinical practice, patients typically receive 500–2000 mg metformin per day (Scarpello and Howlett, 2008). According to a method based on body surface area normalization (Nair and Jacob, 2016), the human equivalent dose of 400 mg/kg/d in mice is 32.43 mg/kg/day or 1946 mg per day for a 60 kg adult, which is within the recommended range. Although lower doses of metformin may have fewer side effects, DSS-treated mice receiving 100 mg/kg/day metformin (equivalent to 486 mg per day for human) or 200 mg/kg/day metformin (equivalent to 972 mg per day for human) had more weight loss and more severe DAI scores compared to those treated with DSS and 400 mg/kg/day metformin (Supplementary Figure S2) in the current experimental settings. The current study chose the dose of metformin at 400 mg/kg/day. However, further study may be needed to investigate the effects of lower doses of metformin especially from the aspects of adverse events.
The limitations of the present study should be also mentioned. First, instead of germ-free mice, which are inaccessible to our facility, antibiotic-treated mice were used to explore the role of the gut microbiota in the effects of metformin on UC. Compared with germ-free mice, which is considered to be the golden standard for the study of microbiota, antibiotic-treated models may be more inconsistent. However, an antibiotic-treated mouse model is a less expensive and more accessible alternative that has been widely used by many researchers for the study of microbiota (Kennedy et al., 2018). Second, although significant differences were not observed between conventional mice and antibiotic-treated mice in the DSS-induced colitis model (data not shown), other potential unknown effects of antibiotic treatment on DSS-induced colitis were not taken into account in the present study. DSS-induced colitis model is very popular in IBD research because of its rapidity, reproducibility and similarities to human IBD (Solomon et al., 2010; Chassaing et al., 2014). But the exact mechanism through which DSS initiates colitis is unknown (Solomon et al., 2010). Previous studies have successfully developed DSS-induced colitis in germ-free and antibiotic-treated “pseudo-germ-free” mice (Hudcovic et al., 2001; Hernández-Chirlaque et al., 2016; Gancarcikova et al., 2020), indicating that gut microbiota may not be indispensable for the initiation of DSS-induced colitis. In addition, the manifestations of DSS-induced colitis in antibiotic-treated “pseudo-germ-free” mice are similar to those in conventional mice. Hernández-Chirlaque et al. showed that antibiotic-treated “pseudo-germ-free” mice had similar manifestations of DSS-induced colitis in aspects of weight loss, colonic inflammation and mucosal barrier function (Hernández-Chirlaque et al., 2016). Accordingly, Gancarcikova et al. revealed that antibiotic-treated “pseudo-germ-free” mice did not have changes that could influence the initiation or development of DSS-induced colitis, and the inflammatory process developed during DSS treatment was mostly due to the exposure to DSS and its toxic action on compactness and integrity of mucosal barrier (Gancarcikova et al., 2020). So, it is a feasible solution to use the antibiotic cocktail to explore the role of gut microbiota in the therapeutic effects of metformin in the DSS model. Third, except for A. muciniphila, the roles of other bacteria were not investigated, which may influence the pharmacological effects of metformin on colonic inflammation and the mucus barrier. The current study focused on the effects of A. muciniphila as it was enriched only in the metformin-treated group. However, these topics will be further investigated.
In summary, the results suggest that metformin alters the composition of the gut microbiota by increasing the levels of potential probiotics (e.g. A. muciniphila) and restoring the dysbiosis in mice with DSS-induced UC, which play a critical role in its anti-inflammatory and mucus-protective effects. The novelty of the current study is offering new insights into the role of the gut microbiota in the mucus-barrier-protective and anti-inflammatory effects of metformin, which indicates that metformin has the potential as a supplement or alternative to existing treatment for UC. It also provides evidence that A. muciniphila as a probiotic has potential benefits for the treatment of UC.
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Background: Vitamin D was reported to be associated with non−alcoholic fatty liver disease (NAFLD). This systematic review and meta−analysis aimed to investigate the effects of the vitamin D supplementation on anthropometric and biochemical indices in patient with NAFLD.
Methods: PubMed, Web of science, Scopus, and Embase databases were explored to identify all randomized controlled trial (RCT) investigating the effects of vitamin D supplementation on anthropometric and biochemical indices in patients with NAFLD. A random−effects model was used to pool weighted mean difference (WMD) and corresponding 95% confidence intervals (CIs). The statistical heterogeneity among the studies was assessed using I2 statistic (high ≥ 50%, low < 50%) and Cochran’s Q−test.
Results: Sixteen RCTs were included in this meta−analysis. The results identified that high−density lipoprotein−cholesterol (HDL−C) level significantly increased following vitamin D supplementation (P = 0.008). Vitamin D reduced body weight (P = 0.007), body mass index (P = 0.002), waist circumstance (WC) (P = 0.02), serum alanine transaminase (ALT) (P = 0.01), fasting blood sugar (FBS) (P = 0.01), homeostatic model assessment for insulin resistance (HOMA−IR) (P = 0.004), and calcium (P = 0.01). No significant changes were found on body fat, triglyceride (TG), total cholesterol, low−density lipoprotein−cholesterol (LDL−C), aspartate transaminase, alkaline phosphatase, gamma−glutamyl transferase, and adiponectin following vitamin D supplementation.
Conclusion: Vitamin D had significant effects on anthropometric and biochemical indices including HDL−C, body weight, BMI, WC, serum ALT, serum FBS, HOMA−IR, and calcium. Vitamin D supplementation can be considered as an effective strategy in management of patients with NAFLD.
Systematic Review Registration: [website], identifier [registration number]
Keywords: vitamin D, NAFLD, liver enzyme, anthropometry, biochemical indices
BACKGROUND
Non-alcoholic fatty liver disease (NAFLD) is considered to be the most common cause of chronic liver disorders (Younossi, 2019). NAFLD includes a wide range of liver diseases such as fibrosis, cirrhosis and non−alcoholic hepatitis (Petta et al., 2016; Morvaridzadeh et al., 2021). The prevalence of NAFLD is about 20% in general population and about 70–90% in patients with type 2 diabetes (Tolman et al., 2007; Chalasani et al., 2012). The main causes of NAFLD are obesity, excessive dietary fat intake, insulin resistance, and dyslipidemia (Ludwig et al., 1980). Over the past few decades, various pharmacological and nutritional interventions have been assessed to treat NAFLD, but none indicated significant improvements. Currently, no medically approved drugs are available for NAFLD (Del Ben et al., 2014). Weight loss and nutritional interventions are considered standard treatments for NAFLD. Insulin resistance increases the rate of adipose tissue lipolysis and the flow of free fatty acids to the liver cell. Hyperglycemia also causes lipid−related changes in the liver cells by increasing lipogenesis while blocking fatty acid oxidation (FAO) and lipid transport in the liver (Kleiner et al., 2005; Schwimmer et al., 2005).
Vitamin D plays an important role in reducing insulin resistance, obesity, cardiovascular risk, prediabetes, metabolic syndrome, cancer, and cardiovascular diseases (CVDs) (Sepidarkish et al., 2019; Gholamalizadeh et al., 2020). Low serum level of 25-hydroxyvitamin D [25 (OH) D] is reported to be a risk factor for NAFLD disease (Forouhi et al., 2008; Sepidarkish et al., 2019). Vitamin D hypovitaminosis is associated with the severity and incidence of NAFLD in patients with normal liver enzymes. Vitamin D can affect the liver function through the vitamin D receptor (VDR). VDR is naturally present in the liver cells and its higher expression can reduce inflammation in chronic liver diseases (Benetti et al., 2018). Vitamin D also has anti−fibrotic, proliferative, and inflammatory effects on the liver. Some studies on the effects of vitamin D on anthropometric and biochemical indices reported that vitamin D was associated with body weight, fasting blood sugar (FBS), homeostatic model assessment for insulin resistance (HOMA−IR), glucose homeostasis, insulin resistance, high−density lipoprotein−cholesterol (HDL-C), low-density lipoprotein-cholesterol (LDL-C), triglycerides (TG), total cholesterol (TC), liver enzyme, and adiponectin (Sarathy et al., 2015; Foroughi et al., 2016; Doaei et al., 2019). A recent systematic review also reported that vitamin D improves the level of inflammatory mediators in patients with nonalcoholic fatty liver disease, but has no effect on anthropometric and glycemic indexes (Hariri and Zohdi, 2019; Mehrdad et al., 2020). However, the findings on the effects of vitamin D on NAFLD were contradictory (Sharifi et al., 2014; Sarathy et al., 2015). Therefore, this study aimed to investigate the effect of Vitamin D supplementation on anthropometric and biochemical indices in patient with NAFLD.
METHODS
Preferred reporting items for systematic reviews and meta−analyses (PRISMA) (Moher et al., 2009) was used to demonstrate the process of study selection (Figure 1).
[image: Figure 1]FIGURE 1 | Flow chart of the literature search strategy and study selection.
Search Strategy
Two independent researchers performed the process of the systematic search using the online databases such as PubMed, embase, Scopus, Web of Science, and Cochrane Library for publications from 1980 up to 2021 on the effects of vitamin D supplementation on anthropometric and biochemical indices in patients with NAFLD, without considering any restriction on the language to detect the relevant citations. The PubMed search strategy was improved by consulting with an epidemiologist and was designed as a combination of the following search terms: “Vitamin D OR Cholecalciferol OR Calciol OR “Vitamin D 3” OR “Vitamin D3” OR Cholecalciferols OR Hydroxycholecalciferols OR “Hydroxyvitamins D″ OR Hydroxycholecalciferol OR Calcifediol OR “25−Hydroxyvitamin D 3” OR “25 Hydroxyvitamin D 3” OR “25−Hydroxycholecalciferol” OR Calcidiol OR Hydroxycholecalciferol OR Dedrogyl OR Hidroferol OR Calderol OR Dihydroxycholecalciferols OR “Dihydroxyvitamins D” OR “24,25−Dihydroxyvitamin D 3” OR Dihydroxyvitamin OR “24,25-Dihydroxyvitamin” OR “24,25-Dihydroxycholecalciferol” OR Dihydroxyvitamin OR Calcitriol OR “1 alpha,25-Dihydroxyvitamin” OR “1,25-Dihydroxyvitamin” OR “1,25-Dihydroxyvitamin” OR “1 alpha,25-Dihydroxycholecalciferol” OR “1,25−Dihydroxycholecalciferol” OR Dihydroxycholecalciferol OR Bocatriol OR Calcijex OR Decostriol OR MC1288 OR “MC−1288” OR “MC 1288” OR Osteotriol OR Renatriol OR Rocaltrol OR Silkis OR Sitriol OR Soltriol OR Tirocal” AND “Fatty Liver” OR “Fatty Liver” OR Steatohepatitis OR Steatohepatitides OR “Steatosis of Liver” OR “Visceral Steatosis” OR Steatoses OR Steatosis OR “Visceral Steatoses” OR “Liver Steatosis” OR “Liver Steatoses” OR “Non−alcoholic Fatty Liver Disease” OR “Non−alcoholic Fatty Liver Disease” OR “Nonalcoholic Fatty Liver Disease” OR NAFLD OR “Nonalcoholic Fatty Liver Disease” OR Nonalcoholic OR “Nonalcoholic” OR “Nonalcoholic Fatty” OR “Non−alcoholic Fatty” OR “Nonalcoholic Fatty Liver” OR “Nonalcoholic Fatty Livers” OR NASH OR “Nonalcoholic Steatohepatitis” OR “Nonalcoholic Steatohepatitides” OR Steatohepatitis OR “liver cirrhosis” OR cirrhosis OR cirrhosis. To improve the search strategy, the wild−card term “*” was implicated and the reference lists of relevant articles were hand−scanned. Any doubts were resolved through discussing with the corresponding author.
Inclusion and Exclusion Criteria
Based on PICOS criteria, the aim of the present review study on patients with NAFLD (as population) was to evaluate the effect of vitamin D supplementation (as intervention) compared with placebo (as comparator) on anthropometric and biochemical outcomes (as outcome) in randomized interventional trials (as study design). Two independent reviewers initiated the assessment process of the collected papers and following inclusion criteria were considered (Younossi, 2019): randomized controlled trials (RCTs) with parallel design (Petta et al., 2016), studies that assessed the effects of vitamin D supplementation on patients with NAFLD. The exclusion criteria were (Younossi, 2019) being experimental study (Petta et al., 2016), lacking the essential data, for example, non−extractable or unconvertable data (Morvaridzadeh et al., 2021), studies without a suitable control group (Chalasani et al., 2012), trials with combined supplementation of nutrients or/and medicines besides vitamin D and also (Tolman et al., 2007) unpublished data, grey literature, conference abstracts, book chapters, and brief reports. The corresponding author was involved to solve disagreements.
Data Extraction
Following data were extracted from the included trials by two independent investigators: first authors’ last name, publication date, country of study, study design, participants’ characteristics, dosage of the supplement, intervention duration, quality of trials, mean changes and standard deviations (SDs) for each outcomes in pre−treatment and post−treatment. The third reviewer solved disagreements.
Risk of Bias Assessment
Two independent reviewers were assigned to qualify the included RCTs and explore the potential risk of bias for the following domains using the Cochrane Risk of Bias Tool: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, and selective outcome reporting and other biases. “low”, “high” or “unclear” terms were used to grade each item (Higgins et al., 2011).
Each question was answered as low risk of bias (score = 1), high risk of bias (score = −1), or unclear (score = 0). Disagreements was resolved by the third author. Scores were summed and studies with scores −6−0, 1−3 and 4−6 considered as low, medium and high quality, respectively (Table 3).
Statistical Analysis
A meta−analysis was performed using STATA software v13 (StataCorp, Texas) and a random−effects model was used to pool weighted mean difference (WMD) and corresponding 95% confidence intervals (CIs). The statistical heterogeneity among the studies was assessed using I2 statistic (high ≥50%, low <50%) and Cochran’s Q−test (Higgins et al., 2019). In presence of high inter−study heterogeneity, a random−effects meta−regression was performed to find its potential sources. Subgroup analysis was done based on country (Iran vs. other), duration of treatment (>12 weeks, ≤ 12 weeks), and dosage (>25,000 IU/day, ≤ 25,000 IU/day). Mean changes of the interested outcomes and the relevant SDs were obtained executing following formulas, respectively: (mean at post intervention–mean at baseline), SD = √([SD2−baseline + SD2−post] − [2r × SD−baseline × SD−post]), assuming correlation coefficient (r) as 0.5 (Higgins et al., 2019). Sensitivity analysis was planned to assess the impact of each study on the pooled results by removing one study in a turn (Higgins et al., 2019). Potential publication bias was evaluated applying Egger regression and Begg’s tests. If there was a significant publication bias, “trim and fills” analysis was done to check the possible change of the significance of the result (Duval and Tweedie, 2000). A P−value < 0.05 was considered as statistically significant.
RESULTS
Literature Search
A total of 3,916 potentially relevant articles were collected in the primary search (Figure 1). No additional article was detected via the hand searching. Among all of the references, 1840 were removed as duplicates. After title and abstract screening, 48 articles remained and after full-text review, 32 articles were excluded from the current study for different reasons. Thus, the final systematic review and meta-analysis was done on 16 papers (Table 1) (Sharifi et al., 2014; Foroughi et al., 2015; Barchetta et al., 2016; Foroughi et al., 2016; Nadjarzadeh et al., 2016; Sharifi et al., 2016; Lorvand Amiri et al., 2017; Sakpal et al., 2017; Dabbaghmanesh et al., 2018; Geier et al., 2018; Mansourian Hosseini et al., 2018; MOUODI et al., 2018; Hajiaghamohammadi et al., 2019; Hussain et al., 2019; Shidfar et al., 2019; Foroughi et al., 2014).
TABLE 1 | Characteristics of the primary studies included in the meta−analysis.
[image: Table 1]Meta−Analyses
Effect of Vitamin D on Lipid Profile
A significant improvement of serum HDL−C [WMD = 1.60, 95% CI = (0.41, 2.78), p = 0.008, I2 = 0.0%] was found following vitamin D intake compared to the controls. Serum levels of TG [WMD = 0.65, 95% CI = (−12.60, 13.91), p = 0.92, I2 = 40.9%], TC [WMD = 5.62, 95% CI = (−4.20, 15.45), p = 0.26, I2 = 69.0%] and LDL−C [WMD = 3.53, 95% CI = (−0.91, 7.97), p = 0.11, I2 = 12.8%] were not significantly affected in the group receiving vitamin D (Figure 2).
[image: Figure 2]FIGURE 2 | The lipid profile standardized mean differences estimates for (A) HDL−C, (B) LDL−C, (C) TG and (D) TC between intervention group (receiving vitamin D supplementation) and placebo groups.
Effect of Vitamin D on Anthropometric Indices
Pooled results of the meta−analysis revealed a significant reduction in body weight [WMD = −0.88, 95% CI = (−1.52, −0.24), p = 0.007, I2 = 29.7%], BMI [WMD = −0.33, 95% CI = (−0.54, −0.12), p = 0.002, I2 = 21.5%], and WC [WMD = −1.04, 95% CI = (−1.97, −0.10), p = 0.02, I2 = 64.0%] in the treatment groups compared with the controls. In contrast, body fat [WMD = 0.46, 95% CI = (−0.47, 1.40), p = 0.33, I2 = 60.5%] was not changed following vitamin D supplementation (Figure 3).
[image: Figure 3]FIGURE 3 | The anthropometric parameters standardized mean differences estimates for (A) BMI, (B) weight, and (C) body fat and (D) WC between intervention group (receiving vitamin D supplementation) and placebo groups.
Effect of Vitamin D on Liver Enzymes
Pooled estimate of 16 papers indicated a significant reduction of serum ALT [WMD = −4.03, 95% CI = (−7.41, −0.66), p = 0.01, I2 = 78.5%] following vitamin D supplementation. However, serum AST [WMD = −1.05, 95% CI = (−3.50, 1.39), p = 0.39, I2 = 78.2%], ALP [WMD = −5.43, 95% CI = (−18.08, 7.22), p = 0.40, I2 = 62.4%], and GGT [WMD = −2.24, 95% CI = (−9.66, 5.18), p = 0.54, I2 = 0.0%] were not affected by vitamin D supplementation (Figure 4).
[image: Figure 4]FIGURE 4 | The Liver enzymes standardized mean differences estimates for (A) AST (B) ALT, (C) ALP and (D) GGT between intervention group (receiving vitamin D supplementation) and placebo groups.
Effect of Vitamin D on Glycemic Indices
As shown in Figure 5, receiving vitamin D significantly improved serum FBS [WMD = −5.02, 95% CI = (−8.95, −1.09), p = 0.01, I2 = 81.6%] and HOMA−IR [WMD = −0.79, 95% CI = (−1.33, −0.25), p = 0.004, I2 = 89.0%] compared with to the controls.
[image: Figure 5]FIGURE 5 | The FBS, HOMA, Adiponectin and calcium mean differences estimates for (A) FBG, (B) HOMA−IR, (C) Adiponectin and (D) calcium FBS: fasting plasma glucose; homeostasis model assessment of insulin resistance; RCTs, randomized controlled trials.
Effect of Vitamin D on Adiponectin and Calcium
As shown in Figure 5, serum calcium was significantly increased after vitamin D supplementation [WMD = 1.97, 95% CI = (0.38, 3.55), p = 0.01, I2 = 99.3%]. Adiponectin was not significantly affected [WMD = 0.45, 95% CI = (−0.35, 1.24), p = 0.26, I2 = 88.3%] by vitamin D supplementation.
Subgroup Analyses
As shown in Table 2, serum HDL−C was significantly affected by vitamin D supplementation when subgroup analysis conducted by country (Iran), duration (≤12 weeks), and dose (≤25,000 IU). BMI was changed in country (Iran), duration (>12 weeks), and dose (≤25,000 IU) subgroups. Body weight was changed in studies conducted in Iran and also when used >25,000 IU doses of when which interventions last >12 weeks, serum FBS was significantly affected when studies performed in Iran, last ≤12 weeks, and used doses more than 25,000 IU vitamin D. HOMA−IR was significantly improved all subgroups, except in trials last more than 12 weeks.
TABLE 2 | The results of subgroup analysis.
[image: Table 2]TABLE 3 | The results of risk of bias.
[image: Table 3]Meta−Regression and Sensitivity Analysis
The results of meta−regression and sensitivity analysis indicated that total sample size was regarded as a source of inter−study heterogeneity for AST [Coefficient: −0.19, 95% CI = (−0.29, −0.08), p = 0.001]. Sensitivity analyses showed that pooled results of interested outcomes are not sensitive to removing any of included trials.
Publication Bias
A significant publication bias was found for HOMA-IR, HDL-C and GGT. Hence, trim and fill analysis was done to detect the potential change of their results. Only the significance of HDL−C was changed and turned into non−significant.
DISCUSSION
To the best of the authors’ knowledge, this is the first study to systematically review and meta analyze the findings of intervention studies on the effect of vitamin D on a wide range of anthropometric and biochemical indices in patient with NAFLD. The results of the present study indicated that vitamin D supplementation significantly improved the body weight, BMI, WC, HDL-C, ALT, FBS, and HOMA-IR in the intervention group compared to the control group. However, no significant differences were found on body fat, TG, LDL-C, AST, and GGT. Subgroup analyses also showed that the effect of vitamin D on most indices was affected by study location, duration of study and dose used for vitamin D.
Some studies investigated the association between vitamin D supplementation with lipid profile in NAFLD. In line with this study, Dabaghmanesh et al. indicated that 12 weeks of vitamin D supplementation significantly increased HDL-C (Dabbaghmanesh et al., 2018). Another study found that supplementation with calcium combined with vitamin D improved serum ALT and HDL-C levels (Lorvand Amiri et al., 2017).
However, the results regarding the effect of vitamin D on lipid profile have been contradictory. Sharifi et al. found that vitamin D intake supplementation for 4 months significantly decreed LDL-C and total cholesterol in woman (Sharifi et al., 2016). A meta-analysis indicated that supplementation with vitamin D significantly increased LDL-C and had not significant effect on TG and HDL-C in patients with CVDs (Wang et al., 2012). One study found that vitamin D supplementation reduced LDL-C but no significant change was found on HDL-C (Hajiaghamohammadi et al., 2019). In another study supplementation with vitamin D3 as 50,000 IU per week for 12 weeks in NAFLD had no significant effect on lipid profile and body composition (Hussain et al., 2019). The effect of vitamin D on lipid profile in people with NAFLD may be different from its effect in healthy people or in people with other chronic diseases.
Some effects of vitamin D are exerted through its effect on increasing calcium absorption. Therefore, dietary calcium intake can also affect the role of vitamin D in determining serum lipid profile. Shidfar et al. found that vitamin D combined with calcium for 12 weeks reduced ALT, AST, LDL-C/HDL-C, TC/HDL-C, and increased non−HDL−C compared with group revived only vitamin D (Shidfar et al., 2019). Moreover, some studies suggested an inverse association between serum 25(OH)-D levels and TG (Chon et al., 2014). The underlying mechanisms of the effects of vitamin D on lipid profile has not been completely yet understood. The low levels of vitamin D can lead to hyperparathyroidism which can lower serum TG. On the other hand, lower vitamin D level can activate microsomal TG-transfer protein, which leads to increased TG. Vitamin D also regulates macrophage function in reverse cholesterol transportation and reduces inflammation and insulin resistance (Shidfar et al., 2019).
Regarding to anthropometric measurements, this meta−analysis found that vitamin D reduced body weight, BMI, and WC but no significant change was found in body fat. Hussain et al. investigated the association between vitamin D intake and BMI, body fat, and WC in NAFLD and reported that 50,000 IU vitamin D for 12 weeks had no significant effect on anthropometric indices (Hussain et al., 2019). Another study found that the injection of cholecalciferol (600,000 IU) reduced weight, WC, and BMI (Mansourian Hosseini et al., 2018). Sharifi et al. reported that the intervention group with 50,000 IU vitamin D3 for 4 month had lower weight, WC, and BMI compared with the controls (Sharifi et al., 2016). The reason for these differences may be the differences in doses of vitamin D supplementation and also differences in seum level of vitamin D. Doaei et al. reported that the serum level of vitamin D is inversely associated with obesity. However, short term changes of serum vitamin D was not related to changes in weight (Doaei et al., 2020).
The present study identified that ALT increased and some liver enzymes such as AST, ALP, GGT were not affected following vitamin D supplementation. Vitamin D receptor (VDR) is abundantly expressed on liver cells and this vitamin was reported to have an anti−inflammatory effect on liver (Bozic et al., 2016). One study found that 50,000 IU/wk vitamin D supplementation for 10 weeks reduced AST and ALT in the intervention group compared with the control group (Hajiaghamohammadi et al., 2019). The vitamin D supplementation for 48 weeks decreased liver enzyme in patients with NAFLD (Geier et al., 2018). The difference in the results of the effect of vitamin D on the serum level of liver enzymes may be due to the fact that the levels of liver enzymes is greatly affected by other lifestyle and dietary factors. Sakpal et al. indicated that vitamin D intake along with lifestyle modifications improved serum ALT levels (Jamali et al., 2013). Another placebo−controlled study found that 12−weeks hypocaloric diet combined with calcitriol improved ALT and AST in the intervention group compared with the control group (Amiri et al., 2016).
The levels of FBS and HOMA-IR were improved following vitamin D intake. In line with this study, one study indicated that calcitriol intake (25 mg) for 12 weeks improved HOMA−IR in patients with NAFLD (Amiri et al., 2016). A recent study reported that vitamin D intake increased insulin sensitivity (Inzucchi et al., 1998). Another study found a negative association between vitamin D supplementation and FBS (Pittas et al., 2007). In another study, calcitriol supplementation for a short term increased insulin sensitivity (Foroughi et al., 2016). One meta−analysis suggested that vitamin D administration could improve FBS and insulin resistance in patents with impaired glucose tolerance or HOMA−IR (George et al., 2012). However, the results regarding the effect of vitamin D on serum glucose indices were contradictory. One study reported that vitamin D had no association with FBS (Kitson and Roberts, 2012). Interestingly, Lind et al. found that long−term calcitriol supplementation for 2 years decreased HOMA−IR but had no effect on insulin (Lind et al., 1989). The short−term vitamin D intake was associated with lower FBS in renal disease patients while had no effect on fasting insulin levels (Sarathy et al., 2015). The underlying mechanism of the effect of vitamin D on blood glucose is not yet clear. Vitamin D deficiency increase serum parathyroid hormone levels (PTH) and the PTH plays an important role in NAFLD through increasing insulin resistance (IR) (Foss, 2009).
The results of the present study indicated that the level of adiponectin was not significantly affected by vitamin D supplementation. Some studies reported that patients with NAFLD had lower adiponectin concentration compared with the others and adiponectin can be considered as a predictor of the severity of hepatic steatosis (Targher et al., 2006; Nakano et al., 2011). In line with our study, two previous studies reported that vitamin D intake had no effect on serum adiponectin in people with type 2 diabetes and obese children (Patel et al., 2010; Belenchia et al., 2013). On the other hand, Nakano et al. reported that phototherapy and vitamin D increased adiponectin concentration in rats with NAFLD (Kitson and Roberts, 2012). Adiponectin is secreted from adipose tissue and could influence on metabolism of fat and glucose. Adiponectin increased liver insulin sensitivity and decreased glucose excretion from the liver which can lead to prevent of high blood sugar. It has been suggested that vitamin D regulates adiponectin gene expression in adipose tissue (Hajiaghamohammadi et al., 2019). It seems that many factors may influence the effects of vitamin D on serum adiponectin such as differences in doses of vitamin D supplementation, follow−up duration, and VDR gene polymorphisms. Moreover, the association between vitamin D intake and adiponectin may be influenced by other factors such as calcium intake and body weight. The results of a recent meta−analysis study indicated that vitamin D may promote secretion of adiponectin in subjects with diabetes and this effect may be potentiated if vitamin D intake is on daily basis and in combination with calcium but can be weakened by increasing BMI (Nikooyeh and Neyestani, 2021).
The present study found that vitamin D supplementation improved the level of serum calcium. In contrast with this result, Geier et al. found that adiponectin and calcium levels were not significantly different after vitamin D supplementation (Geier et al., 2018). Sharifi et al. showed that vitamin D supplementation has no effect on serum level of calcium (Sharifi et al., 2016). A recent study of more than 5,000 people found that taking a monthly vitamin D supplement did not alter serum calcium (Malihi et al., 2019). Serum calcium levels play an important role in the cardiovascular and muscular system and are maintained at a certain level by complex mechanisms (Fleet, 2017). Further studies on the effect of vitamin D on serum calcium levels and considering the interaction of various factors on serum calcium levels are needed.
CONCLUSION
The present study showed that Vitamin D supplementation had significant effect on HDL-C, body weight, BMI, WC, serum ALT, serum FBS, HOMA-IR, calcium and no effect on TG, TC, LDL-C, AST, ALP, GGT, and adiponectin. Further studies are needed to identify the underlying mechanisms of the effects of vitamin D supplementation on the anthropometric and biochemical indices in patient with NAFLD.
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Irinotecan (CPT-11) in combination with 5-fluorouracil and leucovorin is a first-line chemotherapy regimen for the treatment of colorectal cancer; however, its clinical application is limited by the dose-limiting gastrointestinal toxicity of colitis. In our previous studies, several bile acids (BAs) were found significantly elevated in the colon of the CPT-11-induced rat colitis model. On the other hand, NLRP3 inflammasome has been reported to play important roles in mediating colitis. Interestingly, BA was stated to activate the NLRP3 inflammasome in some studies, while in some other reports, it showed an inhibitory effect. We assumed that the inflammatory status in different circumstances might have contributed to the controversial findings. In this study, we first discovered, under non-inflammatory conditions, that supplementing BA could activate the NLRP3 inflammasome in THP-1-differentiated macrophages and promote inflammation. In lipopolysaccharide (LPS)-induced inflammatory macrophages, however, BA inhibited the NLRP3 inflammasome and reduced inflammation. Further experiments demonstrated that Takeda G protein-coupled receptor 5 (TGR5) is essential in mediating the inhibitory effect of BA, while phospho-SP1 (p-SP1) is key to the activation. Furthermore, we applied the above findings to ameliorate CPT-11-caused colitis in rats by inhibiting SP1 with mithramycin A (MitA) or activating TGR5 using oleanolic acid (OA). Our findings may shed light on the discovery of effective interventions for reducing dose-limiting chemotherapy-induced colitis.
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INTRODUCTION
Bile acids (BAs) are hydroxylated steroids, synthesized from cholesterol in the liver. They play important roles in regulating lipid, glucose, and energy metabolism (McGlone and Bloom, 2019). Disorders in BA homeostasis are associated with cholestatic liver diseases, dyslipidemia, fatty liver diseases, cardiovascular diseases, and diabetes (Chiang, 2013). BA dysregulation is also found closely related to intestinal diseases, such as inflammatory bowel disease and diarrhea (Vítek, 2015; Vijayvargiya and Camilleri, 2019; Sinha et al., 2020). In colitis, the metabolic disorder of BA is an important risk factor for inflammation. These effects of BA are mostly accomplished by simulating its receptors such as BA-activated receptors, especially Farnesoid X receptor (FXR), TGR5, and sphingosine-1-phosphate receptor 2 (S1PR2) (Biagioli and Carino, 2017; Hou et al., 2018; Zhao et al., 2018). For example, it was reported that BA can exacerbate colitis by up-regulating S1PR2 in mice (Zhao et al., 2018). However, there are also studies showing that the activation of TGR5 and FXR can lead to an anti-inflammatory effect (Chávez-Talavera et al., 2017; Hou et al., 2018).
In the interaction between BA and inflammation, the role of NLRP3 inflammasome is widely recognized. However, there are controversies about the effect of BA on the NLRP3 inflammasome. Many studies claimed that BA could activate NLRP3 inflammasome (Gong et al., 2016; Zhao et al., 2016; Hao et al., 2017), while others concluded that BA had an inhibitory effect on NLRP3 inflammasome (Guo et al., 2016a). For example, Wang et al. reported that most BA including cholic acid (CA), glycocholic acid (GCA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), ursodeoxycholic acid (UDCA), lithocholic acid (LCA), and taurolithocholic acid (TLCA) could significantly inhibit nigericin-induced NLRP3 inflammasome activation and IL-1β production in macrophages via the TGR5–cAMP–PKA axis (Guo et al., 2016a), while Gonzalez et al. demonstrated that CDCA and DCA promoted NLRP3 inflammasome activation and IL-1β production in various types of macrophages (Hao et al., 2017). The key factors contributing to the opposite effect of BA on NLRP3 inflammasome as well as the underlying mechanism remain elusive.
CPT-11, known as a chemotherapeutic agent, is a selective inhibitor of DNA topoisomerase I. The combination of CPT-11 with 5-fluorouracil and leucovorin is the first-line chemotherapy for the treatment of metastatic colorectal cancer (Sears et al., 1999; Sandmeier et al., 2005). However, CPT-11 could cause severe gastrointestinal toxicity including colitis, which greatly limited its clinical use (Sandmeier et al., 2005; Wang et al., 2020). In our previous metabolomics studies, we found that the metabolism of BA was disturbed in CPT-11-induced colitis in rats, manifested by the significant up-regulated levels of CDCA, DCA, GDCA, and TDCA in the colon tissue (Wang et al., 2015). On the other hand, recent studies indicate that NLRP3 inflammasome plays an essential role in colitis induced by CPT-11, and there is evidence showing that CPT-11 could activate NLRP3 inflammasome and cause inflammation both in vitro and in vivo (Li et al., 2015; Huang et al., 2020).
In the current study, in light of the vital role of BA in colitis, we investigated the potential mechanism underlying the aforementioned conflicting effect of BA on the NLRP3 inflammasome. As studies have reported, the release of inflammatory factors (for example, TNF-α, IL-6, and IL-1β) can be extensively promoted by LPS stimulation in phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 cells (Zou et al., 2017; Zhao D. et al., 2019). In the current study, “inflammatory condition” or “non-inflammatory condition” was defined to distinguish the state of THP-1-induced macrophages that receive LPS stimulation or not, respectively. We found that BA could activate NLRP3 inflammasome via promoting p-SP1 under non-inflammatory conditions, while under inflammatory conditions, BA promoted the expression of TGR5 and led to the inhibition of the NLRP3 inflammasome in vitro. Utilizing these findings, in vivo experiments were designed, and the results showed that the colitis caused by CPT-11 was remarkably ameliorated with the inhibition of SP1 or activation of TGR5. Taken together, our findings may assist in discovering effective interventions for reducing chemotherapy-induced colitis.
MATERIALS AND METHODS
Chemicals and Reagents
DCA, CDCA, GDCA, and PMA were purchased from Sigma-Aldrich (St. Louis, MO, United States). TDCA was purchased from J&K (Manhattan, NY, United States). MitA and SBI-115 were purchased from MedChemExpress (Monmouth Junction, NJ, United States). OA was purchased from Aladdin ® (Los Angeles, CA, United States). Roswell Park Memorial Institute (RPMI) 1640 medium and fetal bovine serum were purchased from Gibco (Grand Island, NY, United States). HEPES buffer was purchased from Boster (Wuhan, China). Anti-NLRP3 (Lot#: 19771-1-AP), anti-caspase-1/p20/p10 (#:22915-1-AP), anti-SP1 (Lot#: 21962-1-AP), anti-β-actin (Lot#: 66009-1-Ig), and HRP-conjugated beta actin monoclonal antibody (Lot#: HRP-60008) were obtained from Proteintech (Chicago, IL, United States). Anti-p-SP1 (Lot#: AF3121) was obtained from Affinity (Affinity Biosciences, United States). Anti-GPBAR1 (Lot#: BS60582) was purchased from Bioworld Technology (MN, United States). Anti-Pro-IL-1β (Lot#: WL02257) and anti-mature-IL-1β (Lot#: WL00891) were purchased from Wanleibio (Shenyang, China). Radioimmunoprecipitation (RIPA) buffer, bicinchoninic acid (BCA) protein assay kit, and loading buffer were purchased from Beyotime Biotechnology (Shanghai, China). Phenylmethylsulfonyl fluoride (PMSF) was purchased from Thermo Fisher Scientific (Waltham, MA, United States). RNAiso Plus and PrimeScript™ RT reagent Kit were purchased from TaKaRa (TaKaRa Biotechnology, Dalian, China). IL-1β, IL-6, and TNF-α enzyme-linked immunosorbent assay (ELISA) kits were purchased from 4A Biotech (Co., Ltd., Beijing, China). ELISA kit for the measurement of cyclic AMP (cAMP) was purchased from GenScript (Nanjing, China).
Cell Culture
THP-1 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1× HEPES buffer, 100 U/ml of penicillin, and 100 μg/ml of streptomycin. THP-1 monocytes were differentiated into macrophages by stimulating with 100 ng/ml of PMA for 48 h. The cells were then cultured in a serum-free medium for 24 h to enhance the differentiation.
Cell Viability Assay
THP-1 monocytes were seeded into 96-well plates at a density of 3 × 105 cells/well. After differentiation, cells were exposed to BA or cell culture medium as vehicle for 48 h. Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay.
Animal Experiments and Sample Collection
Fifty healthy 6–8-week-old male specific-pathogen-free Sprague-Dawley rats weighing 180–200 g were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Pinghu, China, Permission No. SCXK (Zhe) 2019-0001). The animals were housed in a temperature-controlled environment (24 ± 2°C) with a standard rodent diet under a 12 h/12 h-dark/light cycle. All animal studies and procedures were conducted in accordance with the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Animal Ethics Committee of China Pharmaceutical University (License No. SYXK 2018-0019).
After a week of acclimatization, the animals were randomly divided into five groups (n = 10) including the control, model, MitA, OA, and MitA+OA groups. The detailed procedure of the animal experiment can be found in Supplementary Figure S1. Briefly, the individuals in the MitA+OA group were injected with MitA (intraperitoneally, 0.15 mg/kg) (Wei et al., 2016) and OA (intragastrically, 100 mg/kg) for five consecutive days from day 1 and CPT-11 (intravenously, 120 mg/kg) each day for two consecutive days from day 2. For the MitA group, the administration was similar to that of the MitA+OA group except that 0.5% CMC-Na (solvent of OA) was given instead of OA. Similarly, normal saline (solvent of MitA) was given to the OA individuals instead of MitA and the rest was in accordance with the MitA+OA group. Individuals in the model group were receiving equivalent 0.5% CMC-Na and normal saline, and CPT-11. In addition, 0.5% CMC-Na, normal saline and the solvent of CPT-11 (Trifan et al., 2002; Mego et al., 2015) were administered to the individuals in the control group as vehicle.
The diarrhea score of each animal was monitored twice a day referring to the scoring criteria in the existing literature (Kurita et al., 2000). The colon tissue was collected on day 6. After being drained of feces, the colon tissue was washed with normal saline, and then a portion of the proximal colon of each rat was fixed in 10% formalin for histological examination and the rest (middle and distal) were stored at −80°C for Western blotting and ELISA analysis.
Enzyme-Linked Immunosorbent (ELISA) Assay
The contents of cAMP, IL-1β, IL-6, and TNF-α in cell culture supernatants or colon tissue homogenates were quantified by ELISA kits according to the manufacturer’s instructions.
Western Blotting
Mature-IL-1β, pro-IL-1β, caspase-1, NLRP3, SP1, p-SP1, TGR5 (GPBAR1), and β-actin expression were analyzed using standard Western blotting protocols. Cells and tissues were lysed by RIPA buffer containing 1 mmol/L of PMSF, and total proteins were extracted according to the manufacturer’s protocols. Then, the protein concentration was measured using the BCA protein assay kit. Proteins (30 μg) were separated by SDS-polyacrylamide and transferred to polyvinylidene difluoride membranes (0.2 μm, Millipore, MA, United States). The membranes were blocked with 5% (w/v) nonfat milk for 2 h at room temperature and incubated with primary antibodies at 4°C overnight. After being washed three times with PBST, the membranes were incubated with secondary antibodies conjugated to horseradish peroxidase for approximately 1.5 h at room temperature. Then, the immunoreactive bands were visualized using enhanced chemiluminescence (ECL) (Millipore) by a Tanon 5200 chemiluminescent imaging system (Tanon Science and Technology). The relative protein expression was calculated by densitometric analysis using ImageJ software.
mRNA Preparation and qRT-PCR
Total RNA was extracted from THP-1 monocytes using RNAiso Plus Kit. Then, the RNA concentration was measured by a Nano-Drop 2000 (Thermo Fisher Scientific, Waltham, MA, United States). Complementary DNA (cDNA) was obtained by reverse transcription with the PrimeScript™ RT Reagent Kit. Subsequently, qRT-PCR was performed using SYBR Green I Master (Roche Diagnostics, Basel, Switzerland) on a LightCycler 480 (Roche) following the manufacturer’s instructions. The sequences of the PCR primers used are as follows: IL-1β forward 5′-ATG​ATG​GCT​TAT​TAC​AGT​GGC​AA-3′ and reverse 5′-GTC​GGA​GAT​TCG​TAG​CTG​GA-3′; NLRP3 forward 5′-CGT​GAG​TCC​CAT​TAA​GAT​GGA​GT-3′ and reverse 5′-CCC​GAC​AGT​GGA​TAT​AGA​ACA​GA-3′’; and β-actin forward 5′-ATT​GCC​GAC​AGG​ATG​CAG​AA and reverse 5′-GCT​GAT​CCA​CAT​CTG​CTG​GAA-3′. Results were normalized to the internal control β-actin, and the expression was calculated by the 2−△△CT method (Khan-Malek and Wang, 2017).
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, United States). All in vitro experiments were repeated at least three times independently with at least three replicates, and the results were presented as mean ± standard deviation (SD) unless otherwise specified. Independent unpaired two-tailed Student’s t-test was performed to evaluate the differences between two groups, and one-way analysis of variance with Bonferroni correction was performed for multiple comparisons. p < 0.05 was considered statistically significant. The survival rate was summarized by Kaplan–Meier survival curves.
RESULTS
BAs Activate NLRP3 Inflammasome in Non-Inflammatory Conditions
To assess the effects of the four BAs on NLRP3 inflammasome in non-inflammatory conditions, we treated macrophages differentiated from THP-1 monocytes for 4 h with 10 and 50 μM of CDCA, DCA, GDCA, or TDCA. The concentrations were selected according to the published data (Guo et al., 2016a; Hao et al., 2017) and our cell viability assay results (Supplementary Figure S2A). At a concentration of 10 μM, CDCA and GDCA activated the mRNA expression of IL-1β; however, DCA, GDCA, and TDCA significantly activated the expression of IL-1β and caspase-1 in protein, while CDCA hardly showed activating effects on it (Figures 1A,B). When the concentration was increased to 50 μM, all BAs remarkably increased the mRNA and protein expression of IL-1β, as well as caspase-1 protein expression (Figures 1A,C). Little impact on pro-IL-1β and pro-caspase-1 was observed (Figures 1B,C). Besides, all BAs activated NLRP3 protein expression at both 10 and 50 μM (Figures 1B,C), although GDCA failed to present a significant promoting effect on the mRNA expression of NLRP3 (Figure 1A). Moreover, the IL-1β level in the culture medium also increased with the BA treatment, especially at 50 μM (Figure 1D). These results suggested that BA can activate the NLRP3 inflammasome and show a pro-inflammatory effect in non-inflammatory conditions.
[image: Figure 1]FIGURE 1 | BAs activate NLRP3 inflammasome in non-inflammatory conditions in macrophages. (A) Relative mRNA expression of NLRP3 and IL-1β with the treatment of BA at 10 or 50 μM. IL-1β, caspase-1, and NLRP3 protein levels with the treatment of BA at (B) 10 μM and (C) 50 μM. (D) ELISA analysis of IL-1β in culture medium after treating with BAs at 10 and 50 μM. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using Student’s t test (*p < 0.05, **p < 0.01, and n.s., not significant).
BAs Inhibit NLRP3 Inflammasome in Inflammatory Conditions
As reported in the existing literature, LPS incubation with macrophages differentiated from THP-1 monocytes could lead to a sharp increase in inflammatory factors (Kuijk et al., 2008; Zhao D. et al., 2019; Zhao W. et al., 2019). Our pre-experiments also confirmed this (data not shown). Therefore, to establish an inflammatory condition, we pretreated the macrophages differentiated from THP-1 monocytes with 250 ng/ml of LPS for 1 h before BA stimulation. Opposite to what we observed in non-inflammatory conditions, 10 μM of CDCA and TDCA inhibited IL-1β on mRNA and protein level (Figures 2A,B). Although only CDCA showed a significant inhibitory effect on the NLRP3 mRNA expression, all the BAs significantly inhibited NLRP3 protein at 10 μM (Figures 2A,B). At a concentration of 50 μM, all BAs could significantly inhibit the mRNA and protein expressions of IL-1β and NLRP3 (Figures 2A,C). Besides, pro-IL-1β and pro-caspase-1 were barely affected, while caspase-1 was inhibited by BA at both 10 and 50 μM (Figures 2B,C). Furthermore, all BAs showed a restraint effect on the levels of IL-1β in the culture medium (Figure 2D). These results suggest that BA can inhibit the NLRP3 inflammasome and show an anti-inflammatory effect in inflammatory conditions.
[image: Figure 2]FIGURE 2 | BAs inhibit NLRP3 inflammasome in inflammatory conditions in macrophages. Prior to the BA treatment, cells were pretreated with 250 ng/ml LPS for 1 h. (A) Relative mRNA expression of NLRP3 and IL-1β with BAs at 10 or 50 μM. IL-1β, caspase-1, and NLRP3 protein levels after treating with BAs at 10 μM (B) and (C) 50 μM. (D) IL-1β in culture medium after treating with BAs at 10 and 50 μM. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant).
SP1 Mediates the Activation of NLRP3 Inflammasome in Non-Inflammatory Conditions
SP1 is one of the transcription factors of the NLRP3 gene with the highest score based on the number of binding sites (Figure 3A). Therefore, we investigated whether SP1 is essential in mediating the activation process. Interestingly, we found that p-SP1 was significantly promoted by BA in non-inflammatory conditions, especially at 50 μM, which shared a similar trend with IL-1β and NLRP3. However, there were no obvious changes in SP1 with both 10 and 50 μM of BA (Figures 3B,C). Then, we stimulated macrophages with a series of concentrations of MitA (according to Supplementary Figure S2B), a selective inhibitor of SP1. The results show that MitA (<10 nM) could inhibit NLRP3 in a dose-dependent manner (Figure 3D). Moreover, after 48 h of pretreatment with MitA (Seznec et al., 2011; Liu et al., 2018), the NLRP3 inflammasome activation induced by BA was reversed (Figure 3E), indicating that SP1 mediates the activation of NLRP3 by BA in non-inflammatory conditions. We also determined the levels of SP1 and p-SP1 in inflammatory conditions with BA treatment, and a very mild increase of p-SP1 was observed compared to that in non-inflammatory conditions (Supplementary Figure S3A).
[image: Figure 3]FIGURE 3 | SP1 mediates the activation of NLRP3 inflammasome in non-inflammatory conditions in macrophages. (A) Ranking of binding sites between different transcription factors and NLRP3 gene (data were from the eukaryotic promoter database, from −2,000 to 100 bp relative to TSS, and the cut-off was p = 0.001) (https://epd.epfl.ch). Western blot analysis of IL-1β, NLRP3, and SP1 in macrophages differentiated from THP-1 monocytes with (B) 10 μM and (C) 50 μM BA treatments for 4 h. (D) NLRP3 expression analyzed by Western blot with different concentrations of MitA for 48 h. (E) Western blot analysis of IL-1β and NLRP3 after cells were pretreated with 10 nM of MitA for 48 h prior to the stimulation with BAs at 50 μM for 4 h. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using Student’s t test (*p < 0.05, **p < 0.01).
TGR5 Participates in the Inhibition of NLRP3 Inflammasome Under Inflammatory Conditions
As previous studies suggested, BA can inhibit the activation of NLRP3 inflammasome via TGR5 signaling (Guo et al., 2016a). In the present study, we confirmed that in inflammatory circumstances induced by 250 ng/ml of LPS, BA promoted the expression of TGR5 and inhibited the expression of IL-1β and NLRP3 at the same time (Figures 4A,B). Then, 250 ng/ml of LPS-pretreated macrophages was simultaneously stimulated with BA and SBI-115, an antagonist of TGR5 (Masyuk et al., 2017) (Supplementary Figure S2C). As shown in Figure 4C, 100 μM of SBI-115 could reverse the increase of the cAMP content in the culture medium caused by BA. It is obvious that among the four BAs, DCA promoted cAMP most remarkably and SBI-115 showed the strongest effect against DCA (Figure 4C) as well, which is consistent with the previous findings that TGR5 is differentially activated by BA in the strength order of DCA > LCA > CDCA > CA (Guo et al., 2016b; Wahlström et al., 2016). Antagonizing TGR5 with SBI-115 offsets the inhibitory effect of BA, especially DCA and CDCA, on IL-1β and NLRP3 to some extent (Figure 4D), indicating that TGR5 is involved in the inhibition of NLRP3 inflammasome by BA in inflammatory conditions. The level of TGR5 was determined as well in non-inflammatory conditions after BA treatment, and the increase is very limited compared to that in inflammatory conditions (Supplementary Figure S3B).
[image: Figure 4]FIGURE 4 | TGR5 participates in the inhibition of NLRP3 inflammasome in inflammatory conditions in macrophages. IL-1β, NLRP3, and TGR5 expressions determined by Western blotting. The cells were pretreated with 250 ng/ml of LPS for 1 h and stimulated with BAs at (A) 10 μM and (B) 50 μM for 3 h. LPS-pretreated macrophages were treated with 100 μM of SBI-115 and 50 μM of BAs, and the supernatants and lysates were prepared. (C) Level of cAMP in the supernatants analyzed by ELISA. (D) IL-1β and NLRP3 expression in the lysates. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using Student’s t test (*p < 0.05, **p < 0.01, and ***p < 0.001).
Ameliorating CPT-11-Induced Colitis Utilizing Inflammatory-Dependent Bidirectional Effects of Bile Acids on NLRP3 Inflammasome
Based on what has been found in vitro, in vivo experiments were designed to confirm whether an anti-inflammatory effect can be achieved in CPT-11-induced colitis (Supplementary Figure S1). However, beyond our expectation, the combination of MitA and OA led to a much lower survival rate compared to the MitA or OA group (Supplementary Figure S4), making the statistical comparisons between MitA + OA and other groups difficult. Therefore, only the data of control, model, MitA, and OA groups are presented. Inflammation and hemorrhage in colon and watery stool were observed in the model group. Notably, SP1 inhibitor MitA or TGR5 agonist OA dramatically alleviated these adverse symptoms (Figure 5A). Besides, OA could significantly ameliorate the weight loss and diarrhea induced by CPT-11, while MitA hardly showed capability in this (Figures 5B,C). Histopathological examination showed that MitA and OA improved the colon damage and macrophage infiltration caused by CPT-11 (Figure 5D and Supplementary Figure S5). Moreover, we found that MitA had a stronger effect on IL-1β, while OA showed a more powerful action on IL-6, and both of them had a relatively weaker effect on TNF-α (Figure 5E).
[image: Figure 5]FIGURE 5 | Amelioration of the CPT-11-induced diarrhea in rats. (A) Representative images of colon tissues from each group at the last experimental day. (B) The diarrhea score of each rat was monitored twice daily and is presented as mean ± SD (n = 8). (C) The change of the relative body weight of rats in different groups upon CPT-11 administration. (D) HE staining was performed on rat colon after drug administration (at ×200 magnification). (D) IL-6, IL-1β, and TNF-a levels in rat colons. (E) Expression of IL-1β, NLRP3, TGR5, SP1, and phospho-SP1 in rat colons determined by Western blotting. Data are presented as mean ± SD (n = 3). Statistical analysis was performed using Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001, and n.s., not significant; the statistical analysis results in panels (B,C) can be found in Supplementary Tables S1 and S2).
To further clarify whether MitA and OA functioned via inhibiting SP1 or activating TGR5, we detected the expression of SP1, p-SP1, TGR5, IL-1β, and NLRP3 in the rat colons. The results showed that p-SP1 and SP1 were significantly inhibited in the MitA group compared with those in the model group, while TGR5 was significantly promoted in the OA group. Besides, IL-1β and NLPR3 were down-regulated in the groups of MitA and OA (Figure 5F). Taken together, our work demonstrated that SP1 and TGR5 could be promising intervention targets for alleviating chemotherapy-induced intestinal toxicity.
DISCUSSION
Emerging evidence has shown a strong association between BA and intestinal diseases. Importantly, almost all inflammatory intestinal diseases are accompanied with BA dysregulation (for example, inflammatory bowel disease (Zhou et al., 2014; Fitzpatrick and Jenabzadeh, 2020) and chemotherapy-induced colitis (Muls et al., 2016; Andreyev et al., 2021)). For example, previous studies have revealed the involvement of disturbed BA metabolism in CPT-11-induced colitis (Fang et al., 2016). On the other hand, inflammasomes, such as NLRP3 and AIM2, have been proved to play crucial roles in CPT-11-induced gastrointestinal toxicity (Li et al., 2015; Lian et al., 2017). Moreover, existing studies suggest that repressing NLRP3 inflammasome can ameliorate intestinal inflammatory injury (Gong et al., 2018; Shao et al., 2019; Cao et al., 2020) as well as CPT-11-induced colitis (Li et al., 2015; Huang et al., 2020). Therefore, it is essential to explore the BA–NLRP3 inflammasome axis in the CPT-11 intestinal injury. However, as mentioned before, there are controversial findings regarding the effect of BA on the NLRP3 inflammasome.
In this study, we discovered that BA could activate NLRP3 inflammasome through promoting the transformation of SP1 into p-SP1 under non-inflammatory conditions. SP1 is a transcription factor that is well known for its significant role in cell growth, differentiation, apoptosis, and carcinogenesis (Beishline and Azizkhan-Clifford, 2015; Vizcaíno et al., 2015). Its encoded proteins are involved in many essential cellular processes such as cell differentiation and immune responses (Vellingiri et al., 2020). According to existing studies, multiple post-translational modifications could mediate SP1 activation (Higuchi et al., 2004; González-Rubio et al., 2015) including phosphorylation, O-linked glycosylation, acetylation, SUMOylation, or ubiquitylation (Beishline and Azizkhan-Clifford, 2015), in which BA might be involved. On the other hand, SP1 also correlates to colorectal cancer (Chen et al., 2018; Yu et al., 2018). MitA, the selective inhibitor of SP1, is reported to inhibit colorectal cancer (Quarni et al., 2019; Li et al., 2020). Therefore, we speculate that the combination of MitA or other SP1 inhibitors and CPT-11 might achieve a startling effect of reducing the side effect and enhancing the anticancer efficacy simultaneously in the treatment of colorectal cancer.
In inflammatory conditions, we show in this study that TGR5 participates in the inhibition of NLRP3 inflammasome by BA in vitro, while in vivo TGR5 was significantly promoted by OA, but not affected by CPT-11 and MitA treatments. TGR5 is a metabolic regulator involved in glucose tolerance, energy expenditure, and inflammation (Holter et al., 2020). As a member of the G-protein-coupled receptor (GPCR) superfamily, TGR5 can be activated by BA and then elevate intracellular cAMP levels (Guo et al., 2016b; Keitel et al., 2019). Recently, there are studies reporting that TGR5 has an inhibitory effect on NLRP3. For instance, BA could lead to the phosphorylation of NLRP3 via the TGR5–cAMP–PKA axis, which serves as a critical brake on the NLRP3 inflammasome activation (Guo et al., 2016a). In another study, BA reduced the nuclear translocation of the nuclear factor (NF)-κB p65 and lowered the NF-κB transcriptional activity to depress NLRP3 inflammasome through the TGR5–cAMP pathway (Keitel and Häussinger, 2018). In addition, TGR5 has crucial protective functions in augmenting bile composition and cytokine release in cholestasis (Deutschmann et al., 2018; Willis et al., 2020). Moreover, TGR5 is proved to improve colitis by modulating the integrity of intestinal barrier and immune response (Cipriani et al., 2011; Biagioli and Carino, 2017; Sorrentino et al., 2020), indicating its potential in alleviating chemotherapy-induced intestinal toxicity as an intervening target.
In this study, we investigated the interaction between BA and TGR5 or SP1 in inflammatory or non-inflammatory conditions in vitro, respectively. Studies manifest that DCA is a more potent ligand of TGR5 than CDCA; it is therefore expected that DCA has a more propounding effect on both NLRP3 and IL-1β than CDCA. However, in our study, we observed that CDCA (50 μM) exhibited a stronger inhibitory effect on NLRP3 and IL-1β. In addition, our results showed that although DCA exhibited a more promotive effect on the transformation of SP1 into active p-SP1 than CDCA, it only more strongly promoted IL-1β but not NLRP3. We speculate that the ultimate effect of BA on NLRP3 inflammasome is a converged result from the opposite actions of SP1 and TGR5 and potentially other mediators. Besides, since there is no clear borderline between inflammatory and non-inflammatory conditions, at what point BA switches its role from agonist to antagonist needs to be further explored.
In vivo, we proved that MitA and OA are effective against CPT-11-induced colitis. We assumed that the CPT-11-induced colitis is a chronic progress from inflammation initiation to recovery instead of a 100% inflammatory condition. The accumulation of BAs after CPT-11 administration in colon could promote the phosphorylation of SP1 and enhance the inflammation. As the inflammation progresses, BAs could promote the expression of TGR5 and relieve the inflammation reaction to some extent. Our data show that CPT-11 exposure leads to an increased expression of SP1 and p-SP1, while it has no significant effect on the level of TGR5. MitA significantly inhibited SP1 and p-SP1 and ameliorated inflammation, while OA inhibited NLRP3 inflammasome and ameliorated colitis through promoting TGR5. The results indicate that inflammatory and non-inflammatory mechanisms may co-exist in CPT-11-caused colitis.
We also explored whether the combination of MitA and OA was more effective. However, the mortality rate was as high as 70% in the MitA+OA group. MitA is an anticancer antibiotic and has been reported to be effective in various types of cancers, including colorectal cancer, testicular carcinoma, prostate cancer, etc. (Choi and Choi, 2018; Liu et al., 2018; Novakova et al., 2018; Quarni et al., 2019). In our pre-experiments, three different doses of MitA (0.05, 0.15, and 0.25 mg/kg) were administered, and body weight, diarrhea score, pathological changes, and inflammatory factors were recorded or determined. No obvious adverse effect of concern was observed (data not shown). OA belongs to the pentacyclic triterpene family, as a weak agonist of TGR5, and is known for its hepato-protective effect. It has also been reported that OA is effective in relieving dextran sodium sulfate-induced colitis (Kang et al., 2015; Sen, 2020). OA is generally recognized safe in a wide range of dosages to rats; for example, no obvious adverse effect was observed in rats receiving 120 mg/kg of OA for 9 weeks (Pollier and Goossens, 2012; Madlala et al., 2015). In this context, we think there might be two reasons for the unexpected, high mortality of the combination. One is the drug–drug interaction, which can cause changes in the drug concentration in local tissues and alter drug effect or toxicity (Gessner et al., 2019). The other is intervening SP1 and TGR5 at the same time probably over-regulated the NLRP3 inflammasome and caused unknown fatal side effects. Further experiments are needed to explore the actual mechanisms.
In conclusion, we demonstrated that in vitro BA could activate NLRP3 inflammasome in non-inflammatory conditions mediated by SP1 and inhibit NLRP3 inflammasome in inflammatory conditions via TGR5. Treating rats receiving CPT-11 with MitA to inhibit SP1 or OA to activate TGR5 can alleviate the colitis. Our findings may shed lights on the discovery of effective interventions for reducing chemotherapy-induced colitis.
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Agent

Monocional antibody
neutralizing IL-1p
(Canakinumab)

IL-1 receptor antagonist
(Anakinra)

Polymorphism of IL-1p
and TNF-a

Anti-IL-20 or IL-20R1
monoclonal antibody

Monoclonal antibody
neutralizing IL-11 and
anti-IL11RA

Nanocomplexes with
IL-22 gene

Fusion protein of IL-6 and
the soluble IL-6 receptor
Fusion protein of IL-288
and human serum albumin
Fusion protein of IL-13
cytotoxin

Condition or disease

Alcoholic hepatitis

Alcoholic hepatitis

Hepatitis B, HCC,
Chronic liver disease

Short-term and long-term
COl4 -induced liver injury

Non-alcoholic
steatohepatitis

Acetaminophen-induced
Iiver injury, Concanavalin
A-induced hepatitis. NAFLD
D-galactosamine induced
acute ver injury

Cell culture-derived
hepatitis C virus
Nonalcoholic steatohepatitis

Objective or effector
function

Antibodies
Explore the potential benefits of the IL-1p antibody
(Canakinumab) in the treatment of alcoholic hepatitis

Determine the clinical efficacy and safety of IL-1 receptor
antagonist (Anakinra, plus zinc) in participants with
clinically severe alcoholic hepatitis
Find the effects of polymorphism of IL-1p and TNF-a and
their interaction on susceptibility and severity of HBV-
related HCC
Attenuated hepatocyte damage, inhibited TGF-p1
production, liver fibrosis, HSC activation, and ECM
accumulation
Prevents liver inflammation and steatosis, reverses
severe hepatocyte damage, reduces hepatic immune
cells and TGFp1 levels

Fusion protein
Activated STAT3/Erk signaling, inhibition of reactive
oxygen species generation, ameliorate acetaminophen-
induced liver injury
Reversed the state of hepatotoxicity, stimulated liver
regeneration
Inhibited hepatitis G virus infection

Decline in fiorosis and fiver enzymes without organ
toxicity, ameliorates pathological features of NASH

Trial number

NCT03776109

NCT04072822

NCT00629486

References

Dinarello et al. (2012)
Meier et al. (2019),
Dasarathy et al. (2020)

Dondeti et al. (2016)

Chiu et al. (2014)

Widjaja et al. (2019)

Chen et al. (2017), Chen
etal. (2018), Zai et al. (2019)

Galun et al. (2000)
Fayad et al. (2013)

Shimamura et al. (2008)

CCl4, carbon tetrachioride; ECM, extracellular matrix; HBY, hepatitis B virus; HCC, hepatocellular carcinoma; HSC, hepatic stellate cells; L, interfeukin; NAFLD, nonalcoholic fatty fiver
disease; STAT3/Erk, signal transducer and activator of transcription 3/extracellular signal requlated kinase; TGF, tumor growth factor: TNF, tumor necrosis factor.
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Drug Study phase Induction treatment Study type Maintenance treatment References

Week Studydrug Placebo  p Week Studydrug Placebo  p

2 OD
Vedolizumab® i 6 145 6.8% 0.02 m 85 39.0 21.6% <0.001 Sandborn et al. (2013)
Ontamalimab I 8 201 167% ns Sandoom et al. (2018)

Drug Study Induction treatment Study Maintenance treatment References

PRase  \Week  Study Placebo  p BPe \eek  Study  Placebo  p
drug drug

b) UC
Vedolizumab® 1 6 16.9 5.4% <0.001 m 52 44.8 15.9% <0.001 Feagan et al. (2013)
Etroizumab 1 10 194 69% 00173 62 206 206% 0,194 Dotan etal. (2020)

[} 10 18.2 11.1% 0.1729 Vermeire et al. (2020)
Etrolizumab 1 14 185 63% 00033 66 241  202% 04956 Peyin-Biroulet ot a. (20208)
Ontamalimab ] 12 16.7 2.7% 0.01 OLE 40-72 228 nd Na Vermeire et al. (2017a), Danese
etal. (2019)

AIMB00 1 8 235 39% 001 Yoshimura et al. (2015)

NB: In studies that feature different dosages or intervals, the most effective treatment has been presented.
“currently licensed for use as therapy in CD and UC; OLE, open-label extension; t, treat-through; r, continuation of assigned treatment in responders; r 26, remission at week 26; rr,
randomized responder: nd, not done: na, not applicable.
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Author Year

Crohn’s Disease (CD)

Salomon 1992
Su 2004
Galiahan 2010
Jairath 2017
Duivesten 2019

CD Subgroups
Pascua 2008
Renna 2008
Ford 2014

Ulcerative Colitis (UC)
Kombiuth 1993
inyckyj 1997
Garud 2008
Jairath 2016
Ma 2018
Macaluso 2018

UC-Pouchitis

Athayde 2018

No. of
studies

10
21

20
100

12
16
13

16
35
110
51
31

12

No. of
patients*

339
707
1795
7638
580

687
799
579

408
NR
3982
4062
5182
2702

229

Active Disease

Patients in Remission

Clinically
Improved (%)

19.6
19.0
7-56
28.0
16.2

18.3

39.7
26.7/30.3/25.2
32.1/40/36.6
33
35
34/26

2

Achieving
Remission
(%)

28.4
18.0
0-46
18.0
52

156

7.710.0
9.1/13.6./8.6
23/28/-
10114
23/14
9

Maintaining
Remission

(%)

375

32

56

40.1
531
19

30
14

Recurring of
Symptoms

(%)

26

58
23.7/50

22
23/19

a7

Not all studies have recorded
the same outputs, hence the
statistical basis for the pooled PE
estimate may vary substantially

different endpoints
CDAI defined
70/100 points CDAI decrease
CDAI defined
>50% reduction in CD activity

endoscopic evaluation
relapse/severe relapse
complete or partial closure

partial/complete/endoscopic
clinical/endoscopic/istologic
clinical/endoscopic/histologic
more interaction, duration
endoscopic/histologic

Mayo Score: cinical/istologic

various pouchitis scores
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IBD

Patient Factors
2

Y

Disease Factors
ves
yes
yes
ves
yes
Design Factors
yes
yes
2

ves
Therapist Factors
?

g

Mediators/Moderators

age
sex/gender
personality
race/culture
proxies

severity of disease
duration of disease
previous treatments.
concomintant therapies
route of administration

No of study visits
No of study centers
No of patients
Duration of RCT

Therapist (age, sex)
Clinical setting
Health care system
Nationality

Culture
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Interleukin

IL-10

IL-13

17

IL-33

Producing cell Receptor
Basophils, B cels, IL-10R1(a),
dendritic cells, IL-10R2 (b)
eosinophils, neutrophils,

macrophages Mast cells,

Th2 cells

Basophils, B cels, IL-4Ra,
endothelial cells, IL13Rat
eosinophils, epithelial

cells, fibroblasts, mast

cells, macrophages,

monocytes, smooth

muscle cells, Th2 cells

B cels, dendritic cells, ~ IL-17RA,
macrophages, Th17 cells  IL-17RC
Basophils, B cells, ST2,
CD8+T cells, dendritic IL1RACP

cels, eosinophils, ILC2s,
macrophages, mast cells,
natural kiler cells, Th2
cells, Tregs cells

Liver

IL-10 inhibited HSCs
activation Louis et al.
(1998) IL-gene therapy
reduced the expression
of profibrotic genes
Hung et al. (2008) IL10
KO rmice showed more
severe liver fibrosis
Thompson et al. (1998)

Blockade of IL-13
prevented iver
fibrogenesis
Chiaramonte et al.
(2001) IL-13 induced
production of collagen,
a-SMA Chiaramonte
etal. (1999)

The increased level of
IL-17 activated HSCs
and induced collagen
production Meng et al
(2012) elevated levels of
IL-17 were also found in
the fibrotic livers of
patients with hepatitis B
virus and cirrhosis
related liver damage Du
etal. (2013)

IL-33~/~ mice showed
decrease in collagen
deposition and ECM-
related gene expression
McHedidze et al. (2013)
production of IL-13 in
Th2 cells Marvie et al
(2009) IL-33
exacerbated liver
fibrosis in mice Gao
etal. (2016)

Lung

IL-10 KO mice increased
inflammation after
intratracheal instilltion of
siica Huaux et al. (1998)
genetic defivery of IL-10
attenuated the TGF-p
production Nakagome
et al. (2006)

IL-13-/- and IL-4/13-/-
mice were protected from
lung fibrosis development
in response to FITC
inoculation Kolodsick et al.
(2004) IL-13 and IL-4 are
elevated in the bronchial
alveolar lavage fiuid of IPF
patients Park et al. (2009)

Anti-IL-17A neutralizing
antioody attenuated
pumonary fiorosis and
ECM deposition Chen etal.
(2014)in humans, elevated
levels of IL-17 and IL-1p
were seen in the BAL fluid
of patients with IPE Wilson
etal. (2010)

Level of IL-33 was elevated
in the bronchoalveolar
lavage fluids of patients
with IPF Lee et al. (2017)
treatment with anti-IL-33
antibody markedly
reduced ainway
inflammation and lung
fiorosis Luzina et al. (2013)

Heart

The lack of IL-10 resuited
more severe myocardial
fiorosis Verma et al.
(2012) the administration
of fIL-10 improved
cardiac remodeling
Krishnamurthy et al.
(2009) IL-10 treatment
decreased the myocardiial
inflammation in mice with
autoimmune myocarditis
Zimmermann et al. (2012)
113Ra1-deficient mice
develop severe
myocardial dysfunction
Amit et al. (2017)
deficiency of IL-13 leads
to increased leukooyte
infitration and reduced
M2-like differentiation of
the monocytes in the
myocardium Hofmann
etal. (2014)

IL-17 directly induced VA
invivo and in vitro in a
dose-dependent manner
Chang et al. (2018) IL-17
induced cardiac fibrosis
both in vitro and in vivo via
PKO/Erk1/2/NF-xB
signaling pathway Liu
etal. (2012)

Recombinant IL-33
reduced aortic
atherosclerotic plaque
development Miler et al.
(2008) ST2-/- mice
showed more cardiac
fiorosis and impaired
survival Sanada et al.
(2007) expression levels
of IL-83/ST2 in human
myocardial tissue were
associated with cardiac
fiorosis Tseng etal. (2017)

Intestine

Loss of function mutations
inthe gene of IL-10 caused
early onset of IBD Kotlarz
etal 2012) IL-10
supplementation did not
result clinical improvements
in CD patients Marlow et al.
(2013)

IL-13 production by type 2
NKT oells demonstrated to
be criical for colitis
development Heleer et al.
(2002) IL-13 is not
increased in fibrotic CD
muscle layer Vainer et al.
(2000)

IL-17 induced HSP47 as
well as type | collagen in
human intestinal
myofibroblasts Honzawa
etal (2014) IL-17
contributed significantly for
stricture developmentin CD
Yagi et al. (2007) level of
fecal IL-17 was elevated in
patients with active CD
Biancheri et al. (2013)
Inhibition of endogenous
ST2-mediated signaling by
treatment with neutralizing
antibody improved DSS-
induced coliis Sedhom
etal (2013) IL-33 has
extenuating effects in
chronic DSS-induced coits
Grobeta et al. (2012)

BAL, bronchoalveolar lavage; CD, crohn’s disease; DSS, dextran sulfate sodium; ECM, extracellular matrix; Erk, extracellular signal regulated kinase; HSCs, hepatic stelate cells; HSP, heat
shock protein; IBD, inflammatory bowel diseases; IL, interleukin; IPF, iciopathic pulmonary fibrosis; KO, knock-out; NF-xb, nuclear factor-xb; NKT, natural killer T cells; PCK, protein kinase
C: r, recombinant; SMA, smooth muscle actin; TGF, tumor growth factor: VA, ventricular arrhythmia.
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Variables

Abdorninal pain

Abdominal distention

Diet

Scoring method

0: No abdominal pain
1-2: Essentially normal

3-5: Affecting daily e but not sleeping

6-9: Affecting sleep

0: No abdominal distention

1-2: Essentially normal

3-6: Affecting dally life but not sleeping

6-: Affecting sleep

0: No dietary restrictions

1-2: Essentially normal, without nausea and vomiting

3-5: Regular diet, with nausea and vomiting

6-8: Fluid diet and enteral nutrition, with nausea and vomiting
9: Exclusive enteral nutrition or gastrointestinal decompression
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All patients Upper Lower p value

(n=15) gastrointestinal (1= 6)  gastrointestinal (n = 9)
Age, years, median (IQR) 30 (28.5-38.5) 29 (24.3-30.8) 31 (20-39) 0.358
Male, n (%) 8 (53.3%) 4(66.7%) 4(44.4%) 0.608
Famiy history of CD, n (%) 0(0.0%) 0(0.0%) 0(0.0%)
Smoking, n (%) 0.604
Current 0(0.0%) 0(0.0%) 0(0.0%)
Ex-smoker 4(26.7%) 1(16.7%) 3(33.3%)
Never 8 (73.3%) 5 (83.3%) 6 (66.7%)
Age at diagnosis, years, median (IQR) 25 (23-29.5) 24 (215-288) 26 (23-29) 0.852
Months from CD diagnosis to confirm the stricture, months, median (IQR) 35 (13-49) 7(1.3-21) 46 (35-68) 0.367
Disease duration, years, median (QR) 9(4.5-12) 3(6-7) 12 (105-12.5) 0.082
Fistuiizing disease, n (%) 5 (33.3%) 2 (33.3%) 3(33.3%)
History of gastrointestinal surgery, n (%) 3 (20%) 0(0.0%) 3(33.3%)
History of medications, n (%) 0.556
5-ASA 9 (60%) 3 (50%) 6 (66.7%)
PPI 2(13.3%) 2 (33.3%) 0 (0.0%)
Immunosuppressants 9 (60%) 3e (50%) 6 (66.7%)
Gorticosteroids 8 (53.3%) 4(66.7%) 4 (44.4%)
Biological therapy 2 (13.3%) 1(16.7%) 1(11.1%)
Adverse events 0.091
Palpation 2 (13.3%) 0 (0.0%) 2(22.2%)
Loss of libido 2(13.3%) 0(0.0%) 2(22.2%)
Abnormal liver enzymes 16.7%) 0(0.0%) 1(11.1%)
Mouth ulcer 2(13.3%) 0(0.0%) 2(22.2%)
Headache 16.7%) 0(0.0%) 1(11.1%)
Rash 0(0.0%) 1(16.7%) 2(22.2%)
Leukopenia 16.7%) 1(16.7%) 0(0.0%)

CD, Crohn’s disease; 5-ASA, 5-aminosalicyfic acid: PPI, proton pump inhibitors: IQR, inter quartie range.
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Groups

Saline
APAP 400 mg/kg

APA + Carveol 5 mg/kg
APA + Carveol 10 mg/kg
APA + Carveol 15 mg/kg
APAP + Silymarin 50 mg/kg

-+ gignificant, ++ high, + moderate, —ni.

Hepatocytes necrosis

ot
ot

Inflammatory
cells infiltration

.
++

Fatty degeneration/vacuolization

I
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Treatment ALT (U/L)

Saline 6754
APAP 400 mg/kg + ATRA 10 mg/kg 456 + 1325
APAP + ATRA + Carveol 15 mg/kg 219 + 12.56%°
APAP + ATRA + Siymarin 50 mg/kg 183 + 14.28%5%

AST (UL)

89+ 532
634 + 16,359
376 + 3.45%°
312 + 8.64%°

TP (g/di)

6.8+ 1.56
26+ 1.7%
53+ 121%
58:21%

ALP (/L)

10227
545+ 9.89%
278 +7.89%%
267 £ 5.78%¢

LDH (mg/d))

441.33 + 14.46
3653 + 4.03%¢
2162 + 21.72%

2017.66 + 25.91%

ATRA augmented the serum level of LFTs and attenuated the TP, whie carveol signiicantly reduced LFT levels compared to those in the ATRA + APAP group, and increased the total
protein level. The symbols B and $$ represent significant difference values of p < 0.001, while the symbol $8 represents p < 0.01 values of significant differences, the symbol $
represents a significant difference relative to APAP + ATRA, while f represents a significant difference relative to the saline group. The data are expressed as means + SEM and were

analyzed using one-way ANOVA folowed by Tukey’s multiole comparison fast,

. The samples ware processed from cohart 2.
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Groups Hepatocytes necrosis
Saline -
APAP 400 mg/kg + ATRA 10 mg/kg e

APAP + ATRA + Carveol 15 mg/kg -
APAP + ATRA + Siymarin 50 mg/kg -

LEU, Leucine; ASP, Aspartate; ARG, Arginine; GLY, Glycine; GLU, Glutamic acid.

Inflammatory
cells infiltration

e

Fatty degeneration/vacuolization

-+
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Treatment

Saline
APAP

400 mg/kg
APAP +
Carveol

5 mg/kg
APAP +
Carveol

10 mg/kg
APAP +
Carveol

15 mg/kg
APAP +
Siymarin
50 mg/kg

ALT (UL

59871

194.66 + 6.02"*

164.66 + 10.69

148.33 + 11.37"

96.33 + 7.37"*

81.33 + 850"

AST (UL) TP (g/dl) TB (mg/d)) ALP (UL) Albumin LDL (mg/d))  HDL (mg/di)
(g/di)
106 + 13.89 7.8+ 0.30 033:018 9866+ 1553  4.93:065 39556 7866 + 8.02

276.66 + 27.02"** 353 + 040" 216+ 0.30"* 220.33 + 49.44** 223 + 0.30"* 10266 + 13.05"* 37.66 + 2.51"*

269.33 £ 81.5 5.7 +0.45™ 123 + 37" 177 £11.78 35+36 78.66 + 17.4 41.66 £ 3.05

258.66 + 36.67 553+ 1.19" 1.03 +.20"" 136.66 + 3.05" 423+ 41" 64+ 21" 52.66 + 6.5"

172.33 + 147" 6.6+ 055" 0525+003"™ 12266+ 850" 4.5+ 036" 65.66 + 17.67"  64.66 + 7.76""

13866 + 14.22"  6.16+ 0.40"* 067 +020"" 130+ 16.70"" 593+ 085" 51.33+9.29"  5233+208"

The data are presented as means + SEM and were analyzed using one-way ANOVA with n = 7/group. The symbols s+« and ##4 represent p < 0.001 and the symbol ## represents
b < 0,07 values of significant differences. The sarmples wee proceessd from cohart 1.
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Treatment GSH (umol/mg protein)
Saline 74.88 + 13.78
APAP 400 mg/kg 6.30 + 4.97"
APA + Carveol 5 mg/kg 44.4 + 9.26"

APA + Carveol 10 mg/kg 54.49 + 9.98"*
APA + Carveol 15 mg/kg 62.29 + 18.82°"*
APAP + Silymarin 50 mg/kg 66.68 + 11.45"*

GST (nmoles of CDNS
conjugated/min/mg protein)

25.42 +1.30
1.78 £ 1.50"
467 +0.91
883 +1.62"
14.2 + 1.43"
18.20 +2.31%

TBARS (nmoles Thras/min/mg
protien)

7932 +0.70
215.58 + 5,82
192,54 + 2.80
167.78 + 2.164"
181.74 + 0.64*
115.83 + 2.164"

The symbols #++ and ### represent p < 0.001, while the symbol ## or # represents p < 0.01 and p < 0.05, n = 7/group. The data are expressed as mean + SEM and were analyzed using
one-way ANOVA followed by Tukey's multiole comparison test. The samples were processed from cohort 1.
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Food Glucose Fructose

Grams per 100 g of Grams per 100 g of
food food
Apple 34 69
Artichoke 08 1.7
Banana 74 72
Broccoli 07 %
Butter 00 00
Carrot 25 24
Cashew 30 29
Cauiflower 1.0 09
Chard 03 04
Chicken meat 00 00
Chicory 15 09
Cola 50 50
Com 3.1 29
Cranberry 33 07
Cucurmber 08 09
Currant red 35 38
Dates 34.0 31.0
Egg yok 02 00
Fennel 15 1.3
figs 7.2 59
Grapes 73 82
Herring 00 00
Honey 35.2 40.2
Honeydew melon 39 42
Kale 12 1.4
Kiwi 5.1 52
Kohirabi 1.9 1.8
lamb’s lettuce 05 03
Leek 1.7 1.5
Lemon 1.2 %)
Lentis 07 1.0
Mango 55 82
Mik 00 00
Oats 04 04
Orange 43 44
Papaya 29 30
Paprika red 27 30
Pasta 0.1 0.1
Peach 4.1 4.0
Peanuts 13 1.3
Pear 28 72
Peas 3.1 3.1
Pineapple 47 5.1
Plum 39 52
Pomegranate 79 85
Potato 05 04
Protein 04 00
Pumpkin 14 08
Raisins 31.2 316
Raspberry 25 3.1
Rice 0.1 0.1
Salad 05 06
Salmon 00 00
Savoy 20 1.8
Sunflower seeds 1.4 1.4
Sweet cherry 13 12
Tomatoes 1.2 15
Trout 00 00

indicated is the total fructose and glucose content, which always includes free fructose
and half the sucrose value. The values in this table are calculated from mean values
according to (Souci et al,, 2016).
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Pt Classification 5-ASA  Rapa duration  Response (months) HBI Target score

(months) Before After®  Abdominal pain Abdominal Diet
distention
Before After’ Before  After® Before  After’
1 ALL4B2  No 2 Yes ) 2 0 0 o 5 0 5 2
2 A2,L3l4,B2  Yes 6 Yes (5) 3 0 3 0 5 0 5 0
3 AlLL4 B2 No 2 Yes (6) 2 0 0 o 0 0 6 0
4 A2, L4, B2 No 10 Yes (6) 5 1 6 0 2 0 9 1
5 A2 L4 B2 No 4 Yes (4) 3 0 0 o 5 2 9 3
6 A2, 13, B2 No 2 No 5 1 5 4 F 2 5 5
7 A2 3.B2 Yes 1 No 5 3 5 2 1 1 6 6
8 A2 L3 B2 No 6 No 5 4 6 5 5 4 6 6
0 A213B2 Yes 6 No 5 3 3 3 3 3 3 3
10 A2 1282 No 8 No 3 2 0 0 3 2 3 3
"o oA2L2B2 No 6 No 2 2 0 o 2 2 3 3
12 A2 L3 B2 No 6 No 10 8 6 4 0 0 3 3

Rapa, Rapamycin; HBI, Harvey-Bradshaw Index; A1, <16 years; A2, 17-40 years; L2, colonic; L3, ileocolonic; L4, isolated upper gastrointestinal; B2, structuring; 5-ASA,
5-aminosalicylic acid.
aThe time that patients achieved response or received rapamycin for 6 months.





OPS/images/fphar-12-715752/fphar-12-715752-g002.gif





OPS/images/fphar-12-715752/fphar-12-715752-g001.gif
ot
NN
B %

n: ;.”';" ;






OPS/images/fphar-12-715752/crossmark.jpg
©

|





OPS/images/fphar-12-686502/fphar-12-686502-t001.jpg
Gene name

Gapoh
Cyp7al
Fxr
Bsep
Tnf-a
L-18
N2
Ngo?
Hmox1

Forward primer (5'-3)

GGAGAAACCTGCCAAGTATG
AACAACCTGCCAGTACTAGATAG
GGCCTCTGGGTACCACTACA
CTGCCAAGGATGCTAATGCA
GGTGCCATGTCTCAGCCTCTT
GCCATAGAACTGATGAGAGGGAG
CTTTAGTCAGCGACAGAAGGAC
AGGATGGGAGGTACTCGAATC
GATAGAGCGCAACAAGCAGAA

Reverse primer (5-3)

TGGGAGTTGCTGTTGAAGTC
GTGTAGAGTGAAGTCCTCCTTAGC
TGTACACGGCGTTCTTGGTA
CGATGGCTACCCTTTGCTTCT
GCCATAGAACTGATGAGAGGGAG
GCCATAGAACTGATGAGAGGGAG
AGGCATCTTGTTTGGGAATGTG
TGCTAGAGATGACTCGGAAGG
CAGTGAGGCCCATACCAGAAG
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Drug Study phase Induction treatment Study type Maintenance treatment Ref

Week  Studydrug (%) Placebo  p Week Studydrug  Placebo p

2) CD

Ozanimod I 12 30.1 nd Na Feagan et l. (2020

Amiselimod I 12 282 405% ns D'Haens et al. (2019

Drug Study Induction treatment Study Maintenance treatment Ref

phase  \eek  Study Placebo  p WPe  \eek  Study  Placebo  p
drug drug (%)

b) UC

Ozanimod " 10 184 60% <0001 " 52 a7.0 185%  <0.001 Danese et al. (2020a), Sandbom
et al. (2020)

Etrasimod I 12 3.0 81% <0001 t 46 303 nd Na  Vermfre et al. (2019), Sandbom
et al. (20200)

OLE, open-label extension; tt, treat-through; r, continuation of assigned treatment in responders; r 26, remission at week 26; r, randomized responder; nd, not done; na, not applicable; ns
not significant. NB: In studies that feature different dosages or intervals, the most effective treatment has been presented.
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Drug

a) CD
Tofacitinio®
Upadacitinib
Filgotinio

Drug

b) UC
Tofacitinib®
Upadacitinib
Filgotinio

Study phase

n

i

Induction treatment Study type Maintenance treatment Ref
Week Studydrug Placebo  p Week Studydrug Placebo  p
8 435 367% 0325 " 2 558 38.1% 013 Panésetal. (2017)
16 27.0 10% <01 I3 52 41.0 320% ns  Sandbom et . (2020c)
10 470 230%  0.008 Vermeire et al. (2017b)
Induction treatment Study Maintenance treatment Ref
Week  Study Placebo  p BP®  Week Study Placebo  p
drug drug
8 176 60% <0001 " 52 406 11.0% <0001 Sandbom etal. (2017)
8 196 00%  0.002 Sandborn et al. (2020c)
10 18.2 97%  0.001 " 58 372 11.2% <0001 Feagan et al. (2020b), pooled data,

NB: In studies that feature different dosages or intervals, the most effective treatment has been presented.
“currently licensed for use as therapy in CD and UC; OLE, open-label extension; tt, treat-through, r, continuation of assigned treatment in responders; r 26, remission at week 26; rr,
randomized responder: nd, not done, na, not applicable.

Peyrin-Biroulet et al. (2020b)
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Drug

a) CD
Ustekinumab®
Briakinumab
Risankizumab

lirikizumab

Brazikumab
Guselkumab

Drug

b) UC
Ustekinumab®
Mirikizumab

Study
phase

Study phase

Week

oo

12

Induction treatment

Study
drug

29.8
17.3
36.6

40.6

a7
56.0

Placebo

13.0%
8.7%
15.4%

9.4%

15.0%
15.7%

P

<0.001
0.157
0.0252

<0.001

0.1
0.001

Induction treatment

Study

BPe week
m 52

r26 52
" 52
Study type

Maintenance treatment

Maintenance treatment

Study  Placebo
drug

531 35.9%
71.0 nd
565 nd

P

0.005

Na

Na

References

Feagan et al. (2016)
Panaccione et al. (2015)

Feagan et al. (2017), Feagan et al.
(018)

Sands et al. (2019), Sands et al
(20200)

Sands et al. (2017)

(Sandborn et al., 2020)

References

Week Study drug Placebo  p

8
12

155
226

5.3%
4.8%

<0.001
0.004

"

Week Study drug  Placebo

52

NB: In studies that feature different dosages or intervals, the most effective treatment has been presented.
“currently licensed for use as therapy in CD and UC; OLE, open-label extension; tt, treat-through; r, continuation of assigned treatment in responders; r 26, remission at week 26; rr,
randomized responder: nd, not done: na, not applicable.

438

24.0%

<0.001  Sands et al. (2019b)
Sandborn et al. (2020b)
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Study

Maconi et al.

(2003)

Wilkens et al.

(2018)

Ripolés et al.

(2013)

Baumgart
et al. (2015)

Serra et al.
(2017)

Chen et al.
(2018)

Lu et al
(2017)

Year

2003

2018

2013

2015

2017

2018

2017

N
pts

43

25

25

10

26

35

15

Imaging
technique

Tus

Tus

CEUS

Ccbus

CEUS

US-based real-
time
elastography
TUS

Ccbus

CEUS

RTE

SWE

-CEUS

-SWE

Features

Stratified echo patter o hypoechoic
pattemn

-Wall thickness

-Peak enhancement, total area under
curve, wash-in and wash-out area
under curve, wash-in perfusion index,
wash-in rate, rise and fall time, mean
transit time local

~Stenosis, prestenotic diatation, color
Doppler grade 0 or 1, contrast
enhancement <46%

-A formula to calculate the percentage
of increase in wall brightness and the
“time-to-peak”

RTE strain mean values
~Thickness and stratification score
~Color-Doppler score

-CEUS score

~Mean strain ratio (MSR)

Shear-wave elastography (SWE)

-Peak enhancement

-SWE measures

Histopathologic
index

Fazio et al

Chiorean et al

Chiorean et al

Collagen deposits

Chiorean et al.

Semiquantitativscoring system

Active and chronic inflammation,
fibrosis, and muscular
hypertrophy

Results

Sensitivity 100% specificity 63.3%, PPV
72%, NPV 100% of stratified or mixed
echo pattem associated with moderate-
severe or intermediate degree of fiorosis
in muscolaris mucosae and submucosa
-Wallthickness was correlated to fibrosis
(r=0399, p = 0.048)

-No correlation was found between
CEUS and fibrosis (r = -0.28, p = 0.19)

~Good correlation between US and
histopathological score (Spearman'’s, r
=0.50)

-Using a cut-off of 65% of enhancement
increase, CEUS had sensitivity 93%,
specificity 69%, PPV 78%, NPV 90%,
accuracy 82%

RTE strain values were significantly
higher in unaffected segments compared
with affected (p < 0.001)

No correlation was found between
thickness score (p = 0.198), stratification
score (o = 0.632), Color-Doppler score
{p =0.288), CEUS score (o = 0.205) and
MSR (o = 0.877)

Cut-off of SWE 22.5 kPa had sensitivity
69.6%, specificity 91.7% and AUROC
0.822 to differentiate between miid/
moderate and severe fibrosis

-Peak enhancement was negatively
correlated with fibrosis (r 1/4 20.59, p
1/40.02)

-No significant correlation between SWE
and fibrosis (o = 0.05)
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Study
Year

Type

Maconi et al.
(2003)
2003
Prospective

Ripoliés et al.

2013)
2013

Prospective

Wilkens et al.
2018)
2018

Prospective

Girlich et al.
(2011)
2011

Prospective

Serra et al.
(2017)
2017

Prospective
Dillman et al.

(2014)

2014
Prospective

Pts

(L]

43

25

25

20

26

12

Imaging
technique

us

Cbus

CEUS

CEUS (+CE MR
enterography)

CEUS

Strain elastography

Shear wave
elastography

Features

Evaluation of echo pattern (hypoechoic, stratified or
mixed)

Assessment of:

-Wall thickness

-Inflammatory markers: Loss of stratification, transmural
complications, lymphadenopathy

-US Doppler signal

-Quantitative CE

-Presence of stenosis or prestenotic dilation

Peak signal intensity, time to peak, area under the time-
intensity curve, washvin rate, wash-out rate, wash-in
perfusion index, area under the curve during washvin and
wash-out, fall time, mean transit time

Description of the perfusion pattern of the inflamed bowel
wall

Specific quantification software employ for perfusion
assessment

Strain ratio measurement

Shear wave speed

Results

Successful differentiation between inflammatory, mixed
and fibrofic strictures,

Inflammatory stenoses showed a hypoechoic echo
pattern

Successful differentiation in inflammatory and fibrotic
strictures

Transmural complications, color Doppler grade and
percentage of increase in contrast enhancement were
significantly associated with the pathology inflammatory
score (p = 0.018, p = 0.036 and p = 0.005, respectively)
Sonographic and pathology scores showed a good
correlation in inflammation (Spearman’s, r = 0.53)

Unsuccessful diferentiation in none, milc/moderate to
severe fibrosis and inflammation using CE imaging
Successful determination of the degree of inflammation
and fibrosis (none, mild/moderate to severe) using US
without CE effects

Correfation between US wall thickness and histological
inflammation (o = 0.001)

No correlation was found between the severity of
inflammation or fibrosis on histopathology and on CEUS
Significant correlation with the parameters of the
quantitative CEUS analysis

Strong negative correlation (r =~ 0.677, p < 0.01) between
the histopathological score and the time-to-peak (TTP)
Strong correlation between TTP and single parameters of
the histopathological scoring system (erosion, crypt
architecture, crypt, density of eosinophils, excess of
intraepithefial neutrophils)

Unsuccessful differentiation in fibrosis and inflammation

No correlation was found between strain ratio and
inflammation (o = 0.53)

No significant difference in mean shear wave speed
between high-score and low-inflammation score bowel
segments

The relationship between bowel wall shear wave speed
and inflammation was less correlative and nonsignificant
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First
author

Sharifi et al. (2014)
Foroughi et al. (2014)
Forough et al. (2015)
Barchetta et al. (2016)
Sharifi et al. (2016)
Forough et al. (2016)
Lorvandamir et al.
(2016)

Nadjarzadeh et al.
2016)

Sakpal et al. (2017)
Taghvaei et al. (2018)
Dabbaghmanesh et al.
(2018)

Geier et al. (2018)
Mansourian Hosseini
et al. (2018)

Shidfar et al. (2019)
Hajiaghamohammadi
et al. (2019)

Hussain et al. (2019)

Country

Iran
Iran
Iran
Italy
Iran
Iran
Iran

Iran
India
Iran

Iran

Switzerland
Iran

Iran
Iran

Palistan

Random
sequence
generation
(selection
bias)

Unclear
Unclear
Unclear
Low risk
Unclear
Low risk
Low risk

Unclear
Unclear
Low risk

Low risk

Unclear
Low risk

Low risk
Unclear

Low risk

Alloation
concealment
(selection bias)

Unclear
Unclear
Unclear
Low risk
Unclear
Low risk
Low risk

Unclear
Unclear
Low risk

Low risk

Unclear
Low risk

Low risk
Unclear

Low risk

Blinding or
participants and
personnel
(performance
bias)

Low risk
Low risk
Low risk
Low risk
Low risk
Low risk
Low risk

Low risk
Unclear
Low risk

Low risk

Low risk
Unclear

Low risk
Low risk

Low risk

Blinding of
outcome
assessment
(detection
bias)

Low risk
Low risk
Low risk
Low risk
Low risk
Low risk
Low risk

Low risk
Low risk
Low risk

Low risk

Low risk
Low risk

Low risk
Low risk

Low risk

Incomplete
outcome data
addressed
(attrition bias)

Low risk
Low risk
Low risk
High risk
Low risk
Low risk
Low risk

Low risk
Unclear
Low risk

Low risk

Low risk
High risk

Unclear
Unclear

Low risk

Selective

reporting

(reporting
bias)

Low risk
High risk
Low risk
Low risk
Low risk
Low risk
Low risk

High risk
Unclear
Low risk

Low risk

Low risk
Low risk

High risk
High risk

Unclear

Other sources
of bias (e.g. bias
of study design,
trial stopped
early, extreme
baseline
imbalance and
fraudulent)

Low risk
Low risk
Low risk
Low risk
Low risk
Low risk
Low risk

Low risk
Low risk
Low risk

Low risk

Low risk
Low risk

Low risk
Low risk

Low risk
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Subgroups

TG
Country

Duration
Dosage

C
Country

Duration
Dosage

HDL-C
Country
Duration

Dosage

BMI
Country

Duration

Dosage

Body weight
Country

Duration

Dosage

ALT
Country

Duration
Dosage
AST
Country
Duration
Dosage
ALP
Country
Duration
Dosage

FBS
Country

Duration

Dosage

HOMA-IR
Country

Duration

Dosage

Iran
Other
>12 weeks
<12 weeks
265,000 IU
>25,000 IU

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>26,000 U

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>25,000 IU

Iran
Other
>12 weeks
<12 weeks
25,000 U
>26,000 U

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>26,000 U

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>25,000 U

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>26,000 U

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>26,000 U

Iran
Other
>12 weeks
<12 weeks
265,000 IU
>26,000 U

Iran
Other
>12 weeks
<12 weeks
25,000 IU
>25,000 IU

No. of study

N AR ONO oo s e~

AN~ o

[N .

anvan o

DN E®®

IR R RN

WMD (95% CI)

-1.73 (-21.01, 17.55)
8.29 (~24.32, 40.90)
14.03 (-25.09, 53.15)
-3.87 (-15.21, 7.47)
1.31(-34.31, 36.94)
-0.23 (-7.53, 7.08)

7.19 (-6.90, 21.27)
-0.16 (~10.43, 10.10)
11.84 (-16.20, 39.89)
1.39 (-6.58, 9.36)
7.02 -13.62, 27.66)
4.45 (-5.80, 14.71)

1.82 (0.51,3.13)
-0.22 (-4.17,3.72)
66 (-1.92, 3.25)
1.84 (051, 3.18)
1.70 (0.25, 3.15)
1.38 (-0.68, 3.44)

-0.40 (-0.61, -0.19)
0.13 (-0.37, 0.64)
040 (0.7, 0.03)
-0.29 (-0.61, 0.04)
031 (-0.59, -0.02)
-0.33 (-0.69, 0.03)

~0.90 (~1.60, ~0.20)
-1(-607, 4.07)
-1.03 (-2.07, 0.01)
-0.89 (-1.94, 0.16)
~0.40 (~1.06, 0.27)
-1.35 (-2.40, -0.31)

-2.37 (-5.46, 0.73)
-1361 (-27.33, 0.10)
-2.41 (-8.67, 3.85)
469 (-8.79, 0.59)
-2.72 (-6.67, 1.22)
-4.98 (-10.41, 0.45)

0.10 (-1.70, 1.90)
-8.77 (-23.21, 5.67)
274 (0.44, 5.04)
-2.59 (-5.45, 0.27)
0.53 (-1.86, 2.91)
-2.76 (-7.44,1.91)

762 (-21.34, 6.09)
12,00 (-17.41, 41.41)
-1.69 (-13.84, 10.46)
-9.11 (-27.90, 9.67)
~1.69 (~13.84, 10.46)
-9.11 (-27.90, 9.67)

563 (-9.78, ~1.48)
-0.85 (-16.87, 15.17)
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2020
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size case/
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Groupt:
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37) group3
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Group:
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group3: 36
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51/30

Dosage of
vitamin D

50,000 1U/
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600,000 IU

50,000 U/
week

Group1: (0 =
37) 1000 IU
vitamin D +
Group2: (n =
371000 IU
vitamin D +
500 mg/d as
calcium
Group3: (n =
36), placebo

2100 IU/daily

Group1:50,000
U vitamin,
Group2:
0.25mg
calitriol,
Group3:
placebo

50,000 U
vitamin

50,000 IU
vitamin

50,000 IU
vitamin

Group: low
calorie diet+
50,000 IU
vitamin D,

Group2: low
calorie diet +

placebo
1000 IU/day

50,000 IV
vitamin D

50,000 U/
2 weeks

2000 IU/daity

50,000 U
vitamin D

600,000 IU

Type of Follow-up
intervention  duration
in control

group
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Placebo 4 weeks

Placebo 10 weeks

Placebo 12 weeks
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Placebo 12 weeks

Placebo 12 weeks

Placebo 12 weeks

Placebo 10 weeks

Placebo 12 weeks

Placebo 12 weeks

Placebo every
14 days for
4 months

Placebo 12 weeks

Placebo 48 weeks

Placebo 10 weeks

Placebo 24 weeks

Significant out comes

Vitamin D supplementation resuited in
increased serum 25-hydroxy vitamin D
concentration in the intervention group
compared to the control group. Intake of
vitamin D supplements led to a marginally
significant decrease in fasting blood glucose
in the intervention group compared to the
control group. HOMA-IR decreased in the
intervention group compared to the control

group

serum 25-hydroxyvitamin D significantly
increased in the intervention group vs. the
control. Total body fat decreased in the
intervention group. while visceral fat was
significantly different between the groups.
Adiponectin, calcium, phosphors, and PTH
levels increased, while liver enzymes, insulin,
and HOMA-IR decreased in both. There
were significant differences in mean changes
of serum 25(0H) D, PTH, ALT, AST, ALP, and
FBS between the groups after adjusting for
baseline, TF and VF. Vitamin D injection did
improve NAFLD severity

A significant reduction in the variables
inclucing AST, ALT, total cholesterol, and
LDL~C in both groups (o < 0.05). As for the
twoindices of FBG and TG, the control group
extibited significantly less variations

(o < 0.05)

Reduction in serum ALT, AST, LDL-G/
HDL~C, TC/HDL~C, and non-HDL C were
significantly higher in the CaD compared with
the P group

Significant change was ot observed in AST,
AP, and GGT levels; significant change was
observed in ALT

serum alkaline phosphatase levels was
significantly decreased from baseline levels in
vitarin D3 group. Serum and gamma GGT
level was also significantly decreased
compared to the baseine levels in treatment
group. There was no statistically significant
difference between placebo and vitamin D3
group in terms of serum aminotransferase,
ALP, serum GGT and lipid profile

serum ALP levels was significantly decreased
from baseine levels in calcitrol treated group.
There was no statistically significant
difference between placebo and calcitrol
groups in terms of serum aminotransferase,
ALP, serum GGT and lipid profile

A reduction in HOMA-IR, iver enzymes ALT,
AST, serum CRP and increase in serum
adiponectin as compared to placebo group.
However no significant changes were
observed in both groups in terms of body
weight, BMI, and serum lipid profiies

MeanBMiand serum liver enzymes decreased
signficantly in two groups. A signficant
improvement was observed in steatosis in
both groups. No signficant differences were
obseved between the two groLps in steatosis
when measured by CAP parameter

Vitamin D supplementation resuited in an
increase of serum 25(0H) D concentrations in
inter group and intra-group in intervention
group. At the end of the study, in the
intervention group, TG and CRP reduced
significantly compare with baseline. A
significant increase was seen in calcium
serum in the intervention group in
comparison with baseline and compared
with the placebo group

Significant reduction was observed in ALT
and AP Significant change was not observed
in AST levels

Significant reduction in FPG, insulin, insulin
resistance (by HOMA-IR) and TG
concentrations and an increase in HDL.C
was seen over the 12 weeks of study in each
group. Adjusting to the baseline
measurements, there was significant
difference in FPG, HOMA-IR, serum insuln,
TG and HDL.C among the groups after

12 weeks of the study. The calcium plus
calcitriol group showed a significant
decrease in ALT and FPG and increase in
HDL.C level compared with the calcitriol
group, adjusted to the baseline measures

In both genders, serum 25(0H) D3 increased
signficantly. This increase was accompanied
by signficant decreasein serum TC and
LDL-Cinwomen. However, in men, vitamin D
supplementationincreased the levels of serum
TC with o signficant effects on LDL-C.
Moreover, vitamin D significantly reduced
sserum hs-CRP in women. The median daily
caldiumintake in both genders was well below
the dietary reference intake for adults

In vitamin D supplementation compared to
the controls, the median of serum 25(0H)D3
significantly increased. This increase
accompanied by significant decrease in
serum MDA and near significant changes in
serum hs-CRP. Other variables showed no
significant changes

25(0H) vitamin D significantly increased in the
treated group, no group differences were
found in HFF, transaminases, CK18-M30,
P3NP levels or FLI after 24 weeks. Vitamin D
neither changed the metabolic profile nor the
cardiovasoular parameters

Vitamin D supplementation resuited in an
increase of serum 25(0H) D concentrationsin
inter group and intra-group in intervention
group. At the end of the study, in the
intervention group, TG and CRP reduced
significantly compare with baseline. A
significant increase was seen in calcium
serum in the intervention group in
comparison with baseline and compared
with the placebo group

Significant improvement in serum ALT and
serum adiponectin levels of intervention
aroup
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Drug class

JAK inhibitors

Anti-trafficking
therapies

IL-23 inhibitors

S1P receptor

modulators

PDE4 inhibitors
TLR9 agonist

Agent

Tofacitinib
Filgotinib
Upadacitini
TD-1473
Brepocitinib (PF-
06700841)
PF-06651600
BMS-986165
Vedolizumab SG
Etrolizumab
AIM300
PF-00547659
Risankizumab

Brazikumab
Mirikizumab
Guselkumab
Ozanimod
Etrasimod

Amiselimod (MT-1303)
Apremilast
Cobitolimod

Target
JAK1/JAK3
JAK1

JAK1

Pan-JAK (gut selective)
TYK2/JAKT

JAK3

TYK2

adf7 integrin

a4p7 and aEB7 integrins
ad integrin

MAACAM

1L23/p19 subunit

1L23/p19 subunit
1L23/p19 subunit
1L23/p19 subunit
S1PR1 and S1PRS
S1PR1, S1PR4 and
S1PRS

S1PR1

PDE4

TLR9

Mode of
delivery

Oral
Oral
Oral
Oral
Oral

Oral
Oral
sC
sC
Oral
sC

v, sC

v, sC
v, sC
v, sC
Oral
Oral

Oral
Oral
Topical
(enema)

Crohn’s disease

N/A
Phase ll recruiting
Phase ll recruiting
Phase l recruiting

Phase lla recruiting

Phase Il recruiting
N/A

Phase Ill recruiting
N/A

Phase Il completed
Phase Ill active, not
recruiting

Phase llo/ll recruiting
Phase Ill recruiting
Phase Il recruiting
Phase Ill recruiting
Phase IVl recruiting

Phase Il completed
N/A
N/A

Ulcerative colitis

FDA approved
Phase lIb/lil completed
Phase lll recruting
Phase IIb/lil recruiting
Phase lIb recruiting

Phase Il recruiting
Phase lll completed

Phase lll completed

Phase lll recruting

Phase Il completed

Phase Il enrolling by invitation

Phase 2/0LE enroling by invitation
Phase Ill recruiting

Phase Il recruiting

Phase lll completed

Phase Ill recruiting

NA

Phase Il completed

Phase llb completed, Phase Il
planned

JAK, janus kinase; TYK 2, tyrosine kinase 2; S1P, sphingosine 1 phosphate; S1PR sphingosine 1 phosphate receptor; PDE4, phosphodiesterase 4; TLR9, toll-like receptor 9; a4p7,
alohad-beta7; aEf7, alphak-beta?; od, aiphad; MAJCAM, mucosal addressin cell adhesion molecule-1; IL-23, interleukin 23; IV, intravenous; SC, subcutaneous; OLE, open fabel

axtension.
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(2) Multivariate regression analysis including BMI, behavior, and CRP

BMI -0.217 0.805 (0.731-0.908) 0.000
Behavior 1.281 3.602 (1.881-6.895) 0.000

CRP 0025 1.025 (1.009-1.041) 0.002

(b) Multivariate regression analysis including BMI, behavior, CRP, and IL-6
BMI -0.212 0.809 (0.716-0.914) 0.001
Behavior 1.252 3.499 (1.809-6.766) 0.000

CRP 0024 1.024 (1.008-1.041) 0.003

L6 0237 1.267 (1.041-1.541) 0018

se

0.061
0.331
0.008

0.062
0.336
0.008
0.100

BMI, Body Mass Index; CRP, C-reactive protein; IL6, interleukin-6; Cl, confidence

interval: OR. odds ratio: s.e.. standard error
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Rat 201

Rat Muct

Forward primer

ACAACCOACAGATOCAGCACARAG
CCAGARAGOOCAGCAGAGAMAGG.
CCTAGAATGOTGCCATCGCCTAC
CGGAGTGTCTGTGCGGATGS
CGCAGOCAGTICAMCARAGTTCS
GCCATCTCTCOCACATOCS

Reverse primer

GCTTOCTTAGGOTAGATICTGGTGAC
ACATCGAAGGGAGCATTGAACCTG
GGGTAACTCTCTCGGTCCATOC.
GGCTGGTCANTGATGGAGAGGTG
GCAAGATCAGCAATCGGTCOAMG
GGAAGACCGCTGTGCTGTAGTAAG
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Rabbit anti-Rat Z0-1 ight
uncton

Rabbit anti-Rat € Cadherin

For IF
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Disease

Wilson's Disease

Progressive famial
intrahepatic cholestasis

type 3
Hereditary fructose
intolerance

Giycogen storage
disease type IV

Tyrosinemia type |

Hemochromatosis

Argininosuccinate lyase
deficiency

Citrin deficiency

Cholesteryl ester storage
disease

a1 anttrypsin deficiency

Cystic fibrosis

Alstrsm syndrome

Congenital hepatic
fibrosis

Non-alcoholic fatty liver
disease (NAFLD)

Gene

ATP7B

ABCB4

ALDOB

GBET1

FAH

HFE

ASL

SLC25A13

LIPA

SERPINAT

CFIR

ALMST

Cryptogenic
causes

PNPLA3

Gene function

Copper transport

Biiary phospholipid secretion

Converts fructose into trioses for entry
into glycolysis and gluconeogenesis

Glycogen branching enzyme

Last step in tyrosine catabolism

Interactions with the transferrin
receptor and iron uptake

Urea cycle enzyme that cleaves
argininosuccinate into arginine and
succinate

Calcium binding mitochondrial carrier
protein Aralar2 (exchange of
cytoplasmic glutamate with
mitochondrial aspartate across the
inner mitochondrial membrane)
Lysosomal acid lipase (LAL) catalyses
the intracellular hydrolysis of
triacylglycerols and cholesteryl ester
Inhibitor of various proteases including
trypsin and therefore, protects cells
from inflammatory proteases such as
from neutrophils

Membrane chloride channel;
expressed on the cholangiocytes

Centrosome and basal body
associated protein: microtubule
organization

NA

Plelotropic role with triglyceride lipase
and retinyl esterase activity

Cause
of tissue injury

Intra-hepatic Cu®* accumulation

Accumulation of phospholipids and other
xenobiotics; impairment of bile formation

Accumulation of fructose 1 phosphate
and depletion of inorganic phosphate
levels, inhibition of glycogenolysis,
accumuiation of high levels of fructose
can be hepatotoxic

Accumulation of unbranched glycogen
causing hepatotoxicity

Accumulation of fumarylacetoacetate and
tyrosine in the hepatocytes and oxidative
damage to cells

Intra-hepatic iron overload

Accumulation of urea cycle intermediates,
especially ammoria

Citrullinemia and ammonia accumulation

Intracelular accumulation of cholesteryl
esters, triglycerides in the lysosomal
compartment of hepatocytes
Accumulation of mutant poly-AAT fivers
leading to hepatotoxicity

Pathogenesis unknown

Pathogenesis unknown: likely to be
involved in cellular Ca®* signaling

Accumulation of triglycerides, impaired
retinoic acid receptor signaling and
activation of HSC fibrogenic pathway

Clinical presentation with
liver involvement

Variable presentation. Can be
‘asymptomatic or accomparied by
fibrosis, acute hepatitis, end stage liver
disease

Meanifests in early chidhood, jaundice,
splenomegaly, portal hypertension and
physical and mental retardation
Hereditary fructose intolerance,
hepatotoxicity, fiver dysfunction
progressing to cirhosis

Variable presentation. Hepatic dlassical
presentation includes liver dysfunction
progressing to cirthoss, failure to thrive
by 5 years of age. The non-progressive
hepatic subtype present with
hepatomegaly, liver dysfunction,
myopathy, and hypotoria; but likely to
survive without further progression to
cirthosis

Presentation as liver or renal failure; in
early infancy; iver related symptoms are
hypoalbunimea, lowering of synthetic
functions of the livr, leading to
steatoss, cirthosis and HCC
Presentation as liver cirthosis

Two forms:-Early onset in infancy
associated with hyperammonimea and
vomiting, failure to thrive, o late onset
associated with hyperammonimea
episodes, cirhosis and neurological
symptoms

Neonatal intrahepatic cholestasi
impaired bile flow, fibrosis, cirrhosis; late
onset itrulinemia 2: neuropsychiatric
symptoms

Early onset: hepatomegaly,
splenomegaly and atered serum
transaminases

Variable clinical severity ranging from
chronic hepatitis and cirrhosis o
fulminant fiver failure

Age of onset is late: elevation of serum
liver enzymes, hepatic steatosis, focal
biliary cirrhosis, muttilobular biliary
cirthosis, neonatal cholestasis,
choleithiasis, cholecystitis and micro-
galbladder

Multiple organ dysfunction: ver
involvement can range from
steatohepatitis to portal hypertension
and cinthosis and can cause hepatic
encephalopathy and lfe-threatening
esophageal varices

Muliple organ fiorosis and dysfunction:
Can present as the following in case of
liver involvement: () portal hypertension
(most common and more severe in the
presence of portal vein abnormality), (i)
cholanglts with cholestasis and
recurrent cholangitis, (i) both portal
hypertension and cholangitic
symptoms; and (V) latency that appears
at alate age with hard hepatomegaly
Hepatic steatosis, fibross, cirtoss,
hepatocellular carcinoma
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AGGAGAGTGTTTCCTCGTCC
CCGGAGAGGAGACTTCACAG
TGCAGAGTTCCCCAACTGGTACA
TCAGCCTCTTCTCATTCCTG
CCCTTCCGAAGTTTCTGGCAGCAG
CACTACATCCTGACCCACTT

Reverse primer 5'-3'

TGAGGTCAATGAAGGGGTCG
TCCACGATTTCCCAGAGAAC
GTGCTGCCTAATGTCCCCTTG
TGAAGAGAACCTGGGAGTAG
GGCTGTCAGAGCCTCGTGGCTTTGG
ATGCTCCTGCTTGAGTATGT

Amplified fragment

145 bp
121 bp
102 bp
136 bp
108 bp
258 bp
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AGCCACATCGCTCAGACACC

Reverse (5'-3)

GCAATGGGGAGTGTCTTCTAT
GAGACCTCATCCAGAGAGACTAG
AGAGGGCGAGGTTGAGTGAG
ACCCTCAGAACACAGACAGGT
ACTCCCCTACACACTGCTCTG
AAACATCTCACTGCCCAGGT
GTACTCAGCGCCAGCATCG
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At
Eaas
+

Dilated blood vessels

ey
e
ot
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lesions were diffusely demonstrated in some examined section: ++++: severe lesions were diffused in all examined sections.





OPS/images/fphar-12-676608/fphar-12-676608-g009.gif





OPS/images/fphar-11-603771/fphar-11-603771-g002.gif
res Eon
5 \ ,
" - o] f ] -
z H
d o o
I PR T
S
J 1






OPS/images/fphar-11-603771/fphar-11-603771-g003.gif





OPS/images/fphar-11-603771/fphar-11-603771-g004.gif
10-100 M ExOH
v

100






OPS/images/fphar-11-603771/fphar-11-603771-g005.gif





OPS/images/fphar-11-585582/fphar-11-585582-g008.gif





OPS/images/fphar-11-585582/fphar-11-585582-t001.jpg
Genes

Rats GAPDH
IL-1B

L6

TNFa

Human GAPDH
IL-1p

L6

TNFa

Forward primer (5'-3')

GGCACAGTCAAGGCTGAGAATG
CCCTGAACTCAACTGTGAAATAGCA
ATTGTATGAACAGCGATGATGCAC
TCAGTTCCATGGCCCAGAC
GCACCGTCAAGGCTGAGAAC
CTGAGCACCTTCTTTCCCTTCA
TGGCTGAAAAAGATGGATGCT
TGTAGCCCATGTTGTAGCAAACC

TNF-a, tumor necrosis factor-a; IL-1B, interleukin-1p; IL-6, interleukin-6.

Reverse primer (5'-3')

ATGGTGGTGAAGACGCCAGTA
CCCAAGTCAAGGGCTTGGAA
CCAGGTAGAAACGGAACTCCAGA
GTTGTCTTTGAGATCCATGCCATT
TGGTGAAGACGCCAGTGGA
TGGACCAGACATCACCAAGCT
TCTGCACAGCTCTGGCTTGT
GAGGACCTGGGAGTAGATGAGGTA
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Gene

PEMT

PPAR-y2

CcD14

ACACA
ACACB
ASPG
ccs

CHEK1
HDAC9

NADSYN1

NHP2L1
OAS3

RPL10L
RSL24D1

TWISTNB
UMPS

HORMAD2
LINCO1554

Leptin
Phosphatidylethanolamine
N-methyltransferase

Peroxisome proliferator activated receptor

gamma
Tumor necrosis factor

Patatin like phospholipase domain
containing 3
CD14 molecule

Acetyl-coa carboxylase a
Acetyi-coa carboxylase
Asparaginase

Gopper chaperone for superoxide
dismutase

Checkpoint kinase 1

Histone deacetylase 9

NAD synthetase 1

Small nudlear ribonucleoprotein 13
2'-5'-oligoadenylate synthetase 3
Prolferating cell nuclear antigen

Ribosomal protein L10 like
Ribosomal |24 domain containing 1

SARC proto-oncogene, non-receptor
tyrosine kinase

DNA topoisomerase Il alpha

Tumor protein p53

RNA polymerase | subunit F
Uridine monophosphate synthetase

HORMA domain containing 2
Long intergenic non-protein coding RNA
1554

Function/remarks

Anti-steatotic, but also a proinflammatory and profibrogenic action
Governs the secretion of hepatic triglycerides in the form of very low-density
lipoprotein

Ppary2is expressed inthe ver, specificallyin hepatocytes, and its expression level
positively correlates with fat accumulation induced by pathological contions such
as obesity and diabetes

Tumor necrosis factor (TNF)-a is associated with insuiin resistance and systemic
inflammatory responses

Polymorphisms in PNPLA3 have been linked to obesity and insulin sensitivity

Upregulation of CD14 in liver cells show increased sensitivity to LPS, changes in
CD14 expression could represent a mechanism regulating liver sensitivity to LPS
toxicity

Low level is correlated with long time survival

Involved in insulin signaiing pathway and adipokine metabolic pathway

The bacterial enzyme L-Asparaginase is a common cause of anti-neoplastic-
induced liver injury with occurrence of jaundice and marked steatosis

CCS expression s reguiated by copper by modulatingits degradation by the 265
proteosome

This kinase is necessary to preserve genome integrity

Downregulation of HDAC9 decrease TGF-1-induced fiorogenic gene expression
in hepatic stellate cells

Reduced NAD concentrations contribute to the dysmetabolic imbalance and
consequently to the pathogenesis of NAFLD

This genes encodes a protein of the spliceosome complex

OAS3 s an interferon-induced aniviral enzyme

PCIVA encodes the protein which is found in the nucleus and is a cofactor of DNA
polymerase defta and involved in the RAD6-dependent DNA repair pathway in
response to DNA damage

The encoded protein shares sequence similarity with ribosomal protein L10
‘The encoded protein is involved in involved in the biogenesis of the early pre-60S
ribonucleoparticle

SRC is a proto-oncogene encoding a non-receptor tyrosine kinase

Regulates the topologic states of DNA and controls tumor cell response:
Induces apoptosis but the association between p53 and NAFLD remains
controversial, P53 plays an essential role in the pathogenesis of NAFLD, whereas
others have indicated that suppression of p53 activation aggravates liver steatosis
This gene (i.e. TWIST Neighbor) is ubiquitous expressed in al tissues

Lack of this gene results in reduced cell membrane stabilty

Decreases with advancing fibrosis
LINCO1554, one kind of INcRNA, has been found specifically enriched in liver tissue
and have strong association with pathogenesis and clinical evaluation of HOC
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UC extent

E1 (rectum)
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ES (extensive)

IBD medications

Anti-TNF agents
Non-anti-TNF therapies
No therapy

Anti-TNF responsive

Age is reported as mean + SD.

1BD
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41+15
12 (44%)
4(15%)
19 (70%)

5 (26%)
737%)
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Component

BTMinpp

Calcium-dependent trypsin-iike serine protease
(VesC)

Capsular polysaccharide (PSA)
Hemagglutinin protease (HAP)
Hemolysin

Peptidoglycan

sRNA52320

Source

Bacteroides
thetaiotaomicron
Vibrio cholera

Bacteroides fragilis
Vibrio cholera
Enterohemorrhagic E.coli

Escherichia coli

Pseudomonas aeruginosa

Role

Promotes intracelluar CA™* signaling in IECs

Plays a role in intestinal colonization of bacteria
Induces necrosis

Increase IL-8 secretion in host cells

Induces anti-inflammatory cytokine productionin DCs
Enhances Treg response

Induces apoptosis in intestinal epithelial cells
Apoptosis of endothelial cells

Triggers NOD1 signaling cascade

Induces expression of IL-6, IL-8 and NF-«B
Reduces IL-8 secretion from LPS induced IECs
Attenuates neutrophil infitration
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A33 antigen
Annexin A1

CCL20 and prostaglandin E2
CD63 and EpCAM

GELNS lipids

Integrin av6
Metallothionein-2

MHC | and I
miR-223

miR-23a and miR-155

miR-84c and PICANAT
miR-4334, MiR-219 and miR-338
Mdo-miR7267-3p
Myeloperoxidase (MPO)
Myeloperoxidase (MPO)

NEAT1

PSMA7
Sphingosine-1-phosphate

Tetraspanin 14-3-3 protein, enolase and
heat shock proteins.

TGF-p

‘Source

Intestinal epithelial cells
Intestinal epithelial cells
Intestinal epithelial cells
Intestinal epithelial cells
Grapes

Intestinal epithelial cells
Bone marrow-derived
MSCs

Intestinal epithelial cells
Mice colonic epithelial
cells

Neutrophils

Intestinal epithelial cell
line Caco-2

Porcine mik

Ginger

Intestinal epithelial cells

Neutrophils

Mouse intestinal mucosa
and serum

Oral mucosal cells
Intestinal epithelial cells

Hookworm

Intestinal epithelial cells

Role

Cell-cell recognition and signaling

Promotes wound healing

Recrit Th17 cells through MyD88 mediated pathway

Induces DC apoptosis

Suppresses DC maturation inibits antigen presentation by DCs in rats
Induces Lgr5+ stem cells

Enhances in vivo targeting of intestinal stem cells

Remodels and protects intestinal tissue against DSS-induced colitis
Promotes production of active TGF-§ in DCs and Tregs

Maintenance of intestinal barrier integrity

Polarization of M2b macrophages

Induction of IL-10 from macrophages

Initiating immune response

Modulates communication between IL-23 signal pathway and claudin-8 in
IBD development

Modulates intestinal barrier integrity

Indluces replication fork collapse

Inhibits homologous recombination

Induoces accumulation of double strand breaks

Modulates ZO-1, MAZ, and occludin expression

Modulates intestinal barier integity

Prevents LPS-induced intestinal inflammation, apoptosis and damage via
inhibiting TLR4/NF-xB and p53 pathways

Shapes gut microbiota

Improves barrier function

Ameliorates colits via IL-22-dependent mechanisms

Contributes to oxidative stress against microbes

Damages intestinal barrier by production of oxidative radicals, inhibiting
wound closure and healing

Down-reguiation of NEAT1

Suppresses inflammatory response by modulating intestinal epithelial
barrier and via exosome-mediated polarization of macrophages in IBD
Responsible for degradation of proteins

Controls autoimmune disorders and immune tolerance

Promotes tumorigenesis

Protection against colitis by significantly suppressing

IFNy, IL-6,IL-1§, and IL-17a and upregulating anti-inflammatory cytokine
IL-10

Inhibit CD4" T cel prolferation
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For immunofluorescence analysis
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Sense primer (5-3')

TCCAGGCTCCTGTTCGAGTCTC
CTGAGAACGCCACCGCCTTG
GTAGATGACCATGAGTCGCTTGCC
AGGCTGCTGTAGAGGCTCTGAAG
ACCGCCTTCCTGCTCAACATTG
TCCTTCCAGCCTGAGAGCAACC
CGTGAGCGGCTGCTTGTCTG
ATCACTATTGGCAACGAGCGGTTC

Antisense primer (5'-3')

CGGTGGCGATCATCTGTGTCTG
TCCACCACGACTTGACACATTAGC
CTTGCTCCATGTCCTGCTCTATGC
GCTCAGGCGTCCTTCCTTATATGC
CTCTGACGAAGTGACGCCATCTG
TCACGACGGTAGCGACGAGAG
ATGGTGAGCGAGGCGGTGAG
CAGCACTGTGTTGGCATAGAGGTC





OPS/images/fphar-11-585582/crossmark.jpg
©

2

i

|





OPS/images/fphar-11-600295/fphar-11-600295-g006.gif
* e

o o
ConetCopre . RIS 700
o [ oo

ot i 001





