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INTRODUCTION
There are many diseases of the gastrointestinal tract and the liver that affect patients’ quality of life. Since gastrointestinal diseases can affect the gastrointestinal tract from the mouth to the anus, functional and structural impairments can vary widely. Common problems include abdominal discomfort, upper or lower gastrointestinal bleeding, constipation, loss of appetite, unintentional weight loss, nausea and vomiting, fatigue, as well as constipation and/or diarrhea. In addition, when becoming chronically, they can result in chronic symptoms associated with pain, dyspepsia and altered bowel habitat. Based on the versatility of these diseases, it is obvious that there must be an abundance of genetic and epigenetic factors contributing to the progression or outcome of respective illnesses. Current therapies and treatment options encompass dietary, pharmacologic, recommendations for lifestyle changes, and complementary medical treatment. Management of patients could also consider cognitive behavioral therapy and psychotropic drug therapy. Nevertheless, therapy is often challenging requiring personalized forms of treatment. Recent years of research and clinical observations have further shown that there are numerous mechanisms by which genetic and epigenetic factors contribute to gastrointestinal and hepatic disease initiation and progression providing a large list of both diagnostic and therapeutic targets. However, despite the recent progress made, the etiology of these diseases are still incompletely understood and studies providing a better understanding of the pathogenesis and the factors driving the underlying processes are urgently needed.
This Research Topic covers a wide range of aspects showing that the field of gastrointestinal and hepatic diseases has made conceptual advances that hopefully will end in novel treatment options in the near future.
NEW INSIGHTS IN GASTROINTESTINAL DISEASES
Geesala et al. discuss the pathophysiolocal significance of excessive mechanical stress in inflammatory conditions and functional bowel disorders. The review provides data showing that mechanical stress can profoundly alter gene expression in the GI tract resulting in induced expression of pro-inflammatory molecules, pain mediators, pro-fibrotic genes and growth factors in obstructive, inflammatory, and functional bowel disorders. As such excess mechanical stress is a key factor critically contributing to pathophysiological changes in the GI tract, potentially offering new therapeutic targets for the management of GI disorders.
A thematically related review by Singh et al. highlights current treatment options and novel therapeutic insights for gastrointestinal dysmotility and functional gastrointestinal disorders. The comprehensive overview discusses the heterogeneity of respective diseases, currently available treatment options for targeting the pathophysiological mechanisms, limitations in effectiveness and safety profile of present drugs, and therapeutic clues for clinical care and management of patients suffering from various functional gastrointestinal disorders. The review demonstrates that there is still a lack in understanding the pathophysiology underlying functional and motility gastrointestinal disorders that may be the consequence of the heterogeneous and complex nature of gut-brain interactions.
Sun et al. tested the therapeutic impact of a novel traditional herbal Chinese medicine prescription, namely Qingchang Wenzhong Decoction (QCWZD), on the recovery phase of colitis in the model of dextran sulfate sodium (DSS)-induced colitis in mice. The authors could demonstrate that QCWZD orally administrated at a dosage of 1.8 g/kg body weight provoked faster recovery from epithelial injury, reduction of mucosal inflammation, and attenuation of intestinal dysbiosis. Fecal microbiome transplantation and antibiotic treatment further revealed that the observed effects were gut microbiota dependent. Collectively, these data suggest that QCWZD accelerates intestinal mucosal healing through the modulation of dysregulated gut microbiota.
The meta-analysis by Huang et al. systematically analyzed the protective effects of perioperative usage of the selective α2-adrenoceptor agonist dexmedetomidine in reducing Ischemia-reperfusion (IR) injury induced by hepatotectomy. Based on findings reported in eight randomized controlled trials with a total of 468 participants dexmedetomidine is associated with a systematic decrease in inflammatory response and oxidative stress resulting in protective effects against hepatic IR injury after hepatectomy. This was correlated with reduced concentrations of urea nitrogen, creatinine and serum diamine oxidase, suggesting that the drug also prevents renal and intestinal injury in the setting of IR injury induced by hepatotectomy.
The study by Li et al. investigated the effects of exogenous hydrogen sulfide in the paraventricular nucleus of the hypothalamus on the gastric function of rats. The authors could show that microinjection of sodium hydrogen sulfide (NaHS) physiologically acting as a hydrogen sulfide (H2S) donor inhibits gastric motility and promotes gastric acid secretion by modulating activity of the paraventricular nucleus. Interestingly, inhibitors that target the N-methyl-D-aspartic acid receptor or the NF-κB signaling pathway eliminated these effects suggesting that the axis between the paraventricular nucleus and gastric functions is controlled or modulated by respective pathways.
Li et al. contributed a review article in which the biological significance of gut microbiota-derived impact indoles and its derivatives are reviewed in the context of gastrointestinal and hepatic diseases. In their article the general metabolism of indole, related pathways and enzymes, its pathogenetic relevance, and potential therapeutic activities of this substance are discussed. The presented overview suggests that a better understanding of indole biology in the pathogenesis of pathological conditions will help to assist on developing novel individualized bacteriotherapies.
The meta-analyis performed by Morino et al. evaluated the efficacy and safety of proton pump inhibitor-amoxicllin-clarithromycin (PPI-AMPC-CAM) triple therapy for eradication of Helicobacter pylori with special emphasis on different cytochrome P450 2C19 genotypes. In their study, the cure rates of PPI-AMPC-CAM H. pylori eradication of 25 RCTs with a total of 5,318 patients were systematically analyzed. The study revealed that the cure rates of the PPI-AMPC-CAM eradication therapy significantly differ among CYP2C19 genotypes. While the percentage of eradiation in patients with a poor metabolizer CYP2C19 genotype is rather high (>85%), the cure rate in subjects with an extensive metabolizer genotype was rather low. Therefore, the authors suggested that CYP2C19 genotyping before initiation of eradication therapy will be helpful to achieve higher eradication rates.
Orts et al. prospectively analyzed the serum concentrations of anti-TNF in trough samples at a steady state in Crohn’s disease patients that were either treated with infliximab (n = 62) or adalimumab (n = 49). Interestingly, in both collectives the patients showed different systemic concentrations of cytokines that were directly correlated to the drug concentrations reached in the serum. The differences were further associated with clinical differences. In particular, the hospitalization rate in the adalimumab groups was inversely correlated to the reached effective drug concentration, suggesting that in future studies it will be necessary to consider not only the drug and dose administered, but also the final systemic drug concentration in each Crohn’s disease patient.
The Mini Review by Tolaymat et al. summarizes recent data on the pharmacology and availability of agonists and antagonists of muscarinic receptors for research and therapeutics. Presently, the five different subgroups of these guanine nucleotide protein-coupled receptors (M1R-M5R) are supposed to have divergent and opposing effects on the progression of gastric, pancreatic, and colon cancer, and liver injury and fibrosis. The discussed data demonstrates that potential drugs selectively targeting either M1R or M3R molecules with dual functionality acting as an M1R agonist and M3R antagonist should have great therapeutic potential. However, presently the development of such drugs is somewhat limited by the complexity of receptor functions and responses, the extensive sequence homology between the different RM subtypes hampering the creation of selective drugs, and current gaps in general knowledge of the remarkable diverse activities of these receptors in the pathogenesis of gastrointestinal and liver diseases.
Traini et al. investigated the impact of chronic exposure to cigarette smoke and pathogenesis of inflammatory bowel disease in Male Hartley albino guinea pigs. In particular, the outcome of inflammation, mucosal secretions and expression of the vasoactive intestinal peptide and substance P in the ileum and colon was analyzed. Furthermore, the effects of relaxin in counteracting observed alteration was studied. Interestingly, the ileum and colon showed a highly diverse sensitivity to cigarette smoke in regard to induced inflammatory infiltrates, fibrosis, and acidic mucin production. Moreover, relaxin reduced most of the smoke-induced changes in the ileum and was less effective in the colon, suggesting that different regions of the gastrointestinal tract are not only differently sensitive to smoke but are also differently reactive with regard to therapeutically effective substances.
The review by Verbeure et al. focusses on the role of nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S) on gut peptide release and functioning. The presented overview shows that these gasotransmitters have subtle roles in the regulation and function of gastrointestinal hormones including gastrin, cholecystokinin, secretin, motilin, ghrelin, glucagon-like peptide-1 and -2. As such these small molecules may be attractive therapeutic targets for pharmacological interventions in diseases associated with altered gut peptide activity. However, as the authors concluded correctly, it will be a major challenge to target them in an organ-, process-, or disease-specific manner.
Beckers et al. investigated potential associations between age-related changes in abdominal symptoms and the expression of the visceral pain-associated receptors Ankyrin one and Vanilloid in patients suffering from irritable bowel syndrome (IBS). Comparative analysis of data obtained by quantitative RT-PCR and immunofluorescence in samples of 463 IBS patients and 317 healthy controls subjects revealed significantly lower scores for abdominal pain and indigestion in both elderly IBS and healthy individuals compared to respective young adults and a lower relative expression of Ankyrin one and Vanillid in healthy elderly versus healthy young adults. This suggests that abdominal pain perception is decreased during aging, potentially providing the basis for the development of novel age-dependent pain management strategies in IBS.
The systemic review by Cheng et al. summarizes and evaluates the evidence for a pathogenetic role of the purinergic P2X7 receptor (P2X7R) in the gastrointestinal system. This receptor belongs to plasma membrane molecules found in many mammalian tissues responding to extracellular nucleotides. Based on a literature search in PubMed, embase and Scopus the authors identified 48 articles in which aspects of P2X7R during various actions under homeostatic and pathological conditions in the GI tract were analyzed. In sum, the systemic analysis of respective studies demonstrates that the activation of P2X7R can induce a broad array of cellular responses, including cytokine release, apoptosis, and cell death, all mechanisms that in the GI system significantly contribute to inflammatory processes and promotion of tumor development. However, some reports analyzed showed that P2X7R can also suppress inflammation in the course of colitits. Therefore, P2X7R antagonism might be a double-edged sword exerting beneficial and detrimental effects during the pathogenesis of IBD.
Palmitoylethanolamide is both a naturally-occurring lipid ingredient contained in foods/dietary supplements and an endogenous lipid mediator chemically-related to the endocannabinoid anandamide. D’Antongiovanni et al. provide evidence for the possible use of palmitoylethanolamide for the management of enteric inflammation and bowel dysfunctions associated with Alzheimer’s disease (AD). By using a spontaneous genetic model of AD (i.e., SAMP8 mice), the authors showed that palmitoylethanolamide, under a condition of cognitive decline, prevented the enteric glial hyperactivation, reduced AD-related proteins, counteracted colonic inflammation, improved the intestinal epithelial barrier integrity and regularized excitatory colonic contractions.
Worldwide, gastric cancer (GC) represents a common cause of morbidity and mortality in countries. The clinical impact of current therapies is modest and apoptosis evasion, i.e., one of the pivotal hallmarks of cancer. Laurino et al. demonstrated the possible mechanism by which TRPV2 pharmacological targeting with tranilast overcame cisplatin resistance (a major limitation of current therapeutic regimens for GC). This is therapeutically important because tranilast (N-3′,4′-dimethoxy cinnamoyl]-anthranilic acid), an analog of a tryptophan metabolite identified mainly as an anti-allergic agent, is already known as a safe and long-lasting drug.
The results of a retrospective study describing the use of food supplement containing flavonoids Vitamin C, and plant extracts from Centella asiatica (gotu kola), Vaccinium myrtillus (blueberry), and Vitis vinifera (common grape wine), prescribed from 2019 to 2020 in the hepato-gastroenterology division outpatient unit of the University of Campania “Luigi Vanvitelli” for hemorrhoid disease, were illustrated by Gravina et al. Data showed that the formulation was safe and effective in patients with grade II and III hemorrhoidal disease.
Shafrir et al. investigated the possible association between proton pump inhibitors (PPI) use and the risk of infection and development of severe disease in SARS-CoV2 infected patients. The authors used data from a health maintenance organization database in Israel that insures over 1,200,000 individuals. In a multivariable logistic regression model controlling for age, gender, smoking status, body mass index, diabetes mellitus, hypertension, chronic obstructive pulmonary disease, history of ischemic heart disease and fasting blood glucose levels, no significant association was found between PPIs and SARS-CoV-2 positivity or severe COVID-19.
INTERVENTION IN LIVER DISEASES AND COLORECTAL CANCER
The review article by Cai et al. highlights current knowledge in epigenomic alterations associated with the occurrence and progression of chronic liver disease (CLD). In particular, the authors discuss the roles of histone modifications in selected CLDs. The comprehensive overview provides information about the different forms of histone modifications and their alterations during initiation and progression of CLD and the pharmacological possibilities for targeting these epigenetic changes. The contribution highlights that histone modification can be pharmacologically modulated and that some epigenetic drugs have already been approved for clinical use. Although there are still some issues unknown, these encouraging findings might lead in the near future to the development of drugs with low toxicity and high efficacy able to improve the outcome of CLD.
The article by Chen et al. reports about the biological mechanisms by which Paeoniflorin (PF) mediates its hepatoprotective activity during cholestatic liver injury. The authors combined metabolomics and systematical network pharmacological analysis and showed that the monoterpene glycoside significantly improved liver histological damage and serum parameters indicating hepatic damage in a rat model of α-naphthylisothiocyanate-induced cholestasis liver injury model. The data provided indicates that PF evolved its protective effects on cholestatic liver injury by majorly regulating amino acid metabolisms, bile acid metabolisms and inflammation.
In the study by Cheng et al. investigated the association of nonselective-beta-blockers (NSBBs) and the incidence of hepatocellular carcinoma (HCC) in patients with chronic hepatitis B (CHB) infection without cirrhosis and decompensation. The reported findings demonstrate that NSBBs are not associated with decreased HCC occurrence suggesting that these drugs should not be recommended as a chemopreventive drugs as a way to lower HCC development in patients suffering from CHB.
In another experimental study, Du et al. evaluated the protective effects of Atractylenolide I (AO-I) against acetaminophen (APAP)-induced acute liver injury in mice. The drug was intragastrically administered 2 h before APAP dosing and histopathological changes of the liver and markers of oxidative stress and hepatic inflammation were analyzed. In their experiments, the prophylactic treatment with the sesquiterpene confers protection against APAP-induced hepatotoxicity, which can be attributed to its anti-inflammatory and anti-oxidative properties, most likely by targeting the TLR4/MAPK/NF-κB pathways.
Kositamongkol et al. systematically reviewed beneficial effects of coffee consumption and the incidence of non-alcoholic fatty liver disease (NAFLD) in the general population and on the reduction of liver fibrosis among patients suffering from NAFLD. Their bipartite study consisting of an overview of former reviews and a systematic review and meta-analysis shows that findings on therapeutic effects of coffee drinking on NAFLD prevention in the general population are contrasting, while consumption of coffee has proven beneficial effects on liver fibrosis in NAFLD patients.
Yang et al. comparatively analyzed the immunophenotypic characteristics of monocyte-derived dendritic cells in the peripheral blood of patients suffering from autoimmune hepatitis (AIH) and healthy control subjects. In their study, the authors established whole RNA-sequencing data from AIH patients and controls and used bioinformatics approaches to identify differentially expressed long noncoding RNAs (lncRNAs), circular RNAs (circRNAs), microRNAs (miRNAs), and mRNAs. The expression differences were clustered, potential interactions between lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA established, and competing endogenous RNA networks between the different RNA subtypes were constructed. This fundamental study with its comprehensive data has disclosed several dysregulated RNAs associated with the pathogenesis of AIH and further provides information about new therapeutic targets for treatment of AIH.
Yang et al. performed multi-omics profiling of liver extracts and sera taken from both peripheral blood and hepatic portal vein blood from the long-tailed macaque (Macaca facicularis) that either spontaneously developed diabetes type 2, were fed with a normal chow diet, or received a high-fat-high-sugar diet. In this study, the authors found that the fatty acid binding protein 4 (FABP4) is a critical mediator that contributes to the pathogenesis of diet-induced and spontaneously occurring diabetes. In the liver both FABP4 mRNA and protein are significantly upregulated. In addition, the authors found that a lot of genes functioning in cell migration and cellular/extracellular structure are changed in prediabetic and diabetic animals suggesting that alterations in homeostasis of these genes preventing proper liver regeneration might promote diabetes.
In regard to insulin, another original research article authored by Zhang et al. evaluated the therapeutic effects of a water extract prepared from the Gentianaceae family member Veratrilla baillonii Franc (WVBF) on hepatic injury and insulin resistance in a high-fat diet- and streptozotocin-induced diabetic rat model. In their study, the authors performed liver transciptome analysis and found that the WVBF extract suppressed several genes associated with formation of insulin resistance and further reduced the pathological damage of the liver and pancreas. Combined with previous work from the group showing that the extract can attenuate hepatic toxicity, the present study provides potential explanations of the protective effects of WVBF in preventing insulin resistance and associated liver complications.
Another experimentally study authored by Zhou et al. investigated the mechanisms by which the vagus nerve activating α7 nicotinic receptors (α7nAChR) ameliorates inflammation and gastric dysmotility in Parkinson’s disease rats produced by microinjection of 6-hydroxydopamine in the substantia nigra. In their article, the authors could demonstrate that respective rats exhibit impairment of the cholinergic anti-inflammatory pathway resulting in α7nAChR-positive macrophage infiltrats in the gastric muscularis. In this context, the application of the α7nAChR inhibitor PNU-282987 alleviated gastric inflammation and improved gastric dysmotility by exerting a direct anti-inflammatory effect suggesting that drugs targeting α7nAChR might have beneficial effects on gastroparesis in Parkinson’s disease.
In the review by Singh et al. the potential of Programmed cell death protein 1/PD-ligand 1 (PD-1/PD-L1) inhibitors for the treatment of CLDs such as hepatitis, liver injury, and hepatocellular carcinoma are discussed. In particular, the article focusses on immunomodulating activities of these substances, potential therapeutic strategies resulting thereof, past and ongoing clinical studies conducted with these inhibitors, drug toxicities, and challenges associated with PD-1/PD-L1 blockade therapies. In sum, the article documents that the PD-1/PD-L1 pathway offers versatile possibilities for therapeutic intervention in chronic liver diseases, but that further studies are urgently needed to resolve existing pharmacological challenges connected with inhibitors directed against PD-1/PD-L1.
Zhang et al. provided evidence that atractyloside protects mice against high fat diet-induced liver steatosis. At molecular level, this drug blocked expression of the adenine nucleotide translocator 2 (ANT2), stimulated the activation of AMP-activated protein kinase (AMPK), decreased the activity of mechanistic target of rapamycin kinase (mTOR), and ultimately promotes autophagosomes formation, thus hastening the degradation of hepatic lipids caused by the high fat diet. Atractyloside, a diterpenoid glycoside present in a number of plant species worldwide, including Atractylis gummifera, is a high-affinity specific inhibitor of the mitochondrial ADP/ATP carrier, thus being able to impair energy balance.
A study by Kim et al. evaluated a newly developed plasma-based peptide nucleotide acid (PNA) probe-mediated real-time PCR kit for the detection of microsatellite instability (MSI) in 84 colorectal cancer (CRC) patients. The authors found that the PNA-based real-time PCR kit is able to detect MSI in plasma of CRC patients with a positive predictive rate of 100% and a sensitivity of about 70%. As such, the method offers an alternative diagnostic method for MSI testing in patients in whom collection of tissue samples is difficult or not available.
In sum, all these 29 articles show that the different gastrointestinal and hepatic diseases are complex disorders. Although there has been great success in understanding the pathogenesis of the different disease aetiologies, there is still an urgent need to identify suitable druggable targets. The collection of articles published in this Research Topic shows that the possible repertoire of respective targets is extremely large. In addition, preclinical work from the different laboratories has identified already several substances or mixtures showing highly beneficial effects in the setting of a specific gastrointestinal or hepatic disorders. However, there remains a lack of translating respective findings into clinical studies or novel therapies and future studies are warranted before effective therapeutics can be developed for clinical use.
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Although gasotransmitters nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S) receive a bad connotation; in low concentrations these play a major governing role in local and systemic blood flow, stomach acid release, smooth muscles relaxations, anti-inflammatory behavior, protective effect and more. Many of these physiological processes are upstream regulated by gut peptides, for instance gastrin, cholecystokinin, secretin, motilin, ghrelin, glucagon-like peptide 1 and 2. The relationship between gasotransmitters and gut hormones is poorly understood. In this review, we discuss the role of NO, CO and H2S on gut peptide release and functioning, and whether manipulation by gasotransmitter substrates or specific blockers leads to physiological alterations.
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INTRODUCTION
A variety of gastrointestinal hormones provide the regulation of digestive processes. Aberrant gut peptide release or function has been implicated in disorders of the gastrointestinal tract and may lead to several symptoms as shown in dumping syndrome, irritable bowel syndrome, functional dyspepsia and gastroparesis (Camilleri, 2014; Van den Houte et al., 2020). Enteroendocrine cells in the stomach, small intestine and pancreas receive neuronal and nutritional information and accordingly secrete or contain their content. Emerging evidence shows a potential role of gasotransmitters in the regulation and function of gut hormones. Small gaseous signaling molecules, such as nitric oxide (NO), carbon monoxide (CO) and hydrogen sulfide (H2S), can freely pass the cell membrane and manage functions in these enteroendocrine cells (Wang, 2002).
NO, the first discovered gasotransmitter, has been extensively studied. It is a key regulator in processes such as blood vessel dilatation (Vallance et al., 1989). It is also involved in muscle relaxation such as the relaxation of the fundic area after a meal, called the gastric accommodation (Tack et al., 2002). Arginine amino acid is the substrate from which NO is generated by the enzyme nitric oxide synthase (NOS) (Figure 1). Three different NOS isoforms exist: neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible (inflammatory) NOS (iNOS). The first two produce the required concentrations in healthy situations to regulate physiological functions as earlier mentioned. The latter is mainly present in macrophages and is able to produce high amounts of NO to cope with a stress factor as e.g., an infection (Förstermann and Kleinert, 1995). Exogenous NO precursors can be found as food supplements (Bescós et al., 2012), or synthetic forms with longer activity like isosorbide mononitrate (Abshagen, 1992). The nitroaspirin (NCX-4016) is a NO releasing derivative of aspirin that inhibits platelet aggregation induced by adenosine diphosphate and thrombin agonists as an action of aspirin, and protects the stomach from aspirin-induced gastric mucosal damage by NO (Burgaud et al., 2002; Fiorucci et al., 2003). Inhalation of low NO concentrations (INOmax) leads to bronchodilation (Bin-Nun and Schreiber, 2008). Sildenafil does not contain a substrate, but it interacts with the downstream NO-pathway as a phosphodiesterase five inhibitor (Corinaldesi et al., 2016). l-arginine analogues, like N(ω)-nitro-l-arginine methyl ester (l-NAME) and L-N(G)-monomethyl arginine (LNMMA), are chemical compounds, which block NOS function, a required tool for further research (Robbins and Grisham, 1997; Kopincová et al., 2012). Furthermore, NO is extremely reactive and has a half-life time of mere seconds (Hakim et al., 1996). It is supposed to be mostly active at the site of production and the surrounding cells.
[image: Figure 1]FIGURE 1 | The nitric oxide (NO) pathway including involved substrates, enzymes and downstream pathway. l-arginine amino acid is the substrate from which NO is generated by the enzyme NOS. Three different NOS-isoforms exist: neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible (inflammatory) NOS (iNOS). In addition, several exogenous substrates exist to induce the NO-downstream pathway. l-NAME and LNMMA block NOS function. The biological functions of NO are related to the activation of sGC; subsequently influencing cGMP. NOS, Nitric oxide synthase; l-NAME, N(ω)-nitro-l-arginine methyl ester; LNMMA, L-N(G)-monomethyl arginine; sGC, Soluble guanylyl cyclase; cGMP, Cyclic guanosine monophosphate.
CO has colloquially received a bad connotation. However, scientists now start to understand its physiological relevance (Kim et al., 2006). Haem is catabolized by two oxygenase proteins: haem oxygenase 1 (HO-1) which is additionally activated during inflammation or a period of oxidative stress, and haem oxygenase 2 (HO-2) which is constitutively active (Maines, 1997; Motterlini et al., 1998) (Figure 2). HO-1 can be found in human gastric epithelial cells and in inflammatory cells in the lamina propria. It has been suggested that nutritional modulations may be used as an intervention for local inflammation (Coëffier et al., 2002). HO-2 is more broadly expressed than HO-1 and can be found in the brain, liver and vascular endothelial cells (Maines, 1988; Ewing and Maines, 1992). In the gut, it is present in the myenteric and submucosal plexus in the jejunum (Matsuda et al., 2010). In Hirschsprung’s disease, the impaired inhibitory motor control is a prominent symptom, and associates with downregulation in HO-2 mRNA (Chen et al., 2002). Under aerobe conditions, luminal bacteria also produce CO (Engel et al., 1972), though this is considered a small proportion of the total production (Hermann et al., 2012). This gasotransmitter differentiates itself from NO and H2S as a more stable molecule. It prefers binding hemoglobin, and this complex has a long half-life time up to 4 h (Pan et al., 2020). Its biological functions are related to the activation of soluble guanylyl cyclase (sGC); subsequently influencing cGMP, but other pathways such as the cyclo-oxygenase (COX) or inhibition of cytochrome P450 are also reported (Mancuso et al., 1997). CO is not as effective for activating sGC as NO (Stone and Marletta, 1994), but when intracellular levels of NO are low, CO functions as a back-up system (Wu and Wang, 2005; Moustafa and Habara, 2014a). Exogenous inhalation of CO gas induces a wide range of beneficial responses (Foresti et al., 2008). CO releasing molecules (CORMs) are metal carbonyl complexes releasing CO dose-controlled and tissue-specific. These potential clinical applications are dominantly tested in cell-lines and animal models with little to none studies done in humans (Naito et al., 2016; Steiger et al., 2016). A broad range of CORMs functions are already discussed in depth elsewhere (Foresti et al., 2008; Ismailova et al., 2018; Ling et al., 2018).
[image: Figure 2]FIGURE 2 | The carbon monoxide (CO) pathway including involved substrates, enzymes and downstream pathways. CO is produced during the catabolism of haem by two oxygenase proteins, HO-1 and HO-2, but it can also be released in small amounts by intestinal bacteria. Interestingly, several exogenous substrates to induce the pathway exist. CO prefers binding hemoglobin, and this complex has a long half-life time up to 4 h. CO’s biological functions are related to the activation of sGC; subsequently influencing cGMP, but other pathways such as the COX or inhibition of cytochrome P450 have also been explored. HO-1, Haem oxygenase 1; HO-2, Haem oxygenase 2; COHb, CO-haemoglobin complex; sGC, Soluble guanylyl cyclase; cGMP, Cyclic guanosine monophosphate; COX, Cyclo-oxygenase.
H2S has only recently joined the group of gasotransmitters. Therefore, its relevance has been less well studied. There are two enzymatic pathways in the production of H2S, cystathionine gamma-lyase (CSE) and cystathionine beta-synthase (CBS), the so-called transsulfuration pathways (Wang, 2002) (Figure 3). A third enzymatic pathway primarily exists in mitochondria, the cysteine catabolic pathways by 3-mercatopyruvate sulfurtransferase (3-MST) (Shibuya et al., 2009). The pyridoxal phosphate cofactor form of vitamin B6, in the presence of Fe3+, is essential to catalyze the enzymatic H2S production via CSE and CBS. In addition, vitamin B6 and iron are also required for the non-enzymatic synthesis of H2S in blood (Yang et al., 2019). It is no surprise that a vitamin B6 deficiency translates in reduced H2S synthesis (Hughes et al., 2017). CBS is mainly expressed in brain neurons, neurons of the enteric gut nerve system and smooth muscle (Kimura, 2014). CSE is more prominent in the smooth muscles of the vascular system, and is wide spread in other smooth muscle tissues (e.g. of the gut). There is also expression in the brain, albeit that CBS is represented as the dominant enzyme at this site (You et al., 2011). Similar to NO and CO, H2S is involved in gastro-intestinal (patho-)physiology, including pro- and anti-inflammatory activities, control of motility and vascular tone (Cipriani and Mencarelli, 2011; Medani et al., 2011; Chan and Wallace, 2013; Linden, 2014). Intestinal bacteria are an additional source of H2S in the gut lumen, which might push H2S concentrations locally above the healthy limit, and evokes disease in some cases (Blachier et al., 2019). Allicin is a natural H2S donor simply found in vegetables like garlic and onions (Benavides et al., 2007). Sulfide salt pills are also used, with a preference for CaS instead of NaSH due to its stability (Li et al., 2009; Wen et al., 2018). There is also a synthetic slow-releasing donor, GYY4137, but this is not yet in the phase of application in humans (Powell et al., 2018; Wen et al., 2018).
[image: Figure 3]FIGURE 3 | The hydrogen sulfide pathway (H2S) including involved substrates and enzymes. H2S is produced through enzymatic pathways of CSE, CBS and 3-MST. In addition, intestinal bacteria can also secrete H2S, and several exogenous substrates exist. Vitamin B6 and iron are also required for the non-enzymatic synthesis of H2S in blood. H2S exerts antioxidant effects through several mechanisms, such as increasing expression of AOE, by activating the transcription factor NRF2. CSE, Cystathionine gamma-lyase; CBS, Cystathionine beta-synthase; 3-MST, 3-mercatopyruvate; VitB, Vitamin B6; AOE, Antioxidant enzymes; NRF2, Nuclear factor erythroid-derived 2-like 2
In the next section, we summarize the state of knowledge on the interaction between gasotransmitters and the gastrointestinal hormones: gastrin, cholecystokinin (CCK), secretin, motilin, ghrelin, glucagon-like peptide (GLP) -1 and -2.
GASTRIN
Gastrin is a peptide hormone released from the G-cells situated mainly in the antrum and less dispersed in the non-antral stomach, small intestine and pancreas (Rehfeld, 1998). The presence of food stimulates the G-cells in different ways: directly by sensing proteins and its digested forms (Rehfeld, 1998), by the pyloric antrum (Sugawara et al., 1970), by activation of the vagal nerve and by responding to changes in luminal pH (Chu et al., 1999). Capsaicin, which causes a “burning sensation” and which is present in e.g. chili peppers, stimulates gastrin secretion from isolated human antral glands (Ericson et al., 2009). Capsaicin-sensitive afferent neurons also participate in the secretion of gastrin by luminal alkalization or acidification in a rat model (Nojima et al., 2000). The capsaicin receptor, the transient receptor potential cation channel subfamily V member 1 (TRPV1), functions as a detector for other chemical and physical stimuli such as a temperature rise, pH change, mechanical stimulation, osmotic pressure change and gaseous molecules such as NO, H2S and CO (Takahashi et al., 2012) (Figure 4). Thus, gaseous molecules may regulate gastrin release via TRPV1.
[image: Figure 4]FIGURE 4 | Role of gasotransmitters on gastrin release and its physiological functions. Solid lines are clear evidence–based on blockers and substrate administration. Gaseous molecules may regulate gastrin release via TRPV1. There is a beneficial relation between NO and gastrin leading to hyperemia, increased local blood flow, angiogenesis, mucosal DNA synthesis and increased healing. NO and H2S governs the gastric acid output. Taken all together, gastrin performs a stomach protecting function via gasotransmitters. NO, Nitric oxide; CO, Carbon monoxide; H2S, Hydrogen sulfide; TRPV1, Transient receptor potential vanilloid subtype 1; CSE, Cystathionine gamma-lyase.
Gastrin stimulates parietal cells to promote acid release during the gastric phase of digestion. It acts both directly on the parietal cell and indirectly via binding onto cholecystokinin 2(CCK2)/gastrin receptors on enterochromaffin-like cells in the stomach, which in turn release histamine (Rehfeld, 1998). In addition, gastrin is known to cause chief cells to secrete pepsinogen (Fiorucci and McArthur, 1990), to increase antral muscle contractions (Cameron et al., 1970), to strengthen antral contractions against the pylorus, and to relax the pyloric sphincter which increases the rate of gastric emptying (Fisher et al., 1973), to induce relaxation of the ileocecal valve (Vadokas et al., 1997), to stimulate pancreatic secretions and gallbladder emptying (Valenzuela et al., 1976), to stimulate cell proliferation in gastrointestinal mucosa (Watson et al., 2006), to play a role in protective activity against ethanol damage of gastric mucosa (Konturek et al., 1995a; Konturek et al., 1995b) and to increase lower esophageal sphincter (LES) tone (Castell, 1978). When these physiological processes do not follow the normal course of events, understanding the governing role of gasotransmitters on these pathways might help to restore the divergence.
One study reported that endogenous NO did not directly modulate acid secretion induced by pentagastrin, a gastrin agonist, in anesthetized rats (Pique et al., 1992). However, there is a body of evidence that favors an inhibitory role of NO on gastric acid secretion in isolated human gastric glands and in an in vivo rat and dog model (Bilski et al., 1994; Stroff et al., 1994; Berg et al., 2004). In case of a disease, there is often an inhibition of gastric acid secretion, possibly intended as survival mechanism to protect against further degradation of the stomach wall. This phenomenon has been attributed to the presence of endotoxin. In rats, administration of E. Coli endotoxin abolishes the acid secretion induced by pentagastrin. However, after pre-treatment of these rats with both l-NAME and a platelet-activating factor receptor antagonist, the gastric acid output is restored. This suggests that formation of NO may be involved in endotoxin-induced inhibition of acid production (Martinez-Cuesta et al., 1992). Besides for endotoxins, a similar response is observed after administration of oxytocin, elevation of body temperature or reduction in blood pressure as proxies for somatic stress in rats (Esplugues et al., 1996). Administration of l-NAME in the dorsal motor nucleus of the vagus nerve reversed the acid-inhibitory effects of aforementioned stimuli. The in vivo action of NO in the rat brainstem in modulation of gastric acid has also been reported by others (Beltrán et al., 1999; García-Zaragozá et al., 2000; Quintana et al., 2001) and seems to be calcium dependent and specifically related to nNOS (Barrachina et al., 1995a; Barrachina et al., 1995b; Esplugues et al., 1996; Uribe et al., 1999).
HO-1 and -2 are expressed in the mucosa of the rat and monkey fundic glands in cells containing the H+K+-ATPase, markers for parietal cells (Hu et al., 1998; Ueda et al., 2009; Takagi et al., 2016). HO-2 immunopositive cells are also present in the pyloric part of the stomach, although to a lesser extent. The majority of these cells also seem to express gastrin, but not somatostatin (SST) or serotonin (Hu et al., 1998). Whether CO production has a physiological relevance for parietal cells and gastrin cells is not known to date. More studies are required looking into the effect of CO on gastrin, histamine and acid release, e.g., using HO-blockers.
H2S governs the gastric acid output to avoid development of ulcers. It contains gastric acid overproduction, releases bicarbonate in the duodenum and stimulates repair after an injury in rat in- and ex vivo models (Wallace, 2012; Mard et al., 2014; Takeuchi et al., 2015). Both CBS and CSE are present in the mucosa of the rat stomach, although only CSE expression is targeted by anti-inflammatory nonsteroidal drugs (Fiorucci et al., 2005). Mard S. and colleagues showed that gastric acid secretion, evoked by pentagastrin or gastric distention, upregulates CSE, and not CBS, expression in rats. NO is an essential step for the translation of CSE mRNA to the enzyme, and thus eventually for H2S production (Mard et al., 2015).
When the need for acid release decreases, other gut peptides are released: SST (Bloom et al., 1974), secretin (Itoh et al., 1975), glucose-dependent insulinotropic polypeptide (GIP), vasoactive intestinal peptide (VIP) (Villar et al., 1976), and calcitonin (Hornum et al., 1976); and all of these exert inhibitory effects on the G-cells.
There is a beneficial interaction between gastrin and NO with respect to preserving mucosal integrity in response to toxins. The protective effects of gastrin on ethanol-induced mucosal damage are eliminated when NO synthesis is blocked and restored when l-arginine is administered in rat models in vivo (Stroff et al., 1994; Konturek et al., 1995a; Konturek et al., 1995b). In the context of gastric ulcers, there is also a beneficial relation between administration of NO and gastrin concentrations leading to hyperemia, increased local blood flow, angiogenesis, mucosal DNA synthesis and, ultimately, increased healing in rats (Brzozowski et al., 1995; Tatemichi et al., 2003).
In historical experiments, administration of the CCK2R (gastrin receptor) agonist pentagastrin not only increased gastric blood flow, but also affected arterial blood pressure and myocardial contractility through NO and the parasympathetic system in anesthetized rats and cats (Pawlik et al., 1987; Walder et al., 1990). Stimulation of the CCK1/2R by gastrin-17, one of the two major postprandially released forms of gastrin, stimulates endothelial NO production in porcine coronary arteries (Grossini et al., 2012) and results in a dose-related increase in cardiac function and coronary blood flow (Grossini et al., 1985; Grossini et al., 2011). It is noteworthy, that besides stimulation of CCK1/2R, β2-adrenoreceptors-related NO release is likely to be involved in the effects of gastrin on the porcine coronary endothelial cells in vivo (Grossini et al., 2012). Based on these results, we suggest that gastrin may be involved in the increase in cardiac output associated with digestion.
Concerning the effects of NO and gastrin on motility, a small randomized trial showed that the NO-donor molsidomin decreased LES pressure. However, this is not associated with changes in plasma concentrations of gastrin (Brzozowski et al., 1995). In addition, NO does not seem to be involved in the gastrin-induced relaxation of the canine stomach (Schuurkes and Meulemans, 1994; Meulemans et al., 1997).
The HO-2 enzyme is expressed in neurons of the myenteric plexus and submucosal plexus from stomach and jejunum in humans, where the expression pattern with NOS overlaps for 40% (Miller et al., 2001). CO induces the production of cGMP which may increase cAMP levels by inhibiting phosphodiesterases, eventually leading to a hyperpolarization which relaxes smooth muscles (Wu and Wang, 2005). Normally, NO downregulates the HO-2 expression (Ding et al., 1999), but in case of O2-shortage, the negative feedback on CO production is no longer present and CO takes over several governing functions (Wu and Wang, 2005). CO is responsible for the nonadrenergic/noncholinergic (NANC) relaxations, although the role of gastrin in this pathway is not known (Watkins et al., 2004).
In rodents, H2S relaxes gastrointestinal muscles (Gallego et al., 2008), such as the pyloric sphincter (Medeiros et al., 2012). Moreover, administration of l-cysteine and NaHS enhances gastric emptying of a liquid meal. Treatment with a CSE antagonist, dl-propargylglycine, blocks the accelerated gastric emptying. In addition, a TRPV1 antagonist also abolishes the effect, implicating that these channels are involved in the induced relaxation of the pylorus muscles. The l-cysteine and NaHS administration cause no changes in acidity in comparison to the placebo, suggesting that gastrin is probably not involved in this effect (Medeiros et al., 2012).
CHOLECYSTOKININ
CCK is released by enteroendocrine I-cells, located in the duodenal and jejunal mucosa, by luminal exposure to food (French et al., 1995; Geraedts et al., 2010). Fatty acids or their monoglycerides containing twelve or more carbon atoms are the most potent stimuli for CCK release (McLaughlin et al., 1999). Its most important role is in the digestion of fat particles and/or proteins that normally take a long time to be chemically broken down. This is achieved by CCK-induced contraction of the gallbladder, secretion of pancreatic enzymes and relaxation of the sphincter of Oddi (Geenen et al., 1980; Masclee et al., 1989; Schmidt et al., 1991). Furthermore, CCK directly stimulates the suppression of appetite in the brain and inhibits gastric motility and emptying, thereby increasing the time for complete digestion (Chandra and Liddle, 2007). The actions of CCK are mediated by two receptors, designated as CCK1 receptor (CCK1R) and CCK2 receptor (CCK2R). In humans, CCK1Rs are mainly located peripherally such as in the stomach, the intestine, colon, gallbladder muscularis and to a lesser extent in the pancreas (Reubi et al., 1997; Schmitz et al., 2001). CCK1Rs are also expressed in discrete areas in the mouse brain, but in these regions, CCK2Rs dominate (Vialou et al., 2014). In addition, the latter can also be found in the stomach (such as in acid secreting cells) and the pancreas in humans (Nishimori et al., 1999; Schmitz et al., 2001). CCK2 brain receptors exert a complex regulation of dopamine activity in the brain, and thus their involvement in human anxiety states is well documented. Patients with panic disorder are hypersensitive to CCK2R stimulation compared to healthy volunteers (Bradwejn and Koszycki, 2001). CCK stimulates SST release by binding the CCK1Rs on gastric D-cells, thereby indirectly inhibiting gastric acid secretion (Schmitz et al., 2001). CCK receptors are also expressed in neural tissues (Dufresne et al., 2006). Here, CCK acts as a neuromodulator and/or -transmitter and influences processes such as satiety, nociception, and anxiety (Crawley and Corwin, 1994). CCK2R is also known as the gastrin receptor, and this is because gastrin and CCK share their carboxyl-terminal heptapeptide amide, an important region for their biological activity (Miller and Gao, 2008).
Among various physiological actions of CCK, NO has been shown to be involved in intestinal motility, intestinal vasodilation and food intake regulation. Cholecystokinin-8 (CCK8) administration increases the occurrence of transient LES relaxations through the activation of CCK1Rs in anesthetized dogs. Pretreatment with the NOS inhibitor abolishes the effect (Boulant et al., 1994). Impairment of LES sphincter function can lead to gastroesophageal reflux disease (Zerbib et al., 1998). Thus, through a NO-mediated pathway, CCK plays a role in preventing acid reflux to the esophagus in the intestinal phase of the digestive process (Figure 5). Duodenal nutrient infusion initiates relaxation of the proximal stomach. Therefore, it has been hypothesized that a postprandial duodenogastric feedback, including release of CCK, is involved in the control of gastric accommodation. Avoiding the entrance of nutrients in the small bowel eliminates nutritional feedback and hampers gastric accommodation in a nutrient tolerance test (Demarchi et al., 2004; Carbone et al., 2019). Administration of orlistat, a selective lipase inhibitor, decreases plasma CCK levels but does not affect gastric accommodation during a satiety drinking test. Whether CCK actually induces the drop in fundic tone in a NO-dependent fashion has yet to be elucidated (Kindt and Tack, 2006). In dogs, gastric contractility and emptying are suppressed after treatment with a competitive NOS inhibitor (Tanaka et al., 2005). CCK induces contractions of the smooth muscle of the colon by interacting with the CCK1R in humans (Morton et al., 2002). By contrast, CCK2Rs are found to mediate the inhibitory actions of CCK on motor activity in human distal colon muscles strips and evidence exists that this action is NO-dependent, which is also found in rat in vivo experiments and in vitro studies in canine colon cells (Publicover et al., 1993; Takahashi et al., 2005; Fornai et al., 2007).
[image: Figure 5]FIGURE 5 | Role of gasotransmitters on cholecystokinin’s (CCK) physiological functions. Solid lines are clear evidence–based on blockers and substrate administration. Dotted lines represent first evidence for the presence of the pathway. CCK stimulates nNOS activity and thus NO release. NO is involved in the cholecystokinin effect on LES relaxation, intestinal vasodilation and food intake regulation. The CCK-NO-pathway of intestinal motility has only been hypothesized in literature. CCK anti-inflammatory actions are evoked by reducing vascular and macrophage iNOS-derived NO production. The involvement of CO and H2S in these functions have only been suggested, but lack experimental prove. NO, Nitric oxide; CO, Carbon monoxide; H2S, Hydrogen sulfide; NOS, Nitric oxide synthase; LES, Lower esophageal sphincter.
The CCK-NO system may respond to increased blood flow in the gastrointestinal tract with digestion of nutrients. In isolated bovine cerebral and mesenteric arteries, CCK induces neurogenic vasodilatation by acting on the CCK2R, and this is nNOS dependent (Sánchez-Fernández et al., 2003; Sanchez-Fernandez et al., 2004). This suggests that CCK stimulates nNOS activity and thus NO release (Ruiz-Gayo et al., 2006). CCK mediated splanchnic vasodilatation is also prevented by NOS inhibition (Lovick, 2009). Intravenous administration of CCK8 results in a decrease in the mesenteric vascular resistance and leads to vasodilatation of the pancreatic artery in dogs (Thulin and Olsson, 1973; Chou et al., 1977; Premen et al., 1985; Doi et al., 1990). Moreover, it is likely that the increased blood flow by NO also results in augmented CCK-induced pancreatic secretion of fluid, bicarbonate, and protein in both in vivo and -vitro dog and rat models (Konturek et al., 1993; Patel et al., 1995; Jyotheeswaran et al., 2000). Isolated canine pancreatic arteries, which lack a full innervation, are less sensitive to CCK, which suggests the involvement of neurons (Ruiz-Gayo et al., 2006). The CCK induced vasodilation in the pancreas mainly affects the exocrine part and is less prominent for the endocrine part. It is suggested that the postprandial CCK response improves pancreatic enzyme secretion, while there is a possibility that insulin release toward its targets is enhanced in anesthetized rats (Iwase et al., 2003). Exogenous and endogenous CCK induces gastric mucosal hyperemia in response to sensory nerve stimulation by luminal noxious stimuli such as ethanol or bile (Evangelista et al., 1987; Evangelista and Maggi, 1991; Stroff et al., 1994; Konturek et al., 1995a; Sánchez-Fernández et al., 2003; West et al., 2003). Inhibition of NOS reduces the ability of CCK to augment gastric blood flow in vivo in rats (Stroff et al., 1994; Konturek et al., 1995c; Heinemann et al., 1996). In one in vivo study, CCK increases Ca2+-dependent NOS activity, primarily via eNOS and not via iNOS in rats (West et al., 2003). Controversy exists which CCK receptor is involved in the process of gastric hyperemia and blood flow, as both the CCK1R (Brzozowski et al., 1999; West et al., 2003) and CCK2R (Heinemann et al., 1995) have been suggested in anesthetized rats. Of notice, both receptor subtypes are able to activate the NO/cGMP pathway (Aras and Ekström, 2006; Dufresne et al., 2006).
NO is involved in the peptide regulation of feeding in the central nervous system, including CCK’s. The intake-reducing actions of endogenous CCK depend upon the vagal nerve and the dorsal vagal complex in a rat in vivo model (Sullivan et al., 2007). In mice, administration of CCK inhibits food intake, but fails to do so in nNOS-knockout mice (Morley et al., 2011). CCK is found to co-exist with NOS in rat hypothalamus suggesting that NO works in conjunction with CCK to regulate feeding behavior at a central level (Yamada et al., 1996; Morley et al., 2011). Besides the hypothalamus, CCK and NO are functionally involved in regulatory neurotransmission in other parts of the rat brain including the cortico-striato-pallidal circuitry (Ferraro et al., 2003).
Little is known about the role of CO or H2S in the CCK up- or downstream pathways. In rat pancreatic acinar cells, both H2S and CO govern Ca2+ homeostasis and CO was shown to intervene with the CCK8-induced enzymatic secretions. They stimulate NOS expression and NO production in these cells, although blocking the NO-pathway has no effect on the increased Ca2+ levels for CO, while for H2S the effect is largely abolished (Moustafa and Habara, 2014a; Moustafa and Habara, 2014b).
CCK also has anti-inflammatory actions, possibly by reducing vascular and macrophage iNOS-derived NO production in rat in vivo models (Saia et al., 2013; Zuelli et al., 2014). In lipopolysaccharide (LPS)-stimulated peritoneal macrophages, the inhibition of iNOS mRNA expression by CCK is accompanied by inhibition of the NF-κB signaling pathway and an increase in intracellular cAMP content, activation of the protein kinase A (PKA) pathway and up-regulation of CCK1R in anesthetized rats (Saia et al., 2014). The anti-inflammatory effect of CCK may regulate the excessive macrophage activation effect of LPS contained in food. CO has also been suggested as a potential treatment for acute pancreatitis. Serum CCK8 levels are remarkably increased after an LPS-induced inflammation at the site of the lungs. The protective effect of CCK8 is abolished after the treatment with a HO-1 inhibitor, suggesting the in vivo involvement of CO in rats (Huang et al., 2004). Similar results are found for H2S. The lungs are sensitive organs for an endotoxic shock and are therefore more studied. Blocking the CSE activity worsens the acute lung injury (Moustafa and Habara, 2014a). CCK8 induces CSE activity and attenuates the injury in an anesthetized rat model (Tian et al., 2017). More research is needed for other organs such as the pancreas. Under healthy circumstances, HO-1 and HO-2 are not expressed in the exocrine part, while HO-1 expression is induced during a period of inflammation (Moustafa and Habara, 2014a). CCK8 can have an impact on multiple organs by reducing the proinflammatory cytokines in the circulation in an in vivo rat model (Ling et al., 2001). However, there are various issues to consider; e.g. whether CCK also has an organ-protecting effect in humans, whether CCK exhibits an organ-protecting effect at physiological concentrations, and why CCK, which is secreted after eating, has an organ-protecting effect.
HO-2 is expressed in myenteric neurons, in neuronal cell bodies and in nerve fibers in the gallbladder. Together with NO and VIP, H2S functions as a neurotransmitter to induce muscle relaxation. Exogenous CO induces a relaxation in dog gallbladder strips, and a specific HO-inhibitor attenuates the neurally mediated relaxation of an electrical field stimulation, which implies a role for endogenous CO. Whether it is involved in the actions of CCK, has yet to be elucidated (Alcon et al., 2001).
SECRETIN
Secretin is produced in S-cells of the duodenum and jejunum. It is involved in the small bowel pH regulation through inducing bicarbonate secretion and suppressing gastric acid secretion. The latter is mediated by SST and prostaglandin. In addition, secretin induces gastric relaxation, delays gastric emptying and induces secretion of pancreatic enzymes (i.e., amylase and lipase). The pH neutralization is important for the activity of these enzymes (Hacki, 1980; Chey and Chang, 2003). The main trigger for secretin release is acid delivered into the duodenal lumen. Digested products of fat and proteins, bile acid and herbal extracts also contribute to its release (Chey and Chang, 2001). Like CCK, the release of secretin along with pancreatic exocrine secretion is controlled through a feedback regulatory mechanism mediated by pancreatic proteases (Green and Lyman, 1972). The expression of the secretin receptor has been demonstrated in a number of organs including the brain (cerebellum, hippocampus and central amygdala) of humans and rodents, pancreas, stomach, kidney as well the biliary epithelium in the liver (Afroze et al., 2013). Besides the important roles of secretin in increasing hepatic and pancreatic secretion of sodium bicarbonate and inhibition of gastrin release, secretin has additional functions. In stomach, secretin stimulates gastric pepsin secretion and suppresses gastric emptying, which facilitates digestion of proteins in duodenum (Vagne and Andre, 1971; Sanders et al., 1983). In the kidney, secretin plays a role in increasing urinary volume and bicarbonate excretion in normal human subjects, which helps to maintain body water homeostasis (Baron et al., 1958; Viteri et al., 1975). In the rodent brain, secretin can act as a central nervous system peptide neurotransmitter (Yang et al., 2004; Nishijima et al., 2006; Yamagata et al., 2008). For this reason, secretin has gained substantial attention as a putative treatment approach to autism and affective disorders, but this remains an area of ongoing controversy (McQueen and Heck, 2002; Boismenu et al., 2004). Secretin also affects the cardiovascular system (Chou et al., 1977). In human, infusion of secretin in both controls and patients with decreased left ventricular function, increased cardiac output, stroke volume and decreased systemic vascular resistance (Gunnes et al., 1983; Gunnes and Rasmussen, 1986).
Although NOS is expressed in 40% of the myenteric plexus, VIP and not NO, is involved in the gastric relaxation induced by secretin in vivo in rats (Lu and Owyang, 2009). Administration of NO-generating compounds does not affect the release of SST, which lays downstream of secretin’s suppression of gastric acid release in isolated rat synaptosomes (Kurjak et al., 1996).
In rats and cats, inhibition of NO synthesis in the pancreas results in a dose-dependent decrease of the secretin-stimulated, bicarbonate secretion (Patel et al., 1995; Jyotheeswaran et al., 2000; Konturek et al., 1997). This was restored by l-arginine and NO-inhibition did not affect endogenous secretin plasma levels (Jyotheeswaran et al., 2000). It was suggested that NO mediates the action of secretin on the exocrine pancreas, probably through neuronal pathways, and not the release of secretin (Kirchgessner et al., 1994; Chey and Chang, 2014) (Figure 6). Little is known about the role of CO and H2S in the secretin pathways. Duodenal acidification is sensed by capsaicin-sensitive sensory neurons, which in their turn induce NO. NO stimulates bicarbonate release via cGMP-dependent kinase I, which is suggested to be responsible for 70% of the acid-induced bicarbonate release. Endo- or exogenously generated H2S and CO stimulate bicarbonate secretion in the duodenum of rodents. The stimulatory action of NO and CO is mediated by endogenous prostaglandins, while that of H2S is mediated by prostaglandins and NO and also involves sensory neurons (Seidler, 2013; Mard et al., 2016a). Direct evidence of the involvement of secretin in this pathway is lacking. These results rather raise the impression that secretin function and gasotransmitters are not entangled.
[image: Figure 6]FIGURE 6 | Role of gasotransmitters on secretin’s physiological functions. Solid lines are clear evidence–based on blockers and substrate administration. NO mediates the action of secretin on the exocrine pancreas. Release of NO is involved in the secretin-induced increase in coronary blood flow. NO, Nitric oxide.
In the healthy and diabetic rat excess or lack of NO changes the blood pressure, cardiac and coronary effects of secretin (Sitniewska et al., 2000a; Sitniewska et al., 2000b; Sitniewska et al., 2002). In pigs, release of NO is involved in the secretin-induced increase in coronary blood flow (Grossini et al., 2011) (Figure 6). l-NAME decreases vascular permeability of the left ventricle and atria in intact and diabetic rats. Secretin elevates systolic and diastolic blood pressure in in vivo rats, but lack an effect on vascular permeability. Secretin abolishes the NOS-inhibition by l-NAME, and restores microcirculation function (Sitniewska and Wiśniewska, 2001).
MOTILIN
Since recent studies showed that motilin plays a role in the control of hunger and regulation of food intake in humans in both health and disease, the peptide has attracted more attention (Deloose et al., 2019). It stimulates gastrointestinal motility in several mammals, but not in rodents (He et al., 2010), through direct action on the smooth muscle cells and/or activation of the cholinergic or noncholinergic neural pathways in the isolated chicken gut (Kitazawa et al., 2002). Motilin is released by enteroendocrine M-cells in the proximal duodenal region (Wierup et al., 2007). In the fasting state, plasma levels of motilin fluctuate in parallel with phase III contractions of the migrating motor complex (MMC), waves of electrical activity that sweep through the intestines in a regular cycle during fasting (Deloose et al., 2012). Changes in the luminal environment of the duodenum, dietary components, and hormones on motilin release have been reported to affect motilin release (Deloose et al., 2019). Acidification of the duodenum and bile acids stimulate the release of motilin when foods move into the duodenum, and alkalization of the duodenum suppresses it after pancreatic juice secrets into the duodenum in humans (Collins et al., 1981; Svenberg et al., 1984; Qvist et al., 1995). The release of motilin after a meal depends on the nutrient composition of the meal. A small reduction occurs after the administration of glucose, but lipids markedly increase the release of motilin (Mitznegg et al., 1976). Other hormones such as insulin, SST, and secretin reduce motilin levels (Mitznegg et al., 1977; Jenssen et al., 1984; Jenssen et al., 1986). In the gastrointestinal tract, motilin increases the pressure of LES, initiates gastric phase III contractions of the MMC, stimulates gastric emptying, inhibits gastric accommodation and increases rectal compliance in humans (Domschke et al., 1976; Bormans et al., 1987; Peeters et al., 1992; Kamerling et al., 2003; Cuomo et al., 2006). Insulin secretion and gallbladder emptying are both increased by motilin in humans and dogs (Luiking et al., 1998; Suzuki et al., 1998; Suzuki et al., 2003). Finally, motilin also activates regions in the brain involved in the homeostatic and hedonic regulation of food intake in humans (Zhao et al., 2018). These physiological effects of motilin have not been completely elucidated, however it is hypothesized that motilin helps to clean the stomach to receive the next food in the fasted state (Itoh, 1997). This may also explain why motilin causes hunger stimulation (Tack et al., 2016).
Motilin mediates the contractility of smooth muscles in the stomach through the nervus vagus and/or directly through its receptors at this site in human (Itoh, 1997). NO functions as a neurotransmitter for non-adrenergic, non-cholinergic inhibitory neurons and has been suggested to modify the contractile response of motilin in the stomach. NO synthase inhibition potentiates the contractile response of motilin in the chicken proventriculus through reduction of endogenous NO-mediated presynaptic inhibition on neural acetylcholine release (Kitazawa et al., 2002) (Figure 7). Thirty minutes after NOS-inhibition, phase 3-like contractions are initiated in the stomach and duodenum, simultaneous with motilin release in fasted dogs (Sarna et al., 1993; Mizumoto et al., 1997). After this period of activity, the MMC cycle is disrupted, which is suggested to be the consequence of blocked NANC nerves (Sarna et al., 1993). The endogenous motilin release is controlled via a cholinergic pathways independent of the vagus nerve (Mizumoto et al., 1997). In human, L-NMMA induces a premature duodenal phase III within several minutes after administration. Motilin plasma levels were not affected (Halim et al., 2015). These observations led the authors to suggest that L-NMMA provides a direct inhibition of nNOS in the myenteric plexus, independent of endocrine regulators (Halim et al., 2015). The mechanism of action of motilin in dogs is thought to be different from that in humans, so these results need to be interpreted carefully (Peeters et al., 1988). Besides their expression in the stomach and duodenum, motilin receptors are also abundantly present in the central nervous system, in particular the hippocampus in rats (Lange et al., 1986; Guan et al., 2003a; Liu et al., 2005) where there is indirect evidence for interaction between NO and motilin (Lu et al., 2015). Nevertheless, the consequences of this finding and the exact mechanisms underlying interaction between motilin and NO remain to be elucidated.
[image: Figure 7]FIGURE 7 | Role of gasotransmitters on motilin’s physiological functions. Solid lines are clear evidence–based on blockers and substrate administration. NO modifies the contractile response of motilin in the antral part of the stomach during the interdigestive state. NO, Nitric oxide; MMC, Migrating motor complex.
Both motilin (or the motilin receptor agonist erythromycin) and H2S donors are considered prokinetic drugs for gastric emptying (Peeters et al., 1992; Mard et al., 2016b). The H2S studies were performed in rodents, which do not have a functional motilin or motilin receptor gene. This hypothesis should be worked out in human ex vivo samples from biopsies.
GHRELIN
Ghrelin is released by P/D1-cells in humans or X/A-like-cells in rats, which are mainly situated in the stomach, and more restricted in the duodenum and pancreas (Kojima et al., 1999; Date et al., 2000). Ghrelin-o-acyltransferase enzyme activates about 7% of the total des-acyl ghrelin production in humans (Marzullo et al., 2004), and stores both forms until secretion is triggered. Ghrelin peaks in the plasma right before a spontaneous meal initiation, and decreases drastically after (Cummings et al., 2001). While lipid loads have no prominent effect on ghrelin, glucose and ingested proteins cause a steep decrease (Foster-Schubert et al., 2008). Different factors influence ghrelin baseline values in the plasma. In the fasted state, it is negatively correlated with BMI as a result of the positive energy balance (Shiiya et al., 2002). In addition, the more H. pylori thrives and gastric tissue degrades, the lower the ghrelin plasma levels (Tatsuguchi et al., 2004). Lastly, hormones such as testosterone and growth hormone (GH) releasing hormone stimulate ghrelin levels, while insulin, GH, interleukin-1, leptin, SST, urocortin-1, thyroid hormone, CCK, peptide YY (PYY) and melatonin decrease these (Nonogaki, 2008). Ghrelin was first discovered as the growth hormone-releasing peptide and binds the growth hormone secretagogue-receptor 1a (GHSR1a) (Kojima et al., 1999), which is expressed in various regions of the brain (in the pituitary gland for growth hormone secretion, but also in the feeding control regions of the hypothalamus), endothelial, myocardial, pancreatic, renal, adrenal tissues and immune cells (Gnanapavan et al., 2002; Volante et al., 2002; Dass et al., 2003; Tortorella et al., 2003). Besides stimulating GH release and food intake, ghrelin stimulates gastric acid secretion, gastrointestinal motility, modulates energy balance, taste sensation, stress and anxiety, glucose metabolism and has cardiovascular effects (Nakazato et al., 2001). Due to the multiple effects of ghrelin, it is considered a promising therapeutic target for various diseases, including cancer-related cachexia (Garcia et al., 2013). For a comprehensive overview of the effects of ghrelin and the consequences of administration to human, we refer to the literature (Garin et al., 2013; Collden et al., 2017).
Ghrelin acts on the pituitary GHSR to promote the release of GH. In the porcine anterior pituitary, ghrelin activates the NOS/NO/GC/cGMP signaling pathway, essential for the stimulation of somatotropes (Rodríguez-pacheco et al., 2005). On the other hand, the activation of GHSR1a induces GH release through enhanced phospholipase C activity, protein kinase C and intracellular calcium mobilization in pigs (Chen et al., 1996).
Administration of ghrelin into the arcuate and paraventricular nuclei of the hypothalamus has a potent orexigenic effect and increases body weight by suppressing energy expenditure in rats (Currie et al., 2010). Ghrelin secreted from the stomach is thought to transmit hunger signals via the afferent vagal nerve to the center, and promotes feeding behavior by dual control of activation of anorexic nerves - neuropeptide Y (NPY) and agouti-related protein (AgRP) - and inhibition of feeding behavior suppressive pro-opiomelanocortin (POMC) nerves in rats (Shintani et al., 2001; Kojima and Kangawa, 2005). In the rodent hypothalamus, both NOS and GHSR1a mRNA are expressed (Ng et al., 1999; Zigman et al., 2006). In mice, the intracerebroventricular administration of l-NAME results in an attenuated ghrelin stimulants on food intake (Gaskin et al., 2003). Moreover, in NOS knockout mice the administration of ghrelin does not result in increased food intake (Morley et al., 2011). NO is reported as a signaling molecule in neurons, neuropeptide regulation and stimulates feeding in many species (Morley et al., 2011; Han et al., 2013). Although a direct NO-mediated pathway by ghrelin has not been proven yet, these data suggest that reactive oxygen species may regulate food intake through modulation of the NO-bioavailability.
Ghrelin release is suppressed for a long time after a high protein meal (Foster-Schubert et al., 2008). The amino acid l-cysteine, which is a H2S donor, suppresses ghrelin release from the rat stomach, and reduces appetite. On the other hand, direct inhibition of H2S synthesis stimulates ghrelin secretion (Figure 8). Ghrelin cells co-localize with H2S producing enzyme CSE. There seems to be an interplay between these two factors, which provides us of new ideas for treatments e.g., a diet enriched of H2S precursors or sulfur-rich prebiotics to affect ghrelin levels and appetite in mice (Slade et al., 2018).
[image: Figure 8]FIGURE 8 | Role of gasotransmitters on ghrelin release and its physiological functions. Solid lines are clear evidence–based on blockers and substrate administration. Dotted lines represent first evidence for the presence of the pathway. The amino acid l-cysteine, which is a H2S donor, suppresses ghrelin release from the stomach. Ghrelin promotes the release of GH via activation of the NOS/NO/GC/cGMP-signaling pathway. Ghrelin also promotes feeding behavior and stimulates gastric motility and acid secretion via the NO-pathway. No direct evidence is found to date for the involvement of NO in the ghrelin-glycemic effect. Ghrelin protects the gastric mucosa, by stimulation of the blood flow and hyperemia mediated by NO. CO is also involved in the ghrelin-mediated gastroprotection. NO, Nitric oxide; CO, Carbon monoxide; H2S, Hydrogen sulfide; GH, Growth hormone; NOS, Nitric oxide synthase; GC, Guanylyl cyclase; cGMP, Cyclic guanosine monophosphate.
One of the first established functions of ghrelin were the stimulation of gastric motility and acid secretion (Masuda et al., 2000). Ghrelin is thought to exert these effects primarily via pathways mediated by the vagus nerve (Date et al., 2002). This involves activation of GSHR1a on vagal afferent neurons. In rats, exogenous ghrelin administration increases gastric acid output, mucus content and total plasma nitrite levels, while these effects are inhibited by l-NAME (Bilgin et al., 2008).
In animal studies, ghrelin has a protective effect of the gastric mucosa. In an ischemia/reperfusion experiment using rats, the addition of ghrelin accelerates healing in part by stimulating blood flow and hyperemia mediated by NO (Konturek et al., 2006). Of interest, inhibition of NOS by l-NAME and sensory denervation by capsaicin, but not vagotomy, prevents ghrelin’s gastroprotective effects of ethanol-induced ulcers in rodents (Sibilia et al., 2003). HO-1, and thus presumably CO, is also involved in the ghrelin-mediated gastroprotection (Allam and El-Gohary, 2017) (Figure 8).
Ghrelin has well-documented cardiac beneficial effects, including protection from ischemia/reperfusion injury, attenuation of left ventricular remodeling following myocardial infarction, and improvement of left ventricular function (Virdis et al., 2016). At the level of blood vessels, ghrelin has a significant impact on vascular function. In endothelial cells and in intact vessels, ghrelin stimulates the phosphorylation of eNOS at Ser-1177, and not Thr-495 which would inactivate the activity in vitro (Iantorno et al., 2007; Xu et al., 2008; Dudzinski et al., 2006). This action of ghrelin involves signaling through GHSR1a, PI 3-kinase, Akt, and eNOS (Iantorno et al., 2007). In addition, there is evidence that the AMP-activated protein kinase (AMPK) is also a mediator for ghrelin activation of eNOS (Xu et al., 2008). Using a GHSR1a knockdown model abolishes the ghrelin influence on endothelial cells (Chen et al., 2013). The activation of eNOS by ghrelin potentiates the NO-mediated relaxation of vascular smooth muscle and diminishes the production of reactive oxygen species in reaction to endothelial injury (Iantorno et al., 2007; Xu et al., 2008; Hedayati et al., 2009) (Figure 8). In patients with metabolic syndrome, administration of ghrelin leads to an increase in NO bioactivity and improved endothelial function (Tesauro et al., 2005; Tesauro et al., 2009). It should be noted that some studies suggest that the vasomotor actions of ghrelin are NO-independent in humans and rats (Okumura et al., 2002; Wiley and Davenport, 2002; Shinde et al., 2005). In healthy men, an intra-arterial bolus of ghrelin increases forearm vasodilatation in a dose-dependent manner but this effect is NO-independent (Okumura et al., 2002). Here, the administration of ghrelin does not alter either plasma insulin-like growth factor-1 (IGF-1) or the NO second messenger, cGMP, but decreases plasma norepinephrine. These observations might implicate the involvement of other mechanisms, i.e., the autonomic nervous system. On the other hand, in aforementioned experiment the L-NMMA was only infused for 5 min leaving the possibility that eNOS activity is incompletely inhibited.
It is conceivable that the inhibitory effect of ghrelin on insulin and stimulatory on glucagon release are mediated by nNOS in pancreatic rat cells (Qader et al., 2005). In the vascular endothelium, ghrelin and insulin share the PI 3-kinase/phosphoinositide-dependent kinase-1/Akt/eNOS signaling pathway in human (Montagnani et al., 2002; Iantorno et al., 2007). This might account for some of the beneficial effects of ghrelin on metabolic and cardiovascular disease. However, there is controversy about whether ghrelin stimulates or suppresses insulin secretion. This may be due to differences in reactivity depending on animal species or experimental design, so caution should be taken in the interpretation (Dezaki et al., 2004).
Ghrelin exhibits antioxidant effects in many organs, such as heart, pancreas and lung (Suzuki et al., 2011). In rats, injection of ghrelin results in enhanced hepatic expression of antioxidant enzymes (Dobutovic et al., 2014). Together with observations of increased plasma ghrelin concentrations during systemic oxidative stress (Okumura et al., 2002; Bouros et al., 2006; Guzik and Harrison, 2006; Liu et al., 2006) this lead to the suggestion ghrelin could have positive effects on oxidative injury (Suzuki et al., 2011). In rats, treatment with ghrelin after occlusion of the middle cerebral artery results in a decrease in cerebral TNF-α, IL-6, neutrophil trafficking, matrix metalloproteinase 9, nitrotyrosine, and nNOS gene expression. Ghrelin’s protective effect is abolished in vagatomized rats, suggesting the involvement of the vagus nerve (Cheyuo et al., 2011).
GLUCAGON-LIKE PEPTIDE 1
Glucagon-like peptide 1 (GLP-1) is released from L-cells, situated in the ileum and colon (Eissele et al., 1992). In response to the ingestion of dietary carbohydrates or fat, GLP-1 is released and functions as incretin and anorexigenic hormone (Layer et al., 1995). Non-nutrient stimulators of GLP-1 release are the neuromodulators acetylcholine and gastrin-releasing peptide. Peripheral hormones that participate in energy homeostasis, such as leptin, are implicated in the regulation of GLP-1 release (Lim and Brubaker, 2006). Leptin stimulates GLP-1 release from the human and rodent L-cell, and this effect is abolished in leptin-resistant obese mice (Anini and Brubaker, 2003). GIP regulates proglucagon-derived peptide secretion in both in vivo and in vitro rat models (Lim et al., 2009). In the pancreas, GLP-1 enhances insulin release in the presence of high glucose levels in the blood and inhibits glucagon release (Holst, 2007). It suppresses gut motility, resulting in slower entry of the carbohydrates into the small bowel. GLP-1 increases satiation and therefore governs meal size. Numerous studies have shown that GLP-1 levels after a meal are reduced in subjects with type 2 diabetes and obesity (Toft-Nielsen et al., 2001; Anini and Brubaker, 2003). GLP-1 agonists, such as liraglutide, are used as a treatment for these pathologies (Meece, 2017). GLP-1 was discovered in 1979 (Lund, 2005), and after 30 years of research, it has proven to have a broad range of functions, being an incretin, an anorexigenic peptide, decreasing gut motility, but also received more attention recently for its cardiac functions (Lim and Brubaker, 2006; Sun et al., 2015). Many of these functions are in overlap with those of NO, H2S and CO.
H2S is produced in the colon by sulphate-reducing bacteria, and stimulates GLP-1 release. Considering its short half-life time, it will stimulate nearby L-cells in the colon rather than ileal L-cells after transport in the plasma (Pichette et al., 2017). Four weeks treatment with chondroitin sulfate increases H2S production, enhances GLP-1 and insulin secretion, improves oral glucose tolerance and reduces food consumption (Pichette et al., 2017) (Figure 9). Although NOS is expressed in brush cells - luminal sensors adjacent to enteroendocrine cells -, no direct evidence for NO or CO’s involvement has been found (Sternini et al., 2008).
[image: Figure 9]FIGURE 9 | Role of gasotransmitters on glucagon-like peptide 1 (GLP-1) release and its physiological functions. Solid lines are clear evidence–based on blockers and substrate administration. Dotted lines represent first evidence for the presence of the pathway. H2S stimulates GLP-1 release. The suppression of gut motility, reduction of nephropathy risk factors, increase of muscle microvasculature, reduction of the number of reactive oxygen species and production of vasoconstrictive mediators are GLP-1 effects mediated by NO. H2S and CO also contribute to the vasodilation. It has been suggested that the gasotransmitters play a protective role to govern pancreatic function in case of glucotoxicity. NO, Nitric oxide; CO, Carbon monoxide; H2S, Hydrogen sulfide; MMC, Migrating motor complex.
GLP-1 slows gastric emptying, inhibits the active antral MMC phases and prolongs small bowel transit time. It is able to cross the blood-brain barrier (Kastin et al., 2002) and a high density of GLP-1 receptors is present in the vagal circuits in the brainstem (Shimizu et al., 1987; Göke et al., 1995). As such, one could hypothesize that peripherally released GLP-1 functions as a classic hormone by migrating to the central nervous system where it acts on the brainstem. It seems more likely that the brainstem vagal circuits are affected by GLP-1, after activation of gastro-intestinal stimuli (Shimizu et al., 1987). A 1–2 pmol/kg−1 GLP-1 infusion prolongs the MMC cycle length and abolishes its active antral phase by NO. With a dose of 10 pmol/kg−1, the effect becomes NO-independent in conscious rats (Tolessa et al., 1998; Tolessa et al., 2001). A GLP-1 analogue, LY315902, also decreases gut motility via the NO-pathway in mice (Rotondo et al., 2011).
GLP-1 is mainly known as an incretin. Literature about the role of gasotransmitters in the GLP-1-insulin release is contradictory. At first sight, it seems like the gasotransmitters have a protective role to govern pancreatic function in case of glucotoxicity. Under normal circumstances, the inducible HO-variant is not present in rat beta cells, although in obese rats HO-1 seems to be upregulated (Lundquist et al., 2003). Similar results are shown for iNOS, which is normally only expressed as response to an inflammatory agent, and clearly, an episode of hyperglycemia (20 mmol/L) is considered stressful for the pancreatic beta cell. GLP-1 induces a cAMP/PKA-pathway inhibiting the expression of iNOS, and prevents beta cell apoptosis (Jimenez-Feltstrom et al., 2005). For H2S, only CBS is expressed under normal glucose levels in the mouse beta cells, while CSE is induced by hyperglycemia (Beltowski et al., 2018). H2S inhibits insulin secretion by the activation of ATP-sensitive potassium channels, but only in the presence of glucose. Furthermore, it affects beta cell survivability, although the literature is inconsistent on whether it induces apoptosis or in contrast protects these cells (Pichette and Gagnon, 2016; Beltowski et al., 2018). Diabetic animal models or patients have lower H2S blood concentrations (Suzuki et al., 2017). More research should be performed using H2S-donors as treatment. H2S has roles in glycemia control beyond insulin, as it plays a role in the liver, muscles and even fat tissue, but this is discussed in more detail in the literature (Pichette and Gagnon, 2016; Beltowski et al., 2018).
GLP-1 receptor agonists have hypotensive actions (Sun et al., 2015). The potential mechanism may be directly mediated via GLP-1 receptor activation on blood vessels and kidney, including improvement of endothelial function, vasodilatation, and natriuresis (Gutzwiller et al., 2004; Nyström et al., 2004; Lorber, 2013; Sun et al., 2015). GLP-1 receptors are expressed in the arteries, glomeruli, and proximal tubules of the kidney (Schlatter et al., 2007; Crajoinas et al., 2011). In human and rodent studies, activation of these receptors results in diuresis, natriuresis and renal vasodilatation (Moreno et al., 2002; Thomson et al., 2013). Several studies established that the effects of GLP-1 reduce risk factors of nephropathy, including hypertension and albuminuria, and lead to renoprotection. As an underlying mechanism, stimulation of the GLP-1 receptor by the GLP-1 agonist exenatide results in an increased glomerular filtration rate, urinary flow rate and urinary prostaglandin E2 and NO degradation products. Pre-treatment with L-NMMA reduces urinary NO degradation products and the impact of exenatide on glomerular filtration rate and urinary flow rate by 50%, implying that NO mediates a part of the renal hemodynamic actions of exenatide in anesthetized rats (Thomson et al., 2017).
Several studies demonstrated that administration of GLP-1 analogues increases NO production in endothelial cells and improves endothelium-dependent vasodilatation in rats (Han et al., 2012; Sélley et al., 2014; Green et al., 2008) (Figure 9). In overnight-fasted male rats, continuous infusion of GLP-1 acutely increases muscle microvasculature, which is associated with increased muscle glucose utilization, plasma concentrations of NO, muscle interstitial oxygenation and muscle insulin clearance/uptake (Chai et al., 2012). Co-infusion of l-NAME abolishes this effect, suggesting that GLP-1 acts via a NO-dependent mechanism. From a mechanistic point of view, GLP-1 increases PKA activity and stimulates eNOS’s phosphorylation at Ser(1,177) cultured endothelial cells (Dong et al., 2013). The incubation of human umbilical veins with liraglutide promotes eNOS expression (Dai et al., 2013). Furthermore, the dipeptidyl peptidase-4 (DPP-4) inhibitor sitaglipitin is shown to enhance eNOS phosphorylation through the cAMP/PKA pathway by augmenting GLP-1 activity in human coronary artery endothelial cells (Matsubara et al., 2012). These findings suggest that activation of the GLP-1 receptor results in an elevated production of cAMP, activation of PKA and, subsequently, eNOS and the formation of NO. The latter can enhance endothelium relaxation through stimulation of soluble GC to increase cGMP in vascular smooth muscle cells (Liu et al., 2015). In addition to PKA activation, AMPK and Akt may also be involved in this process. Exenatide is found to stimulate proliferation of human coronary artery endothelial cells through PKA-PI3K/Akt-eNOS activation pathways (Erdogdu et al., 2010), and GLP-1 receptor agonists are able to stimulate eNOS activation and NO production through AMPK phosphorylation in humans (Krasner et al., 2014; Koska et al., 2015). This may be the direct result of AMPK on eNOS, or an indirect effect by activation of uncoupling protein-2 and subsequently reducing the amount of reactive oxygen species and production of vasoconstrictive mediators (Liu et al., 2015; Tang et al., 2016). In contrast, there is also evidence that NO is not involved in the effects of GLP-1 on endothelium-dependent vasodilatation. While infusion of GLP-1 relaxes the isolated rat femoral artery and the specific GLP-1 receptor antagonist exendin (9–39) completely inhibits this, the inhibition of NO does not (Nystrom et al., 2005). In healthy overweight men, the acute infusion of exenatide increases capillary perfusion in the skin, independent of NO (Smits et al., 2015). These discrepancies in NO-dependency may be a result of differences in study design, species, and types of vasculature or peptide used in these experiments. It has been suggested that increased secretion of atrial natriuretic peptide or diuretic effects are also prominently involved (Ryan and Acosta, 2015).
Besides NO, H2S and CO also contribute to the vasodilator effect of GLP-1 (Figure 9). In one study, exenatide causes a dose-dependent relaxation in isolated rat thoracic aorta (Sélley et al., 2014). Comparing the effects of the gasotransmitters leading to vasodilatation, H2S had the most remarkable. The cAMP/cGMP-PKA/PKG pathway is identified as an important mediator of the effects of the gasotransmitters. Inhibition of ATP-sensitive voltage-gated calcium-activated large conductance potassium channels, KCNQ-type voltage gated potassium channels and, foremost, the Na/Ca-exchanger decreases the vasodilatation evoked by exenatide. Taken together, this study identified possible cascades of GLP-1 leading to vasodilation and emphasizes the fact that, besides NO, other gaseous transmitters are involved in this process. To the best of our knowledge, this finding has not yet been confirmed by other studies.
The other effects of GLP-1 have been suggested to be organ protective effects due to antioxidant and anti-inflammatory effects, which may also involve effects of NO. Treatment of streptozocin-induced diabetic rats with vildagliptin, inhibitor of DPP-4, which inactivates GLP-1, reduces plasma TNF-α concentration and decreases NO concentration in serum and pancreatic homogenates compared with untreated diabetic rats (Akarte et al., 2012). Linagliptin, another DPP-4 inhibitor, decreases superoxide dismutase levels and increases NOS levels in hemodialysis patients (Kimura et al., 2016).
GLUCAGON-LIKE PEPTIDE 2
GLP-2 is a 33 amino acid peptide which is also produced by L-cells. Only 5–10% of the nutrients reach the distal part of the small intestine unabsorbed. In humans, GLP-2 secretion increases in response to exposure to unabsorbed isocaloric meals rich in carbohydrate or fat. Protein rich meals are poor stimulants (Xiao et al., 1999; Thulesen, 2004). GLP-2 plasma levels decrease in response to a fasting period (Drucker and Yusta, 2014). Following nutrient-induced release, GLP-2 effects are mediated by the G-protein-coupled GLP-2 receptor (GLP-2R) which is expressed in the GI-tract to enteroendocrine cells, sub-epithelial myofibroblast cells, and in the neurons of the enteric nervous system (Guan et al., 2006). GLP-2 has various physiological effects, including stimulation of growth and repair of intestinal epithelium, maintenance of mucosal integrity, upregulation of nutrient absorption, slowing of gastric emptying, reduction of gastric secretions, as well as effects on blood flow and blood pressure, bone resorption inhibitory effects and suppression of food intake (Dubé and Brubaker, 2007; Janssen et al., 2013). Understanding the GLP-2 pathways and developing compounds to manipulate the downstream pathway accordingly can lead to new treatments, especially as pre-clinical models: post-operative ileus, GI mucositis and conditions of altered intestinal permeability. The problem however is the short half-life time of GLP-2 (Salaga et al., 2017).
Infusion of GLP-2 acutely and dose-dependently increases intestinal blood flow, which is important for example to improve nutrient absorption. GLP-2Rs are co-localized with eNOS, nNOS and acetylcholine immune-responsive neurons in the myenteric and submucosal neurons of the small intestine. GLP-2 upregulates eNOS expression and stimulates NO release (Guan et al., 2006) (Figure 10). In the colon, activation of the GLP-2R rather antagonizes acetylcholine function and is NO-independent (Guan et al., 2003b; Amato et al., 2010). In rats, GLP-2 infusion increases blood flow in the superior mesenteric artery, but not in the inferior mesenteric or carotid artery. Only a higher dose of l-NAME can partly block the increased blood flow (Bremholm et al., 2009). It must be mentioned that rats are less sensitive for GLP-2 in comparison to mice. Besides inducing a local intestinal increase of blood flow, GLP-2 increases glucose uptake, eNOS mRNA and phosphorylation (eNOS-Ser1117) (Guan et al., 2003b; Guan et al., 2006). The effect of GLP-2 on contractility of the gut is also believed to act via the NO-mediated pathway in the myenteric plexus (Cinci et al., 2011).
[image: Figure 10]FIGURE 10 | Role of gasotransmitters on glucagon-like peptide 2’s (GLP-2) physiological functions. Dotted lines represent first evidence for the presence of the pathway. GLP-2 promotes NO release, and this may increase blood flow and contractility of the gut. NO, Nitric oxide.
In cisplatin treated mice, GLP-2 is able to counteract both the mucosal gastric fundus damage, and the neuropathy, respectively by preventing the epithelium thickness decrease and by protecting nNOS neurons (Pini et al., 2016). This data suggests that GLP-2 plays a role in maintenance in myenteric neurons including nNOS neurons. GLP-2 enhances the expression of iNOS through stimulating the activity of TGFβ-Smad2/3 signaling in osteoclasts in vitro, which may contribute to the inhibition of the proliferation of osteoclasts and which may provide potential therapeutic targets for the treatment of osteoporosis (Lu et al., 2018).
Although GLP-2 is shown to promote NO release, the primary relevance of the NO-dependent signaling of GLP-2 seems to be restricted (Cinci et al., 2011; Moloudi et al., 2011). It is hypothesized that this is also a permissive factor for other functions of GLP-2 such as intestinal growth (Dubé and Brubaker, 2007). Besides NO, several other downstream mediators of GLP-2 are known, including IGF-1 and -2, keratinocyte growth factor, and VIP (Rowland and Brubaker, 2011). It should be considered that the Ser1177 is also a phosphorylation site for Akt, and Akt is a downstream kinase of e.g. the IGF-1 receptor.
SUMMARY
Gut peptides are important regulators for several physiological processes ranging from muscles contractions or relaxations, systemic or local blood flow, anti-inflammatory actions, feeding behavior, glucose metabolism and many more. In the case of aberrant peptide production, the system becomes disturbed and a therapy needs to be started. The development of drugs targeting peptide receptors is a challenging process. Gaseous neurotransmitters are important for intracellular signaling, and increasing evidence emerges that these are involved in gut peptide release and their physiological functions. These small molecules may be easier to target for pharmacological intervention once their pathways to alter gut peptide signaling are better understood. A major challenge will be the widespread influence of gasotransmitters, in -and outside the gastrointestinal tract, which may thus be associated with loss of organ or process selectivity.
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Background: Paeoniflorin (PF), the major active compound isolated from the roots of Paeonia lactiflora Pall., has been used in the treatment of severe hepatic diseases for several decades and displays bright prospects in liver protective effect. However, its biological mechanism that regulates bile acid metabolism and cholestatic liver injury has not been fully elucidated. Our study aims to investigate the mechanism by which PF in the treatment of cholestatic liver injury using a comprehensive approach combining metabolomics and network pharmacological analysis.
Methods: The hepatoprotective effect of PF against cholestasis liver injury, induced by α-naphthylisothiocyanate (ANIT), was evaluated in rats. The serum biochemical indices including ALT, AST, TBA, TBIL, ALP, ALB, and the pathological characteristics of the liver were analyzed. Moreover, UHPLC-Q-TOF was performed to explore the feces of rats with ANIT-induced cholestatic liver injury treated with PF and the potential biomarkers were screened by metabolomics. The targets for the regulation of potential biomarkers by PF were screened by network pharmacology, and then the relevant key targets were verified by immunohistochemical and western blotting methods.
Results: PF significantly improved serum indexes and alleviated liver histological damage. Metabolomics analyses showed that the therapeutic effect of PF is mainly associated with the regulation of 13 metabolites involved in 16 metabolic pathways. The “PF-targets-metabolites” interaction network was constructed, and then five key targets including CDC25B, CYP2C9, MAOB, mTOR, and ABCB1 that regulated the potential biomarkers were obtained. The above five targets were further verified by immunohistochemistry and western blotting, and the results showed that PF significantly improved the expression of key proteins regulating these biomarkers.
Conclusion: Our study provides direct evidence for the modulatory properties of PF treatment on ANIT-induced cholestatic liver injury using metabolomics and network pharmacology analyses. PF exhibits favorable pharmacological effect by regulating related signal pathways and key targets for biomarkers. Therefore, these findings may help better understand the complex mechanisms and provide a new and effective approach to the treatment of cholestatic liver injury.
Keywords: paeoniflorin, cholestatic liver injury, feces, metabolomics, network pharmacology
INTRODUCTION
Cholestasis is a pathological process caused by the disturbance of bile secretion and excretion, which is characterized by excessive accumulation of bile acids, cholesterol, bilirubin and other bile components in the liver and systemic circulation, leading to liver lesions (Chen et al., 2018). Cholestasis occurs in people of any age and sex, and a variety of factors can cause cholestasis, such as drug-induced liver injury (DILI), heredity (progressive familial intrahepatic cholestasis) and diseases (septicemia, cholelithiasis). If left untreated, cholestasis will further develop into liver fibrosis, cirrhosis and even liver cancer (Jansen et al., 2017). Due to the complex etiology and injury mechanism of cholestasis, the development of new drugs related to cholestasis is seriously restricted. At present, the treatment of cholestasis is very limited. Ursodeoxycholic acid (UDCA) can treat primary biliary cholangitis (PBC), but more than 40% of patients respond poorly, about 10% of patients cannot tolerate it, and its effectiveness is limited to the early stage of PBC. Obecholic acid (OCA) can significantly improve the biochemical indexes, delay the disease progression and improve the survival rate of PBC patients who do not respond well or tolerate UDCA treatment, but it produces serious side effects such as pruritus during OCA treatment, and excessive use of OCA aggravates liver injury (Kowdley et al., 2018). Therefore, the search for drugs related to the treatment of cholestatic liver injury has been the focus of research in recent years.
Paeoniflorin, a monoterpenoid glycoside compound, is the main active ingredient of the Paeonia lactiflora Pall.. In recent years, a large number of studies have shown that PF has the effects of anti-inflammation (Tu et al., 2019), anti-oxidation (Zhao et al., 2013), anti-depression (Cheng et al., 2021), anti-tumor (Zhang et al., 2018), immune regulation (Kong et al., 2018) and liver protection (Wei et al., 2020), and has less toxic and side effects, so its medicinal value has been paid more and more attention. However, the potential mechanism of PF in relieving cholestatic liver injury is not clear, and whether PF can be safely and effectively used in clinic still needs further study. A variety of constructive technologies such as, proteomics, genome chip and network pharmacology have been used to explore the action mechanism and active substances of traditional Chinese medicine in the past few decades (Xu et al., 2017). However, few researchers have fully integrated a variety of techniques to explore the mechanism of PF in the treatment of cholestatic liver injury.
Traditional Chinese medicine has the synergistic regulation of multi-components, multi-targets and multi-pathways, so it is difficult to clarify the mechanism of liver protection, which hinders the development of clinical treatment of liver disease with traditional Chinese medicine. Metabolomics is an effective method to study the mechanism of liver protection of traditional Chinese medicine. It is a new subject after proteomics and genomics in recent years, which is also one of the hot research fields in recent years. Metabolomics comprehensively reflects the changes of endogenous differential metabolites before and after liver injury, deeply analyzes the metabolic pathways related to biomarkers, and elucidates the mechanism of liver protection. In addition, the potential therapeutic targets of various types of liver injury can be obtained through the analysis of signal pathways, proteins and genes closely related to metabolic pathways in collaboration with other disciplines, which provides many useful clues for the in-depth understanding of various physiological and pathological phenomena of the body and the pathogenesis of diseases (Wang et al., 2011; Xi-lan, 2021; Xiong et al., 2014). In addition, network pharmacology, as an effective tool to predict and reveal the complex relationship between targets, diseases and drugs, has been successfully applied to understand the components of traditional Chinese medicine and the mechanism of diseases. Therefore, the combination of metabolomics and network pharmacology further reveals the molecular mechanism of disease regulation (Lyu et al., 2018; Zhang et al., 2019).
Recently, it has been reported that endogenous bile acid hepatointestinal circulation is involved in the pathogenesis of cholestatic liver disease (Blesl and Stadlbauer, 2021). Intestinal bacteria convert primary bile acid excreted from the liver into secondary bile acid in the intestine, and then 95% of the bile acid can be reabsorbed by the intestinal wall. The liver can regulate intestinal metabolism by secreting metabolites such as bile acids. Therefore, the composition of intestinal metabolites may play a key role in intestinal-liver axis crosstalk (Marrero et al., 2018; Milosevic et al., 2019). In this study, the potential biomarkers were obtained by metabonomic analysis of rat feces, and the targets of biomarkers were screened and verified by network pharmacology and molecular biology methods. Therefore, we elucidated the potential fecal biomarkers and possible mechanisms of action of PF in the treatment of cholestatic liver injury, which might provide novel insight into improving the treatment of cholestasis (Supplementary Figure S1).
MATERIALS AND METHODS
Chemicals and Reagents
Paeoniflorin (C23H28O11, purity >98%, Cat. No. J0T-10063) was purchased from Chengdu Pufei De Biotech Co., Ltd. (Chengdu, China). ANIT was purchased from Sigma Chemical Co. (St. Louis, MO, United States). Ursodeoxycholic acid (UDCA) was obtained from Losan Pharma GmbH (Germany). The alanine aminotransferase (ALT), aspartate transaminase (AST), total bile acid (TBA), total bilirubin (TBIL), alkaline phosphatase (ALP), and albumin (ALB) kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All of the other experimental supplies were commercially available.
Animals
Male Sprague-Dawley rats weighing 190 ± 10 g were obtained from Sibeifu (Beijing) Biotechnology Co., Ltd. [Beijing, China, Permission No. SCXK (jing) 2019-0010]. All animals were kept at 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. All animal experiments were in accordance with the Animal Experimental Ethics Committee of the Fifth Medical Center of PLA General Hospital (approved ID: IACUC-2019-004).
All rats were allowed to acclimate for 1 week prior to the experiment and were randomly divided into five groups of six rats each: (A) Control group; (B) ANIT group; (C) UDCA group (60 mg/kg); (D) Paeoniflorin low dose group (PFL, 50 mg/kg); (E) Paeoniflorin high dose group (PFH, 200 mg/kg). The PF was dissolved in normal saline and intragastrically administered to rats for 5 days. The rats in the control group were received with normal saline every day and were intragastric administrated with vehicle (olive oil) alone. Rats in the ANIT group, PFL group, PFH group, and UDCA group intragastrically received 60 mg/kg ANIT (dissolved in olive oil) on the third day. UDCA, the positive drug, was given to rats for 5 days using the same conditions used for the PF group.
Sample Collection and Preparation
Before the end of the experiment, each rat was put into a metabolic cage (1 per cage) to collect feces for 12 h, and then the rats were anaesthetized with 20% ethyl carbamate solution and blood was taken from the abdominal aorta. Then, the liver samples were rapidly excised and fixed in 10% paraformaldehyde solution for histopathological analysis. The blood was centrifuged at 3,000 rpm for 10 min to separate the serum and transferred to −80°C for preservation, and then the serum liver function indexes were determined.
Analysis of Serum Biochemical Indexes
The serum levels of AST, ALT, TBA, TBIL, ALP, and ALB were measured by commercial test kits (Nanjing Jiancheng, Nanjing, China) according to the manufacturer’s instructions.
Histological Examination
The liver specimen was fixed in 10% formalin solution, embedded in paraffin wax and sliced into 5 μm sections. Deparaffinized sections were stained with hematoxylin-eosin (HE staining) and examined by light microscopy as described previously (Zhu and Feng, 2019).
Sample Handling
Briefly, the fecal samples from the control group, ANIT group, and PFH group were thawed at room temperature. Then 50 mg faeces from each rat was added to 1 ml methanol solution and then underwent an extraction with vigorous shaking for 2 min. The samples were centrifuged at 12,000 rpm at 4°C for 10 min to remove any solid debris. The supernatant was transferred to a new 1.5 ml centrifuge tube and then filtered through a syringe filter (0.22 µm) to obtain the sample for injection as described previously (Tian et al., 2015).
Chromatography and Mass Spectrometry
The Agilent 1,290 series UPLC system equipped with quaternary pump, online degasser, autosampler, and thermostat column compartment was used for fecal metabolic profiling analysis. The sample injection volume was 4 µL and the flow rate was 0.30 ml/min, and all the samples were performed on a ZORBAX RRHD 300 SB-C18 column (2.1 mm × 100 mm, 1.8 μm, Agilent Technologies, Santa Clara, CA, United States) at 4°C. The column temperature was set at 30°C. The mobile phases were composed of 0.1% formic acid in acetonitrile (solvent A) and 0.1% formic acid in water (solvent B). The gradient program was consistent with the previous report (Chen et al., 2020). QC sample compounded with all samples was injected to ensure the stability and repeatability of the systems after injection of the 10 samples.
Mass spectrometry was carried out on an Agilent 6550A Q-TOF/MS (Agilent Technologies, Santa Clara, CA, United States) with an electrospray ionization source (ESI) in both positive and negative mode. The electrospray source parameters were fixed as follows: electrospray capillary voltage: 3.0 kV in the negative ionization mode and 4.0 kV in the positive ionization mode; gas temperature: 200°C in the negative ionization mode and 225°C in the positive ionization mode; nozzle voltage: 500 V in both ionization modes; gas flow: 11 L/min; nebulizer: 35 pisg (negative) and 45 pisg (positive); mass range: 80–1,000 m/z.
Data Extraction and Pattern Recognition Analysis
The sample data were extracted by using MassHunter Profinder software (Agilent, California, United States). The initial and final retention times were set for data collection. Data were normalized with MetaboAnalyst 5.0 and then the resultant data matrices were introduced to SIMCA-P 14.1 software (Umetrics, Umea, Sweden) for principal component analysis (PCA) and orthogonal-partial least squares discriminant analysis (OPLS-DA). These variables with VIP >1.5 and |p (corr)| ≥ 0.58 in the OPLS-DA method were considered to be further data analysis.
Potential Metabolites Identification and Pathway Enrichment Analysis
Components that changed significantly between groups were identified as biomarkers. The potential biomarkers were identified by the online biochemical database service METLIN (http://metlin.scripps.edu/) and HMDB database (http://www.hmdb.ca/). MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) was used for further enrichment and pathway analysis of the previously identified potential metabolites.
Identification of PF Targets and Potential Metabolites
To identify the corresponding relationships between potential biomarkers and their related targets, we performed network analysis using network pharmacology. PharmMapper Server (Version 2017) was used to screen PF drug targets and the MBrole 2.0 database was used to screen the corresponding targets of identified potential biomarkers. Interacting protein targets were screened using the Interacting Protein Database (DIP). Then, all the protein ID types of the obtained targets were converted to UniProt IDs and the “PF-target-potential biomarker” interactive network was established by using Cytoscape 3.7.2 (National Institute of General Medical Sciences, United States).
Western Blotting
Rat liver tissue (80 mg) were homogenized and then lysed in the prepared ice-cold lysis buffer with 1 mM phenylmethylsulfonyl fluoride and a protease inhibitor mixture, and then centrifuged at 12,000 × g and 4°C for 10 min. The supernatant was collected and the BCA Protein Assay Kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) was used for quantification. All prepared samples were western blotted with 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were blocked with 5% fat-free milk at room temperature for 2 hours, then incubated overnight at 4°C with antibodies against anit-CDC25B (PB9488, BOSTER, dilution: 1:1,000), anit-MTOR (A00003-2, BOSTER, dilution: 1:1,000), anit-CYP2C9 (16546-1-AP, proteintech, dilution: 1:2,000), anit-ABCB1 (A00049-3, BOSTER, dilution: 1:1,000), anit-MAOB (PB9665, BOSTER, dilution: 1:1,000). Then wash with TBS-0.1% Tween 20 (TBST) 2 times for 5 min each time, and incubate with horseradish peroxidase conjugated secondary antibodies at room temperature for 1 h. The immunoreactive bands were visualized with chemiluminescence.
Immunohistochemistry
In order to evaluate the effects of PF on key proteins regulating fecal metabolism in rats with cholestasis liver injury, the liver tissue of rats was detected by immunohistochemical method as described previously (Wei et al., 2020). The liver tissue slides were incubated with anit-CDC25B, anit-MTOR, anit-CYP2C9, anit-ABCB1, anit-MAOB for 1.5 h, followed by incubation with peroxidase-coupled secondary antibody for 30 min. Sections were incubated with streptavidin-peroxidase-biotin complex for 20 min at room temperature and then incubated with 3,3′-diaminobenzidine hydrochloride for 5 min for color development. The positive areas showed the color of brown yellow. The images were examined using a digital camera system under 200× magnification and analyzed by using Image J 1.48v.
Statistical Analysis
Statistical analysis was performed by using SPSS 20.0 software program (Chicago, United States) and GraphPad Prism 8.02 software (San Diego, United States) was used to visualize the results. All data were presented as the mean ±SD. The differences between the group means were calculated by ANOVA. p < 0.05 was considered statistically significant, and p < 0.01 was considered highly significant.
RESULTS
Effects of PF on ANIT-Induced Cholestatic Liver Injury in Rats
To evaluate the protective effect of PF on cholestatic hepatocyte injury, the serum biochemical indexes related to liver injury and cholestasis were detected. As shown in Figures 1A–F, the serum levels of ALT, AST, TBA, TBIL, and ALP exhibited the remarkable increases in ANIT-induced cholestasis rats. Conversely, the levels of ALT, AST, TBA, TBIL, and ALP were reduced after treatment with the PF, which coincided with the findings of our previous study (Chen et al., 2016). Furthermore, ANIT administration significantly reduced the serum level of ALB. However, PF (200 mg/kg and 50 mg/kg) improved the reduction of ALB, which was similar to UDCA.
[image: Figure 1]FIGURE 1 | Effect of paeoniflorin on serum biochemical indexes. (A) serum ALT level; (B) serum AST level; (C) serum TBA level; (D) serum TBIL level; (E) serum ALP level; (F) serum ALB level. Data were presented as means ± SD (n = 6). ##p < 0.01, #p < 0.05 compared with the control group, **p < 0.01, *p < 0.05 compared with ANIT group.
Histological evaluations provided visual evidence for the protective effect of PF on ANIT-induced cholestatic liver injury. Liver histopathology showed that the liver tissue of control group exhibited a normal structure with large and round hepatic cell nucleus and evident nuclear membrane, while ANIT-treated rat liver specimens showed inflammatory infiltration, destructive interlobular ducts, and hepatic necrosis. This result is consistent with our previous study (Zhao et al., 2017). However, rats treated with UDCA and PFL exhibited weak attenuation of inflammatory infiltration and bile duct epithelial damage. On the contrary, the specimens from PFH group displayed potent decrease in inflammatory cell infiltration, destructive interlobular ducts and necrosis. These results indicated that PF significantly protected against ANIT-induced cholestatic liver injury (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of PF on the histopathology of liver tissues using HE staining (40× and 400×). The groups were control group, ANIT group, UDCA group, PFL group and PFH group. Inflammatory infiltration, destructive interlobular ducts, and hepatic necrosis as shown by the arrow.
Multivariate Statistical Analysis
To reveal the mechanism of PF in the treatment of cholestasis, we used metabolomics to detect the effect of PF on fecal endogenous metabolism in rats with cholestasis. Principal component analysis (PCA) was originally used as an unsupervised statistical method to summarize and distinguish the metabolic phenotypes and metabolites among the control group, ANIT group, and 200 mg/kg PF group in both ESI+ and ESI− models. The score plot provided a direct image of observational clusters. As shown in Figures 3A,B, the clustering significantly distinguished between control group, ANIT group and PFH group in both the positive and negative modes, which indicated ANIT-induced remarkable changes in fecal endogenous metabolites and PF could restore the metabolic profiling of fecal in cholestasis rats.
[image: Figure 3]FIGURE 3 | The principal component analysis (PCA) score plot of fecal metabolomics analysis in the ESI+ model (A) and ESI− model (B). OPLS-DA score plots were the pair-wise comparisons between the control and ANIT groups (C) as well as between the ANIT and PFH groups (F). S-plots of the OPLS-DA model for the control and ANIT groups (D) as well as for the ANIT and PFH groups (G). The 100-permutation test of the OPLS-DA model was for the control and ANIT groups (E) as well as for the ANIT and PFH groups (H).
OPLS-DA was used to better understand the different metabolic patterns and identify potential metabolites that were significantly changed between the control, ANIT and PFH groups. The R2X (cum), R2Y (cum), and Q2 (cum) values provide an estimate of how well the model fits the data. The R2X (cum), R2Y (cum), and Q2 (cum) of OPLS-DA in our positive model were 0.405, 0.999, and 0.932, respectively, using the data from the control and ANIT groups and 0.28, 0.998, and 0.767, respectively, using the data from the ANIT and PFH groups (Figures 3C,F). The R2X (cum), R2Y (cum), and Q2 (cum) of OPLS-DA in our negative model were 0.435, 0.999, and 0.946, respectively, using the data from the control and ANIT groups and 0.308, 0.995, and 0.79, respectively, using the data from the ANIT and PFH groups (Supplementary Figure S2). These data indicated that models were of good quality and provided accurate predictions. Variables with distant free points were thought to contribute more to the separation between different groups; therefore, they were identified as potential metabolites in both the positive (Figures 3D,G) and negative models (Supplementary Figure S2). To verify the validity of the data multivariate analysis model, permutation tests with 200 iterations were further carried out. The validation plots indicated that the original models were valid in the positive (Figures 3E,H) and negative modes (Supplementary Figure S2).
Identification of Potential Metabolite of PF in the Treatment of ANIT-Induced Cholestatic Liver Injury
Metabolites that meet a threshold of VIP ≥1.5 and |P (corr)| ≥ 0.58 were considered potential candidates according to OPLS-DA analysis. The candidates that significantly changed among the groups with a p-value below 0.05 were identified as potential metabolites for METLIN and Metaboanalyst databases. It was found that 13 specific metabolites were related to the treatment of cholestasis with PF and relevant information and variation trends between groups were listed in Table 1. The significantly changed components were shown in Figure 4.
TABLE 1 | The biomarkers of PF in the treatment of cholestasis.
[image: Table 1][image: Figure 4]FIGURE 4 | Potential metabolites changes in ANIT-induced cholestatic liver injury with PF treatment. (A) 3-Methoxytyramine; (B) 5-L-Glutamyl-taurine; (C) Homovanillic acid; (D) UDP-D-Xylose; (E) L-Dopa; (F) Linoleic acid; (G) L-Phenylalanine; (H) N-Desmethylcitalopram; (I) PE [15:0/18:4 (6Z,9Z,12Z,15Z)]; (J) Phosphocreatine; (K) Sepiapterin; (L) Taurochenodesoxycholic acid. Data were presented as means ± SD (n = 6). ##p < 0.01, #p < 0.05 compared with the control group, **p < 0.01, *p < 0.05 compared with ANIT group.
Pathway Analysis of PF in the Treatment of ANIT-Induced Cholestatic Liver Injury
To further reveal the metabolic pathways of potential metabolites related to PF in the treatment of cholestasis, MetaboAnalyst 5.0 was used to analyze the pathway to visualize the affected metabolic pathways. 16 signaling pathways were enriched: tyrosine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, linoleic acid metabolism, taurine and hypotaurine metabolism, phenylalanine metabolism, glycosylphosphatidylinositol (GPI)-anchor biosynthesis, folate biosynthesis, drug metabolism-cytochrome P450, phosphatidylinositol signaling system, inositol phosphate metabolism, biosynthesis of unsaturated fatty acids, glycerophospholipid metabolism, amino sugar and nucleotide sugar metabolism, arginine, and proline metabolism, primary bile acid biosynthesis, aminoacyl-tRNA biosynthesis (Table 2 and Figure 5). The top eight pathways that impacted the bubble map were linoleic acid metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism, tyrosine metabolism, phosphatidylinositol signaling system, inositol phosphate metabolism, primary bile acid biosynthesis, glycosylphosphatidylinositol (GPI)-anchor biosynthesis. These metabolic pathways were mainly involved in amino acid metabolism, bile acid metabolism and inflammation-related metabolism.
TABLE 2 | Results of integrating enrichment analysis of biomarkers with MetaboAnalyst 5.0.
[image: Table 2][image: Figure 5]FIGURE 5 | Pathway analysis of PF treatment. (A) Pathway impact by PF in the treatment of ANIT-induced cholestasis①: Linoleic acid metabolism; ②: Phenylalanine, tyrosine and tryptophan biosynthesis; ③: Tyrosine metabolism; ④: Phenylalanine metabolism; ⑤: Phosphatidylinositol signaling system; ⑥: Inositol phosphate metabolism; ⑦: Glycerophospholipid metabolism; ⑧: Primary bile acid biosynthesis. (B) Signaling networks associated with the differentially expressed metabolites pathways. The red solid box represents the peak area of the PFH/ANIT >1. The blue solid box represents the peak area of PFH/ANIT <1.
“Potential Biomarkers-Target-Component” Interactive Network and Analysis
To systematically clarify the complex relationship between PF and potential biomarkers, the targets of PF regulating specific metabolites were analyzed by network pharmacology. MBROLE 2.0 was performed for collecting specific metabolite-related targets. As shown in Figures 6B,C, we identified 166 targets corresponding to 13 potential metabolites and 248 protein PF targets. Among them, ten target-specific metabolites, 244 PF targets, 150 specific metabolite targets, and 827 interacting proteins participated in the construction of the “potential metabolite-target-component” interaction network together (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) The “specific metabolite-target-component” interactive network; (B) The “PF-target” interactive network; (C) The “potential metabolite-target” interactive network. The blue dots represent the protein targets of PF. The green dots represent the protein targets of potential metabolites. The purple dots represent interacting proteins. The yellow squares represent potential metabolites. (D) The pivotal “specific metabolite-target-component” interactive network of PF in the treatment of cholestatic liver injury. The red triangles represent PF. The blue dots represent the protein targets of PF. The green dots represent the protein targets of potential metabolites. The yellow squares represent potential metabolites. The purple dots represent the direct targets of PF in regulating potential metabolites.
Herein, PF directly regulated the metabolite linoleic acid, N-desmethylcitalopram, 3-methoxytyramine by acting on the cytochrome P450 2C9 (CYP2C9), ATP-dependent translocase ABCB1 (ABCB1), Amine oxidase [flavin-containing] B (MAOB) target, and indirectly regulated the potential metabolites of PE [15:0/18:4 (6Z,9Z,12Z,15Z)] and sepiapterin by acting on serine/threonine-protein kinase mTOR (MTOR) and M-phase inducer phosphatase 2 (CDC25B) target (Figure 6D).
Effect of PF on the Expression of Key Targets Related to Potential Biomarkers
To verify the authenticity of network pharmacological prediction, we used immunohistochemistry and western blotting to verify the targets of PF directly or indirectly regulating potential metabolites. The results indicated the expression of CYP2C9, ABCB1, MAOB, MTOR, and CDC25B were significantly increased in the liver tissues of rats in the ANIT group, while the PF significantly reduced the expression of these proteins (p < 0.01 or p < 0.05). The results of immunohistochemistry were consistent with those of western blotting. (Figures 7, 8, Supplementary Figure S3).
[image: Figure 7]FIGURE 7 | Effect of PF on the expression of CYP2C9, ABCB1, MAOB, CDC25B, and MTOR in the treatment of cholestatic liver injury detected by western blotting. (A) Western blotting images of CYP2C9, ABCB1, MAOB, CDC25B, and MTOR; (B) Relative protein expression of CDC25B; (C) Relative protein expression of CYP2C9; (D) Relative protein expression of MAOB; (E) Relative protein expression of ABCB1; (F) Relative protein expression of MTOR. The data are expressed as the mean ± SD, n = 3. ##p < 0.01, #p < 0.05 compared with the control group, **p < 0.01, *p < 0.05 compared with ANIT group.
[image: Figure 8]FIGURE 8 | Effect of PF on the expression of CYP2C9, ABCB1, MAOB, CDC25B, and MTOR in the treatment of cholestatic liver injury. (A) The expression of CYP2C9 in the liver tissue; (B) The expression of ABCB1 in the liver tissue; (C) The expression of MAOB in the liver tissue; (D) The expression of CDC25B in the liver tissue; (E) The expression of MTOR in the liver tissue. The data are expressed as the mean ± SD, n = 3. ##p < 0.01, #p < 0.05 compared with the control group, **p < 0.01, *p < 0.05 compared with ANIT group.
DISCUSSION
Cholestasis is the intrahepatic accumulation of toxic bile acids that occurs in several liver diseases, which were caused by various factors, such as pregnancy, drugs, alcohol, etc (Chatterjee and Annaert, 2018; Ovadia et al., 2021; Takeuchi et al., 2021). The occurrence of cholestatic liver diseases is very rare, with an annual incidence of between 0.3/100000 and 5.8/100000 (Wagner and Fickert, 2020). The enterohepatic circulation of bile acid describes the physiological interaction between intestine and liver and is of great significance for the maintenance of health. Feces play an important role in the hepato-intestinal circulation. Secondary bile acids in feces initiate the metabolism of bile acids in the intestinal microflora. (Ocvirk and O'Keefe, 2021). Previous studies have shown that fecal microbiota functional diversity is significantly reduced in patients with liver disease compared to healthy controls, and both intestinal microbiome and fecal transplantation techniques have demonstrated the critical role of feces in bile acid metabolism-related diseases (Out et al., 2015; Wei et al., 2013). Paeoniflorin is the main component of Paeonia lactiflora Pall.. Studies have shown that PF can effectively relieve cholestasis (Zhao et al., 2017), however, its effect on cholestatic liver injury has not been completely clear in the metabolic environment. Therefore, the metabolic study of feces can further understand the mechanism of PF in improving cholestatic liver injury. Metabolomics has a comprehensive understanding of the mechanism of multi-target and multi-pathway of traditional Chinese medicine in protecting liver, and screening biomarkers and metabolic pathways to protect liver, but the related targets of regulating biomarkers are not clear. Network pharmacology can analyze the interaction between targets corresponding to chemical components and diseases, and reveal the molecular mechanism of drug therapy (Huo et al., 2018; Wu et al., 2020). The combination of metabolomics and network pharmacology provides a more comprehensive and in-depth explanation of the role of PF in liver protection by regulating biomarkers through which targets.
In this study, PF significantly improved serum biochemical indexes and alleviated liver tissue injury. In addition, the metabolomics method was used to obtain the metabolomics characteristic map of paeoniflorin anti-cholestasis liver injury and the interaction network of metabolic differentiators. The results showed that PF restored 13 potential biomarkers, including inositol 1,3,4,5-Tetrakisphosphate, sepiapterin, N-desmethylcitalopram, UDP-D-Xylose, taurochenodesoxycholic acid, L-dopa, 3-methoxytyramine, homovanillic acid, L-phenylalanine, linoleic acid, 5-L-glutamyl-taurine, PE [15:0/18:4 (6Z,9Z,12Z,15Z)], and phosphocreatine to normal levels, which were mainly related to amino acid metabolism, bile acid metabolism, and inflammation-related metabolism. Metabolic pathway analysis showed that paeoniflorin had a protective effect on cholestatic liver injury mainly by regulating linoleic acid metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism, tyrosine metabolism, phosphatidylinositol signaling system, inositol phosphate metabolism, primary bile acid biosynthesis, glycosylphosphatidylinositol (GPI)-anchor biosynthesis. The above metabolic pathways were mainly related to amino acid metabolic pathway, bile acid metabolic pathway and inflammation-related pathway. Amino acid metabolism exists in every cell of the organism, and the occurrence of disease and health status are directly or indirectly related to amino acids. Studies have shown that severe damage to liver cells can cause amino acid metabolism disorder (Loza-Valdes et al., 2021). By studying the significantly changed amino acids, we can further clarify the mechanism of PF in the treatment of cholestasis liver injury. Clinically, the severity of hepatic encephalopathy and liver disease is usually predicted according to the ratio of branched chain amino acids to aromatic amino acids. In this study, PF significantly improved the metabolic pathways of tyrosine and phenylalanine. Primary bile acid metabolism also plays an important role in the regulation of cholestatic liver injury. Primary bile acid flows into the intestine with bile and forms secondary bile acid under the action of intestinal flora, which is reabsorbed through the intestinal wall and returned to the liver, and then discharged into the intestine through the biliary tract to form hepatointestinal circulation (Kummen and Hov, 2019). This study found that PF significantly improved the level of taurodeoxycholic acid, suggesting that PF may alleviate cholestatic liver injury by regulating bile acid-related metabolism. In addition, bile acid can also be used as an inflammatory stimulator to stimulate the production of many inflammatory mediators, thus promoting the inflammatory response of the liver. Studies have shown that linoleic acid metabolism and phosphatidylinositol-related metabolism are involved in a variety of inflammatory signal transduction (Owusu Obeng et al., 2020; Wang et al., 2021). The result showed that PF played a protective role in cholestatic liver injury by regulating inflammation-related pathways.
To have a deeper understanding of how PF regulates potential biomarkers, we used network pharmacology method to analyze the targets of PF and potential biomarkers, and construct the interactive network of “potential biomarkers-targets-components”. The results showed that PF regulated five metabolites including linoleic acid, N-desmethylcitalopram, 3-methoxytyramine, PE [15:0/18:4 (6Z,9Z,12Z,15Z)] and sepiapterin through CDC25B, CYP2C9, MAOB, mTOR, and ABCB1. CDC25B, an important member of the CDC25 family, is a threonine/tyrosine bispecific protein phosphatase. It is an important factor in regulating the activity of CDK-cyclin complex. When CyclinA and CDK combine, CDK molecule exposes threonine and tyrosine at positions 14 and 15. Kinase Weel can phosphorylate threonine and tyrosine at positions 14 and 15, which plays a key role in regulating the ability of hepatocyte regeneration (Shen, 2007; Wang et al., 2002). CYP450 enzyme system is the largest superfamily of drug metabolic enzymes, which can catalyze the oxidation of drugs. CYP2C9 is the main member of the CYP2C subfamily, which has a high content in the liver, accounting for 20% of the weight of liver microsomal P450, and mediates a variety of drug metabolism. Its structural and functional characteristics and its role in metabolism have been paid more and more attention. It has been reported that PF inhibits the activity of CYP2C9 enzyme (Fan et al., 2019). MAOB is a kind of monoamine oxidase, which is mainly distributed in the mitochondria of liver, kidney, and other tissues. Hydrogen peroxide produced in the activated state will lead to oxidative stress, damage the function of mitochondria, and then affect its energy metabolism. Oxidative stress and inflammation are inseparable, so inhibition of MAOB can significantly inhibit inflammation (Qian et al., 2021). MTOR, the target protein of rapamycin, is a member of the protein family of phosphatidylinositol 3 kinase related enzymes. A variety of inflammatory factors mediate the inflammatory response of the liver through mTOR-mediated signaling pathways, which change the structure of the liver. Studies have shown that inhibiting the activation of PI3K/Akt/mTOR pathway can significantly reduce the production of inflammatory mediators, thus alleviating the inflammatory response (Salti et al., 2020; Huiming et al., 2021). ABCB1 is the first ABC transporter subtype discovered, also known as multi-drug resistance protein 1 (MDR1) or P-gp glycoprotein (P-gp), which is mainly expressed in liver. ABCB1 absorbs and transfers out of the cells the exogenous substances that enter the body and the harmful toxins produced by the body’s metabolism. The transporter MDR1 located at the top of the bile capillary is the determinant of bile secretion and composition, and its main function is to transport hydrophobic compounds into the bile (Boyer and Soroka, 2021). In addition, some studies have shown that MDR1 promoted the excretion of bilirubin and bile acid, and accelerated the efflux of hepatotoxic substances, so as to dispel jaundice, cholagogic and detoxification, thereby regulating bile acid metabolism (Tang et al., 2016; Jetter and Kullak-Ublick, 2020). Other studies have shown that MDR1 was involved in inflammation, and the lack of MDR1 led to mitochondrial dysfunction and the increase of mitochondrial reactive oxygen species, which promoted the development of colitis (Ho et al., 2018). Therefore, MDR1 is an important target for alleviating inflammation and regulating bile acid metabolism.
To confirm the key targets selected above and better reveal the mechanism of PF regulating biomarkers, we used immunohistochemistry and western blotting to verify the above five key targets. The results showed that CDC25B, CYP2C9, MAOB, mTOR, and ABCB1 increased significantly in the ANIT group, while the expression of these proteins decreased significantly in the PF group. Taken together, these five key targets may be a favorable explanation for the effects of PF on the above-mentioned metabolic pathways. The above findings suggest that PF regulates bile acid metabolism mainly by regulating the synthesis and efflux of bile acid and bilirubin. In addition, PF can also alleviate cholestatic liver injury by reducing inflammation. According to the result above, PF could reverse the metabolic disorder caused by cholestatic liver injury induced by ANIT and effectively curb the rapid development of cholestatic liver injury, which shows that PF can treat cholestatic liver injury by multi-target and multi-pathway.
CONCLUSION
In conclusion, our study systematically explored the molecular mechanism of PF for the treatment of cholestatic liver injury by combining metabolomics, network pharmacology and molecular biology methods. The results indicated that PF, especially the high dose of PF, had a protective effect on cholestatic liver injury by regulating amino acid metabolism, bile acid metabolism and inflammation, which reflected the multiple pathways and multiple targets of PF in relieving cholestatic liver injury. These findings suggest that PF may be a promising agent candidate for the treatment of cholestasis liver injury, and the selected targets can be used as potential drug targets for the diagnosis or treatment of cholestasis.
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Inflammatory bowel disease (IBD), a group of multifactorial and inflammatory infirmities, is closely associated with dysregulation of gut microbiota and host metabolome, but effective treatments are currently limited. Qingchang Wenzhong Decoction (QCWZD) is an effective and classical traditional herbal prescription for the treatment of IBD and has been proved to attenuate intestinal inflammation in a model of acute colitis. However, the role of QCWZD in recovery phase of colitis is unclear. Here, we demonstrated that mice treated with QCWZD showed a faster recovery from dextran sulfate sodium (DSS)-induced epithelial injury, accompanied by reduced mucosal inflammation and attenuated intestinal dysbiosis using bacterial 16S rRNA amplicon sequencing compared to those receiving sterile water. The protective effects of QCWZD are gut microbiota dependent, as demonstrated by fecal microbiome transplantation and antibiotics treatment. Gut microbes transferred from QCWZD-treated mice displayed a similar role in mucosal protection and epithelial regeneration as QCWZD on colitis in mice, and depletion of the gut microbiota through antibiotics treatments diminished the beneficial effects of QCWZD on colitis mice. Moreover, metabolomic analysis revealed metabolic profiles alternations in response to the gut microbiota reprogrammed by QCWZD intervention, especially enhanced tryptophan metabolism, which may further accelerate intestinal stem cells-mediated epithelial regeneration to protect the integrity of intestinal mucosa through activation of Wnt/β-catenin signals. Collectively, our results suggested that orally administrated QCWZD accelerates intestinal mucosal healing through the modulation of dysregulated gut microbiota and metabolism, thus regulating intestinal stem cells-mediated epithelial proliferation, and hold promise for novel microbial-based therapies in the treatment of IBD.
Keywords: inflammatory bowel disease, Qingchang Wenzhong decoction, mucosal healing, gut microbiota, tryptophan metabolism, intestinal stem cells
INTRODUCTION
Ulcerative colitis (UC) is one major phenotype of inflammatory bowel disease (IBD), characterized by chronic, continuous, recurrent colonic mucosal inflammation of the colon, affecting the rectum and extending to proximal colon continuously, with typical clinical symptoms including bloody diarrhea, abdominal pain, fecal urgency, and tenesmus (Magro et al., 2017; Feuerstein et al., 2019). The incidence and prevalence of UC has continued to increase throughout the world over past decade, especially in developed countries in North America and Western Europe (Ng et al., 2017). Current therapies including aminosalicylates, corticosteroids, thiopurines, folic acid antagonists, and biological therapies are focused on decreasing intestinal inflammation, inducing and extending disease remission, and controlling complications (Ungaro et al., 2017; Turner et al., 2021). However, these approaches are not curative and have several limitations such as low responsiveness, allergy responses, opportunistic infections, excessive immunosuppression, and refractoriness (Stallmach et al., 2010; Hazel and OʼConnor, 2020). Therefore, novel and safe therapeutic approaches that will improve the clinical phenotype and life quality of UC are expected to be developed.
The human gastrointestinal tract is a complex and dynamic ecosystem harbored trillions of different co-evolved organisms, consisting of bacteria, fungi, viruses, archaea and protozoa (Rooks and Garrett, 2016). Among the earlier studies, the gut microbiome is found to be a pivotal and crucial player in maintaining human health (Wang et al., 2021), which involves in fermentation of dietary components and colonization resistance against pathogens (Cummings and Macfarlane, 1997; Belkaid and Harrison, 2017). Meanwhile, the intestinal commensal bacteria also maintain epithelial barrier integrity, regulate intestinal homeostasis, shapes the mucosal immune system, balances host defense and oral tolerance with microbial metabolites and components, leading to the establishment of host-commensal mutualism (Kayama et al., 2020). Emerging evidence has suggested that the structure, composition and functionality of the intestinal microbiota differs apparently between UC patients and healthy subjects, such as the lower diversity of the gut microbiota, the reduced abundance of beneficial microorganisms (Gilbert et al., 2016), and increased numbers of pathogenic bacteria (Basso et al., 2019). Therefore, targeted regulation of intestinal microbiota may represent a promising strategy in UC control. However, one important and unanswered question is how to modulate intestinal microbial composition and functionality, contributing to enhanced intestinal epithelial proliferation and improved mucosal healing in the treatment of colitis. Despite the microbial-based therapeutic approaches including fecal microbiota transplantation and probiotics have been explored as promising candidates to reprogram microbial balance, epithelial integrity and immune homeostasis, leading to the remission and recovery of colitis (Koretz, 2018; Sood et al., 2021), there is still no consensus on such treatments in UC as a potential clinical strategy, just because of existed challenges such as reliability, safety, and standardization (Narula et al., 2017; Levy and Allegretti, 2019; Cheng and Fischer, 2020).
Complementary and alternative medicines, especially herbal medicines, have increasingly been used in the treatment of UC patients in recent years (Naganuma et al., 2018), and has been shown an indispensable role in regulating the gut microbiota during UC management (Liu et al., 2020; Zou et al., 2020). Qingchang Wenzhong Decoction (QCWZD), an effective and classical herbal prescription for the treatment of UC, consisted with the following herbs as Coptis, Cannon ginger, Sophora, Indigo naturalis, Sanguisorba carbon, Aucklandia, Pseudo-Ginseng, and Licorice, and has been proved to attenuate intestinal inflammation in a model of acute colitis, which may be related to the regulation of barrier function and intestinal microbiota (Mao et al., 2016; Mao et al., 2017; Sun et al., 2019). However, the role of QCWZD in recovery phase of acute colitis is unclear. In the present study, we demonstrated that mice treated with QCWZD treatment showed a faster recovery from dextran sulfate sodium (DSS)-induced epithelial injury, accompanied by reduced intestinal inflammation and improved integrity of intestinal mucosal barrier. Furthermore, we showed by means of fecal bacterial 16S rRNA sequencing and metabolomic analysis that QCWZD supplement reversed DSS-induced intestinal dysbiosis and altered metabolic profiles, especially enhanced tryptophan metabolism, which further accelerates intestinal stem-cell-mediated epithelial regeneration to protect the integrity of intestinal mucosa through activation of Wnt/β-catenin signals. These findings suggest that QCWZD-induced gut microbiota alterations exert a key protective role in intestinal epithelial regeneration and mucosal repair, and hold promise for novel microbial-based therapies in the treatment of inflammatory bowel disease.
MATERIALS AND METHODS
Preparation and High Performance Liquid Chromatography Analysis of Qingchang Wenzhong Decoction
QCWZD were purchased from the Pharmacy Department of Dongfang Hospital, Beijing University of Chinese Medicine (Beijing, China), consisted with the following herbs as 1.2 g Coptis, 2 g Cannon ginger, 1.8 g Sophora, 0.6 g Indigo naturalis, 3 g Sanguisorba carbon, 1.2 g Aucklandia, 1.2 g Pseudo-Ginseng, and 1.2 g Licorice. All herbs were extracted using a method of stimulated family decoction, concentrated and dried to form granules. This process was performed by Beijing Tcmages Pharmaceutical Co., Ltd. (Beijing, China) according to Good Manufacturing Practice for Drugs to guarantee the quality. For HPLC analysis, standard of berberine hydrochloride, gallic acid, ginsenoside Rg1, ginsenoside Rb1 and liquiritin were purchased from National Institutes for Food and Drug Control. Then the major components of QCWZD were detected with a Thermo Ultimate 3,000 system and a Symmetry Shield RP18 Column (5 μm, 4.6 mm × 250 mm, 100 Å) was used at a column temperature of 30°C and injection volume was 10 μL. To detect the content of berberine hydrochloride, the sample was eluted with the mobile phase consisted of aqueous solution of acetonitrile and 0.05 mol/L potassium dihydrogen phosphate with a gradient elution at a flow rate of 1.0 ml/min, and the wavelength of the detector was set at 345 nm. Gallic acid was subsequently eluted under the following chromatographic conditions that methanol and 0.05% phosphoric acid with a gradient elution at a flow rate of 1.0 ml/min, and the chromatogram was measured at 272 nm. For ginsenoside Rg1 and ginsenoside Rb1 detection, the mobile phase of A (acetonitrile) and B (water) were optimized and established as following gradient mode: 0–12 min: 81%B, 12–60 min: 81–64%B at a flow rate of 1.0 ml/min with 203 nm detection wavelength. Then, to detect the content of liquiritin the mobile phase of A (acetonitrile) and B (0.05% (v/v) phosphoric acid) under the following gradient program: 81% B for 0–8 min, 81–50% B for 8–35 min, 50–0% B for 35–36 min, 0–81% B for 36–40 min at a flow rate of 1.0 ml/min. The analytes were detected at the wavelength of 237 nm. Afterwards, above major compounds were identified according to the pure standard absorbance spectra and retention time.
Animals
Six- to eight-week-old female C57BL/6 mice were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). All mice were housed in a specific-pathogen-free facility under artificially controlled conditions (temperature, 20–24°C; relative humidity, 50–60%; lighting cycle, 12/12 h light/dark cycle) and were allowed free access to food and sterile water. All experimental procedures were approved by the Animal Ethics Committee of Beijing University of Chinese Medicine (No. BUCM-4-2020082803–3,149), in accordance with guidelines issued by Regulations of Beijing Laboratory Animal Management.
Induction of Colitis and Drug Administration
Colitis was induced by administration of 2.5% (w/v) DSS (molecular weight: 36,000–50,000 Da; MP Biomedicals, Santa Ana, CA, United States) ad libitum in drinking water for 7 days followed by 1-week oral treatment of QCWZD at a dose of 1.8 g/kg (DSS + QCWZD group) or sterile water (DSS group). Mice in the Control group were free access to sterile water throughout whole experiment and oral gavage sterile water from Day8. Mice were monitored for clinical parameters including body weight, bleeding, stool consistency and signs of diseases daily.
Antibiotics Treatment
Six- to eight-week-old female C57BL/6 mice were given 2.5%DSS (w/v) in drinking water for 7 days to induce colitis, then the colitis mice were supplemented with sterile water or QCWZD at 1.8 g/kg in the absence or presence of an antibiotics cocktail (Kanamycin 0.4 mg/ml, Gentamicin 0.035 mg/ml, Metronidazole 0.215 mg/ml, Vancomycin 0.045 mg/ml, Colistin 850 U/mL) (Su et al., 2020) for one week before euthanized with carbon dioxide for colon tissues.
Fecal Microbiota Transplantation Protocol
The fecal transplantation experiment was performed based on our previous protocol (Sun et al., 2020). Twenty donor mice were randomly divided into four groups including Control group, QCWZD group, DSS group and DSS + QCWZD group. Mice in DSS and DSS + QCWZD group have free access to 2.5% DSS(w/v) 7 days to induce colitis followed by daily gavage of sterile water or 1.8 g/kg QCWZD from Day 8. Meanwhile, mice in Control group and QCWZD group were fed normally and received daily gavage of sterile water or 1.8 g/kg QCWZD days. Fresh fecal material (stool pellets, and cecal and colonic contents) from each mouse were collected 6 times under a laminar flow hood in sterile condition, mixed with phosphate buffered saline (PBS, 200 mg/ml), centrifuged for 60 s at 2000 rpm under 4°C and allowed to settle for 5 min before transfer to recipients. After induction colitis with 2.5%DSS (w/v), recipient mice were randomly assigned into four groups Cont→DSS group, QCWZD→DSS group, DSS→DSS group, and DSS + QCWZD→DSS group, and the fecal supernatants from donors were transplanted into corresponding recipient mice. Clinical status was assessed throughout the experiment and severity of colonic inflammation was scored after euthanized with carbon dioxide on day14.
Disease Activity Index Analysis
Animals were monitored daily for weight loss, as well as stool consistency and rectal bleeding. The DAI was calculated based on the following parameters: 1) weight loss (0, less than 1%; 1, 1–5%; 2, 5–10%; 3, 10–15%; 4, >15%), 2) stool consistency (0, normal; 2, mushy; 4, diarrhea), and 3) rectal bleeding (0, negative; 2, positive; 4, visible rectal bleeding). The DAI was provided as the average of the scores across the three parameters according to a standard scoring system (Sasaki et al., 2000).
In Vivo Colonic Permeability Assay
Intestinal permeability was examined by oral administration of FITC-dextran (3,000–5,000 kDa, Sigma–Aldrich) as described previously (Chassaing et al., 2014). Briefly, mice were deprived of food and water for 4 h, and blood samples were collected retro-orbitally 2 h after oral inoculation of FITC-dextran (600 mg/kg body weight). Plasma was separated by centrifuging (3,000 rpm, 10 min, 4°C) and analyzed for FTTC-dextran concentration using FLx800 Fluorescence Reader (BioTek, Winooski, VT, United States) (excitation, 485 nm; emission, 520 nm). FITC-dextran concentrations were determined using a standard curve generated by serial dilution of FITC-dextran in mouse serum.
Histological Analysis
Colonic tissues were fixed in 10% neutral buffered formalin, and then were embedded in paraffin. Then, 5 μm sections were cut and stained with hematoxylin and eosin (H&E) for histological analysis. Scoring for histological changes was performed in a blinded fashion based on inflammatory cell infiltration (0, no infiltration; 1, an increased number of inflammatory cells in the lamina propria; 2, inflammatory cells extending into the submucosa; 3, transmural inflammatory cell infiltration.) and tissue damage (0, no mucosal damage; 1, discrete epithelial lesions; 2, erosions or focal ulcerations; 3, severe mucosal damage with extensive ulceration extending into the bowel wall) as our previously published method (Sun et al., 2020). Scores for inflammatory cell infiltration and epithelial damage were summed, resulting in a total scoring range of 0–6. Additionally, colonic goblet cells were evaluated by alcian blue periodic acid-Schiff (AB/PAS) staining using a Alcian Blue Periodic acid Schiff Stain Kit (Solarbio, Beijing, China) according to the manufacturer’s instructions.
Immunofluorescence Microscopy
Colonic tissues were frozen in optimal cutting temperature compound (OCT) cryomold in liquid nitrogen. 5μm sections were cut and fixed with ice-cold acetone. The sections were then washed with PBS and blocked with 1% bovine serum albumin (BSA) and Avidin Biotin Blocking Kit (Abcam, Cambridge, England) according to the instructions. Then the tissue sections were incubated with primary antibodies including zonula occludens-1 (ZO-1, 1:200), E-cadherin (1:200) and leucine rich repeat containing G protein-coupled receptor 5 (Lgr5, 1:100). After overnight incubation at 4°C, secondary antibodies were incubated 1 h at room temperature followed by counterstained nuclei using Fluoroshield™ with 4′,6-diamidino-2-phenylindole (DAPI) histology mounting medium (Sigma-Aldrich) and examined by immunofluorescence microscopy (Olympus).
RNA Extraction and Quantitative Reverse Transcription Polymerase Chain Reaction
Total RNA from colon were extracted using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. Then, RT-qPCR reactions were performed with One Step TB Green® PrimeScript™ RT-PCR Kit II (Perfect Real Time) (Takara) on 7,300 Real Time PCR System (Applied Biosystems) at 42°C for 5 min, 95°C for 10 s and then cycled 40 times at 95°C for 5 s, 60°C for 31 s, following by melt curve for 15 s at 95°C, 1 min at 60°C, 15 s at 95°C. Relative expression of genes was normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and determined using the 2−ΔΔCt method. Sequences of primers used in this study are listed in Table 1.
TABLE 1 | Primer Sequences Used for RT-qPCR.
[image: Table 1]Assay for Myeloperoxidase Activity
MPO activity in the colon was determined using an MPO test kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the protocol of the manufacturer.
Cytokines Quantification by Enzyme-Linked Immunosorbent Assay
Colon tissues were collected for cytokines detection as described previously (Cui, et al., 2018). In brief, 50 mg colon tissues was accurately weighed and homogenized with 450 μL PBS [1:9(w/v)] on ice followed by centrifuged at 3000 rpm for 15 min at 4°C. Then the supernatant was obtained for total protein normalization using a BCA Protein Assay Kit (Solarbio, Beijing) according to the instructions, and the levels of colonic interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) were detected using conventional double-sandwich ELISA. The antibodies used for capture and detection were purchased from BD Biosciences. Extinction was analyzed at 450 nm on a Synergy H1 Hybrid Multi-Mode Reader (BioTek, Winooski, VT, United States).
Fecal Bacterial 16S rRNA Sequencing
The fecal microbiota was examined according to our previously published methods. In brief, genomic DNA was extracted from fecal samples using E.Z.N.A. Soil DNA kit (Omega Biotek, Norcross, GA, United States) according to the manufacturer’s protocols. Then, PCR amplification of the V3∼V4 hypervariable regions of the bacterial 16S rRNA gene was performed with the primers 338F/806R (5′-ACTCCTACGGGAGGCAGCAG-3′’/5′-GGACTACHVGGGTWTCTAAT-3′) at thermocycler PCR system (GeneAmp 9700, Applied Biosystems, Carlsbad, CA, United States). The amplicons were purified with the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States). Library preparation was performed according to the NEXTflex Rapid DNA-Seq Kit (Bioo Scientific, Austin, TX, United States). The library was pooled in equal molar concentrations and sequenced on an Illumina MiSeq platform. Raw reads were filtered according to read length and quality and then merged. Next, sequences were clustered into operational taxonomic units (OUTs) at a 97% similarity threshold using Usearch (version 7.0) against the SILVA database (version 123) with a confidence threshold of 70%. Alpha diversity estimator calculations were performed using Mothur (version v.1.30.1). A Venn diagram was implemented to show unique and shared OTUs. Principal coordinate analysis (PCoA) was conducted using the representative sequences of OTUs for each sample according to the Bray-Curtis distance. The microbial distribution was visualized using R package (Version 2.15.3) based on community composition information at taxonomic levels. The dominant bacterial community difference was determined using Wilcoxon rank-sum test (for two groups) or Kruskal–Wallis H test (for three groups). Moreover, the potential Kyoto Encyclopedia of Genes and Genomes (KEGG) Ortholog functional profiles of microbial communities were predicted with PICRUSt using STAMP (version 2.1.3).
Liquid Chromatography-Mass Spectrometry Conditions
Untargeted metabolomics was performed in fecal samples as previously reported (Zeng et al., 2020). In brief, 100 mg sample were ground in 2 ml tube and added 0.6 ml 2-chlorophenylalanine (4 ppm) methanol (−20°C), shaken in a vortex for 30 s. Then, 100 mg glass beads were added in and grind the samples by a high-throughput tissue grinder for 90 s at 60 Hz. After ultrasound at room temperature for 10 min, samples were centrifuged at 4°C for 10 min at 14,000 rpm, and the supernatant was filtered through 0.22 μm membrane to obtain the final supernatant for LC-MS. To monitor repeatability and stability of the system, 20 μL sample was extracted and mixed to make quality control samples. Chromatographic analysis was performed in a Thermo Ultimate 3,000 system equipped with an ACQUITY UPLC® HSS T3 (150 × 2.1 mm, 1.8 μm, Waters) column maintained at 40°C and an injection volume of 2 μL. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) in positive model or 5 mM ammonium formate in water (A) and acetonitrile (B) in negative model at a flow rate of 0.25 ml/min. An increasing linear gradient of solvent B was used as follows: 0–1 min, 2% B; 1–9 min, 2–50% B; 9–12 min, 50–98% B; 12–13.5 min, 98% B; 13.5–14 min, 98–2% B; 14–20 min. Mass spectrometer were executed on the Thermo Q Exactive mass spectrometer with the spray voltage of 3.8 kV and −2.5 kV in positive and negative modes, respectively. Sheath gas and auxiliary gas were set at 30 and 10 arbitrary units. The capillary temperature was 325°C. The analyzer scanned over a mass range of 81–1,000 m/z for full scan at a mass resolution of 70,000. Data dependent acquisition (DDA) MS/MS experiments were performed with HCD scan. The normalized collision energy was 30 eV. Metabolites were identified based on public databases, including Human metabolome database (HMDB, http://www.hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/). Metabolic alterations among three groups were visualized using partial least squares discrimination analysis (PLS-DA). Differential metabolites were defined as those with the criteria of both variable importance in the projection (VIP) > 1.0 obtained from orthogonal partial least-squares discrimination analysis (OPLS-DA) and p values less than 0.05.
Statistical Analysis
All data were expressed as means ± standard errors of the means (SEM). Statistical differences between two groups were determined using a Two-tailed Student’s t-test. Comparisons of multiple groups were analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison’s test. All statistical were performed using GraphPad Prism 8.0 (Graph Pad Software, La Jolla, CA, United States). Results were considered to be statistically significant with p < 0.05.
RESULTS
Major Compounds of Qingchang Wenzhong Decoction by HPLC Analysis
Standard ingredients were selected for herbal medicine of QCWZD according to the Pharmacopoeia of the People’s Republic of China. Subsequently, berberine hydrochloride, gallic acid, ginsenoside Rg1, ginsenoside Rb1 and liquiritin in QCWZD were identified by comparing the retention time and UV spectra of reference standards. To be specific, the contents of the above major active ingredients were 4.6455 ± 0.0048, 0.7178 ± 0.0064, 8.3506 ± 0.0290, 6.2884 ± 0.0656, 0.9661 ± 0.0134 mg/g in QCWZD, respectively, indicating that the major components of QCWZD were stable and repeatable. Chromatogram and chemical structure of the major components involved in QCWZD were depicted in Supplementary Figure S1.
Administration of Qingchang Wenzhong Decoction Significantly Accelerates Intestinal Mucosal Healing After Dextran Sulfate Sodium Damage
Our previous studies showed that QCWZD is an effective and classical traditional herbal prescription for the treatment of IBD and has been proved to attenuate intestinal inflammation in a model of acute colitis. However, the role of QCWZD in recovery phase of colitis is unclear. To evaluate the effect of QCWZD on intestinal mucosal healing after damage, mice were given 2.5% DSS (w/v) in drinking water for 7 days followed by 1-week treatment of QCWZD at a dose of 1.8 g/kg or sterile water (Figure 1A). In lines with others and our previous studies (Li et al., 2018; Sun et al., 2019), DSS treatment induced severe intestinal inflammation, characterized by developed body weight loss, rectal bleeding and diarrhea, leading to a significantly increased level of disease activity index. While colonic inflammation gradually recovered since the DSS solution was stopped. Interestingly, administration of QCWZD significantly promoted the recovery process, including a faster weight gain, better stool consistency and less rectal bleeding (Figures 1B–E). Moreover, monitoring colon length and histology revealed that DSS-treated mice exhibited significant decrease in colon length, and a delay in restoration of colon epithelial integrity, elimination of inflammatory cells and resolution of colitis when compared to mice in the control group, and those effects were partly relieved by QCWZD treatment (Figures 1F–I). As a major biomarker for phenotyping systemic inflammation, an obvious increase in the spleen-weight ratio was observed in DSS-induced colitis mice, and QCWZD treatment can dramatically relieve the enlargement (Figure 1J). In addition, the results from MPO determination also showed that supplementation of QCWZD significantly decreased MPO activity, an indicator of mucosal neutrophil infiltration, in the colonic mucosa during the recovery phase of acute colitis compared with that of mice with DSS treatment alone (Figure 1K). These results strongly demonstrate that QCWZD significantly accelerate intestinal epithelial wound healing and repair.
[image: Figure 1]FIGURE 1 | Administration of QCWZD Significantly Accelerates Intestinal Mucosal Healing after DSS Damage. Mice were given 2.5% DSS (w/v) in drinking water for 7 days followed by one week treatment of QCWZD at a dose of 1.8 g/kg or sterile water, then the clinical phenotypes and the severity of colitis were assessed. (A) Experimental design, (B) Body weight, (C) Rectal bleeding, (D) Stool consistency, (E) Disease activity index (DAI) score, (F, G) Colon and colonic length, (H, I) Hematoxylin and eosin (H&E) staining of the colon and Histological score. (K) MPO activity. The data shown are the mean ± the SEM (n = 4–6 mice/group) from one of three experiments performed showing similar results. ##p < 0.01, #p < 0.05 versus the Control group; ∗∗p < 0.01, ∗p < 0.05 versus the DSS group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
Qingchang Wenzhong Decoction Mitigates Dextran Sulfate Sodium-Induced Immune Responses by Modulating Cytokines Secretion in Mice
To investigate the possibility that QCWZD mitigates murine colitis and intestinal injury by affecting mucosal immunity, we analyzed the mRNA expression of inflammatory related cytokines in colon isolated from the mice with DSS-induced colitis that had been treated with QCWZD or vehicle control. As shown in Figures 2A–F, the levels of major inflammatory cytokines IL-1β, IL-2, IL-6, IL-17, TNF-α, and interferon-γ (IFN-γ) in colon were significantly or relatively higher in the DSS-treated mice than those of the control mice, and QCWZD supplementation alleviated the above increased expressions. Similarly, the results from ELISA showed that QCWZD treatment remarkably inhibited the expressions of IL-6 and TNF-α in colon and serum (Figures 2G–I). Collectively, these data demonstrated that QCWZD mitigates DSS-induced intestinal injury and mucosal inflammation in mice through the inhibition of pro-inflammatory cytokines in colon.
[image: Figure 2]FIGURE 2 | QCWZD Mitigates DSS-Induced Intestinal Injury and Mucosal Inflammation in Mice. Colon and serum samples were isolated from the mice with DSS-induced colitis that had been treated with QCWZD or vehicle control, and inflammatory related cytokines were detected using RT-qPCR and ELISA. RT-qPCR analysis for colonic IL-1β, IL-2, IL-6, IL-17, TNF-α, and IFN-γ (A–F). ELISA analysis for TNF-α and IL-6 in colon and serum (G–I). The data shown are the mean ± the SEM (n = 4–6 mice/group) from one of three experiments performed showing similar results. ##p < 0.01, #p < 0.05 versus the Control group; ∗∗p < 0.01, ∗p < 0.05 versus the DSS group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
Supplementation of Qingchang Wenzhong Decoction Modulates Composition and Functionality of Gut Microbiota in Dextran Sulfate Sodium-Induced Colitis Mice
The commensal microbiota in gut plays a fundamental role in maintaining intestinal homeostasis and human health, and the dysbiosis of gut microbiome has been proved to be closely related to the occurrence and development of colitis. Therefore, fecal samples from mice were used for pyrosequencing-based analysis of bacterial 16S rRNA to evaluate the regulatory effect of QCWZD on the gut microbiota in DSS-induced mice. After removing unqualified sequences, a total of 741,812 raw reads and an average of (57,062 ± 8,512) reads per sample were obtained. The 16S rRNA sequencing results revealed that the overall observed OTUs of intestinal bacteria in DSS-treated mice exhibited a significant decrease compared with the control group, and a relatively higher bacterial species were observed in DSS-induced colitis mice with QCWZD supplement (Figure 3A), although the difference was not statistically significant. We observed a significantly decreased level of Chao index and Shannon index, a measure of the a-diversity of the gut microbiota, in DSS-treated mice compared to the Control group, and while QCWZD treatment reversed the decrease of the diversity to a certain extent (Figures 3B,C). The Venn diagram analyses revealed that 398 OTUs were present in each group, and 448 OTUs coexisted in the Control and DSS groups, 453 OTUs coexisted in the control and DSS + QCWZD groups, and 561 OTUs coexisted in the DSS and DSS + QCWZD groups (Figure 3D), indicating a significant difference among animal groups. Moreover, Bray curtis-based PCoA revealed a distinct clustering of microbiota composition for each treatment, and there is a dramatic separation of microbiota composition between the Control and DSS groups, while the distance between the DSS + QCWZD group and the Control group was closer (Figure 3E). Together, QCWZD had a substantial effect on remodeling the gut microbiome in response to DSS treatment.
[image: Figure 3]FIGURE 3 | Supplementation of QCWZD Modulates Composition and Functionality of gut microbiota in DSS-Induced Colitis Mice. After a week of QCWZD intervention or sterile water, fresh feces from each mouse were collected for bacterial 16S rRNA sequencing analysis (n = 4–6 mice/group). (A, B) Comparison of the observed bacterial species and Shannon index of different groups. (C) Venn diagram of OTUs. (D) Principal Coordinate Analysis (PCoA) based on Bray-Curtis distance among different samples. (E, F) Bacterial taxonomic profiling in the phylum and genus level of intestinal bacteria from different mouse groups. (G) Heatmap showing the abundance of 51 OTUs significantly altered by QCWZD in DSS-treated mice. The color of the spots in the left panel represents the relative abundance of the OTUs in each group. In the middle panel, white and black circles indicate the OTUs increased or decreased in the Control and DSS + QCWZD groups relative to the DSS group, respectively; black stars represent OTUs whose abundance in the Control mice was altered by DSS treatment and then reversed by QCWZD. The species, genus, family and phylum names of the OTUs are shown on the right panel. The analyses were conducted using R software version 3.3.1.
To assess the overall composition of the bacterial community in different groups, the degree of bacterial taxonomic similarity were investigated at the different levels. Bacterial taxonomic profiling in the phylum level of intestinal bacteria from different mouse groups showed that DSS-treated mice displayed a relative increase in the abundance of Firmicutes and higher Firmicutes-to-Bacteroidetes ratio compared to mice in the Control group (Figure 3F). We next identified the specific bacterial phylotypes that were altered by QCWZD supplementation. in DSS-treated mice. Compared with the control mice, DSS treatment significantly altered 172 operational taxonomic units (OTUs), producing 14 increased and 158 decreased OTUs (Data not shown). In DSS-treated mice, supplementation with QCWZD increased 37 OTUs and decreased 14 OTUs, resulting in significant changes in a total of 51 distinct OTUs, 36 of which kept the same direction as the control mice. Family analysis revealed that most of these altered OTUs belong to Muribaculaceae (27 OTUs), Lachnospiraceae (6 OTUs), Bacteroidaceae (6 OTUs). Notably, genus-level analysis showed that QCWZD administration enriched the relative abundance of Lactobacillus (2 OTUs), and reduced pathogenic species, such as Bacteroides (6 OTUs) and Streptococcus (Figure 3G). KEGG pathways were further annotated according to the microbiota compositions by PICRUSt analysis to predict bacterial gene functions. Significant differences were observed in 30 KEGG pathways between the DSS and DSS + QCWZD group, and QCWZD supplementation decreased the activities of fructose and mannose metabolism, tyrosine metabolism, pentose phosphate pathway, amino sugar and nucleotide sugar metabolism, and carbohydrate metabolism, while enhanced the activities of energy metabolism, protein folding and associated processing, oxidative phosphorylation, and tryptophan metabolism, which were all induced by DSS treatment (Supplementary Figure S2). Collectively, these results indicate that QCWZD administration modulates the gut microbiota composition and functionality of DSS-treated mice, resulting in a microbiota similar to that of the control mice.
The Protective Effects of Qingchang Wenzhong Decoction Are Transferable by Fecal Microbiota Transplantation
To further illustrate the beneficial effects of QCWZD mediated by the gut microbiota and its effects on the intestinal inflammation, we transferred the microbiota of QCWZD-treated mice to DSS-fed mice, followed by examination of colitis-related traits (Figure 4A). We found that the mice that received microbiota from QCWZD-treated donors showed faster recovery process. This is evidenced by increased body weight gain (Figure 4B), reduced fecal consistency score (Figure 4C), and less rectal bleeding (Figure 4D), leading to a lower disease activity index (Figure 4E) compared to DSS-treated recipients of control microbiota, similar to the results shown above. Moreover, macroscopic analysis showed the thinner and longer colons in the recipients of microbiota from QCWZD-treated donors compared to than in the recipients of control microbiota (Figure 4F). Microscopic analysis of colonic tissues of these mice after one week post intervention showed markedly attenuated colitis in recipients that were colonized with QCWZD-induced microbiota, as indicated by relieved cellular infiltration of the lamina propria, relatively intact intestinal mucosa, and decreased inflammatory score (Figures 4G,H). Collectively, these results demonstrate that microbiota transplantation from QCWZD-treated mice trustfully recapitulated the protective effects of QCWZD treatment on DSS-induced colitis, and both QCWZD and QCWZD-treated microbiota could promote the recovery process of intestinal inflammation and accelerate intestinal epithelial wound healing.
[image: Figure 4]FIGURE 4 | The Protective Effect of QCWZD are Transferable by Fecal Microbiota Transplantation. The feces were collected from the donor mice at the indicated time points and orally gavaged to the corresponding recipients (Control→DSS, QCWZD→DSS, DSS→DSS and DSS+QCWZD→DSS) pretreated with a 7-day DSS solution, then the growth performance and the severity of colitis of all mice were evaluated. (A) Study design of fecal transplant experiment. (B) Body weight. (C) Rectal bleeding. (D) stool consistency. (E) Disease activity index (DAI) score, (F, G) Colon and colonic length, (H, I) Hematoxylin and eosin (H&E) staining of the colon and Histological score. (J) MPO activity. The data shown are the mean ± the SEM (n = 5 mice/group). ##p < 0.01, #p < 0.05 versus the Control→DSS group; ∗∗p < 0.01, ∗p < 0.05 versus the DSS→DSS group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
Antibiotics Treatment Diminishes the Beneficial Effects of Qingchang Wenzhong Decoction on Colitis Mice
To investigate whether the QCWZD-altered gut microbiome was necessary to protect mice against DSS-induced colitis and attenuate inflammation, the colitis mice were treated with a cocktail of antibiotics including Kanamycin, Gentamicin, Metronidazole, Vancomycin and Colistin as shown in Figure 5A. Consistent with the above protective effects on colitis, QCWZD greatly improved clinical symptoms such as body weight gain, rectal bleeding, diarrhea, shortening of colon length and reduced infiltration of inflammatory cells. However, the protective effects of QCWZD on colitis were completely abolished in the present of antibiotics cocktail, as evidenced by no significant difference in the levels of stool consistency score, rectal bleeding score, colon length and histopathological evaluation between the DSS group and QCWZD + AB group (Figures 5B–H), indicating that QCWZD accelerated healing of DSS-induced intestinal mucosal damage in mice in a gut microbiota–dependent manner.
[image: Figure 5]FIGURE 5 | Antibiotics Treatment Diminishes the Beneficial Effects of QCWZD on Colitis Mice. Female mice were given 2.5% DSS (w/v) in drinking water for 7 days followed by one week treatment of QCWZD at a dose of 1.8 g/kg or sterile water in the presence or absence of antibiotics, then the clinical phenotypes were assessed. (A) Experimental design, (B) Body weight, (C) Rectal bleeding, (D) Stool consistency, (E) Disease activity index score, (F) Colon and colonic length, (G, H) Hematoxylin and eosin (H&E) staining of the colon and Histological score. The data shown are the mean ± the SEM (n = 4–5 mice/group). ##p < 0.01, #p < 0.05 versus the Control group; ∗∗p < 0.01, ∗p < 0.05 versus the DSS group; n. s means no statistical significance. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
Metabolic Profiles Are Altered by Qingchang Wenzhong Decoction Treatment in Dextran Sulfate Sodium-Induced Colitis Mice
Emerging studies have suggested that one of the primary modes by which the intestinal microbiome interacts with the host cell is by means of metabolites, which are small molecules that are produced by gut microorganisms through fermenting dietary ingredients (Liu et al., 2017; Ahmadi et al., 2020). Signals from microbial metabolites influence the development and maturation of host immune system, energy metabolism, and maintenance of intestinal homeostasis, and alterations in the metabolite profiles of patients with IBD have been described in previous studies (Lavelle and Sokol, 2020). To further assess metabolic profiles alternations in response to the gut microbiota reprogrammed by QCWZD treatment on DSS-induced colitis mice, LC/MS was subsequently performed to identify the metabolite profiles in feces. PLS-DA analysis showed a distinct segregation among the Control, DSS and DSS + QCWZD groups in both positive and negative model (Figures 6A,B). Compared with the control mice, DSS-induced individuals showed pronounced metabolic alterations in fecal samples, with 7 and 59 metabolites significantly increased and decreased, respectively. Notably, supplementation of QCWZD partially regulated the metabolites altered upon DSS treatment, abrogating 50 of the DSS-induced metabolite changes (5 up-regulated and 45 downregulated; Figure 6C). Next, metabolic pathway analysis affected by QCWZD was carried out based on the 50 differential metabolites and exposed top 5 significantly altered pathways including beta-alanine metabolism, arginine biosynthesis, pantothenate and CoA biosynthesis, phenylalanine metabolism, tryptophan metabolism, which covered 16 differential metabolites including Dihydrouracil, Ureidopropionic acid, Pantothenic acid (included in beta-Alanine metabolism and Pantothenate and CoA biosynthesis), N-Acetylornithine, Citrulline and N-Acetylglutamic (included in Arginine biosynthesis), L-Aspartic acid (included in beta-Alanine metabolism, Arginine biosynthesis, Pantothenate and CoA biosynthesis), beta-Alanyl-L-arginine (included in Arginine biosynthesis), 2-Phenylethanol, trans-Cinnamate, Hippuric acid, Phenylacetylglycine (included in Phenylalanine metabolis), Serotonin, 5-Methoxyindoleacetate, Formylanthranilic acid, 2-Aminobenzoic acid (included in tryptophan metabolism) as shown in Figures 6C,D. It is interesting to note that, QCWZD supplementation significantly inhibited the levels of 5-Methoxyindoleacetate, 5-Hydroxyindoleacetylglycine and 1H-Indole-3-acetamide (Figure 6C), which all included in tryptophan metabolism, indicating a key regulatory role of tryptophan metabolism in the treatment of ulcerative colitis with our herb-based intervention. Taken together, these findings demonstrated that QCWZD was effective in reversing DSS-induced metabolomic disorders, which is related to its effect on modulating the gut microbial dysbiosis.
[image: Figure 6]FIGURE 6 | Metabolic Profiles Are Altered by QCWZD Treatment in DSS-Induced Colitis Mice. Fresh fecal samples from each mouse were collected for LC/MS-based untargeted metabolic profiling (n = 3–4 mice/group). (A, B) PLS-DA plots of the fecal metabolome from all samples in the positive and negative ion modes. (C) Heatmaps of the differential metabolites that were altered by DSS feeding compared with QCWZD-fed mice with the double criteria of both VIP >1 and p < 0.05. Each column represents an individual sample. Each column represents an individual sample. (C) Bubble diagram of metabolic pathways enrichment based on the differential metabolites among three groups. One bubble represents one metabolic pathway. Top 5 pathways were listed on the right.
Intestinal Stem Cells-Mediated Epithelial Regeneration Promoted by Qingchang Wenzhong Decoction Administration Is Indispensable for Mucosal Healing after Damage
Given the fact that regulatory effect of QCWZD on microbial tryptophan catabolites, which could affect the proliferation of intestinal stem cells (ISCs) and intestinal epithelium regeneration (Alvarado et al., 2019), we speculated the mucosal healing of intestinal epithelium by QCWZD treatment mostly accounted for intestinal stem cells-mediated epithelial regeneration induced by gut microbiota and metabolism. As shown in Figures 7A,B, administration of QCWZD expedited ISCs proliferation, as evidenced by significant compensated the expressions of stem cell markers such as Lgr5 and achaete-scute like-2 (Ascl2) in colon of colitis mice in the present of QCWZD when compared to mice in DSS group. The stimulatory effect of QCWZD on ISCs was further verified by a higher percentage of Lgr5-positive ISCs in colitis mice with QCWZD treatment compared to those receiving sterile water alone (Figure 7C). We further examined the expression of related genes in Wnt/β-catenin signal pathway, which was the major regulatory mechanism involved in intestinal stem cells renewal and epithelium homeostasis (Kriz and Vladimir, 2018). The results from RT-qPCR analysis showed that expression levels of Wnt/β-catenin pathway-related genes including Wnt Family Member 3 (Wnt3), catenin beta-1 (Ctnnb1), axis inhibition protein 2 (Axin2), glycogen synthase kinase-3β (GSK3β) and β-catenin were significantly enhanced in DSS-treated mice in the presence of QCWZD administration (Figures 7D–H). We, therefore, conclude that altered intestinal microbiota and metabolism response to QCWZD treatment accelerates intestinal stem cells-mediated epithelial regeneration to protect the integrity of intestinal mucosa through activation of Wnt/β-catenin signals.
[image: Figure 7]FIGURE 7 | Intestinal Stem Cells-Mediated Epithelial Regeneration Promoted by QCWZD Administration Is Indispensable for Mucosal Healing After Damage. Colon tissues were collected from control or DSS-treated mice after 1-week 1.8 g/kg QCWZD treatment or sterile water for further analysis. (A, B) The relative mRNA levels of intestinal stem cells markers (Ascl2 and Lgr5) in colon were determined by RT-qPCR. (C) Confocal images (Lgr5 staining, red; and DAPI staining, blue) of the colon with different treatments. (D–H) RT-qPCR of relative mRNA expression of Wnt3, Ctnnb1, Axin2, GSK3β, and β-catenin genes of the Wnt/β-catenin axis in colon from each mouse. The data shown are the mean ± the SEM (n = 4–6 mice/group) from one of three experiments performed showing similar results. ∗p < 0.05 versus the DSS group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
Qingchang Wenzhong Decoction Treatment Improves Gut Permeability through Upregulating the Expressions of Tight Junction Proteins and Numbers of Goblet Cells
Intrigued by above results, we next examined the impact of QCWZD treatment on gut permeability in DSS-induced mice by oral gavage of FITC-dextran on day 15, followed by measuring the FITC-dextran signal in serum after 2 h. The result showed that the diffusion of FITC-dextran through the epithelium after DSS treatment was significantly increased in DSS-treated mice, and it was compromised in mice with QCWZD supplement (Figure 8A), demonstrating restoration of intestinal barrier functions. To further elucidate the mechanism responsible for the QCWZD-induced alterations in the colonic epithelial barrier function, we examined the expressions of tight junction-associated proteins (ZO-1, E-cadherin and Occludin), which play pivotal roles in establishment and stabilization of intercellular or cellular junctions in epithelial cells. The results from RT-qPCR analysis showed that DSS treatment induced a clear alteration in the mRNA expression level of tight junction complex ZO-1, E-cadherin and Occludin, however, and it was enhanced in DSS-treated colitis mice orally administered with QCWZD (Figures 8B–D). This notion was further confirmed by immunofluorescence microscopy showing a clear increased and normalized expression patterns of ZO-1 and E-cadherin in colonic epithelial cells that were purified from QCWZD-treated colitis mice compared to the levels in epithelial cells from DSS-treated mice (Figures 8E,F). Goblet cells is a kind of mucus secreting cell distributed among the columnar epithelial cells of mucosa and play an important role in maintaining intestinal mucosal barrier and protecting epithelial cells by synthesizing and secreting mucins (Allaire et al., 2018), so we also estimated the numbers of goblet cells in the colon among the three different groups. The results from AB/PAS staining indicated that the DSS-treated mice displayed drastically decreased goblet cells in colons, whereas QCWZD supplementation preserved the goblet cell mass (Figures 8G,H), which corresponds with upregulated Muc1 and Muc2 production (Figures 8I,J). These findings demonstrate that QCWZD treatment upregulated the expressions of tight junction proteins and increased numbers of goblet cells, leading to improve the intestinal permeability and mucosal healing.
[image: Figure 8]FIGURE 8 | QCWZD Treatment Improves Gut Permeability through Upregulating the Expressions of Tight Junction Proteins and Numbers of Goblet Cells. Healthy or DSS-treated mice were orally administered with 1.8 g/kg QCWZD or sterile water daily, blood samples and colon tissues were collected for further analysis. (A) Intestinal barrier functions were assessed in mice by oral gavage of FITC-dextran on day 15, followed by measuring the FITC-dextran signal in blood after 4 h (B–E) Colon tissues were collected, and the mRNA levels of ZO-1, E-cadherin and Occludin in colon were detected by RT-qPCR. (E, F) Colon tissues were collected in OCT, and frozen sections were prepared and stained by immunofluorescence with anti-ZO-1 or anti-E-cadherin antibodies with Cy3 or FITC-conjugated secondary antibodies. The distribution of ZO-1 and E-cadherin were examined. Representative figures from each group are shown in panels (E, F). (G, H) Goblet cells were stained with alcian blue-periodic acid schiff (AB/PAS), and the number of goblet cells per crypt in the colon were quantified. (I, J) The mRNA levels of Muc1 and Muc2 in colon were detected by RT-qPCR. The data shown are the mean ± the SEM (n = 4–6 mice/group) from one of two experiments performed showing similar results. ##p < 0.01, #p < 0.05 versus the Control group; ∗∗p < 0.01, ∗p < 0.05 versus the DSS group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
Oral Treatment of Qingchang Wenzhong Decoction Does Not Produce Any Apparent Effects in Chow-Fed Mice
To assess the acute toxicity of QCWZD in animals, ten mice were randomly divided into the two groups. Chow-fed mice were either treated daily with sterile water or 1.8 g/kg/day QCWZD over the course of 14 days. As shown in Figures 9A–D, oral treatment of QCWZD had no apparent effects on body weight gain and intestinal morphology in mice. Moreover, mice with QCWZD supplementation did not show any differences in colonic cytokines related to intestinal inflammation including IL-6, IL-10, IL-17, and IFN-γ compared to the control mice with exposure of sterile water only (Figures 9E–H). Taken together, our data suggest that oral treatment of QCWZD does not produce any apparent effects in mice, and hold promises in clinical treatment of inflammatory bowel disease.
[image: Figure 9]FIGURE 9 | Oral Treatment of QCWZD Does Not Produce Any Apparent Effects in Chow-Fed Mice. Mice were randomly divided into the two groups (n = 5). Chow-fed mice were either treated daily with sterile water or 1.8 g/kg/day QCWZD over the course of 14 days. (A) Body weight. (B, C) Colon length. (D) Hematoxylin and eosin (H&E) staining of the colon. (F–I) RT-qPCR analysis for inflammatory related cytokines IL-6, IL-10, IL-17, and IFN-γ. The data shown are the mean ± the SEM (n = 5 mice/group) from one of two experiments performed showing similar results. Significance was determined by a Two-tailed Student’s t-test and ns means no statistical significance between the two groups.
DISCUSSION
Recent evidence has demonstrated the beneficial effects of microbial-based therapeutic approaches on inflammatory bowel disease, however, how to reestablish the intestinal microecological balance safely and effectively during UC management has become a difficult problem. In the current study, we aimed to seek the answer from traditional Chinese medicine, and our results revealed that Qingchang Wenzhong Decoction treatment resulted in rapid recovery from intestinal inflammation and mucosal damages. We also showed by means of fecal bacterial 16S rRNA sequencing that administration of QCWZD attenuated DSS-induced intestinal dysbiosis. Metabolomic analysis showed metabolic profiles alternations in response to the gut microbiota reprogrammed by QCWZD intervention, especially enhanced tryptophan metabolism, which may further accelerates intestinal stem cells-mediated epithelial regeneration to protect the integrity of intestinal mucosa through activation of Wnt/β-catenin signals. These data highlight the potential of QCWZD as a therapeutic agent for inflammatory bowel disease in terms of its safety and efficacy of modulating gut microbiome, intestinal barrier, immune responses.
Our work reported here demonstrates the promise of a microbial-based therapeutic strategy for ulcerative colitis with orally administered QCWZD. The results from fecal bacterial 16S rRNA sequencing analysis showed that QCWZD significantly attenuated DSS-induced intestinal dysbiosis in mice, especially increased diversity of the gut microbiota and changed the relative abundance of certain bacteria, so we believed that the beneficial effects of QCWZD on intestinal epithelial wound healing and repair are mostly due to remodeling of gut microbiome, which is pivotal in multiple phenotypes associated with inflammatory bowel disease. This notion is supported by the results of fecal microbiota transplantation and antibiotics treatment experiment, which showed that gut microbes transferred from QCWZD-treated mice displayed a similar role in mucosal protection as QCWZD on intestinal inflammation, and antibiotics treatments diminished the beneficial effects of QCWZD on colitis mice. The results from this current study, therefore, provided evidence to demonstrate that QCWZD exert the promotional effects on DSS-induced epithelial injury by altering the structure and functionality of the gut microbiota. Of note, QCWZD intervention increased beneficial microorganism Lactobacillus, while selectively depleting pathogenic bacteria Bacteroides including species Bacteroides_vulgatus and Bacteroides_uniformis. Lactobacillus is one of probiotic symbiotic bacteria in the gastrointestinal tract of humans and animals, and it persists throughout the life of the host. Lactobacillus has been reported to have immunostimulatory property by reducing the pro-inflammatory cytokines, up-regulating SCFAs and restoring the imbalance of gut microbiota (Yang et al., 2021). Moreover, Lactobacillus also converts tryptophan to indolealdehyde and indolelactic acid by aromatic amino acid aminotransferase and indole lactate dehydrogenase (Roager and Licht, 2018). Bacteroides is a Gram-negative and obligate anaerobic commensal bacterium normally found in the human intestines, and some of its strains such as B. vulgatus and Bacteroides fragilis are suggested to increase pro-inflammatory cytokine levels, enhance colonic intestinal inflammation and then promote the development of UC (Rabizadeh et al., 2007; Ó Cuív et al., 2017; Ryan et al., 2020). Numerous studies have reported that a higher relative abundance of Bacteroides was found in mucosa or stools from mice or patients with inflammatory bowel disease compared with healthy subjects (Sharpton et al., 2017; Chen et al., 2019; Hu et al., 2020; Yan et al., 2020; Chen et al., 2021), which were consistent with our present study, suggesting that it may play an aggravative role in the occurrence and development of UC, and targeted depleting Bacteroides by drug or dietary interventions seems to be a promising approach to the treatment of IBD. However, the role of Bacteroides in inflammatory bowel disease seems complex, as shown by protection against the development of inflammatory bowel disease in the colitis mice and patients (Ryan et al., 2020; Zhou and Zhi, 2016). It seems controversial with our finding showing that Bacteroides was significantly increased both in ulcerative colitis patients and mice. We considered this discrepancy may be related to differences in model system, host genetic background of mice or patients, the type of sample analyzed, or proportion difference of Bacteroides species. The context-specific role of Bacteroides after QCWZD treatment in regulation of inflammatory bowel disease needs further exploration. Also, further studies are needed to explore the role of other Bacteroides species in inflammatory bowel disease.
A growing body of evidence makes it clear that gut microbiota affects the health status of the host through alterations of its metabolic functions (Hong et al., 2020). In the present study, we found the metabolic profiles were altered in colitis mice and the metabolic pathways including beta-alanine metabolism, arginine biosynthesis, pantothenate and CoA biosynthesis, phenylalanine metabolism and tryptophan metabolism were actively responsive to therapeutic interventions of QCWZD. Among them, the most notable changes happened in tryptophan metabolism. Based on the microbiota functional analysis showed that the activities of tryptophan metabolism was significantly decreased by DSS treatment and reversed by QCWZD supplementation, we believed a possible and key regulatory role of tryptophan metabolism in the treatment of ulcerative colitis with our herb-based intervention. The speculation was further verified by untargeted metabolomics showing three microbiota-derived metabolites 5-Methoxyindoleacetate, 5-Hydroxyindoleacetylglycine and 1H-Indole-3-acetamide are differentially changed by QCWZD treatment. These metabolites are included in tryptophan metabolism pathway and belong to indole derivatives, which are ligands for aryl hydrocarbon receptor (AHR). The AHR is widely expressed in intestinal tract, so AhR signaling is considered a crucial component of the intestinal mucosal immunity response at barrier sites by acting on multiple immune cell types, such as intraepithelial lymphocytes, innate lymphoid cells, macrophages, dendritic cells, Th17 cells, and neutrophils (Lamas et al., 2018). In addition to the immunomodulation, commensal bacteria or their metabolites may also activate this receptor, thus contributing to the restoration of gut normobiosis and homeostasis through promotion of epithelial renewal and barrier integrity (Pernomian et al., 2020), indicating a potential target of AHR for the control of mucosal injury and intestinal inflammation, and the development of AHR-based therapies derived from bacteria products may represent an important future alternative for controlling UC. Taken together with our results, these findings demonstrate that QCWZD accelerate intestinal mucosal healing during injury and damage through the modulation of dysregulated gut microbiota and their metabolites, especially microbial tryptophan catabolites.
Our results provide evidence to suggest that one of the potential mechanisms by which QCWZD-altered gut microbiome promote the restoration of epithelial injury may be through the intestinal stem cells-mediated epithelial proliferation. We firstly observed enhanced barrier function in epithelial cells in QCWZD-treated mice with DSS administration, corresponding to decreased epithelial cells damage, and increased numbers of goblet cells, and normalized patterns of tight junction proteins among cells, which were significantly disrupted by the DSS treatment. Given the fact that regulatory effect of QCWZD on microbial tryptophan catabolites, and microbial tryptophan catabolites could affect the proliferation of intestinal stem cells through AHR signaling, we then speculated the modulation of gut microbiota by QCWZD treatment that mostly accounted for the improvement of the gut barrier through the self-renewal and differentiation of intestinal stem cells, which can generate all cell types of mature intestinal epithelium ex vivo and in vivo (Barker et al., 2007; Sato et al., 2009) and then plays an important role in regeneration of intestinal epithelial under physiological and pathological conditions. This notion was confirmed by the results showing higher expressions of stem cell markers and Wnt/β-catenin pathway-related genes, suggesting that intestinal stem cells-mediated epithelial proliferation was necessary for restoration of epithelial injury after DSS-induced chemical damage, and QCWZD-induced microbiota alteration may be a key mediator for this effect through increased survival of intestinal stem cells.
Taken together, the results from our current study demonstrated that orally administrated QCWZD accelerates intestinal mucosal healing through the modulation of dysregulated gut microbiota and metabolism, thus regulating intestinal stem cells-mediated epithelial proliferation. These findings provide novel insights into the regulatory role of QCWZD in modulating the gut microbiota composition and functionality in epithelium wound healing and repair during intestinal inflammation, and hold promise for novel and safe microbial-based therapies in the treatment of inflammatory bowel disease.
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Atractyloside Protect Mice Against Liver Steatosis by Activation of Autophagy via ANT-AMPK-mTORC1 Signaling Pathway
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Objective: Adenine nucleotide translocase (ANT) can transport ADP from cytoplasm to mitochondrial matrix and provide raw materials for ATP synthesis by oxidative phosphorylation. Dysfunction of ANT leads to limitation of ADP transport and decrease of ATP production. Atractyloside (ATR) is considered as a cytotoxic competitive inhibitor binding to ANT, making ANT vulnerable to transport ADP, and reduces ATP synthesis. Moreover, the blockage of ANT by ATR may increase ADP/ATP ratio, activate AMPK-mTORC1-autophagy signaling pathway, and promote lipid degradation in steatosis hepatocytes. The present study was conducted to investigate the mechanism of ATR, regulate ANT-AMPK-mTORC1 signaling pathway to activate autophagy, and promote the degradation of lipid droplets in high-fat diet (HFD) induced liver steatosis.
Methods: ICR mice were fed with HFD for 8 weeks to induce liver steatosis, and ATR solution was given by intraperitoneal injection. Intracellular triglyceride level and oil red O staining-lipid droplets (LDs) were assessed, the expression of proteins related to ANT-AMPK-mTORC1 signaling pathway and autophagy were determined, and the colocalization of LC3B and Perilipin 2 was performed.
Results: ATR treatment decreased the serum AST level, relative weight of liver and epididymal fat, and body weight of HFD mice. The LDs in HFD mice livers were reduced in the presence of ATR, and the TG level in serum and liver of HFD mice was significantly reduced by ATR. In addition, ATR inhibited ANT2 expression, promoted the activation of AMPK, then increased Raptor expression, and finally decreased the mTOR activity. Furthermore, ATR increased the protein level of LC3A/B and ATG7, and a strong colocalization of LC3B and PLIN2 was observed.
Conclusion: ATR treatment blocks ANT2 expression, promotes the activation of AMPK, then decreases the mTOR activity, and finally promotes autophagosomes formation, thus accelerating the degradation of HFD-induced accumulated lipids in the liver. This will provide new therapeutic ideas and experimental data for clinical prevention and treatment of non-alcoholic fatty liver disease.
Keywords: atractyloside, adenine nucleotide translocase, autophagy, lipid degradation, nonalcoholic fatty liver disease
INTRODUCTION
Nonalcoholic fatty liver diseases (NAFLD), a liver disease characterized by steatosis of hepatic parenchymal cells and the accumulation of excessive lipid in the liver, is generally accompanied by hyperglycemia, hypertension, fatty liver, and other diseases (Persson and Bondke Persson, 2018). The clinical treatments for NAFLD include improving insulin resistance, which prevents metabolic syndrome, and reducing liver lipid deposition, which leads to steatohepatitis and decompensation of liver function. Diet control and physical activity are the first-line treatment in NAFLD, but most of them achieve limited success, especially in the disorder of liver lipid metabolism caused by genetic susceptibility. In short, exploring a treatment that can directly degrade the accumulated lipids in hepatocytes is the key treatment for NAFLD (Madrigal-Matute and Cuervo, 2016; Gluchowski et al., 2017; Neuschwander-Tetri, 2020).
Adenine nucleotide translocase (ANT) is a solute carrier that specifically exchanges ADP and ATP through the mitochondrial inner membrane by antiport mechanism (Ruprecht et al., 2019). Thus, the function of ANT is essential for coupled respiration (and/or uncoupled respiration) leading to ATP production in mitochondria (Stephane et al., 2019). Recently, ANT-induced uncoupling respiration was found to be markedly increased in ob/ob mice and high-fat diet (HFD) induced obesity mice. However, knockout of ANT systematically or liver specifically significantly decreased the body weight and hepatic steatosis, increased the insulin sensitivity, and reduced the inflammation in obese mice (Seo et al., 2019). Thus, specific knockout or pharmacological inhibition of ANT may have a potential for NAFLD treatment.
Atractyloside (ATR), a diterpenoid glycoside with one isovaleric and two sulfate groups, is a high-affinity specific inhibitor of the mitochondrial ADP/ATP carrier (Kedrov et al., 2010). ATR competitively binds to ANT, inhibits the transport of ADP across the mitochondrial membrane, prevents the synthesis of ATP, and leads to a failure in energy balance, which is considered to be cytotoxic when ATR is at a high concentration. However, ATR has a weak inhibitory effect on ANT at low concentration, which only affects ATP synthesis to a certain extent and can improve the ADP/ATP ratio of cells (Stewart and Steenkamp, 2000). In theory, altered cellular energy expenditure may activate adenosylate-activated protein kinase (AMPK, an energy receptor in cells) and in turn inhibit mammalian rapamycin (mTOR) activity and activate autophagy, which may promote the degradation of stored lipids in lipid droplets and may be useful in the treatment of NAFLD (Stephane et al., 2019). Additionally, the analog of ATR, Carboxy-ATR, can also improve the degree of obesity and hepatic steatosis in mice (Cho et al., 2017) by inhibiting ANT in a noncompetitive manner (Stewart and Steenkamp, 2000). This evidence suggested that ATR is a safer compound and has a potential treatment effect on NAFLD. Moreover, we have previously reported that low concentrations (2.5, 5, and 7.5 μM) of ATR treatment could activate autophagy to accelerate the degradation of TGs in steatosis HepG2 cells; the mechanism may be related to the activation of the AMPK/mTOR pathway induced by the increased ADP/ATP ratio (Zhang et al., 2020). Therefore, it is speculated that ATR also could exert its effect to improve hepatic steatosis of mice feed with a high-fat diet.
To prove this hypothesis, the present study investigated the effect of ATR on ANT-AMPK-mTORC1 signaling pathway, autophagy, and steatosis level in the liver of HFD fed mice. The results showed that ATR treatment blocked ANT2 expression, promoted the activation of AMPK, then decreased the mTORC1 activity, finally promoted autophagy activation, and thus accelerated the degradation of HFD-induced accumulated lipids in the liver. This will provide new therapeutic ideas and experimental data for clinical prevention and treatment of NAFLD.
METHODS
Atractyloside Solution Preparation
ATR (SA9830, 97% pure) was purchased from Solarbio Life Science (Beijing, China). ATR was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 2 mg/mL as a stock solution; then, the working solution was diluted at concentrations of 0.1 mg/ml and 0.2 mg/ml, respectively. The dose of ATR (2 and 4 mg/kg of body weight) used in this study was chosen according to the previous study (Zhang et al., 2020).
Animals Handling and Atractyloside Treatment
All experimental procedures performed in this study were approved by the Animal Care and Use Committee (Approved number: GDY2002225, date: August 19, 2020) of Guangdong Medical University (Zhanjiang, China).
32 male ICR wide-type (WT) mice (6–8-week-old, 40–45 g) were obtained from Experimental Animal Center of Guangdong Medical University (Guangdong, China, production license: SCXK (Yue) 2018-0008) and allowed to acclimatize to the animal facility environment for a week before the experiment. Four mice were housed per cage in a specific pathogen-free laboratory (temperature 24 ± 2°C, humidity 50 ± 5%, and a standard 12 h light/dark cycle) with access to food and water. A total of 32 mice were distributed according to a single factorial arrangement. All mice were randomly divided into 4 treatment groups (8 mice per group and 4 mice per cage), including the normal control group, HFD control group, HFD with low ATR group (2 mg/kg ATR), and HFD with high ATR group (4 mg/kg ATR). Control mice were fed with a maize- and soybean-based basal diet (16.7% calories from fat, 3.77 Kcal/g diet), and mice in the other three groups were feed with a high-fat diet (GD60 rodent diet, Table 1, 60% calories from fat, 5.24 Kcal/g diet). All the food was purchased from Guangdong Animal Laboratory Animal center. The total feeding duration was 56 days (8 weeks), and ATR solution was given by intraperitoneal injection at a volume of 0.4 ml for 2 weeks before the feeding duration ends. Feed and water were provided ad libitum throughout the experiment.
TABLE 1 | Composition and nutrient levels of high-fat diet (GD60 Rodent Diet).
[image: Table 1]Record of Body Weight, Food Intake, Relative Weight of Liver and Epididymal Fat
The body weights of mice were recorded every 3 days from the 7th week to the 8th week, and the food consumption of each cage was recorded weekly. The final liver weight and epididymal fat weight were also recorded and the results were expressed as a relative weight to body weight (g/kg of body weight).
Serum Biochemical Indices Analysis
At the end of the experiment, about 1 ml blood samples were collected from the angular vein of mice under anesthesia by pentobarbital. Serum samples were obtained by centrifugation at 1790 × g for 10 min at room temperature and later stored in microtubes at −80°C. The levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), triglyceride (TGs) were estimated using commercially available kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China) in accordance with the manufacturer’s instruction.
Hepatic Lipid Determination and Histological Analysis
Each mouse’s liver was collected and placed in a cryogenic vial after being washed with ice-cold sterile saline solution to remove blood contamination. For the determination of hepatic lipid contents, about 0.5 g of liver was used to prepare the homogenate. The minced tissue was homogenized in an ice-cold phosphate buffer solution (w/v, 1:9) using a glass homogenate tube and was centrifuged at 1,346 × g for 10 min at room temperature, and then the supernatant was collected and stored at −80°C until further analysis. The TG level in each sample was estimated using a commercially available kit purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China) in accordance with the manufacturer’s instructions. The protein concentrations of the tissue homogenates were determined via bicinchoninic acid assay (Walker, 2009).
For the histological analysis, liver tissues were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. The fixed liver samples were embedded with optimal cutting temperature compound (OCT); then, each sample was used to prepare 5 slides and each slide had 3 sections (10 μm thickness), which were stained with hematoxylin and eosin (H&E) and then sealed by a neutral resin size. For oil red O staining, the liver slides were stained with freshly prepared oil red O solution for 10 min. Afterward, the slides were washed thrice with distilled water and imaged under an inverted light microscope (Axio Vert. A1, Carl Zeiss, Germany). The ratio of oil red O was subjected to densitometric analysis based on the average percent of LDs accumulated hepatocytes per field at 200 magnification in 20 random fields by ImageJ 1.45 software (NIH, United States). For the NAFLD activity score (NAS), the liver slides were each read twice by 3 pathologists from the pathology department of our hospital. Weighted kappa scores were used to measure the degree of inter-rater and intra-rater agreement between and within multiple pathologists. The NAS is defined as the unweighted sum of the score of steatosis (0–3), lobular inflammation (0–3), and ballooning (0–2). Thus, the score is ranging from 0 to 8 (Kleiner et al., 2005). In brief, the severity of steatosis was graded from 0 to 3 (0 for <5%, 1 for 5–33%, 2 for 33–66%, 3 for >66%). Ballooning was determined by the number of prominent ballooning cells and scored from 0 to 3 (0 for none, 1 for few balloon cells, 2 for many cells/prominent ballooning). The lobular inflammation was assessed by counting the number of inflammatory foci per 200× magnification field in 20 random fields and scored 0–3 (0 for no foci, 1 for <2 per field, 2 for 2–4 per field, and 3 for >4 per field. The fibrosis was scored 0–4 (0 for no fibrosis, 1 for perisinusoidal or periportal fibrosis, 2 for perisinusoidal and portal/periportal fibrosis, 3 for bridging fibrosis, and 4 for cirrhosis). Notably, fibrosis is less reversible and generally thought to be a result of disease activity, which is not included as a component of the activity score (Kleiner et al., 2005). Cases with NAS of 0–3 were largely considered not diagnostic with steatohepatitis; on the other hand, cases with a score of >4 were diagnosed as steatohepatitis, and the scores between 3 and 4 were diagnosed with the possibility of steatohepatitis. Additionally, cases without ballooning, lobular inflammation, and fibrosis, but with the ratio of steatosis more than 33%, were diagnosed as NAFLD, and cases with the ratio of steatosis between 5 and 33% were diagnosed as hepatocytes steatosis.
Western Blotting Analysis
The total protein samples were prepared by extracting liver in RIPA lysis buffer (Beyotime Biotechnology, Jiangsu, China), followed by centrifugation at 12,000 rpm for 15 min at 4°C. Supernatants containing total proteins were quantified with a BCA protein estimation kit (Meilun Biotechnology, Dalian, China) according to the previous method (Walker, 2009), and 50 μg of the total protein samples was resolved with 8, 10, or 15% polyacrylamide gel (depending on the molecular size of the proteins to be analyzed). Thereafter, immunoblotting was performed by transferring the resolved protein onto a PVDF membrane in a trans-buffer at 100 V for 1 or 2 h depending on the molecular size of the protein. Furthermore, the PVDF membranes were blocked with 5% skimmed milk or 5% BSA (for phosphorylated protein) in TBST buffer (20 mM Tris-HCl, pH 7.5, 150 mM sodium chloride, and 0.05% Tween 20) for 2 h, washed thrice with TBST buffer for 5 min each, and incubated overnight with primary antibodies including ANT2 (A15639, ABclonal), AMPKα (5831, CST), phospho-AMPKα (2535, CST), Raptor (2280, CST), mLST8 (3274, CST), mTOR (2983, CST), phospho-mTOR (2974, CST), SQSTM1/p62 (23214, CST), LC3A/B (3868, CST), and ATG7 (8558, CST) at 4°C. Afterward, the membranes were washed thrice with TBST buffer for 5 min each time and incubated with anti-rabbit or anti-mouse (depending on the species of primary antibody) secondary antibodies conjugated to horseradish peroxidase (1:2,000) for 2 h at room temperature. The blots were developed in the dark by using an ECL detection kit. The developed blots were subjected to densitometric analysis using ImageJ 1.45 software (NIH, United States) and normalized with GAPDH (5174, CST) as the internal control.
Colocalization of LC3B Protein With Perilipin 2 Protein
The liver slides were prepared as before; the fixed liver slides were permeabilized with 0.1% Triton X-100 for 10 min and then washed and blocked with 2% BSA for 1 h at room temperature. After blocking, the slides were incubated with LC3B (83506, CST) mouse antibody (1:300) overnight at 4°C, followed by incubation with the Cy3 goat anti-mouse IgG (AS008, ABclonal) secondary antibody (1:500) for 1 h at room temperature. Furthermore, the slides were incubated with perilipin 2 (PLIN2; A6276, ABclonal) rabbit antibody (1:200) overnight at 4°C, followed by incubation with the FITC goat anti-rabbit IgG (ab6717, Abcam) secondary antibody (1:500) for 1 h at room temperature. Finally, the slides were counterstained with DAPI for 5 min to stain the nucleus. The coverslips were mounted on slides and visualized under a confocal microscope equipped with 493, 550, and 455 nm lasers (LSM 800, Carl Zeiss, Germany).
Statistical Analysis
Quantitative data were presented as the mean ± SD and statistically evaluated via one-way ANOVA followed by Tukey’s multiple comparison test using the Graph Pad Prism 6 software (GraphPad software, San Diego, CA, United States). In the data analysis, p < 0.05 was considered statistically significant.
RESULTS
Body Weight, Relative Weight of Organs, and Serum ALT and AST Level Changes
The body weights of HFD mice were significantly higher than WT mice. Starting from the 4th day, injection of ATR compromised the increased body weight of HFD mice, and the body weight was significantly decreased by a high concentration of ATR at the end of the experiment (14th day; Figure 1A). In contrast to the WT group, HFD induced the relative weight (RW) of liver and epididymal fat, but ATR inclusion reversed the increased RW of those internal organs (p < 0.05; Figures 1C, D). The serum AST level was markedly increased in the HFD group, but the lower level of AST was observed in the ATR group as compared with the HFD group (p < 0.05; Figure 1F). No significant impact of ATR on food intake (Figure 1B) and serum ALT level was found (p > 0.05; Figure 1E). These findings suggested that ATR can reverse the changes of body weight, RW of liver and epididymal fat, and the serum AST level induced by HFD.
[image: Figure 1]FIGURE 1 | Changes of body weight, relative weight of organs, and serum ALT and AST level in HFD mice. (A) 14-day body weight change. (B) Food intake. (C) Relative weight of liver (g/kg). (D) Relative weight of epididymal fat (g/kg). (E) Serum ALT level. (F) Serum AST level. Data are expressed as mean ± SD (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 (* represents HFD groups compared with the WT group). #p < 0.05, ##p < 0.01, ###p < 0.001 (# represents ATR treatments compared with the HFD group). WT = control group, and HFD = high-fat diet group.
Atractyloside Decreased the Lipid Content of High-Fat Diet Feed Mice
The livers of HFD feed mice were paler in colors than those of WT mice, but the colors of the livers in the ATR group were redder (Figure 2A, up channel) than those in the HFD mice. On histological analysis, the score of lobular inflammation and hepatocellular ballooning both were 0, as no obvious changes were observed in the H&E staining (Figure 2A, middle channel). Additionally, the ratios of steatosis were all between 5 and 33% in the liver of HFD mice, and the steatosis scores were all 1. Thus, the NAS were the weighted value of steatosis score (the value is 0.375 for all, no significant impact of ATR was observed). The intracellular lipid was analyzed via oil red O staining-lipid droplets (LDs; Figure 2A, down channel), and the results showed that LDs in HFD mice liver (area ratio of oil red O is 13%; Figure 2B) were significantly higher than that in WT mice (area ratio of oil red O is 0.3%; Figure 2B); however, the LDs in HFD mice liver were reduced in the presence of ATR, the area ratio of oil red O is 8.25% for low-ATR, and 6.37% for high-ATR (Figure 2B). Furthermore, the serum TG level in HFD mice was significantly reduced by a low concentration of ATR (p < 0.05; Figure 2C), and the hepatic TG level was decreased by ATR, both in the low and high concentration of ATR (p < 0.05; Figure 2D). Additionally, fibrosis of the liver was analyzed by Masson trichrome staining, the results showed that the hepatic fibrosis of HFD mice was observed in perisinusoidal or periportal space (Supplementary Figure S1B), and about 0.79% fibrosis was measured (Supplementary Figure S1B). ATR treatment decreased hepatic fibrosis, in both low (0.61% fibrosis) and high concentration (0.35% fibrosis) (Supplementary Figure S1B). Altogether, these results implied that ATR can improve the NAFLD steatosis and decrease HFD-induced lipid accumulation in the liver.
[image: Figure 2]FIGURE 2 | The changes of liver morphology and hepatic lipid content. (A) The fresh liver sample, H&E staining, and oil red O staining of liver. (B) Area ratio of oil red O in the liver. (C) Serum TG (triglycerides) level. (D) Hepatic TG level. Data are expressed as mean ± SD (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 (* represents HFD groups compared with the WT group). #p < 0.05, ##p < 0.01, ###p < 0.001 (# represents ATR treatments compared with the HFD group). WT = control group, and HFD = high-fat diet group.
Changes in ANT-AMPK-mTORC1 Signaling Pathway Induced by Atractyloside
As shown in Figure 3, HFD treatment increased the protein expression of ANT2 (p < 0.05) and decreased the p-AMPKα protein expression, the value of p-AMPKα/AMPKα, and the Raptor expression (p < 0.05 for all); furthermore, HFD treatment increased the protein expression of p-mTOR and the value of p-mTOR/mTOR (p < 0.05 for all). In contrast to the HFD group, ATR treatment decreased the ANT2 protein expression (p < 0.05) and increased the p-AMPKα protein expression, the value of p-AMPKα/AMPKα, and the Raptor expression (p < 0.05 for all); moreover, ATR decreased the protein expression of p-mTOR and the value of p-mTOR/mTOR (p < 0.05 for all). No significant change was observed in the protein expression of mLST8.
[image: Figure 3]FIGURE 3 | The regulation of ANT-AMPK-mTORC1 signaling pathway by ATR. (A) Immunoblot analysis results of ANT2, AMPK, phosphorylated AMPK (p-AMPK), Raptor, mLST8, mTOR, and phosphorylated mTOR (p-mTOR). (B) The relative protein expression in reference to GAPDH. Data are expressed as mean ± SD (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 (* represents HFD groups compared with the WT group). #p < 0.05, ##p < 0.01, ###p < 0.001 (# represents ATR treatments compared with the HFD group). WT = control group and HFD = high-fat diet group.
Activation of Autophagy Induced by Atractyloside
The protein expressions related to autophagy were determined to analyze the role of autophagy in liver steatosis induced by HFD. As shown in Figure 4, HFD treatment decreased the protein expression of ATG7 and LC3A/B-Ⅱ (p < 0.05 for all). In contrast to the HFD group, ATR treatment increased the protein expression of LC3A/B-Ⅱ both in the low and high concentration of ATR (p < 0.05), and only a high concentration of ATR increased the ATG7 protein expression (p < 0.05). No significant change was observed in the protein expression of P62.
[image: Figure 4]FIGURE 4 | The autophagy induced by ATR in HFD mice. (A) Immunoblot analysis results of P62, LC3A/B, and ATG7. (B) The relative protein expression in reference to GAPDH. Data are expressed as mean ± SD (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 (* represents HFD groups compared with the WT group). #p < 0.05, ##p < 0.01, ###p < 0.001 (# represents ATR treatments compared with the HFD group). WT = control group and HFD = high-fat diet group.
Colocalization of LC3B Protein With Perilipin 2 Protein
Colocalization of LC3B and Perilipin 2 (PLIN2) was performed to determine whether the reduced LDs were associated with autophagy or not. As shown in Figure 5A, the liver slice of HFD mice exhibited a limited amount of colocalization of LC3B and PLIN2 (Figure 5A, row 2), as evidenced by the coefficient of Rr (−0.621) in the HFD group (Figures 5B,C). Meanwhile, the liver co-treated with HFD and ATR showed an increased amount of colocalization of LC3B and PLIN2 (Figure 5A, row 3 and 4), as indicated by the coefficients of Rr (0.519 for low-ATR and 0.967 for high-ATR) in the ATR group (Figures 5B,C). Besides, the optical density analysis showed that ATR treatment reduced the green fluorescence of FITC-stained PLIN2 and increased the red fluorescence of Cy3-stained LC3B (Figure 5D; p < 0.05 for all). These data revealed the direct association between LC3B and PLIN2 in ATR-treated HFD mice livers.
[image: Figure 5]FIGURE 5 | The colocation of LC3B protein with perilipin 2 protein. (A) Representative confocal images of colocalization of Cy3-stained LC3B protein with FITC-stained PLIN2 protein. (B) The scatter plot obtained from Colocalization modules of ZEN software. Quadrant 1 represents pixels that have high green intensities and low red intensities. Quadrant 2 represents pixels that have high red intensities and low green intensities. Quadrant 3 represents the colocalized pixels with high intensity levels in both red and green. Quadrant 4 represents the background pixels with low intensity levels in both red and green. (C) Results of coefficients calculations; value of Rr expressed from −1.0 to +1.0, value from 0.5 to 1.0 indicating colocalization, and value from −1.0 to 0.5 indicating absence of colocalization; value of R expressed from 0 to 1.0, the value indicates an actual overlap of the signals, is considered to represent the true degree of colocalization. (D) Optical density analysis of fluorescence intensity. Data are expressed as mean ± SD (n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 (* represents HFD groups compared with the WT group). #p < 0.05, ##p < 0.01, ###p < 0.001 (# represents ATR treatments compared with the HFD group). WT = control group, and HFD = high-fat diet group.
DISCUSSION
ATR, a diterpenoid glycoside known for its specific oxidative phosphorylation inhibitory effect, is found in the fruits of Xanthium Sibiricum (Stewart and Steenkamp, 2000). ATR is a high-affinity specific inhibitor of ANT; the depletion or chemical inhibition of ANT2 improves the liver steatosis by reducing hepatic TG level (Cho et al., 2017), implying the potential effect of ATR on NAFLD treatment. In addition, the previous study revealed the effect of ATR on reducing the accumulation of TG level in steatosis of HepG2 cells by activation of autophagy (Zhang et al., 2020). In this study, we further confirmed the therapeutic effect of ATR on NAFLD mice induced by HFD.
High-fat diet feeding for 8 weeks can cause hepatic steatosis and dyslipidemia, which is also confirmed in the present study, as evidenced by the elevated body weight, relative weight (RW) of liver and epididymal fat, and serum AST level in the HFD group (Figure 1). These biochemical parameters are often tested together to illustrate the basic metabolic changes and liver tissue damage induced by HFD (Shi et al., 2019). The low level of serum AST level, RW of liver and epididymal fat, and body weight in ATR-treated mice indicated the relieving effect of ATR on HFD induced basic metabolic changes.
Hepatic lipid accumulation is the main cause for hepatic metabolic disorder, which also may induce lipid peroxidation, oxidative stress, and inflammation in the liver (Rinella, 2015). Hepatic histological analysis showed no lobular inflammation, hepatocellular ballooning, and slight fibrosis, and the steatosis ratios of the livers were all between 5 and 33% (Figure 2B). Thus, this can be defined as hepatocyte steatosis. However, the change of TG level in serum and liver would be a significant parameter to reflect the hepatic steatosis level. The decreased LDs (oil red O staining) and TG level in serum and liver observed in the ATR-treated HFD mice implied that ATR promotes the degradation of accumulated lipid in the liver induced by HFD. This result is consistent with the previous study reporting that ATR can alleviate FFA-induced lipid accumulation in HepG2 cells (Zhang et al., 2020).
With the exchange of ADP and ATP between the cytoplasm and mitochondrial by ANT, the protons will flow back to the mitochondrial matrix (Ruprecht and Kunji, 2020). Thus, excessive ANT activity will cause proton leakage from the intermembrane space, leading to uncoupled respiration (Lee et al., 2014). The present study showed that the ANT2 expression is increased in the liver of the HFD mice group, but ATR treatment decreased the protein expression of ANT2. Combined with the elevated ADP/ATP ratio (result from the in vitro cell experiment), these results meet the basic condition for the activation of AMPK. The activation of AMPK regulates lipid metabolism, and its inhibition is associated with steatosis in lipid-overload conditions (Ke et al., 2018). In this study, we found that ATR significantly increased the protein expression of p-AMPKα and increased the ratio of p-AMPKα/AMPKα, suggesting the activation of AMPK induced by ATR. Activated AMPK directly phosphorylates TSC2, enhances its GAP activity, and thereby leads to the inhibition of mTORC1, which is a complex composed of mTOR, Raptor, and mLST8 (also known as GβL) (Wullschleger et al., 2006). ATR exerted a similar effect in the current study, which decreased the protein level of P-mTOR and the value of p-mTOR/mTOR. Interestingly, the protein level of Raptor was increased by ATR, but Raptor is normally considered as a positive role in the nutrient-stimulated mTOR signaling pathway. However, under nutrient-deprived or mitochondrial uncoupling conditions, Raptor also serves as a negative regulator of mTOR kinase activity (Kim et al., 2002). Altogether, these results suggested that ATR inhibits ANT2 expression, promotes the activation of AMPK, increases Raptor expression, and finally decreases the mTOR activity. This would be a potential for autophagy activation.
To analyze the role of autophagy in the current study, western blot was used to detect the expression of autophagy related protein P62, LC3A/B, and ATG7. These proteins are closely connected with the number of autophagosome and act as good symbols of autophagosomes formation (Martinez-Lopez and Singh, 2015). The present results showed that expressions of LC3A/B-Ⅰ, LC3A/B-Ⅱ, and ATG7 were increased in ATR treated HFD mice, which implies the promotion of autophagic activation. The activation of autophagy can directly phagocyte lipid droplets and transport them to lysosomes for degradation. Thus, we further detected the colocalization of LC3B with PLIN2 (the main protein on the surface of LDs); this can confirm the link between ATR-induced autophagy and decrease lipid content. The liver in ATR-treated HFD mice showed increased LC3B and decreased PLIN2, as indicated by the increased red fluorescence and decreased green fluorescence (Figure 5D). Furthermore, the coefficients of Rr (0.519 for low-ATR and 0.967 for high-ATR) in ATR groups suggested a strong colocalization relationship between autophagy and lipid droplets in the liver. Therefore, ATR-medicated autophagy was confirmed to promote the degradation of accumulated lipids in the liver induced by HFD.
In summary, the present study demonstrated that ATR treatment blocks ANT2 expression, promotes the activation of AMPK, then decreases the mTOR activity, and finally promotes autophagy activation, thus accelerating the degradation of accumulated lipids in the liver induced by HFD. This will provide new therapeutic ideas and experimental data for clinical prevention and treatment of NAFLD.
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Palmitoylethanolamide (PEA), an endogenous lipid mediator, is emerging as a promising pharmacological agent in multiple neurodegenerative disorders for its anti-inflammatory and neuroprotective properties. However, its effects on enteric inflammation and colonic dysmotility associated with Alzheimer’s disease (AD) are lacking. This study was designed to investigate the beneficial effect of PEA administration in counteracting the enteric inflammation and relieving the bowel motor dysfunctions in an AD mouse model, SAMP8 mice. In addition, the ability of PEA in modulating the activation of enteric glial cells (EGCs), pivotally involved in the pathophysiology of bowel dysfunctions associated with inflammatory conditions, has also been examined. SAMP8 mice at 4 months of age were treated orally with PEA (5 mg/kg/day) for 2 months. SAMR1 animals were employed as controls. At the end of treatment, parameters dealing with colonic motility, inflammation, barrier integrity and AD protein accumulation were evaluated. The effect of PEA on EGCs was tested in cultured cells treated with lipopolysaccharide (LPS) plus β-amyloid 1–42 (Aβ). SAMP8 treated with PEA displayed: 1) an improvement of in vitro colonic motor activity, citrate synthase activity and intestinal epithelial barrier integrity and 2) a decrease in colonic Aβ and α-synuclein (α-syn) accumulation, S100-β expression as well as enteric IL-1β and circulating LPS levels, as compared with untreated SAMP8 mice. In EGCs, treatment with PEA counteracted the increment of S100-β, TLR-4, NF-κB p65 and IL-1β release induced by LPS and Aβ. These results suggest that PEA, under a condition of cognitive decline, prevents the enteric glial hyperactivation, reduces AD protein accumulation and counteracts the onset and progression of colonic inflammatory condition, as well as relieves intestinal motor dysfunctions and improves the intestinal epithelial barrier integrity. Therefore, PEA represents a viable approach for the management of the enteric inflammation and motor contractile abnormalities associated with AD.
Keywords: alzheimer’s disease, colonic dysmotility, enteric glial cells, enteric gliosis, intestinal inflammation, palmitoylethanolamide, SAMP8 mice, toll-like receptor
INTRODUCTION
Mild cognitive impairment identifies a clinical condition between age-related cognitive decline and dementia and represents a prodromal stage before the development of Alzheimer’s disease (AD) (Murman, 2015). AD is one of the most common neurodegenerative disorders, characterised by a progressive memory decline, cognitive impairment, amyloid β1-42 (Aβ) plaque accumulation, neurofibrillary tangle of hyperphosphorylated tau (p-tau) protein and occurrence of neurogenic/inflammatory responses in the central nervous system (Scheltens et al., 2016). In addition, AD patients are often characterized by functional digestive disturbances, including infrequent bowel movements, constipation, and defecatory disorder (D’Antongiovanni et al., 2020b; Pellegrini et al., 2020).
In the last years, it has been proposed that alterations of enteric bacteria-neuro-immune network may contribute to the onset of bowel motor disturbances associated with AD (Pellegrini et al., 2018a; Mancuso and Santangelo, 2018). In this regard, pre-clinical and human studies have reported that AD is associated with changes in gut microbiota composition, colonic accumulation of Aβ and p-tau tangle-like structures as well as signs of enteric inflammation, which could lead to enteric motor dysfunctions (Joachim et al., 1989; Puig et al., 2015; Piccarducci et al., 2019; Pellegrini et al., 2020). In this respect, interesting evidence obtained from studies on the Senescence-Accelerated Mouse-prone 8 (SAMP8) mouse model indicate that, in the early stages of AD, changes in gut microbiota composition and impairment of intestinal epithelial barrier (IEB) permeability can promote enteric AD protein accumulation, which, in turn, can shape enteric neurogenic/inflammatory responses, thus contributing to gut dysfunctions (Pellegrini et al., 2020). In line with this view, other studies performed on SAMP8 and AβPP/PS1 transgenic AD mouse models observed the accumulation of intestinal Aβ and amyloid precursor protein, enteric inflammation, mitochondrial dysfunction along with enteric glial activation and gut dysbiosis in the early stages of AD before the full development of brain pathology (Joachim et al., 1989; Puig et al., 2015; Piccarducci et al., 2019; Pellegrini et al., 2020). Bowel motor disturbances in AD patients contribute significantly to AD morbidity and complicate their clinical management (Puig et al., 2015; Doi et al., 2019; Camilleri, 2021). In this regard, no specific treatments are currently available to manage gut alterations occurring in such patients and, therefore, the identification of novel pharmacological entities able to prevent or alleviate gut dysfunctions associated with AD represents an area of interest to the scientific community.
Recently, palmitoylethanolamide (PEA), an endogenous lipid mediator, is emerging as a promising pharmacological agent in multiple neurodegenerative disorders for its anti-inflammatory and neuroprotective properties (Scuderi et al., 2012, 2014; Beggiato et al., 2019, 2020). However, the properties of this compound in counteracting the intestinal dysfunctions associated with AD are largely unknown. Currently, some studies provided evidence about an anti-inflammatory effect of PEA in blunting the intestinal inflammation in a murine model of 2,4-dinitrobenzene sulfonic acid (DNBS)-induced colitis and accelerated transit induced by administration of oil of mustard as well as in counteracting the intestinal injury due to ischaemia reperfusion (Capasso et al., 2001, 2014; Di Paola et al., 2012; Borrelli et al., 2015). In support of these findings, Esposito et al. (2014) provided evidences about the putative efficacy of PEA in counteracting intestinal inflammation and dysmotility in mice with dextran sulphate sodium (DSS)-induced colitis and patients with ulcerative colitis (UC) (Esposito et al., 2014). In particular, the authors observed beneficial effect of PEA in counteracting motor dysfunctions and enteric inflammatory processes, through the modulation of enteric glia cells (EGCs) (Esposito et al., 2014), leading to hypothesize a potential application of PEA as a suitable tool for the management of GI dysfunctions associated with AD.
Based on these premises, the present study was designed to investigate the beneficial effect of PEA administration in counteracting the enteric inflammation and relieving the bowel motor dysfunctions in an AD mouse model before the full development of brain pathology. In addition, the ability of PEA in modulating the enteric glial activation has also been examined.
MATERIALS AND METHODS
Experiments on Animals
Animals
SAMP8 mice (4 months old), a spontaneous genetic model of AD, and their control strain, Senescence-Accelerated Mouse-Resistant 1 (SAMR1), were purchased from ENVIGO Srl (San Pietro al Natisone UD, Italy). The animals were fed with regular laboratory chow and had free access to tap water and were not utilized for at least 1 week after arriving at the facility. They were held in temperature-controlled rooms, one in a cage, on a 12-h light cycle at 22–24°C and 50–60% humidity.
Their care and handling were following the terms of European Community Council Directive 210/63/UE, which the Italian Government recognized and adopted. The study was approved by the University of Pisa’s Ethical Committee for Animal Experimentation and the Italian Ministry of Health (Authorization No. 875/2018-PR).
The SAMP8 mouse is an accelerated senescence strain that exhibits spontaneously early learning and memory deficits (Butterfield and Poon, 2005; Canudas et al., 2005). Notably, this model exhibits the same clinical and pathophysiological features of AD patients, including Aβ proteins in hippocampal granules, p-tau protein, a decline in choline acetyltransferase activity along with an increase in α-synuclein (α-syn), oxidative damage, presenilin, neuronal nitric oxide synthase and glutamate levels (Butterfield and Poon, 2005). In addition, SAMP8 mice starting from 6 months of age shows digestive functional disturbances (Pellegrini et al., 2020), thus representing a valuable model to investigate the beneficial properties of novel drugs on colonic inflammatory and motor contractile abnormalities associated with AD.
Experimental Design
Based on previous evidence (Piccarducci et al., 2019; Pellegrini et al., 2020) showing an impairment of cognitive and intestinal motor dysfunctions in SAMP8 mice starting from 6 months of age, the attention was focused on SAMP8 animals at 6 months of age, in order to examine the putative beneficial effects of PEA administration on the intestinal inflammation and bowel motor dysfunctions since the early stages of AD. SAMP8 and SAMR1 animals at 4 months of age were treated orally with PEA (5 mg/kg/day) for 2 months. Subgroups of animals received the drug vehicle and served as controls (Figure 1A). The dose of PEA was selected on the basis of previous studies (Vaia et al., 2016; Facchinetti et al., 2020; Petrosino and Moriello, 2020). In addition, preliminary experiments were performed to assay increasing doses of PEA (1, 5 and 10 mg/kg) on the intestinal inflammation and bowel motor dysfunctions in SAMP8 mice (data not shown). Effective dose of PEA (5 mg/kg) was then selected because suitable for better appreciating the effects of test drug on colonic contractile activity, inflammation, and enteric glial activation.
[image: Figure 1]FIGURE 1 | Schematic representation of (A)in vivo treatment of SAMP8 mice with drug vehicle or PEA (5 mg/kg/day) for 2 months and (B) the design of experiments on cultured EGCs: EGCs were treated for 4 h with LPS (1 μg/ml). Then, cells were incubated for 1 h with PEA or drug vehicle before the addition of Aβ (1 μM, 67 h). On the third day, cells were lysed for analysis of S100-β, NF-κB p65 and TLR-4 expression and the culture media were collected for analysis of IL-1β release. Abbreviations: Aβ, amyloid β1-42; EGC, enteric glial cell; LPS, lipopolysaccharide; NF-κB p65, nuclear factor-κB p65; PEA, palmitoylethanolamide; S100-β, S100 Calcium Binding Protein B; TLR-4, Toll-like Receptor-4.
At the end of treatments, animals were euthanized and tissues were processed for functional experiments and other assays, as described below.
Recording of Colonic Contractile Activity
The contractile activity of colonic muscle preparations was recorded as previously described (Antonioli et al., 2006, 2011; Pellegrini et al., 2021). Following sacrifice, the abdomen was promptly opened, and the colon was removed and put in Krebs solution at 37°C. Colon specimens were opened along the mesenteric insertion and cut into strips of approximately 3 mm in width and 10 mm in length. The colonic specimens were set up in organ baths containing Krebs solution at 37°C, bubbled with 95% O2 + 5% CO2. Krebs solution had the following composition: NaCl 113 mM, NaHCO3 25 mM, KCl 4.7 mM, CaCl2 2.5 mM, MgSO4 1.2 mM, KH2PO4 1.2 mM and glucose 11.5 mM (pH 7.4 ± 0.1). The preparations were connected to isometric force transducers (constant load = 0.5 g) and the mechanical activity was recorded by BIOPAC MP150 (2Biological Instruments, Besozzo, Italy). A BM-ST6 stimulator (Biomedica Mangoni, Pisa, Italy) was used to provide electrical stimulation through a pair of coaxial platinum electrodes, located 10 mm from the longitudinal axis of each preparation. Preparations were equilibrated for at least 30 min and challenged with electrical stimulation (ES; 10-s single trains of square wave pulses, 0.5 ms, 30 mA), and the tests began when reproducible responses were obtained (on average after two or three stimulations). Each preparation’s tension was normalized by wet tissue weight and expressed as grams per Gram of wet tissue (g/g tissue).
The appropriate ES frequency, as well as concentrations of exogenous carbachol and substance P (SP) were selected in accordance with previous experiments (Pellegrini et al., 2016).
Design of Functional Experiments
In the first set of experiments, ES-induced contractions were recorded from colonic preparations maintained in standard Krebs solution.
In the second series of experiments, colonic tissues were maintained in Krebs solution containing N-ω-nitro-L-arginine methylester (L-NAME, nitric oxide synthase inhibitor, 100 µM), N-acetyl-l-tryptophan 3,5-bis(trifluoromethyl) benzylester (L-732,138, neurokinin NK1 receptor antagonist, 10 μM, guanethidine (adrenergic blocker 10 µM), 5-fluoro-3-[2-[4-methoxy-4-[[(R)-phenylsulphinyl]methyl]-1-piperidinyl]ethyl]-1H-indole (GR159897, NK2 receptor antagonist, 1 µM) and (R)-[[(2-phenyl-4-quinolinyl)carbonyl]amino]-methyl ester benzeneacetic acid (SB218795, NK3 receptor antagonist, 1 µM), in order to examine the patterns of colonic contractions driven by excitatory nerve cholinergic pathway.
In the third set of experiments, ES-evoked contractions were recorded from colonic preparations maintained in Krebs solution containing L-NAME, guanethidine, atropine sulphate (muscarinic receptor antagonist, 1 µM), GR159897 and SB218795, in order to examine the colonic excitatory motor responses mediated by the tachykininergic NK1 receptors pathway.
In the fourth and fifth set of experiments, colonic contractions were evoked by direct pharmacological activation of receptors located on smooth muscle cells. For this purpose, colonic preparations were maintained in Krebs solution containing tetrodotoxin (TTX, 1 µM) and stimulated with carbachol (10 µM) or exogenous SP (1 µM) to assess cholinergic and tachykininergic contractile responses, respectively.
Quantification of Colonic Neurodegenerative Disorders-Related Protein: Aβ, T-tau, and α-syn
The evaluation of the NDs-related misfolded proteins levels in colonic tissue was assessed by a “home-made” sandwich enzyme-linked immunosorbent assay (ELISA) (Venegas et al., 2017; Nakanishi et al., 2018; Pellegrini et al., 2020). Briefly, an antibody directed against a specific epitope of the interested protein was coated to wells of a 96-wells polystyrene plate diluted in poly-L-ornithine (dissolved in 50 mM NaHCO3 pH 9.6) and it was incubated overnight at 4°C. After washes, the bovine serum albumin (BSA) 1% was added to each well and incubated at 37°C to block non-specific sites. Then, colonic samples were added to wells and incubated at 25°C. Following extensive washes, a primary antibody directed against a different epitope of the interested protein and then a secondary antibody, conjugated with the horseradish peroxidase (HRP) and directed versus the primary antibody, were employed and incubated at 37°C under continuous shaking. Lastly, a chromogenic substrate (3,3′,5,5′-tetramethylbenzidine, TMB) was added and the absorbance was read at 450 nm following the addition of the stop solution (H2SO4) to block the colorimetric reaction. All the measurements were performed in duplicate to achieve a minimal inter-assay variability. The concentration of the interested protein was calculated by the interpolation of the absorbance values into the standard curve built with the relative recombinant human protein. The employed antibodies for the assay are schematically reported in Table 1.
TABLE 1 | Antibodies employed in the “home-made” sandwich enzyme-linked immunosorbent assay (ELISA). For each investigated protein, the respective coating, primary, and secondary antibodies employed for the assay are listed. The catalogue number, brand, class type antibody, and immunogen are also reported for all antibodies.
[image: Table 1]Evaluation of Citrate Synthase Activity on Colon Samples
The colon samples used for the enzymatic assay were thawed out and homogenized in a cold buffer (Sucrose 250 mM, Tris 5 mM, EGTA 1 mM, Triton X-100 0.02%; pH 7,4) at 4°C using GentleMACS dissociator (Miltenyi Biotec, Bologna, Italy). The homogenate obtained was centrifuged at 12.000 g for 15 min at 4°C (EuroClone, Speed Master 14 R centrifuge, Milan, Italy). The supernatant was removed and stored on ice, the pellet was discarded. The protein assay was performed on the supernatant by Bradford assay for total proteins determination. The protein assay was used to obtain the 0.5 mg/ml and then used 1 μg of proteins per well.
The supernatants were diluted in Tris-buffer (100 mM; pH 8,2). 5,5′-dithiobis-2-nitrobenzoic acid (100 μM) and acetyl-coenzyme A (100 μM) were added to each sample. The assay was performed in 96 multi-well plates and the reaction started by the addition of oxaloacetic acid (500 μM). The reaction was followed spectrophotometrically at 37°C every 30 s for 15 min at the wavelength of 412 nm (EnSpire, PerkinElmer, Waltham, MA, United States). Linear regression was calculated with different concentrations of citrate synthase (Sigma-Aldrich, St. Louis, MO, United States). Citrate synthase activity was expressed in mU/mL.
Western Blot Analysis
The colon was collected from mice and flushed of fecal content with ice-cold phosphate-buffered saline (PBS), as described previously (Antonioli et al., 2021). Tissues were minced and homogenized using a Potter-Elvehjem Grinder homogenizer on ice in 20% (w/v) TNE lysis buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 1% NP-40, 1% SDS, 0.1% DOC) with proteases and phosphatases inhibitors. Samples were then sonicated and boiled for 5 min at 95°C. Proteins were quantified with the Bradford assay. Total lysates were run on a 4–20% Criterion™ TGX™ Precast Midi Protein Gel (Bio-Rad, Hercules, CA, United States) and then transferred to PVDF membranes (Trans-Blot TurboTM PVDF Transfer packs, Biorad, Hercules, CA, United States). Membranes were blocked with 3% BSA diluted in Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.5, 150 mM NaCl) with 0.1% Tween 20. Primary antibodies against β-actin (ab8227, Abcam, Cambridge, United Kingdom), claudin-1 (sc-166338, Santa Cruz, Dallas, United States), occludin (ab167161, Abcam, Cambridge, United Kingdom), S100-β (ab52642, Abcam, Cambridge, United Kingdom), TLR-4 (ab22048, Abcam, Cambridge, United Kingdom) and ZO-1 (ab96587, Abcam, Cambridge, United Kingdom) were used. Secondary antibodies were obtained from Abcam (anti-mouse ab97040 and anti-rabbit ab6721). Protein bands were detected with ECL reagents (Clarity Western ECL Blotting Substrate, Biorad, Hercules, CA, United States). Densitometry was performed by IBright Analysis software.
Evaluation of Tissue IL-1β Levels
Tissue interleukin (IL)-1β levels were quantified, as previously described (Antonioli et al., 2020), using a commercial ELISA Kit (Abcam, Cambridge, United Kingdom). Briefly, colon tissues, previously collected and stored at −80°C, were thawed, weighed, and homogenized in PBS (0,4 ml/20 mg of tissue) at 4°C, and centrifuged for 5 min at 10.000 g. Aliquots of 100 µL were used to perform the assay. IL-1β levels were expressed as picograms per milligram (pg/mg) of protein.
Evaluation of Plasma LBP
Plasma lipopolysaccharide-binding protein (LBP) levels were quantified using a commercial ELISA Kit (Abcam, Cambridge, United Kingdom). For the assay, aliquots (100 µL) of plasma were used. LBP concentrations were expressed as nanograms per milliliter (ng/ml).
Drugs and Reagents
Aβ, atropine sulphate, carbachol, Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), guanethidine monosulphate, lipopolysaccharide (LPS), PEA and PBS were purchased from Sigma Aldrich (St. Louis, MO, United States). L-NAME, L-732,138, GR159897, SB218795, SP and TTX were purchased from Tocris (Bristol, United Kingdom).
Experiments on Cultured Enteric Glial Cells
Cell Culture
Rat-transformed enteric glial cells (EGCs) were acquired from ATCC® (EGC/PK060399egfr; ATCC®CRL-2690.; Manassas, VA, United States). Cells were grown and maintained in DMEM supplemented with 100 unit/mL penicillin-streptomycin, 10% FBS and 2 mM glutamine in a humidified atmosphere of 5% CO2 at 37°C.
Stimulation Protocol
EGCs were seeded at a density of 1 × 106 cells in 6-well plates containing culture medium. To mimic the in vivo features of AD, cells were treated with LPS (1 μg/ml, 4 h) before treatment with Aβ (1 µM), in the presence or in the absence of 0.1 µM PEA. Controls were run in parallel. The concentrations of Aβ, LPS, and PEA were selected in accordance with previous studies (Scuderi et al., 2012; Antonioli et al., 2020; Beggiato et al., 2020). The details of all treatments are shown in Figure 1B.
Western Blot Analysis
Cells were lysed as previously described (Fazzini et al., 2014; Smoktunowicz et al., 2016). Proteins were quantified with the Bradford assay. Proteins were separated onto a pre-cast 4–20% polyacrylamide gel (Mini-PROTEAN® TGX gel, Biorad, Hercules, CA, United States) and transferred to PVDF membranes (Trans-Blot® TurboTM PVDF Transfer packs, Biorad, Hercules, CA, United States). Membranes were blocked with 3% BSA diluted in Tris-buffered saline (TBS; 20 mM Tris-HCl, pH 7.5, 150 mM NaCl) with 0.1% Tween 20. Primary antibodies against β-actin (ab8227, Abcam, Cambridge, United Kingdom), nuclear factor-κB p65 (NF-κB p65, sc-8008, Santa Cruz, Dallas, United States) S100-β (ab52642, Abcam, Cambridge, United Kingdom) and TLR-4 (ab22048, Abcam, Cambridge, United Kingdom) were used. Secondary antibodies were obtained from Abcam (anti-mouse ab97040 and anti-rabbit ab6721). Protein bands were detected with ECL reagents (Clarity Western ECL Blotting Substrate, Biorad, Hercules, CA, United States). Densitometry was performed by IBright Analysis software.
Assessment of IL-1β Release From EGCs
The release of IL-1β into culture medium was measured by ELISA kit (Abcam, Cambridge, United Kingdom), following the manufacturer’s protocol. After cell stimulation, the medium was collected and centrifuged at 800 rpm for 5 min to obtain cell-free supernatants. Supernatants (150 μL) were then used for the assay.
Statistical Analysis
Data are presented as mean ± SEM and analyzed by GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, United States). Statistical significances were determined by one-way ANOVA followed by Tukey’s post hoc test. Statistical analysis for citrate synthase activity was performed with Student’s t-test. A p value < 0.05 was considered significantly different.
RESULTS
The administration of PEA to SAMR1 mice did not elicit any significant change in both in vitro colonic contractile activity and enteric inflammatory parameters, as well as in enteric glial activation (data not shown). Therefore, SAMR1 mice treated with drug vehicle were adopted as control group for all the evaluations on the drug under investigation.
In Vitro Colonic Contractile Activity
In colonic longitudinal muscle preparations maintained in standard Krebs solution, the contractions evoked by ES accounted for 28.69 ± 2.67 g/g tissue for SAMR1 mice (Figure 2A). In colonic preparations from SAMP8 mice, electrically evoked contractions were significantly reduced (8.98 ± 2.25 g/g tissue) (Figure 2A). Treatment with PEA significantly counteracted the reduction of electrically evoked contractions in SAMP8 mice (19.46 ± 3.30 g/g tissue) (Figure 2A).
[image: Figure 2]FIGURE 2 | PEA improves the bowel motor dysfunctions associated with AD. Effect of PEA on in vitro colonic contractile responses. (A) ES (10 Hz), (B) cholinergic contractions and (C) NK1-mediated tachykininergic contractions on contractile activity of colonic longitudinal smooth muscle preparations isolated from SAMR1, SAMP8 and SAMP8 treated with PEA. Contractions evoked by (D) carbachol (10 µM) or (E) exogenous SP (1 µM) in colonic preparations isolated from SAMR1, SAMP8 and SAMP8 treated with PEA. (A–E) Tracings in the inset on the top of panels display the contractile responses. Each column represents the mean ± S.E.M. from four animals. One-way ANOVA followed by Tukey post hoc test results: *p < 0.05, significant difference vs. SAMR1 and ap < 0.05, significant difference vs. SAMP8; Abbreviations: ES, electrical stimulation; PEA, palmitoylethanolamide; SP, substance P.
In colonic preparations maintained in Krebs solution added with L-NAME, guanethidine, L-732,138, GR159897 and SB218795, the electrically evoked atropine-sensitive cholinergic contractions were significantly reduced in the SAMP8 mice, as compared with SAMR1 (5.32 ± 0.65 and 28.21 ± 5.74 g/g tissue, respectively) (Figure 2B). In this setting, PEA significantly improved the electrically evoked cholinergic contractions in SAMP8 mice, thus suggesting an improvement of enteric cholinergic neuromuscular pathway (Figure 2B).
In colonic preparations maintained in Krebs solution containing L-NAME, guanethidine, atropine, GR159897 and SB218795, the ES-induced NK1-mediated contractions were significantly reduced in SAMP8 mice, as compared with SAMR1 (11.35 ± 1.52 and 4.43 ± 0.69 g/g tissue, respectively) (Figure 2C). Treatment with PEA counteracted, although not significantly, the electrically NK1-mediated contractions in SAMP8 mice (Figure 2C).
The stimulation by carbachol or exogenous SP of colonic preparations from SAMR1, SAMP8 and SAMP8 treated with PEA elicited contractions of similar magnitude (90.64 ± 13.38; 76.46 ± 6.89 and 117.9 ± 14.4 g/g tissue, respectively, for carbachol-induced stimulation; 30.53 ± 5.06; 27 ± 5.47 and 40.5 ± 1.40 g/g tissue, respectively, for SP-induced contraction) (Figures 2D,E).
Colonic NDs-Related Proteins
In order to explore PEA effects in the accumulation of misfolded proteins related to AD pathology, the relative concentrations of NDs-related proteins were assessed in the colon of SAMP8 mice treated with PEA and compared to SAMP8 mice and SAMR1 mice (Figure 3). The concentrations of colonic Aβ were significantly increased in SAMP8 mice compared to SAMR1 mice, confirming already published data (Pellegrini et al., 2020) (Figure 3A). SAMP8 treated with PEA showed significantly decreased concentrations of colonic Aβ compared to untreated SAMP8 mice. Of note, following treatment with PEA the accumulation of colonic Aβ was comparable to that elicited by SAMR1 (Figure 3A), thus denoting a great effect in reducing Aβ levels.
[image: Figure 3]FIGURE 3 | PEA counteracts the accumulation of NDs-related proteins and restores the citrate synthase activity in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA. Quantification of NDs-related proteins: (A) Aβ, (B) t-tau, and (C) α-syn concentrations were assessed by a “home-made” ELISA assay. Each column represents the mean ± SEM. from three animals. (D) citrate synthase activity in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA animals. Each column represents the mean ± SEM. from four animals. One-way ANOVA followed by Tukey post hoc test results: *p < 0.05, significant difference vs. SAMR1 and ap < 0.05, significant difference vs. SAMP8.; Abbreviations: Aβ, amyloid β1-42; α-syn, α-synuclein; ELISA, enzyme-linked immunosorbent assay; NDs, neurodegenerative disorders; PEA, palmitoylethanolamide; t-tau, total tau.
The colonic t-tau levels in SAMP8 mice were comparable to SAMR1 mice, in accordance with previous data (Pellegrini et al., 2020). Furthermore, t-tau concentrations in SAMP8 mice treated with PEA were comparable to untreated SAMP8 and SAMR1 mice (Figure 3B).
The α-syn levels in colon of SAMP8 mice were significantly higher than in SAMR1, thus confirming the previously demonstrated trend of α-syn accumulation in the AD animal model (Pellegrini et al., 2020). Interestingly, the concentration of colonic α-syn was significantly reduced in SAMP8 treated with PEA compared to SAMP8 and even compared to SAMR1 mice (Figure 3C).
Citrate Synthase Activity in Colonic Tissue
As reported in a previous work (Pellegrini et al., 2020), citrate synthase activity levels recorded in colonic tissues from SAMP8 are significantly reduced compared to those exhibited by SAMR1 mice (57.44 ± 8.51 mU/mL vs 95.44 ± 12.81 mU/mL) (Figure 3D). The administration of PEA to SAMP8 mice significantly prevents the decrease of citrate synthase activity (88.00 ± 0.81 mU/mL) associated with the early ageing of this animal model, assuring the preservation of the mitochondrial functionality (Figure 3D).
Expression of Toll-like Receptor-4 in Colonic Tissues
The expression of TLR-4, pivotally involved in the occurrence of inflammatory responses, was examined in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA. SAMP8 mice displayed a significant increase in colonic TLR-4 levels, as compared with SAMR1 mice (Figure 4A). Treatment of SAMP8 mice with PEA was associated with a significant decrease in TLR-4 expression levels, as compared with untreated SAMP8 animals (Figure 4A).
[image: Figure 4]FIGURE 4 | PEA counteracts the intestinal inflammation and enteric gliotic process associated with cognitive decline. (A) Representative blots and densitometric analysis of the expression of TLR-4 in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA; (B) IL-1β levels in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA and (C) representative blots and densitometric analysis of glial marker, S100-β, in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA. Each column represents the mean ± SEM from four animals. One-way ANOVA followed by Tukey post hoc test results: *p < 0.05, significant difference vs. SAMR1 and ap < 0.05, significant difference vs. SAMP8.; Abbreviations: IL-1β, interleukin-1β; PEA, palmitoylethanolamide; S100-β, S100 Calcium Binding Protein B; SP, substance P; TLR-4, Toll-like Receptor 4.
Interleukin-1β Levels in Colonic Tissues
Colonic tissues from SAMP8 mice were characterized by a significant increase in IL-1β, as compared with SAMR1 mice (Figure 4B). Treatment with PEA determined a significant reduction of IL-1β levels in SAMP8 mice, as compared to the levels found in untreated mice (Figure 4B).
Evaluation of Enteric Glial Activation in SAMP8 Mice
To investigate the ability of PEA in counteracting the enteroglial activation, the expression of glial marker, S100-β, in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA was evaluated. The expression of S100-β was significantly higher in colonic tissues from SAMP8, as compared with SAMR1 mice (Figure 4C). In these settings, treatment with PEA was associated with a significant reduction in the expression level of glial marker S100-β in SAMP8 mice (Figure 4C).
Assessment of Intestinal Epithelial Barrier Integrity and Permeability in SAMP8 Mice
SAMP8 mice displayed a significant reduction in the expression levels of ZO-1 and claudin-1, as compared with SAMR1, while no differences were observed in the occludin expression between SAMP8 and SAMR1 mice (Figures 5A–E). Treatment with PEA did not exert significant effects in the expression levels of ZO-1 and occludin in SAMP8 mice, while it significantly increased the claudin-1 expression (Figures 5A–E).
[image: Figure 5]FIGURE 5 | PEA improves the intestinal epithelial barrier integrity in the presence of inflammation. Representative blots and densitometric analysis of the expression of (A, B) ZO-1, (A, C) occludin and (D, E) claudin-1 in colonic tissues from SAMR1, SAMP8 and SAMP8 treated with PEA. (F) Circulating LBP in SAMR1, SAMP8 and SAMP8 treated with PEA. Each column represents the mean ± SEM from four animals. One-way ANOVA followed by Tukey post hoc test results: *p < 0.05, significant difference vs. SAMR1 and ap < 0.05, significant difference vs. SAMP8.; Abbreviations: LBP, lipopolysaccharide-binding protein; PEA, palmitoylethanolamide; ZO-1, zonulin-1.
Plasma levels of circulating LPS were significantly higher in SAMP8 than SAMR1 mice (67.8 ± 20.31 ng/ml and 30.93 ± 5.96 ng/ml, respectively) (Figure 5F). PEA administration was associated with a significant decrease in plasma levels of LPS in SAMP8 mice (25.85 ± 5.93 ng/ml) (Figure 5F).
Effect of PEA in Enteric Glial Activation and Inflammatory Responses in cultured EGCs treated with Aβ and LPS.
Set of in vitro experiments were performed to evaluate the effect of PEA in counteracting reactive gliosis and inflammatory responses, as a consequence of enteric glial hyperactivation, in cultured EGCs.
Expression of S100-β, TLR-4 and NF-κB p65
EGCs incubated with LPS and Aβ showed a significant increase in S100-β, TLR-4 and NF-κB p65, as compared with control cells (Figures 6A–C). Treatment with 0.1 µM PEA significantly counteracted the increase in the expression of all parameters examined (Figures 6A–C).
[image: Figure 6]FIGURE 6 | PEA blunts glial pro-inflammatory responses. Representative blots and densitometric analysis of the expression of (A) S100-β, (B) TLR-4 and (C) NF-κB p65 assessed by Western blot assay in cultured EGCs treated with LPS plus Aβ, either alone or in combination with PEA. Each column represents the mean ± SEM (n = 4). (D) IL-1β levels in the supernatants of EGCs treated with LPS plus Aβ, either alone or in combination with PEA. Each column represents the mean ± SEM (n = 4). One-way ANOVA followed by Tukey post hoc test results: *p < 0.05, significant difference vs. SAMR1 and ap < 0.05, significant difference vs. SAMP8.; Abbreviations: EGC, enteric glial cell; IL-1β, interleukin-1β; NF-κB p65, nuclear factor-κB p65; PEA, palmitoylethanolamide; S100-β, S100 Calcium Binding Protein B; TLR-4, Toll-like Receptor 4.
IL-1β Release
Incubation of EGCs with LPS and Aβ induced a significant increase in IL-1β release, as compared with control cells (Figure 6D). Such an increase was counteracted by 0.1 µM PEA (Figure 6D).
DISCUSSION
Patients with AD often experience digestive functional disturbances, undermining their quality of life and contributing relevantly to morbidity (D’Antongiovanni et al., 2020b; Pellegrini et al., 2020). Several pre-clinical studies allowed to observe that the onset of such bowel motor disturbances could be a consequence of enteric AD protein accumulation, activation of intestinal inflammatory pathways, neuronal loss and enteric glial activation since the earliest stages of brain pathology (Joachim et al., 1989; Puig et al., 2015; Piccarducci et al., 2019; Pellegrini et al., 2020), thus prompting the scientific community to identify novel approaches for the management of motor contractile abnormalities associated with AD.
Currently, the available therapeutic tools to manage AD are mostly focusing on improve cognition and preserve brain functions, leaving out the problem of gut dysmotility. For this reason, the identification of new therapeutic tools for the management of bowel dysfunctions associated with AD represents a significant medical need. In the last years, PEA is emerging as a promising pharmacological agent for its ability to counteract brain neuroinflammation and neurodegeneration in different animal models of AD (Scuderi et al., 2012, 2014; Beggiato et al., 2019, 2020). In addition, pioneering studies have reported beneficial effects of PEA in blunting the acute phase of intestinal inflammation and improving the intestinal motility in murine models of post-inflammatory accelerated transit and UC (Capasso et al., 2001, 2014; Esposito et al., 2014; Borrelli et al., 2015), leading to hypothesize a potential application of PEA in the management of enteric inflammation and intestinal motor dysfunctions associated with AD.
Based on these premises, the aims of the present study were: 1) to investigate the putative effect of PEA in curbing enteric inflammatory processes and improving gut dysmotility in a mouse model of AD and 2) to evaluate, via in vitro experiments, the ability of PEA in modulating the activation of EGCs, pivotally involved in the pathophysiology of enteric motor dysfunctions associated with inflammatory conditions (Delvalle et al., 2018; Antonioli et al., 2020; D’Antongiovanni et al., 2020a).
The SAMP8 mouse model at 6 months of age displayed an impairment of excitatory cholinergic and tachykininergic motor contractions, enteric AD protein accumulation and intestinal mitochondrial dysfunctions (a hallmark of Aβ-induced neuronal toxicity in AD) (Pellegrini et al., 2020). In addition, signs of enteric inflammation, which seem to contribute relevantly to the onset of bowel motor dysfunctions (Pellegrini et al., 2018a; 2018b, 2020), were observed in colonic specimens from SAMP8 mice, as documented by the significant increment of TLR-4 expression (receptor subtype widely involved in the occurrence of inflammatory responses) and IL-1β levels. These results are in line with previous pre-clinical and human findings showing the presence of intestinal inflammation in colonic mucosal samples from senescence-accelerated mouse models and AD patients (Piccarducci et al., 2019; Park et al., 2020; Pellegrini et al., 2020).
Treatment with PEA was associated with a normalization of excitatory cholinergic and tachykininergic colonic contractions in SAMP8 mice, thus providing the first experimental demonstration that such pharmacological intervention is able to improve the bowel motor dysfunctions associated with AD. In addition, PEA administration was effective in counteracting the accumulation of AD-related proteins (i.e., Aβ and α-syn) in colonic tissues from SAMP8 mice. This is an interesting point since it is known that the accumulation of AD-related proteins can promote mitochondrial dysfunctions, which, in turn, can trigger the occurrence of enteric neurogenic/inflammatory conditions that could contribute to bowel motor abnormalities (Eckert and Pagani, 2011; Jackson and Theiss, 2020; Pellegrini et al., 2020).
Based on the above considerations, the effect of PEA administration was evaluated on the citrate synthase activity, referred to as a suitable marker of mitochondrial activity, and on colonic inflammation in SAMP8 animals. Treatment with PEA was able to restore the citrate synthase activity and improve tissue inflammatory parameters in SAMP8 mice, thus unraveling, for the first time, a beneficial effect of this compound in counteracting the enteric mitochondrial dysfunction and intestinal inflammation associated with cognitive decline. This finding is in line with previous studies showing a reduction of pro-inflammatory cytokines, such as IL-1β and tumor necrosis factor (TNF), in colonic tissues from UC mice treated with PEA (Esposito et al., 2014; Alhouayek et al., 2015; Borrelli et al., 2015; Hasenoehrl et al., 2017). The mechanism underlying the anti-inflammatory effect of PEA could ascribed, at least in part, to its ability to inhibit the NLRP3 inflammasome/IL-1β pathways as well as to promote macrophage polarization towards the anti-inflammatory M2-type phenotype (Gabrielsson et al., 2017; Rinne et al., 2018; Contarini et al., 2019).
Of interest, a number of investigations have suggested that the persistent condition of enteric inflammation, besides determining intestinal dysfunctions, can also leads to structural and functional changes among the cellular components of the enteric nervous system (ENS), including enteric glia (D’Antongiovanni et al., 2020b). When exposed to inflammation, EGCs acquire a pro-inflammatory phenotype (designated as reactive gliosis) (Ochoa-Cortes et al., 2016), releasing a plethora of inflammatory cytokines [i.e., IL-1β, IL-6 and interferon (INF)-γ], which are thought to take a significant part in the initiation/maintenance of bowel motor dysfunctions (Sharkey, 2015; Delvalle et al., 2018; Antonioli et al., 2020). In this study, SAMP8 mice showed an increase in the expression of S100-β in colonic tissues, suggesting the presence of reactive gliotic processes. PEA administration induced a reduction of enteroglial-derived S100-β protein expression in colonic tissues from SAMP8 mice, indicating that PEA is able to blunt the gliotic reaction. These results are in keeping with previous data showing that PEA administration reduced the expression of S100-β in EGCs derived from murine model of DSS-induced colitis and UC patients (Esposito et al., 2014). Taken together, this evidence allows to hypothesize that the anti-inflammatory effects of PEA are likely to depend, at least in part, on its ability to modulate the EGC activation.
In order to evaluate the effect of PEA in counteracting reactive gliotic processes and inflammatory responses, as a consequence of enteric glial hyperactivation, a set of in vitro experiments were performed on cultured EGCs incubated with Aβ (a hallmark of AD) and LPS (to reflect an altered intestinal permeability). Under these conditions, EGCs displayed a hyperactivation, which was blunted by PEA. Despite an inhibitory action of PEA on reactive gliotic processes was reported previously (Esposito et al., 2014), the present study provide evidence, for the first time, of a modulatory action of this compound on glial cells under experimental conditions mimicking AD. This is an interesting point since it is well recognized that the enteric glia holds an active role in the pathogenesis of enteric dysmotility (Capoccia et al., 2015; Sharkey, 2015).
Since reactive glial cells trigger a broad spectrum of alterations, including altered expression and activation of TLRs, activation of pro-inflammatory signaling pathways (i.e., NF-κB p65, considered the main effector of TLR activation) and the release of pro-inflammatory cytokines (Srinivasan and Lahiri, 2015; Ochoa-Cortes et al., 2016), the ability of PEA in counteracting such glial pro-inflammatory responses was examined. In particular, the attention was focused on TLR-4, known to be mainly involved in the detection of bacterial LPS on EGCs (Turco et al., 2014). Stimulation of TLR-4 by LPS or pathogen-associated molecular pattern molecules activates NF-κB p65 signaling with consequent production of several pro-inflammatory cytokines, including IL-1β (Molteni et al., 2016). Likewise, co-treatment of EGCs with LPS and Aβ promoted an increase in TLR-4 and NF-κB p65 expression along with an increase in IL-1β release. Interestingly, such an effect was abrogated when EGCs were incubated with PEA, thus highlighting the ability of this compound in blunting the glial-mediated inflammatory processes. Of note, these results corroborate previous data observed in mice and patients with UC, showing that the anti-inflammatory effects of PEA are mediated by the selective targeting of the S100-β/TLR-4 axis on ECGs, resulting in an inhibition of NF-κB p65 pathway and cytokines release (Esposito et al., 2014).
It has been reported that an abnormal activation of EGCs contributes to the onset and progression of enteric inflammation (Von Boyen and Steinkamp, 2010; Capoccia et al., 2015), which, in turn, besides contributing to bowel motor dysfunctions, could alter the intestinal epithelial barrier (IEB) integrity (Lechuga and Ivanov, 2017; Benvenuti et al., 2020). In particular, it has been observed that IL-1β plays a critical role in the development of IEB dysfunction (Al-Sadi and Ma, 2007; Al-Sadi et al., 2013). In accordance with this evidence, SAMP8 mice were associated with an increased colonic concentration of IL-1β and glial hyperactivation along with an impairment of IEB, as documented by a decreased expression of tight junction proteins and an increment in circulating LPS levels (regarded as an indirect index of intestinal permeability), suggesting an impairment of IEB in concomitance with enteric phlogistic process in early AD animals. Interestingly, treatment with PEA prevented the reduction of ZO-1 and claudin-1 expression as well as the translocation of LPS into the intestinal mucosa in SAMP8 mice, suggesting a protective role of this compound in the maintenance of IEB integrity in the presence of inflammation. In line with these results, a recent paper by Couch et al. (Couch et al., 2019), reported the ability of PEA in preventing the increase of IEB permeability in human intestinal Caco-2 cells exposed to TNF and IFN-γ. In the same study, the authors also observed that the oral consumption of PEA prevented the increase in IEB permeability in the inflamed gut of patients with inflammatory bowel disease (Couch et al., 2019), indicating the use of PEA as an efficacious treatment to counteract the inflammation-induced hyperpermeability.
CONCLUSION
The present research work represents a point of extreme novelty suggesting that PEA, under a condition of cognitive decline, can prevent the enteric glial hyperactivation and reduce the accumulation of AD-related proteins as well as counteract the onset and progression of colonic inflammatory condition. In addition, these findings provide evidence, for the first time, that PEA can relieve bowel dysmotility associated with AD, through a normalization of excitatory cholinergic and tachykininergic colonic contractions and improve the IEB integrity. Based on these findings, it is conceivable that PEA, through its ability to counteract the reactive gliotic processes, can blunt effectively the enteric phlogistic processes occurring in the setting of AD with consequent improvement of the bowel motor dysfunctions and the IEB integrity. Therefore, PEA represents a viable approach for the management of the enteric inflammation and motor contractile abnormalities associated with AD.
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Gastric cancer (GC) is characterized by poor efficacy and modest clinical impact of current therapies, in which apoptosis evasion is relevant. Intracellular calcium homeostasis dysregulation is associated with apoptosis escaping, and aberrant expression of calcium regulator genes could promote GC drug resistance. Since we previously found a prognostic value for TRPV2 calcium channel expression in GC, we aimed to characterize the role of TRPV2 in cisplatin resistance. Using the TCGA-STAD dataset, we performed a differential gene expression analysis between GC samples in upper and lower tertiles of TRPV2 expression, and then through a gene set analysis, we highlighted the enriched ontology and canonical pathways. We used qRT-PCR to assess TRPV2 expression in three GC cell lines and flow cytometry to evaluate cisplatin-induced cell death rates. Calcium green-1-AM assay was used to estimate differences in intracellular Ca2+ concentrations after inhibition of TRPV2. We engineered AGS cell line to overexpress TRPV2 and used confocal microscopy to quantify its overexpression and localization and flow cytometry to evaluate their sensitivity to cisplatin. Consistent with our hypothesis, among enriched gene sets, we found a significant number of those involved in the regulation of apoptosis. Subsequently, we found an inverse correlation between TRPV2 expression and sensitivity to cisplatin in GC cell lines. Moreover, we demonstrated that inhibition of TRPV2 activity by tranilast blocks the efflux of Ca2+ ions and, in combination with cisplatin, induced a significant increase of apoptotic cells (p = 0.004). We also demonstrated that TRPV2 exogenous expression confers a drug-resistant phenotype, and that tranilast is able to revert this phenotype, restoring cisplatin sensitivity. Our findings consistently suggested that TRPV2 could be a potential target for overcoming cisplatin resistance by promoting apoptosis. Notably, our data are a prerequisite for the potential reposition of tranilast to the treatment of GC patients and anticipate the in vivo evaluation.
Keywords: drug resistance, gastric cancer, TRPV2, calcium channels, target therapy
INTRODUCTION
Gastric cancer (GC) was the sixth most commonly diagnosed cancer and the second cause of cancer-related deaths in 2018 worldwide (Bray et al., 2018). Since patients with early-stage GC are mostly asymptomatic and current screening methods are not effective, GC is frequently diagnosed at advanced and metastatic stages (Van Cutsem et al., 2016; Griffin-Sobel, 2017). Moreover, GC remains a disease characterized by high recurrence rates, poor prognosis, and limited clinical benefit for patients undergoing current therapeutic regimens (Van Cutsem et al., 2006; Cunningham et al., 2008; Koizumi et al., 2008; Bang et al., 2010; Jácome et al., 2016; Ilson, 2018). These unfavorable features reside in the marked inter- and intratumor histopathological and molecular heterogeneity (McGranahan and Swanton, 2015). These pieces of evidence suggest that treatment strategies must be tailored or personalized to each individual’s tumor features. Therefore, aided by the rise of high-throughput techniques, research efforts are ever more focused on deciphering the molecular nature of cancer biological hallmarks, such as cancer cell proliferation, migration, and apoptosis evasion (Hanahan and Weinberg, 2011).
Several mechanisms conferring to GC cells, a selective advantage to escape drug-induced apoptosis, have been described (Russi et al., 2019b). In this scenario, ion channels may play a role since they mediate several responses in cellular physiology and are often dysregulated in most types of cancer, including those of the gastrointestinal tract (Anderson et al., 2019; Ding et al., 2020; Stokłosa et al., 2020). Among the different types of ion channels, those involved in the regulation of Ca2+ flux have been found to affect the sensitivity of GC cells to apoptotic stimuli. Indeed, they prevent cytosolic Ca2+ overload by diminishing Ca2+ flux from the endoplasmic reticulum or by enhancing leakage of Ca2+ excess from cells (Kischel et al., 2019). In this view, we recently described, for the first time, a prognostic role for TRPV2 Ca2+ channel in GC patients that prompts further research on the biological mechanisms behind its function (Zoppoli et al., 2019). In brief, we found that higher TRPV2 expression levels were associated with shorter overall survival and that its expression increases with the GC pathological stage. Moreover, TRPV2 immunostaining tested negative in normal stomach mucosa and highly positive in GC tissue samples. On these bases, TRPV2 can represent a good candidate as a personalized therapeutic target for GC.
TRPV2 is a member of the vanilloid subfamily of transient receptor potential (TRP) channels, originally described for their role in sensory processes, but it is also responsible for cancer growth, metastasis, and chemoresistance through the dysregulation of calcium signaling (Santoni et al., 2020). TRPV2 is highly permeable to Ca2+ and is physiologically activated by heat above 52°C, osmolarity changes, and membrane stretch (Nabissi et al., 2010). It can regulate the ion flux in both directions, but the outward rectification current, the efflux of cations from the cell, is predominant (Caterina et al., 1999). TRPV2 is constitutively expressed in the central nervous system, but it is also found in non-neuronal tissues, suggesting a possible role in a broad repertoire of physiological functions, such as cell proliferation, differentiation, and apoptosis (Nabissi et al., 2010). Activation of TRPV2 or its overexpression was found to promote invasiveness of prostate cancer cells and is associated with advanced pathological stage in esophageal squamous cell carcinoma, respectively (Liberati et al., 2014b; Kudou et al., 2019).
In this work, we evaluated, in vitro, the effects of TRPV2 chemical inhibition on sensitivity to cisplatin-induced apoptosis. Firstly, we demonstrated a correlation between TRPV2 expression and resistance to cisplatin-induced apoptosis in three GC cancer cell lines. Then, we showed that TRPV2 acts by discharging Ca2+ ions from cells, and that its inhibition leads to an increase in intracellular Ca2+ levels. Thereafter, we observed that chemical inhibition of TRPV2 induces a significant increase of cisplatin-induced apoptosis, and overexpression of TRPV2 in a cisplatin-sensitive GC cell line confers a cisplatin-resistant phenotype. Overall, we highlight a possible role of TRPV2 as a personalized medicine target for the treatment of GC, likely in combination settings with current chemotherapeutics to enhance their efficacy.
MATERIALS AND METHODS
Data Collection and Processing
The Cancer Genome Atlas (TCGA) (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga) repository collected high throughput genomic and transcriptomic and clinical data of many tumors and their adjacent normal tissues from many organs. In this study, gene expression dataset and clinical data of stomach adenocarcinoma (STAD) samples were retrieved from our previous analysis (Russi et al., 2019a). We selected 192 samples fully annotated for histology, pathologic stage, and TNM:N. According to TRPV2 expression, we subgrouped 192 samples in “TRPV2 high,” those belonging to the top 33 percentile (tertile), and “TRPV2 low,” those falling in the lower 33 percentile.
Differential Gene Expression and Gene Set Analyses
Differential expression analysis was performed using edgeR. We considered in the model the histology, the pathologic stage, and the TNM:N as confounding factors of the generalized linear model. A gene was considered as differentially expressed (DEG) between high and low TRPV2 samples if corrected (FDR) p value <0.05 and expression change was >1.5-fold (log2FC >0.58). Using the clusterProfiler package on these DEGs (Yu et al., 2012), we analyzed the functional profile of TRPV2 high samples to get the significantly enriched Ontology and Canonical Pathways gene sets (FDR adjusted p value <0.05).
Cell Culture
AGS (RRID:CVCL_0139), KATO-III (RRID:CVCL_0371), and SNU-1 (RRID:CVCL_0099) GC cell lines were purchased from ATCC (Manassas, VA, United States) and were cultured in their specific complete medium according to manufacturer instructions. GC cells were incubated at 37°C in 5% CO2; medium was changed daily, and cells were split every 2-3 days routinely.
Apoptosis Assay for the Evaluation of Cisplatin-Induced Apoptosis
GC cell lines were exposed to different concentrations of cisplatin (0–40 µM) (Accord Healthcare Limited, Harrow, United Kingdom) for 48 h to assess their sensitivity. Similarly, to evaluate the effect of TRPV2 blockade by tranilast (Tocris Bioscience, Bristol, United Kingdom) on cisplatin resistance of KATO-III cells, cisplatin (10 µM) was added to cell culture after 10 min since the addition of TRPV2 inhibitor (250 µM). After 48 h of culture, KATO-III cells were recovered by trypsinization and subjected to flow cytometry. In brief, cells were washed twice with cold PBS and then, after centrifugation, resuspended in 100 µL of 1x binding buffer at a concentration of 1 × 106 cells/ml. Subsequently, 5 µL of FITC Annexin V and 5 µL propidium iodide (PI) (BD Biosciences, San Jose, CA, United States) were added, and cells were incubated for 15 min at room temperature (RT) in the dark. For each tube, an adequate volume of 1x binding buffer was added. All samples were acquired, within 1 h, by using a NAVIOS flow cytometer and analyzed by Kaluza software (Beckman Coulter Diagnostics, Brea, CA, United States). A total of 104 events were acquired for each sample. Data from treated samples were normalized as fold change of their untreated controls and were reported as mean ± SE of at least three independent experiments.
Evaluation of TRPV2 Gene Expression by qRT-PCR
For qRT-PCR analysis of TRPV2 expression in GC cells, total RNAs were collected immediately after cells recovering by TRIzol (ThermoFisher Scientific, Waltham, MA United States) according to the manufacturer’s instructions. One microgram of total RNA was reverse-transcribed by the transcriptor first-strand cDNA synthesis kit (Roche Life Science, Mannheim, Germany) according to the manufacturer’s instructions. qRT-PCR analyses were performed using 10 ng cDNA per well in triplicate with LightCycler® 480 SYBR Green I Master (Roche Life Science) on LightCycler 480 Instrument (Roche Life Science). TRPV2 expression levels were estimated by normalizing Cts with three different housekeeping genes or their mean: DEDD, EEF1A1, and GAPDH. In amplification reactions, we used the following primers: Hs_TRPV2_1_SG QuantiTect Primer Assay (Qiagen, Hilden, Germany), DEDD-Fw-TCAGATGTGTAGCAAGCGGC, DEDD-Rev-AGTATTCAGCCCG AACCCG, EEF1A1-Fw-GCTCTGGACTGCATCCTACC, EEF1A1-Rev-GAACACCAGTCTCCA CTCGG, GAPDH-Fw-CCTCTGACTTCAACAGCGACA, and GAPDH-Rev-GCTGTAGCCAAAT TCGTTGTC. Cycling conditions were those from the datasheet, and annealing temperature has been set at 58°C for all primers pairs.
Fluorescent Staining to Evaluate Free Intracellular Ca2+ Variation After TRPV2 Chemical Inhibition
KATO-III cells were cultured as described above in the presence of fluorescent calcium indicator calcium green-1 AM (ThermoFisher Scientific) at a final concentration of 5 µM and incubated in the dark at 37°C. After 15 min of loading, different concentrations (10, 50, and 250 µM) of the TRPV2 specific inhibitor tranilast were added and incubated at 37°C for 30 min. Subsequently, the 6-well plates were observed under a fluorescence microscope with a ×20 objective (Leica SP8 confocal microscope, Wetzlar, Germany) to evaluate baseline fluorescence intensity. Then, ionomycin (ThermoFisher Scientific) at 5 µM was added to induce elevation of intracellular Ca2+ levels, and fluorescence was monitored for 5 min. We used dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, United States) as control since it was the vehicle of tranilast, calcium green-1 AM, and ionomycin. To quantify the differences in fluorescence intensities between samples, we carried out flow cytometry evaluation. In brief, cells were cultured in the same conditions, and events were acquired for 30 s to obtain baseline values and for 5 min after ionomycin exposure. Ionomycin-dependent intracellular Ca2+ concentration increase, after TRPV2 inhibition, was expressed as percent increase of mean fluorescence intensity as compared with untreated control. All data were obtained from three different experiments.
Western Blot Analyses
Total proteins were extracted with RIPA buffer and 1x protease inhibitor cocktail (ThermoFisher Scientific). Protein concentration was determined using the Bio-Rad protein assay kit according to the manufacturer’s instructions. Forty micrograms of protein were separated on SDS-PAGE and transferred onto nitrocellulose membranes. These were incubated overnight at 4°C with the following primary antibodies, according to the different experiments: rabbit anti-human-TRPV2 (1:500, Sigma-Aldrich), rabbit anti-human PARP and cleaved-PARP (1:1000, Cell Signaling Technology, Leiden, Netherlands), rabbit anti-human CASP3 (1:1000, Cell Signaling Technology), and rabbit anti-human ACTB (1:5000, Cell Signaling Technology). After thorough PBS washing, blots were incubated with HRP-conjugated mouse anti-rabbit IgG (1:5000, Cell Signaling Technology). Protein bands were revealed by Clarity Western ECL Substrate and ChemiDoc System (Bio-Rad Laboratories, Berkeley, CA, United States). Densitometry analyses on data from three independent replicates were performed with ImageJ.
Generation of a GC Cell Line Stably Overexpressing the TRPV2 Gene
To generate TRPV2-pIRES-Luc construct, luciferase coding sequence (CDS) was amplified by PCR from the PGL3-basic vector (Promega Corporation, Madison, WI, United States) and inserted in SalI/NotI (New England Biolabs, Ipswich, MA, United States) sites of the pIRES vector (Takara Bio United States, Mountain View, CA, United States). Subsequently, TRPV2 CDS was amplified by PCR from TRPV2-pCDNA3 (Genscript, Piscataway, NJ, United States), and it was inserted in EcoRI/MluI (New England Biolabs) sites of the pIRES-Luc vector. The construct was verified by restriction analysis and sequencing. Stably transfected AGS cells were generated by transfection of SpeI (New England Biolabs) linearized TRPV2-pIRES-Luc construct into wild-type AGS cells using Lipofectamine 2000 (ThermoFisher Scientific). After 48 h since transfection, positive clones were selected for Neomycin resistance. After 2 weeks of G418 (ThermoFisher Scientific) treatment, neoresistant (NeoR) clones were picked, propagated, and tested for TRPV2 expression by ddPCR and confocal microscopy.
Droplet Digital PCR for TRPV2 Expression Quantification in Engineered Cells
About 10 ng of cDNA generated from 1000 ng of total RNA reverse transcribed with the transcriptor first-strand cDNA synthesis kit (Roche) was used. Droplet digital PCR (ddPCR) was performed using the QX200™ Droplet Digital™ PCR system (Bio-Rad Laboratories) including the droplet generator and the reader. Reactions were prepared in 20 µL volumes with QX200™ ddPCR™ EvaGreen Supermix (Bio-Rad Laboratories). As above, we used Hs_TRPV2_1_SG QuantiTect Primer Assay (Qiagen) and DEDD as a housekeeping gene. After droplet generation in DG8TM Cartridges (Bio-Rad Laboratories), ddPCR™ 96-well PCR plates containing reactions in duplex were loaded onto Veriti 96-well Thermal Cycler (Applied Biosystems) and cycled as follows: 5 min at 95°C, 40x (30 s at 95°C and 60 s at 58°C), 5 min at 4°C, 5 min at 90°C, and held at 4°C. QuantaSoft Software v1.7 (Bio-Rad Laboratories) was used to analyze the output of QX200™ Droplet Reader (Bio-Rad Laboratories). Relative TRPV2 expression was calculated as ratio of copies/µL as follows:
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Fluorescent Staining for Confocal Microscopy
About 3 × 104 cells/well grown for 24 h on 2.13 cm2 4-well chamber slides (SPL Lifesciences, Pocheon, South Korea) were fixed for 30 min at RT with 4% paraformaldehyde (pH 7.4) followed by 10 min at 37°C, washed three times with PBS, and then permeabilized for 10 min with 0.1% Triton X-100 in PBS. Blocking was performed by using a 0.5% solution of BSA in PBS at RT for 15 min. Cells were then incubated overnight at 4°C with rabbit anti-human TRPV2 primary antibody (Sigma-Aldrich). After three PBS washings, cells were incubated with the Alexa Fluor 488-Goat Anti-Rabbit IgG secondary antibody (ThermoFisher Scientific) for 1 h at RT. Slides were washed three times with PBS and mounted using ProLong™ Glass Antifade Mountant with NucBlue™ (ThermoFisher Scientific). Imaging was performed by using a Leica SP8 confocal microscope (Leica Microsystems) with a ×63 oil objective, exciting stained cells with 488 nm laser light.
Statistical Analyses
Data were reported as counts, normalized counts, or fold changes as mean ± SE or median with range, as appropriate. Data were transformed to fit normal distribution as necessary. Differences among groups were evaluated by one-sample t-test, t-test, and ANOVA with Tukey’s post hoc test according to the nature of data. p values <0.05 were considered significant. Analyses were performed using RStudio and R software (RStudio, Inc., 2019; R Foundation for Statistical Computing, 2014).
RESULTS
Biological Features of GC Samples with High TRPV2 Expression
To evaluate the biological features associated with high expression levels of TRPV2 gene, we performed a differential gene expression analysis between GC samples from the TCGA-STAD project falling in the upper tertile versus those in the lower one of TRPV2 expression values distribution (Figure 1A). Thereafter, using the 2,909 differential genes, we performed a gene set analysis (GSA) to highlight the biology of samples with high TRPV2 expression. We considered the Ontology (GO) and Canonical Pathways (CP) gene sets, finding 1,183 GO and 1,089 CP significantly enriched (Supplementary Material). Since we hypothesize a link between TRPV2 expression/activity and chemoresistance through calcium-mediated apoptosis regulation, we focused on those gene sets with “APOP” in their name. We found significantly enriched 26 out of 156 and 4 out of 42 apoptosis-related GO and CP, respectively (Figures 1B,C). According to Fisher’s test, such ratios of “APOP” gene sets result higher than expected by chance in GO. Interestingly, in line with our hypothesis, the top GOs include genes with antiapoptotic activity, such as BCL2, IGF1, and SERPINE1. Based on these findings, we sought to characterize in in vitro the possible mechanism by which TRPV2 can influence the apoptotic process.
[image: Figure 1]FIGURE 1 | Association of TRPV2 expression with apoptosis-related gene sets. (A) Distribution on TCGA-STAD GC samples based on TRPV2 expression. Green and red lines define the lower and upper tertiles, respectively. (B) and (C) Apoptosis-related Ontology and Canonical Pathways gene sets significantly enriched in samples characterized by high TRPV2 expression. Ratio indicates, among all DEGs, the percent of upregulated genes included in each gene set.
Basal TRPV2 Expression Levels in GC Cell Lines Are Associated with Resistance to Cisplatin-Induced Apoptosis
To assess whether TRPV2 expression can influence the sensitivity of GC cell lines to drug-induced apoptosis, we first measured its expression levels by both qRT-PCR and western blot in three GC cell lines. By one sample t-test on log2(FC+1) values, we found that TRPV2 expression was significantly higher in both KATO-III and SNU-1 cell lines as compared with AGS one. This was also confirmed by western blot (Figure 2A). Interestingly, these results reflected the sensitivity of these GC cell lines to cisplatin-induced apoptosis assessed by flow cytometry. Indeed, KATO-III cells showed the least amount of cell death as compared with the other cell lines that die for both apoptosis and necrosis (Figure 2B). These results are consistent with data from Genomics of Drug Sensitivity in Cancer Project that reports a 60-fold higher cisplatin IC50 for the KATO-III cell line as compared to the other two cell lines (612.3 vs. 10.6 µM and 10.8 µM) (Yang et al., 2013). As outlined in Figure 2C, we found a proportional increase of GC cell line’s resistance to cisplatin with higher levels of TRPV2 expression.
[image: Figure 2]FIGURE 2 | Association of TRPV2 expression with resistance to cisplatin-induced cell death in GC cell lines. (A) Relative qRT-PCR quantification of TRPV2 mRNA in GC cell lines by using three reference genes. TRPV2 expression is reported as FC relative to that in the AGS cell line. In the lower panel, western blot analysis of TRPV2 expression in the three GC cell lines. (B) Assessment of apoptosis and necrosis rates in several GC cell lines after treatment with different concentrations of cisplatin. Statistical significance was estimated by ANOVA test and Tukey’s post hoc test on three replicates. (C) Schematic representation of correlation between TRPV2 expression and cisplatin resistance of different GC cell lines. 3REF: mean of fold change (FC) from the different housekeeping genes.
TRPV2 Modulates Intracellular Ca2+ Levels Through the Efflux of Ions from Cells
To evaluate how the activity of the TRPV2 channel influences intracellular calcium levels, we treated KATO-III cells with different concentrations of the specific TRPV2 inhibitor, tranilast, in the presence of ionomycin, an effective Ca2+ ionophore that is commonly used to modify intracellular Ca2+ concentrations. According to the previously described outward rectification current of the TRPV2 channel (Caterina et al., 1999), a 60.3% ± 9.8 mean increase of intracellular Ca2+ concentration was measured by flow cytometry when using 250 µM of tranilast as compared with untreated control in the presence of ionomycin (p = 0.02). On the contrary, for lower doses of tranilast, ionomycin exposure did not affect intracellular Ca2+ concentration, being the mean increase of 27.2% ± 8.2 (10 µM) and 22.1 ± 9.7 (50 µM) not significant (Figures 3A,B). A similar picture was observed under fluorescent microscopy (Figure 3C). Therefore, we hypothesize that, in KATO-III cells, TRPV2 maintains intracellular calcium concentration at low levels by favoring the leakage of Ca2+ ions.
[image: Figure 3]FIGURE 3 | Effect of TRPV2 chemical inhibition on intracellular calcium levels. (A) Representative flow cytometry dot plots of calcium green-1-AM staining to measure intracellular calcium levels. (B) Estimation of mean fluorescence intensity differences measured by flow cytometry among the tranilast-treated groups and control. t-test was used to perform multiple comparisons on three replicates. (C) Fluorescence microscopy evaluation of intracellular calcium levels in the presence of ionomycin (5 µM) and different concentrations of TRPV2 inhibitor (×20 magnification, Leica SP8 microscope).
TRPV2 Chemical Inhibition Reverts Resistance to Cisplatin-Induced Apoptosis of KATO-III Cells
Assuming that TRPV2 contributes to evasion from cisplatin-induced apoptosis by lowering intracellular Ca2+ levels, we evaluated whether its inhibition can overcome this mechanism of drug resistance. Thus, we cultured KATO-III cells in the presence of cisplatin (10 µM) and tranilast (250 µM) alone or in combination. After 48 h, by flow cytometry, we measured the amounts of apoptotic and necrotic cells in the three different culture conditions compared with cells in the presence of the vehicle (DMSO). We observed a significant reduction of live cells after the exposure to tranilast alone and much more when tranilast was combined with cisplatin (61.9% ± 5.2 and 52.0 ± 4.1 versus 75.2% ± 2.8). More in detail, among the different types of cell death, this drug combination mainly determined an increase of apoptosis as compared with cisplatin alone (35.2% ± 2.1 versus 14.8% ± 0.6) (p < 0.0001) (Figures 4A,B). Conversely, cisplatin alone did not significantly induce cell death in KATO-III cells, but rather we observed a reduction of apoptosis rates (annexin V and propidium iodide-stained cells) as compared with vehicle-treated cells (14.8% ± 0.6 versus 18.3% ± 1.2) (p = 0.03). Single treatment with tranilast, instead, determined a significant increase of apoptosis compared with cisplatin alone (25.7% ± 0.7 versus 14.8% ± 0.6) (p = 0.004) but with lesser extent as compared with the combination of the two drugs (35.2% ± 2.1) (p = 0.01). Regarding necrotic cell death (propidium iodide stained cells), we did not find an increase of necrosis after the exposure to tranilast alone (12.3% ± 4.6) and in combination with cisplatin (12.8% ± 3.5) as compared with cisplatin alone (8.6% ± 1.8).
[image: Figure 4]FIGURE 4 | Effect of TRPV2 chemical inhibition on apoptosis rates of KATO-III cells. (A) Representative dot plots obtained by flow cytometry measurement of Annexin V exposure and propidium iodide (PI) fluorescence in different culture conditions. (B) Statistical analysis on DMSO normalized counts (fold changes) of the different types of cell death by one-sample t-test, ANOVA, and Tukey’s post hoc tests on three replicates. (C) Representative western blot of apoptosis activation markers in KATO-III cells treated with cisplatin, tranilast, or their combination. (D) Statistical analysis on log2-transformed actin-normalized densitometry data of common apoptosis markers amounts relative to cells treated with vehicle. ANOVA and Tukey’s tests were used to assess differences among means of treated cells, whereas one-sample t-test was used for comparison with the vehicle. Data were obtained from triplicates.
We confirmed the activation of apoptosis pathway by western blot analysis of common apoptosis markers. As for flow cytometry results, we observed a significant increase of the apoptosis marker cleaved-PARP only in KATO-III cells treated with the combination of cisplatin and tranilast as compared with untreated cells (p = 0.003) or cells treated with cisplatin (p < 0.0001) and tranilast (p < 0.0001) alone. Moreover, although not significant, a concomitant 50 and 30% reduction of CASP3 was reported for tranilast alone and its combination with cisplatin, respectively (Figures 4C,D). These findings support our hypothesis for a role of TRPV2 in resistance to cisplatin-induced apoptosis and demonstrate that tranilast is capable of unlocking apoptosis pathway by inhibiting TRPV2-mediated calcium leakage.
TRPV2 Overexpression Confers a Cisplatin-Induced Apoptosis Resistant Phenotype to AGS Cells
To confirm the association of TRPV2 activity with the gain of resistance to cisplatin-induced apoptosis, we overexpressed TRPV2 in a GC cell line sensitive to cisplatin, using the vector reported in Figure 5A. To this end, we engineered the AGS cell line that, as demonstrated above, was characterized by the lowest TRPV2 expression and the highest cisplatin sensitivity (Figure 2). Through G418 selection, we generated two pools of TRPV2 expressing clones (p1_TRPV2 and p2_TRPV2) and two pools of clones carrying the empty vector (p1_eVect and p2_eVect). Subsequently, we confirmed TRPV2 protein overexpression in the two pools by ddPCR and confocal microscopy. As shown in Figure 5A, the transformed pools (p1_TRPV2 and p2_TRPV2) expressed TRPV2 mRNA at levels over 100 times higher as compared with respective eVect control. TRPV2 overexpression was confirmed at protein level by confocal microscopy (Figure 5B). The expression pattern appears similar to that of the KATO-III cell line, which constitutively expresses TRPV2 at a high level, a feature that we think to be involved in its cisplatin resistance. Mean fluorescence intensity between TRPV2 expressing pools and eVect controls was significantly different (p1_TRPV2: 101.9 ± 6.1 vs. p1_eVect: 69.8 ± 3.1 p = 0.02; p2_TRPV2: 93.6 ± 9.0 vs. p2_eVect: 50.1 ± 0.56 p = 0.02) (Figure 5C). Data were obtained from three similar areas for each cell type (p1_eVect: 639 ± 9 µm2 vs. p2_eVect: 602 ± 9 µm2 vs. p1_TRPV2: 631 ± 33 µm2 vs. p2_TRPV2: 541 ± 28 µm2 vs. KATO-III: 530 ± 28 µm2, p = ns) on images acquired with the same laser excitation intensity and CCD camera settings.
[image: Figure 5]FIGURE 5 | Exogenous expression of TRPV2 calcium channel in cisplatin-sensitive GC cell line. (A) Schematic representation of TRPV2 expression construct and evaluation of TRPV2 overexpression by ddPCR. (B) Representative images of TRPV2 exogenous expression by confocal microscopy in transformed AGS cell line pools as compared with the KATO-III cell line. (C) Quantification of TRPV2 expression in cells carrying the empty vector (p1_ and p2_eVect) or TRPV2 CDS (p1_ and p2_TRPV2) and comparison with KATO-III as reference. t-test on mean fluorescence intensity from three areas (A1, A2, and A3) was used for comparisons. Confocal specimen staining: NucBlue, rabbit anti-human TRPV2 revealed with goat anti-rabbit IgG-FITC; magnification: ×63; Leica SP8 microscope.
After exposure of TRPV2 expressing pools to cisplatin, we observed the acquisition of a cisplatin-induced apoptosis resistant phenotype as compared with their controls (Figure 6). In particular, as compared with pools carrying empty vector, exogenous expression of TRPV2 determined an increase of viable cells after cisplatin treatment of about 20% (pool1 = +15% p = 0.01; pool2 = +30%). Notably, a significant reduction of live cells in p1_eVect and p1_TRPV2 were observed when tranilast was added to cisplatin as compared with cisplatin alone. Unlike for that observed in KATO-III cells, tranilast as a single agent did not influence cell viability.
[image: Figure 6]FIGURE 6 | Effect of exogenous expression of TRPV2 calcium channel in the cisplatin-sensitive AGS GC cell line. Cisplatin-induced apoptosis in transformed AGS cell line pools expressing exogenous TRPV2 was assessed by flow cytometry. t-test was used to assess the significance of comparison between mean fold changes from three replicates (solid and dashed lines distinguish between the first and second pool).
Regarding cell death by apoptosis, overexpression of TRPV2 reduced apoptotic cells rates after exposure to cisplatin of over 30% (p1_TRPV2 vs. p1_eVect: −31%, p = 0.02; p2_TRPV2 vs. p2_eVect: −36%, p = 0.04). According to results of KATO-III cells (Figure 4B), the addition of tranilast to cisplatin significantly increased apoptosis rates, restoring the sensitivity to cisplatin-induced apoptosis in both pools of cell clones expressing exogenous TRPV2 (p1_TRPV2: +22%, p = 0.04; p2_TRPV2: +35%, p = 0.003). Notably, although there were some differences in the extent of apoptosis rates, the two TRPV2 expressing pools showed the same behavior. Moreover, the tranilast-mediated resistant phenotype reversion suggests a specific activity of this inhibitor on the TRPV2 channel.
No significant differences were observed for necrosis rates, except for the comparison between p1_eVect and p1_TRPV2 pools treated with cisplatin alone. In particular, TRPV2 exogenous expression reduced necrotic cell amount of about 57% (p = 0.02), another sign of TRPV2 role in resistance to cisplatin-induced cell death.
DISCUSSION
Several reports showed that TRPV2 is involved in the regulation of cell death or cancer migration/invasion in cancer cells (Liu and Wang, 2013; Liberati et al., 2014a; Zhou et al., 2014; Elbaz et al., 2018; Santoni and Amantini, 2019). TRPV2 may affect cancer biology through the regulation of Ca2+ signaling. Indeed, Ca2+ is the most abundant second messenger in humans, and it plays a role in the regulation of several physiological cellular processes that are commonly altered in cancer cells (Berridge et al., 2000; Xu et al., 2018). Intracellular Ca2+ concentration is maintained at very low levels. Its increments can act locally in so-called microdomains or propagate throughout the cytoplasm and elicit different responses depending on the involved cellular area (Csordás et al., 2010; Parkash and Asotra, 2010). Moreover, prolonged intracellular Ca2+ increase is toxic and drive cell death by apoptosis, a mechanism of notable relevance for cancer chemotherapy success and drug resistance (Monteith et al., 2007; Danese et al., 2017). Indeed, disruption of normal calcium homeostasis through efflux of calcium from the mitochondria is one of the cisplatin-mediated cell death mechanisms (Dasari and Tchounwou, 2014).
In the present study, we evaluated the possibility to consider TRPV2 as a candidate for targeted therapy since it is expressed at high levels in GC samples (Zoppoli et al., 2019) and it is relatively simple to target by small molecules due to its localization on the cell surface. Firstly, we demonstrated that GC samples with high expression of TRPV2 are characterized by a modulation of apoptotic process as compared with low TRPV2 expression ones (Figure 1). In particular, several antiapoptotic genes resulted in upregulation, such as BCL2, IGF1, SERPINE1, and IL6 (Pavón et al., 2015; Wei et al., 2001; Lin et al., 2001; Alexia et al., 2004). In in vitro, we observed a direct correlation of TRPV2 expression with resistance to cisplatin-induced apoptosis (Figure 2). Then, due to its outward rectification current (Caterina et al., 1999), we hypothesized that TRPV2 can confer cisplatin resistance through the efflux of Ca2+ ions, preventing its cytosolic accumulation and hence apoptosis activation. Accordingly, using ionomycin as an intracellular Ca2+ concentration inducer, we measured an increase of cytosolic Ca2+ in the presence of tranilast, a selective inhibitor of TRPV2 activity (Figure 3). Consequently, we demonstrated that tranilast, in combination with cisplatin, is capable to “unlock” apoptosis in cisplatin-resistant cells (Figure 4). Lastly, we evaluated the effect of TRPV2 overexpression in a GC cell line characterized by the highest apoptosis rates after cisplatin exposure. Notably, transformed cells acquired a cisplatin-resistant phenotype as compared with their controls carrying the empty vector (Figure 6). These results clearly show that TRPV2 promotes resistance to cisplatin-induced apoptosis in GC cells via the modulation of cytosolic Ca2+ levels. Although the present study lacks data on patient’s samples, based on our previous work, we are confident on the clinical translation of our results. Indeed, we reported that TRPV2 expression in GC patients is associated with worse prognosis, advanced pathologic stages, and, at protein level, it is expressed only in GC samples and not in normal gastric mucosa (Zoppoli et al., 2019).
The use of tranilast, initially developed as an antiallergic drug, was reported effective to inhibit the growth of various types of cancer (Darakhshan and Pour, 2015). A successful combination treatment with tranilast and cisplatin was tested on a xenograft model of scirrhous gastric cancer, in which a decrease of tumor size and an increase of apoptosis were reported (Murahashi et al., 1998). Moreover, it was reported that TRPV2 was overexpressed in leukemic blast cells compared to normal human blood cells, and TRPV2 silencing or pharmacological targeting by tranilast or SKF96365 triggered caspase-mediated apoptosis (Siveen et al., 2019). TRPV2 inhibition by tranilast was also cytotoxic and effectively decreased the number of tumor spheres in esophageal squamous cell carcinoma (Shiozaki et al., 2018). Consistent with our data, tranilast was proved effective to enhance the response to chemotherapeutic drugs in osteosarcoma cells in a dose-dependent manner, showing a synergistic effect with cisplatin and doxorubicin. In particular, consistent with our data, tranilast alone did not induce significant apoptosis, but the combination of tranilast with cisplatin induced early and late apoptotic cell death (Nakashima et al., 2019). Moreover, it was shown that, in a breast cancer mouse model, tranilast treatment upregulates p53 and induces PARP and CASP3 cleavage in in vitro, consistent with the promotion of tumor cell apoptosis (Subramaniam et al., 2010). In a recent work, through a synthetic lethality approach, the authors demonstrated that tranilast affects the expression of genes involved in several pathways that confer tolerance to cisplatin, including key platinum-transporting proteins such as ATOX1 (Mariniello et al., 2020). In this regard, since Ca2+ acts as a second messenger in several cell processes, gene expression modulation could reflect a TRPV2-mediated regulation of intracellular Ca2+ levels (De, 2011). Indeed, pathway analysis revealed that TRPV2 regulates malignant potentials of esophageal squamous cell carcinoma cells via cross-talk between the hedgehog pathway and Wnt/β-catenin signaling (Kudou et al., 2019). A contrasting role was described for TRPV2 overexpression in liver cancer in which its activity inhibited spheroid and colony formation and reduced stem cell markers expression in HepG2 cells. Indeed, blocking TRPV2 with tranilast, increased in vitro spheroid and colony formation and stem cell marker expression in liver cancer cell lines (Hu et al., 2018). Similarly, TRPV2 silencing promotes glioma cell survival and proliferation and resistance to Fas-induced apoptotic cell death in an ERK-dependent manner (Nabissi et al., 2010). However, this dual behavior of TRPV2 is not uncommon among cancer-associated genes, an example is TGFβ that can act as a tumor suppressor or tumor promoter according to the tumor stage (Cantelli et al., 2017).
In conclusion, although our study deserves further confirmation by in vivo studies and by clinical trials, we demonstrated the possible mechanism by which the pharmacological targeting of TRPV2 with tranilast can be useful to overcome drug resistance, a major limitation of current therapeutic regimens for GC. The main advantage of using tranilast in combination with other chemotherapeutics is that it is well tolerated, with no serious adverse events reported and, since it is long-lastingly used, detailed pharmacological data are available (Darakhshan and Pour, 2015).
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Background: Hepatic inflow occlusion proceeded to reduce blood loss during hepatectomy induces ischemia-reperfusion (IR) injury in the remnant liver. Dexmedetomidine, a selective α2-adrenoceptor agonist used as an anesthetic adjuvant, has been shown to attenuate IR injury in preclinical and clinical studies. However, a meta-analysis is needed to systematically evaluate the protective effect of perioperative dexmedetomidine use on IR injury induced by hepatectomy.
Methods: A prospectively registered meta-analysis following Cochrane and PRISMA guidelines concerning perioperative dexmedetomidine use on IR injury after hepatectomy was performed via searching Cochrane Library, PubMed, EMBASE, ClinicalTrials.gov, Web of Science, CNKI, WanFang, and Sinomed for eligible randomized controlled trials up to 2021.3.31. The main outcome is postoperative liver function. Risk of bias was assessed by the Cochrane Risk of Bias tool. Review Manager 5.3 and Stata12.0 were applied to perform data analyses.
Results: Eight RCTs enrolling 468 participants were included. Compared with 0.9% sodium chloride, dexmedetomidine decreased serum concentration of ALT (WMD = −66.54, 95% CI: −92.10–−40.98), AST (WMD= −82.96, 95% CI: −106.74–−59.17), TBIL (WMD = −4.51, 95% CI: −7.32–−1.71), MDA (WMD = −3.09, 95% CI: −5.17–−1.01), TNF-α (WMD = −36.54, 95% CI: −61.33–−11.95) and IL-6 (WMD = −165.05, 95% CI: −225.76–−104.34), increased SOD activity (WMD = 24.70, 95% CI: 18.09–31.30) within postoperative one day. There was no significant difference in intraoperative or postoperative recovery parameters between groups.
Conclusions: Perioperative administration of dexmedetomidine can exert a protective effect on liver IR injury after hepatectomy. Additional studies are needed to further evaluate postoperative recovery outcomes of dexmedetomidine with different dosing regimens.
Keywords: hepatectomy, ischemia-reperfusion injury, dexmedetomidine, meta-analysis, randomized controlled trials
INTRODUCTION
Hepatic inflow occlusion by clamping the portal triad (Pringle maneuver), which is traditionally performed to reduce blood loss during hepatectomy, would cause ischemia-reperfusion (IR) injury of the remnant liver after the release of blood flow (Jarnagin et al., 2002; Gurusamy et al., 2009). IR injury is a common but dangerous complication of hepatectomy, especially in patients with underlying liver disease. It can induce local and systemic release of inflammatory mediators and oxygen free radicals, leading to liver or remote organ dysfunction. Numerous strategies have been attempted to reduce IR injury after liver resection, including surgical manipulations, e.g., ischemic preconditioning (Rodríguez et al., 2015) and intermittent hepatic inflow occlusion (Petrowsky et al., 2006), as well as pharmacological intervention, such as anesthetic or sedative agents (Abu-Amara et al., 2009; Li et al., 2016). Although many of them exhibit a protective effect in laboratory and/or clinical researches, agents that commonly used in anesthesia are more preferred as they don’t require additional surgical procedures and won’t prolong the overall time of operation.
Dexmedetomidine, a highly selective α2-adrenoceptor agonist, is generally used as an anesthetic adjuvant during surgery and a sedative agent in intensive care unit (ICU). It can offer satisfactory sedation without respiratory depression or hemodynamic instability and exhibit intraoperative anesthetic-sparing effect. It has a theoretical advantage in organ protection, which has been studied in multiple organ systems (Dahmani et al., 2005; Okada et al., 2007; Kundra et al., 2018; Liu et al., 2018; Si et al., 2018; Peng et al., 2020). Animal experiments showed that dexmedetomidine decreased hepatic IR induced oxidative stress and inflammatory responses in liver, serum, and other remote organs (Sahin et al., 2013; Tüfek et al., 2013; Kucuk et al., 2014). Several clinical studies in recent years also proved the hepatoprotective properties of dexmedetomidine against IR injury in patients receiving hepatectomy (Wang et al., 2014; Taman and Elhefnawy, 2019; Zhang et al., 2020). Although most of these researches yield a positive outcome, a comprehensive meta-analysis is still needed to fully evaluate the protective effect of dexmedetomidine on hepatic IR injury.
Therefore, in this study, we conducted a meta-analysis of available randomized controlled trials (RCTs) to systematically discuss the efficacy and safety of perioperative dexmedetomidine use in reducing IR injuries associated with hepatectomy, in order to provide evidence for new strategy of preventive treatment.
METHODS
This meta-analysis was conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement (Moher et al., 2015). It was prospectively registered on PROSPERO (CRD42020212072). The PRISMA checklist was exhibited in Supplementary File S1.
Literature Search Strategy
We searched Cochrane Library (Cochrane Center Register of Controlled Trials), MEDLINE, EMBASE, ClinicalTrials.gov, Web of Science, China National Knowledge Infrastructure (CNKI), WanFang, and SinoMed for eligible studies from inception to March 31, 2021. The search keywords were “dexmedetomidine”, “hepatectomy”, “hepatic”, “liver” and “resection”. The search query is given in Supplementary Table S1. Manual searches of references in systematic reviews and included studies were conducted to identify additional qualified researches.
Inclusion Criteria
We included studies meeting the following criteria: 1) Study design: RCTs; 2) Participants: patients who were scheduled for hepatic surgery irrespective of original liver diseases or Child-Pugh Score; 3) Interventions and Comparisons: comparing dexmedetomidine treatment versus another pharmacological intervention, irrespective of the dose, time, or pharmacological class of the administered drug; 4) Outcomes: perioperative liver function is included as an outcome with available data.
Exclusion Criteria
RCTs without English abstracts were excluded.
Outcome Measures
The primary outcome was postoperative liver function as measured by serum concentration of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL).
Secondary outcomes included biomarkers of systematic oxidative stress and inflammatory response, postoperative function of remote organs, intraoperative and postoperative recovery parameters. Oxidative stress was indicated by serum malondialdehyde (MDA) level and superoxide dismutase (SOD) activity. Tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) were used for evaluation of inflammatory response. Renal function was assessed by urea nitrogen (BUN) and creatinine (Cr); intestinal injury was evaluated by serum diamine oxidase (DAO) activity. Intraoperative parameters included operation time, blood loss and number of patients transfused. Postoperative recovery variables included ventilator support time and length of hospital stay (LOS).
Data Extraction and Quality Assessment
Two investigators (YH and RW) independently performed the literature retrieval, data extraction and quality assessment. Disagreements were resolved through consensus or by consulting a third author (XL). Extracted data included general study information (e.g., year of publication, country, details regarding interventions and outcomes), baseline data of study participants (e.g., age, gender, original diseases, Child-Pugh score, ASA-status), primary and secondary outcomes. We used the Cochrane risk of bias tool (Higgins et al., 2011) to assess the quality of included studies.
Statistical Analysis
Continuous data were entered into REVMAN 5.3 (Cochrane Collaboration, Oxford, United Kingdom) for meta-analysis and analyzed using weighted mean difference (WMD) with 95% confidence interval (CI). Data unsuitable for meta-analysis were reported narratively. Heterogeneity across studies was assessed by the Cochrane χ2 test and I2 statistic. The random effect model was applied for pooled results with significant statistical heterogeneity (I2 > 50%); otherwise, the fixed effect model would be used. Sensitivity analysis was performed in Stata (version 12.0; StataCorp LP) to test the stability of this meta-analysis and detect the source of heterogeneity (Chen et al., 2021).
RESULTS
Search Results and Study Characteristics
A detailed overview of PRISMA flow chart for database searching and study identification is presented in Figure 1. Eight studies enrolling 468 participants were included in this meta-analysis (Wang et al., 2014; Tan et al., 2016; Zhang et al., 2017; Ding et al., 2018; Jiang et al., 2018; Taman and Elhefnawy, 2019; Xing et al., 2020; Zhang et al., 2020). Characteristics of included RCTs and study participants were summarized in Tables 1, 2.
[image: Figure 1]FIGURE 1 | Flowchart of database search and study identification.
TABLE 1 | Characteristics of the included RCTs.
[image: Table 1]TABLE 2 | Summarized patient characteristic of the included RCTs.
[image: Table 2]Three RCTs were published in English (Wang et al., 2014; Taman and Elhefnawy, 2019; Zhang et al., 2020), while the other five were published in Chinese with English abstracts (Tan et al., 2016; Zhang et al., 2017; Ding et al., 2018; Jiang et al., 2018; Xing et al., 2020). These studies all involved one control and one dexmedetomidine intervention group, except one trial which set one control and two intervention groups (same dose of dexmedetomidine given through portal vein and internal jugular vein, respectively) (Xing et al., 2020). In subsequent analysis, this three-arm trial was considered as two independent double-arm trials to facilitate data merging. Dexmedetomidine administration was given intravenously by using a loading dose plus continuous infusion in five studies (Wang et al., 2014; Tan et al., 2016; Zhang et al., 2017; Ding et al., 2018; Zhang et al., 2020), a constant administration rate ranging from 0.3 to 0.5 μg/kg/h in two studies (Jiang et al., 2018; Taman and Elhefnawy, 2019), and a single dose injection in one study (Xing et al., 2020). Dexmedetomidine and control were given before or during the operation except for one study in which they were given during postoperative stay in anesthesia intensive care unit (AICU) (Jiang et al., 2018).
Study Quality
One study was deemed to be of high risk of bias for inadequate blinding of investigators (single-blind) (Zhang et al., 2020). The other studies were assessed to be of some concerns. The details of quality assessment for included studies are listed in TABLE 3.
TABLE 3 | Risk of bias evaluation of the included RCTs.
[image: Table 3]Outcome Measures
Primary Outcomes
Postoperative Liver Function
ALT and AST levels at different time points were reported in all included studies. Compared with baseline (before surgery), postoperative ALT and AST levels were significantly elevated after surgery in control group, indicating the occurrence of hepatic IR injury. ALT and AST levels within 2 h after surgery were markedly decreased in dexmedetomidine group (ALT: WMD = −23.59, 95% CI: −32.60 to −14.57, p < 0.00001, I2 = 95%; AST: WMD = −39.54, 95% CI: −50.33–−28.75, p < 0.00001, I2 = 88%) (Figures 2A,D). Similarly, ALT and AST levels at 6–24 h (ALT: WMD = −66.54, 95% CI: −92.10–−40.98, p < 0.00001, I2 = 98%; AST: WMD = −82.96, 95% CI: −106.74–−59.17, p < 0.00001, I2 = 97%) (Figures 2B,E) and 48–72 h (ALT: WMD = −63.55, 95% CI: −124.01–−3.09, p = 0.04, I2 = 98%; AST: WMD = −56.61, 95% CI: −105.84–−7.38, p = 0.02, I2 = 91%) (Figures 2C,F) after surgery was also reduced by dexmedetomidine. Sensitivity analysis by excluding each included RCT at one time revealed that Taman 2019 was inconsistent with the size of the overall hepaprotective effect of dexmedetomidine (ALT: WMD = −87.57, 95% CI: −98.40–−76.74, p = 0.58, I2 = 0%; AST: WMD = −77.90, 95% CI: −99.55–−56.26, p = 0.73, I2 = 0%) (Supplementary Figure S1), while the other studies were consistent.
[image: Figure 2]FIGURE 2 | Forest plots for meta-analyses comparing postoperative liver function between dexmedetomidine and control group of participants undergoing hepatectomy. (A) ALT (within 2 h after surgery); (B) ALT (6–24 h after surgery); (C) ALT (48–72 h after surgery); (D) AST (with 2 h after surgery); (E) AST (6–24 h after surgery); (F) AST (48–72 h after surgery); (G) TBIL (24 h after surgery).
TBIL content was reported in two studies (Ding et al., 2018; Taman and Elhefnawy, 2019). Pooled results with a fixed effect model revealed that dexmedetomidine inhibited the increase in TBIL level at 24 h after surgery compared with control (WMD = −4.51, 95% CI: −7.32–−1.71, p = 0.002, I2 = 0%) (Figure 2G).
Secondary Outcomes
Oxidative Stress
Perioperative serum MDA and SOD concentration was reported in four studies involving 260 (Wang et al., 2014; Tan et al., 2016; Zhang et al., 2017; Ding et al., 2018) and 270 (Wang et al., 2014; Zhang et al., 2017; Xing et al., 2020) participants, respectively. Significantly elevated MDA level and reduced SOD activity were observed in control group after surgery among all these studies. Postoperative MDA level was markedly reduced (1 h: WMD = −3.93, 95% CI: −7.35–−0.51, p = 0.02, I2 = 98%; 6–24 h: WMD = −3.09, 95% CI: −5.17–−1.01, p = 0.004, I2 = 92%) (Figures 3A,B), while SOD activity was significantly elevated (1 h: WMD = 36.40, 95% CI: 23.80–49.00, p < 0.00001, I2 = 98%; 6–24 h: WMD = 24.70, 95% CI: 18.09–31.30, p < 0.00001, I2 = 95%) in dexmedetomidine group (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Forest plots for meta-analyses comparing postoperative oxidative stress between dexmedetomidine and control group of participants undergoing hepatectomy. (A) MDA (1 h after surgery); (B) MDA (6–24 h after surgery); (C) SOD (1 h after surgery); (D) SOD (6–24 h after surgery).
Inflammatory Response
TNF-α and IL-6 concentration at different time points was reported in five (Wang et al., 2014; Tan et al., 2016; Zhang et al., 2017; Xing et al., 2020; Zhang et al., 2020) and four (Wang et al., 2014; Tan et al., 2016; Ding et al., 2018; Zhang et al., 2020) studies enrolling 318 and 212 participants, respectively. In all these studies, TNF-α and IL-6 level was significantly increased after surgery in control group. However, dexmedetomidine administration decreased TNF-α release from 1 to 6–24 h after surgery (1 h: WMD = −21.77, 95% CI: −36.25–−7.29, p = 0.003, I2 = 99%; 6–24 h: WMD = −36.54, 95% CI: −61.33–−11.95, p = 0.004, I2 = 99%) (Figures 4A,B). Similarly, IL-6 level was also reduced at the same time (1 h: WMD = −24.3, 95% CI: −35.23–−13.36, p < 0.0001, I2 = 85%; 6–24 h: WMD = −165.05, 95% CI: −225.76–−104.34, p < 0.00001, I2 = 94%) (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Forest plots for meta-analyses comparing postoperative biomarkers of the inflammatory response between dexmedetomidine and control group of participants undergoing hepatectomy. (A) TNF-α (1 h after surgery); (B) TNF-α (6–24 h after surgery); (C) IL-6 (1 h after surgery); (D) IL-6 (6–24 h after surgery).
Postoperative Function of Remote Organs
Two studies including 102 participants (Wang et al., 2014; Zhang et al., 2020) reported perioperative BUN and Cr concentration. In one study, BUN and Cr level at 24 h after surgery was significantly higher compared with baseline in control group, and dexmedetomidine reversed this elevation; in the other study, postoperative BUN and Cr level remained unaffected in both control and dexmedetomidine group. Taken together, no significant difference was detected in postoperative BUN and Cr level between two groups (BUN: WMD = 0.16, 95% CI: −1.12–1.45, p = 0.80, I2 = 86%; Cr: WMD = −1.76, 95% CI: −13.17–9.65, p = 0.76, I2 = 76%) (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Forest plots for meta-analyses comparing postoperative renal function and intestinal injury. (A) BUN (24 h after surgery); (B) Cr (24 h after surgery); (C) DAO (1 h after surgery); (D) DAO (24 h after surgery); (E) DAO (72 h after surgery).
Two studies including 94 participants reported perioperative DAO activity (Wang et al., 2014; Tan et al., 2016). Postoperative DAO activity was significantly elevated in control group of both studies, while dexmedetomidine reversed this elevation within 72 h after surgery (1 h: WMD = −2.28, 95% CI: −2.73–−1.82, p < 0.00001, I2 = 0%; 24 h: WMD = −4.32, 95% CI: −4.95–-3.68, p < 0.00001, I2 = 0%; 72 h: WMD = −0.97, 95% CI: −1.79–−0.14, p = 0.02, I2 = 0%) (Figures 5C–E).
One study reported significant increased CK-MB level in control group compared with that in dexmedetomidine group at 24 h after surgery, but this value was in normal range at baseline and all the postoperative time points in both groups (Wang et al., 2014). Furthermore, there was no declaration of renal failure, myocardial infarction, congestive heart failure, or death after surgery in either group among all studies.
Intraoperative Parameters
Operation time was reported in all the eight studies. Blood loss and number of patients transfused were reported in four studies involving participants (Ding et al., 2018; Taman and Elhefnawy, 2019; Xing et al., 2020; Zhang et al., 2020), and two studies enrolling 104 participants (Wang et al., 2014; Ding et al., 2018). For these three parameters, no significant difference was detected between dexmedetomidine and control group (operation time: WMD = 0.07, 95% CI: −4.50–4.63, p = 0.98, I2 = 29%; blood loss: WMD = 10.35, 95% CI: −25.67–46.37, p = 0.57, I2 = 87%; number of patients transfused: OR = 1, 95% CI: 0.41–2.46, p = 1, I2 = 0%) (Figure 6).
[image: Figure 6]FIGURE 6 | Forest plots for meta-analyses comparing operation time (A), blood loss (B), and No. of patients transfused (C).
Postoperative Recovery Variables
Pooled results of postoperative ventilator support time in two studies (Wang et al., 2014; Zhang et al., 2020) (Figure 7A) and LOS in three studies (Wang et al., 2014; Taman and Elhefnawy, 2019; Zhang et al., 2020) (Figure 7B) revealed no significant difference between control and dexmedetomidine group (ventilator support time: WMD = −4.51, 95% CI: −12.37–3.35, p = 0.26, I2 = 0%; LOS: WMD = −0.16, 95% CI: −0.45–0.12, p = 0.26, I2 = 0%).
[image: Figure 7]FIGURE 7 | Forest plots for meta-analyses comparing postoperative ventilator support time (A) and LOS (B).
DISCUSSION
The present meta-analysis of RCTs demonstrates that perioperative use of dexmedetomidine can produce a protective effect against hepatic IR injury induced by hepatectomy with inflow occlusion. This effect is associated with a systematic decrease in inflammatory response and oxidative stress. Meanwhile, dexmedetomidine also shows a tendency in inhibiting hepatic IR-induced renal and intestinal injury, but has no significant effect on operation time, intraoperative blood loss, and postoperative ventilator support time and LOS. To the best of our knowledge, this is the first meta-analysis that evaluates the efficacy and safety of perioperative dexmedetomidine administration in preventing hepatic IR injury.
Intraoperative blood loss and transfusion is proven to correlate closely with morbidity and mortality after hepatic resection (Jarnagin et al., 2002). Inflow occlusion proceeded to decrease blood loss can induce hepatic IR injury, which may also affect postoperative outcome by activating systemic inflammatory and oxidative stress responses, leading to dysfunction of liver and other remote organs. It has been generally accepted that hepatic IR injury consists of two distinct phases. The initial phase occurs within 2 h postreperfusion and is characterized by Kupffer cell-induced oxidant stress and inflammatory response, resulting in acute hepatocellular injury. The secondary phase appears 6 h or longer after reperfusion and is mainly attributed to neutrophil recruitment induced oxidants and protease release, causing the progression of hepatocyte damage. Therefore, we summarized the observation time points among all studies into three intervals: within 2, 6–24, and 48–72 h after surgery, to evaluate dexmedetomidine effect on IR injury.
In many clinical trials, ALT and AST level have been commonly used as indicators to detect hepatic IR injury and evaluate liver function. In this meta-analysis, all the included studies showed positive hepaprotective effect of dexmedetomidine by reducing postoperative ALT and AST level. TBIL level was also decreased in two studies. Although the elimination half-life of dexmedetomidine is only 2 h, decrease in ALT, AST and TBIL levels can be observed for 24–72 h postoperatively. However, one included study used α-glutathione S-transferase (α-GST) as the primary outcome to detect hepatic IR injury, for its sole distribution in cytosol of centrilobular hepatocytes and rapid response to hepatic IR injury (Zhang et al., 2020). Serum concentration of α-GST was elevated rapidly at 0.5 h postoperatively and returned to normal at 24 h after liver resection, while dexmedetomidine inhibited this elevation at postoperative 0.5 h. Due to relatively high sensitivity and specificity, α-GST may be applied as a parameter to detect hepatic IR injury more rapidly in future clinical trials.
The hepaprotective effect of dexmedetomidine appears to involve attenuation in oxidative stress and inhibition of inflammatory response, which play crucial roles in hepatic IR injury. During the IR process, many chemical substances cause the release of reactive oxygen species (ROS), inducing lipid peroxidation, membrane injury, alterations in ion permeability and enzyme activity, which ultimately leads to cell death. Simultaneously, the inflammatory process begins, significantly increasing the severity of IR injury. In preclinical studies, dexmedetomidine was shown to reduce oxidative activity and increase antioxidant capacity by preventing the elevation of MDA level and increasing paraoxonase activity in the liver and serum of hepatic IR rat model, leading to amelioration of histopathological liver damage (Arslan et al., 2012; Sahin et al., 2013; Tüfek et al., 2013). Meanwhile, dexmedetomidine can suppress the activation of inflammatory pathways, e.g., TLR4-NFκB signaling, and decrease inflammatory mediator level (Wang et al., 2016). Although dexmedetomidine has remarkable binding capacity for all the three subtypes (α2A, α2B, and α2C) of the human α2-adrenoceptors, the protective effect against hepatic IR injury may be probably mediated by the activation of α2A-adrenoceptor subtype (Wang et al., 2016). Hepatic IR injury induces a systemic response and releases of harmful substances that may affect remote organs. Previous researches showed that the Pringle manoeuvre had a close relationship with intestinal mucosal epithelial injury and represented a predisposing factor for bacterial translocation after liver resection (Erenoglu et al., 2011; Dello et al., 2012). DAO, a degradative enzyme of polyamines highly expressed in the upper villus cells of intestinal mucosa, is generally considered as a specific biomarker of small intestinal mucosal lesions (Luk and Baylin, 1983; Tsujikawa et al., 1999). In our analyses, dexmedetomidine was showed to alleviate postoperative intestinal injury by reducing serum DAO activity. On the other hand, postoperative renal injury appeared only in one study but was not observed in the other. Correspondingly, renoprotective effect of dexmedetomidine was only apparent in one study. Thus, the overall renoprotective effect was not evident according to this meta-analysis. However, previous meta-analysis on the renoprotective effect of dexmedetomidine showed that perioperative use of dexmedetomidine could significantly reduce the incidence of acute kidney injury (AKI) in patients undergoing cardiac surgery (Liu et al., 2018). Thus, additional researches involving renal function as an outcome are needed to further evaluate the protective effect of dexmedetomidine in renal injury induced by hepatic IR. In preclinical studies, the protective effect of dexmedetomidine was also observed in the lungs, kidneys and brain (Tüfek et al., 2013; Yu et al., 2020). Thus, further clinical trials may involve the evaluation of dexmedetomidine effect on more remote organs.
For safety aspects, dexmedetomidine showed no significant alteration on operation time, intraoperative blood loss and number of patients transfused compared to the control group, indicating it is unlikely to cause adverse side effect during operation. Postoperative recovery variables, such as ventilator support time and LOS, were not affect by dexmedetomidine, either. The probable reason may be that dexmedetomidine was administered only during operation or postoperative stay in AICU. The relatively short treatment duration and half-life of dexmedetomidine may prevent its effect from lasting long after surgery.
Among all the included RCTs, dexmedetomidine was administered with different dose regimen and treatment duration. For the limited number of included studies, subgroup analyses were not able to be performed. Previous studies showed that the renoprotective effect of dexmedetomidine differed among dosing groups, but the results are controversial (Balkanay et al., 2015; Liu et al., 2018). Thus, further RCTs with larger sample size and different dexmedetomidine administration regimen will be needed to find the optimal dose of dexmedetomidine treatment.
Our study has several limitations. First, high heterogeneity (I2 > 50%) existed in most outcomes. It may be attributed to different dose regimen of dexmedetomidine (constant administration rate or loading dose plus maintenance dosage) and sample size of included studies. Due to the limited number of included studies and participants, subgroup analyses were not able to be performed, which made it difficult to detect the source of heterogeneity. Second, included studies were only reported in China and Egypt. Additional studies conducted in other regions with more included participants are needed for systematic evaluation. Third, only two included studies enrolled postoperative parameters as study outcomes, which limited the evaluation of long-term effect of dexmedetomidine.
CONCLUSION
In summary, available evidence in the present meta-analysis shows that perioperative use of dexmedetomidine can exhibit a protective effect against hepatic IR injury in patients undergoing hepatectomy. Additional RCTs with larger sample size, different region sites, multiple dosing regimen, and more postoperative outcomes are needed to further evaluate the hepaprotective property of dexmedetomidine against IR injury associated with hepatectomy.
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Background: Proton pump inhibitors (PPIs) are the first-line treatment for acid-related diseases. The pharmacokinetics and therapeutic efficacy of PPIs, however, are influenced by genetic factors such as variants in genes encoding drug-metabolizing enzymes (e.g., cytochrome P450 2C19 [CYP2C19]) and drug transporters. We performed a meta-analysis to evaluate the influence of CYP2C19 genotype and PPI class, PPI dose, treatment duration and clarithromycin dose on the cure rate of PPI-containing Helicobacter pylori eradication therapy.
Methods: Randomized control trials (RCTs) investigating cure rates using a PPI-amoxicillin-clarithromycin regimen among different CYP2C19 genotypes through May 2021 were included.
Results: A total of 25 studies (5,318 patients) were included. The overall eradication rate in the intention-to-treat analysis was 79.0% (3,689/4,669, 95% confidence interval [CI]: 77.8–80.2%), and that in CYP2C19 extensive metabolizers (EMs), intermediate metabolizer (IMs) and poor metabolizers (PMs) was 77.7% (1,137/1,464, 95% CI: 75.3–79.6%), 81.2% (1,498/1,844, 95% CI: 79.3–83.0%) and 86.8% (644/742, 95% CI: 83.9–88.9%), respectively. Meta-analysis showed that the relaTakashitive risk of failed eradication in CYP2C19 EMs compared with IMs and PMs was 1.21 (95% CI: 1.06–1.39, P = 0.006) and 1.57 (95% CI: 1.27–1.94, P < 0.001), respectively, in the fixed-effects model. The cure rate of omeprazole and lansoprazole-containing eradication regimens differed among CYP2C19 genotypes (P < 0.05), while that of rabeprazole and esomeprazole-containing regimens was similar.
Conclusion: The cure rates of PPI-amoxicillin-clarithromycin H. pylori eradication regimen, especially those containing omeprazole and lansoprazole, differ among CYP2C19 genotypes. Therefore, selection of a second-generation PPI or tailored treatment may achieve higher eradication rates than first-generation PPI-amoxicillin-clarithromycin triple regimen.
Keywords: H. pylori, eradication, CYP2C19, tailored treatment, esomeprazole, rebaprezole
INTRODUCTION
The Maastricht V/Florence Consensus Report issued by the European Helicobacter Study Group in 2017 provides a guideline on how to manage Helicobacter pylori (H. pylori) infection (Malfertheiner et al., 2017). This guideline indicates that, despite increasing H. pylori resistance rates to antibiotics such as clarithromycin (CAM), metronidazole (MNZ) and levofloxacin (LVFX) in most parts of the world, clinicians worldwide continue to use general first-line H. pylori triple eradication therapy consisting of a proton pump inhibitor (PPI) and two kinds of antimicrobial agents [i.e., CAM, amoxicillin (AMPC), MNZ, or LVFX], especially in areas with lower rates of the clarithromycin-resistant strain (Malfertheiner et al., 2017). In Japan, H. pylori eradication therapy is limited to regimens comprising an acid-inhibitory drug such as a PPI (e.g., esomeprazole, rabeprazole, lansoprazole and omeprazole) or vonoprazan at a standard dose at twice-daily dosing (bid), AMPC 750 mg bid, and CAM 200 mg or 400 mg bid for 7 days as a first-line regimen (Kato et al., 2019). This is despite the fact that eradication therapy for all H. pylori-positive patients with gastritis confirmed by endoscopy is currently covered by the Japanese National Health Insurance system. From 1990 to 2000, eradication rates achieved in Japan using PPI-AMPC-CAM triple therapy ranged from approximately 85–91% (Asaka et al., 2001). However, because this rate has subsequently decreased to 60–75%, the factors affecting cure rates of PPI-AMPC-CAM therapy need to be identified.
The cure rate for H. pylori infection may be affected by several factors, including antibiotic susceptibility (e.g., CAM, AMPC, MNZ and LVFX) (Asaka et al., 2001; Furuta et al., 2001b; Murakami et al., 2002), insufficient acid inhibition during eradication therapy (e.g., CYP2C19 and CYP3A4/5 genotype, PPI dose, treatment schedule and type of acid-inhibitory drug) (Furuta et al., 2001b; Sugimoto et al., 2007; Sugimoto and Yamaoka, 2009), poor adherence to medication, the environment (e.g., smoking), and the presence of an H. pylori strain with low virulence activity (e.g., cagA-negative strains, vacA s2 genotype and dupA-negative strains) (Sugimoto and Yamaoka, 2009; Shiota et al., 2012). Of these, acid inhibition for 24 h has re-emerged as an important factor for successful eradication therapy (Furuta et al., 2001b; Sugimoto et al., 2007; Sugimoto and Yamaoka, 2009). In fact, the European guideline states that “the use of high dose PPI bid increases the efficacy of triple therapy” (Malfertheiner et al., 2017).
PPIs are currently used as the first-line treatment for acid-related diseases. However, because PPIs undergo extensive hepatic metabolism by the cytochrome P450 (CYP) system, which includes CYP2C19 and CYP3A4 (Ishizaki and Horai, 1999), CYP2C19 genetic polymorphisms influence both the pharmacokinetics and pharmacodynamics (i.e., intragastric pH) of PPIs (Chang et al., 1995a; Chang et al., 1995b; Kubota et al., 1996; Ishizaki and Horai, 1999). At least 20 CYP2C19 variants have been identified, with the majority of patients with these variants being classified into three genotypes: extensive metabolizers (EMs), intermediate metabolizers (IMs), and poor metabolizers (PMs). The acid inhibition achieved using PPIs is greater in PMs than IMs or EMs because of the different pharmacokinetics among the three genotypes. Therefore, CYP2C19 polymorphisms are expected to influence the eradication rates of PPI-based eradication therapy. Many randomized control trials (RCTs) have investigated the efficacy of PPI-AMPC-CAM regimen among CYP2C19 genotypes (Dojo et al., 2001; Inaba et al., 2002; Isomoto et al., 2003; Kawabata et al., 2003; Miki et al., 2003; Take et al., 2003; Kuwayama et al., 2005; Okudaira et al., 2005; Sheu et al., 2005; Higuchi et al., 2006; Furuta et al., 2007; Hagiwara et al., 2007; Kuwayama et al., 2007; Lee et al., 2010; Zhang et al., 2010; Prasertpetmanee et al., 2013; Yang et al., 2015; Liou et al., 2016; Phiphatpatthamaamphan et al., 2016; Chunlertlith et al., 2017; Shimoyama et al., 2017; Ozaki et al., 2018; Arevalo Galvis et al., 2019; Chen et al., 2020; Lee et al., 2020). A meta-analysis conducted in 2013 to examine the effects in CYP2C19 PMs revealed significant differences in eradication rates between EMs and IMs (odds ratio (OR) 0.72; 95% confidence interval (CI): 0.59–0.88), between EMs and PMs (0.51; 0.38–0.68), and between IMs and PMs (0.69; 0.52–0.92) (Tang et al., 2013). However, this meta-analysis examined a small number studies (n = 16) that were written in English and Chinese and evaluated eradication by both PPI-AMPC-CAM and non-PPI-AMPC-CAM regimen (Tang et al., 2013). In addition, the year-by-year changes in the incidence rates of antimicrobial resistance mandate that the efficacy of these regimens be periodically re-evaluated.
Here, we performed a meta-analysis to re-evaluate the efficacy and safety of PPI-AMPC-CAM therapy alone among different CYP2C19 genotypes in RCTs written in English.
MATERIAL METHODS
Search Strategy and Inclusion Criteria
This meta-analysis was conducted using data from RCTs identified by searching the medical literature on PubMed and Cochrane Library databases. We compared H. pylori eradication rates of PPI-AMPC-CAM triple therapy (each given over 7–14 days) as first-line therapy among different CYP2C19 genotypes (EMs, IMs and PMs). Two researchers (YM and MS) independently searched both the PubMed and Cochrane Library databases using the terms “Helicobacter pylori,” “eradication,” and “CYP2C19” and reviewed the titles and abstracts of all potential studies (Supplementary Figure S1). The inclusion criteria were 1) RCTs published through June 2021; 2) studies that used PPI-AMPC-CAM as first-line treatment; 3) studies comparing cure rates of PPI-AMPC-CAM regimen for H. pylori infection; and 4) studies written in English. Exclusion criteria were 1) non-RCT studies, 2) studies performed on non-PPI-AMPC-CAM regimen, 3) studies written in non-English languages, and 4) studies with abstracts alone. The author’s names, year of publication, country where the study was conducted, number of patients, eradication rate of each regimen, patient characteristics (sex and age), CYP2C19 genotype, susceptibility to antimicrobial agents, and incidence of adverse events were extracted from each study.
Statistical Analysis
All meta-analyses were conducted using open-source statistical software (Review Manager Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). First, a meta-analysis of RCTs comparing the cure rates of PPI-AMPC-CAM therapy in all patients and among CYP2C19 genotypes was performed. For each comparison, intention-to-treat (ITT) and per-protocol (PP) analyses of cure rates were conducted. Relative risk (RR) and the corresponding 95% CI were used to summarize the effect of each comparison in fixed-effects models and random-effects models (46–48). Potential bias in each study was evaluated using funnel plots. Heterogeneity was evaluated using the I2 value and Cochran’s Q. The I2 values used to define heterogeneity were as follows: 0–39%, low heterogeneity; and 40–74%, moderate heterogeneity. All p values were two-sided, and p < 0.05 was considered statistically significant. Calculations were performed using commercial software (SPSS version 27, IBM Inc.; Armonk NY, United States).
RESULTS
Literature Search and Data Extraction
The search strategy yielded 222 potentially eligible studies from PubMed and Cochrane Library databases and 15 studies from handsearching through other sources and papers (Supplementary Figure S1). A total of 120 were selected from the extracted studies. Of these, 44 studies involved non-PPI-AMPC-CAM regimen, seven investigated its use as second-line treatment, 22 studies were non-RCTs, 11 were reviews or meta-analyses, and 11 were written in a non-English language and were excluded. Ultimately, a total of 25 full articles were assessed for eligibility (Supplementary Figure S1) (Dojo et al., 2001; Inaba et al., 2002; Isomoto et al., 2003; Kawabata et al., 2003; Miki et al., 2003; Take et al., 2003; Kuwayama et al., 2005; Okudaira et al., 2005; Sheu et al., 2005; Higuchi et al., 2006; Furuta et al., 2007; Hagiwara et al., 2007; Kuwayama et al., 2007; Lee et al., 2010; Zhang et al., 2010; Prasertpetmanee et al., 2013; Yang et al., 2015; Liou et al., 2016; Phiphatpatthamaamphan et al., 2016; Chunlertlith et al., 2017; Shimoyama et al., 2017; Ozaki et al., 2018; Arevalo Galvis et al., 2019; Chen et al., 2020; Lee et al., 2020) and a total of 5,318 patients treated with a PPI-AMPC-CAM regimen for H. pylori infection were included in the analysis. Most of the studies (96%, 24/25) were performed in East and South-East Asian countries.
The characteristics of the trials investigating cure rates among CYP2C19 genotypes are shown in Table 1. Eradication therapy comprised a regimen of a PPI (omeprazole (20 mg, bid), lansoprazole (30 or 60 mg, bid), rabeprazole (10 or 20 mg, bid), esomeprazole (20 or 40 mg, bid), ilaprazole (10 mg, bid) or dexlansoprazole (60 mg, once-daily dosing (oid), AMPC (750 or 1,000 mg, bid, or 500 mg, three-times-daily dosing (tid) or four-times-daily dosing (qid) and CAM (200, 400, or 500 mg, bid, 200 mg, tid or 1,000 mg, oid). Although most of the studies used an administration period of 7 days, one used 10 days (Arevalo Galvis et al., 2019), three used 14 days (Liou et al., 2016; Phiphatpatthamaamphan et al., 2016; Chen et al., 2020), one used 7–10 days (Lee et al., 2020) and one used 7–14 days (Prasertpetmanee et al., 2013) (Table 1).
TABLE 1 | Characteristics of studies that investigated the H. pylori eradication outcome among CYP2C19 genotypes.
[image: Table 1]All studies genotyped patients for CYP2C19 variants. Two studies combined the number of CYP2C19 EMs and IMs (Liou et al., 2016; Chen et al., 2020) and one combined the number of IMs and PMs (Shimoyama et al., 2017). The prevalence of CYP2C19 EMs, IMs and PMs was 35.4% (1,357/3,834), 48.0% (1,844/3,838), and 16.6% (633/3,834), respectively.
Meta-Analysis of Eradication Rate of PPI-AMPC-CAM Therapy
All 25 trials were analyzed for the efficacy of the eradication therapy used. The ITT and PP cure rates of the PPI-AMPC-CAM therapy were 79.0% (3,689/4,669, 95% CI 77.8–80.2%) and 84.0% (4,232/5,039, 95% CI 82.9–85.0%), respectively (Table 2). When we divided H. pylori-positive patients by CYP2C19 genotype, the cure rate was 77.7% (1,137/1,464, 95% CI: 75.3–79.6%) in CYP2C19 EMs, 81.2% (1,498/1,844, 95% CI: 79.3–83.0%) in IMs and 86.8% (644/742, 95% CI: 83.9–88.9%) in PMs (Table 2).
TABLE 2 | Eradication rates of PPI-amoxicillin-clarithromycin triple therapy among CYP2C19 genotypes.
[image: Table 2]Meta-analysis showed that the RR of failed eradication in CYP2C19 EMs compared with IMs and PMs was 1.21 (95% CI: 1.06–1.39, p = 0.006) and 1.57 (95% CI: 1.27–1.94, p < 0.001) in the fixed-effects model (Figures 1A,B (95% CI: 1.05–1.43, p = 0.010) and 1.44 (95% CI: 1.14–1.81, p = 0.002) in the random-effects model (Supplementary Figure S2A and Supplementary S2B), respectively. The fixed-effects model also showed that there was a significant increase in RR in CYP2C19 IMs compared with PMs (1.27, 95% CI: 1.02–1.56, p = 0.030) (Figure 1C). There was low heterogeneity among the studies (CYP2C19 EMs vs IMs: Chi2 = 24.65, p = 0.26, I2 = 15%; EMs vs PMs: Chi2 = 21.78, p = 0.35, I2 = 8%; and IMs vs PMs: Chi2 = 16.88, p = 0.60, I2 = 0%) (Figure 1). The funnel plots of all included studies showed symmetry between different genotypes (Supplementary Figure S3).
[image: Figure 1]FIGURE 1 | Forest plots of H. pylori cure rates of PPI-amoxicillin-clarithromycin regimen among different CYP2C19 genotypes in the fixed-effects model. (A) CYP2C19 EMs vs IMs, (B) EMs vs PMs and (C) IMs and PMs.
Subgroup Analysis of Eradication Rate by Class of PPI
We divided patients based on their use of four PPIs: omeprazole (Dojo et al., 2001; Inaba et al., 2002; Kuwayama et al., 2005; Sheu et al., 2005; Higuchi et al., 2006; Zhang et al., 2010; Chunlertlith et al., 2017; Arevalo Galvis et al., 2019), lansoprazole (Inaba et al., 2002; Isomoto et al., 2003; Kawabata et al., 2003; Miki et al., 2003; Okudaira et al., 2005; Furuta et al., 2007; Hagiwara et al., 2007; Lee et al., 2010; Prasertpetmanee et al., 2013; Liou et al., 2016), rabeprazole (Dojo et al., 2001; Inaba et al., 2002; Kawabata et al., 2003; Miki et al., 2003; Kuwayama et al., 2007; Lee et al., 2010; Zhang et al., 2010; Yang et al., 2015; Phiphatpatthamaamphan et al., 2016; Ozaki et al., 2018; Lee et al., 2020) and esomeprazole (Sheu et al., 2005; Shimoyama et al., 2017; Ozaki et al., 2018) (Table 3). The ITT and PP cure rates of omeprazole-AMPC-CAM therapy were 81.3% (891/1,095, 95% CI: 78.9–83.6%) and 86.1% (961/1,116, 95% CI: 83.9–88.1%), respectively (Table 3). The ITT cure rates of lansoprazole, rabeprazole and esomeprazole were 80.9% (1,235/1,515, 95% CI: 79.5–83.4%), 81.1% (1,485/1,831, 95% CI: 79.2–82.9%) and 80.0% (216/270, 95% CI: 74.7–84.6%), respectively, which were similar among different PPI-containing treatment regimens (p = 0.998) (Table 3).
TABLE 3 | Studies that investigated H. pylori eradication outcome among CYP2C19 genotypes.
[image: Table 3]The cure rates of omeprazole-, lansoprazole-, rabeprazole- and esomeprazole-AMPC-CAM therapy in CYP2C19 EMs were 79.4% (374/469), 73.6% (220/299), 83.4% (547/656) and 77.5% (69/89), respectively (p = 0.696). Those in CYP2C19 PMs were 85.7% (168/196), 91.6% (196/203), 87.0% (215/247) and 88.5% (23/26), respectively (p = 0.972).
Meta-analysis of studies that used omeprazole and lansoprazole as the first-generation PPI showed that the RR of failed eradication in CYP2C19 EMs compared with PMs was 1.66 (95% CI: 1.12–2.46, p = 0.01) and 2.47 (95% CI: 1.44–4.23, p = 0.001), respectively, in the fixed-effects model (Figure 2B, Figure 3B). In contrast, studies that used rabeprazole and esomeprazole showed no significant differences in the RR of failed eradication among the three genotypes (Figures 4, Figure 5). There was low to moderate heterogeneity among these studies (Figures 2–5).
[image: Figure 2]FIGURE 2 | Forest plots of H. pylori cure rates of OPZ-amoxicillin-clarithromycin regimen among different CYP2C19 genotypes in the fixed-effects model. (A) CYP2C19 EMs vs IMs, (B) EMs vs PMs and (C) IMs and PMs.; Abbreviations: CI, confidence interval; EM, extensive metabolizer of CYP2C19; IM, intermediate metabolizer of CYP2C19; OPZ, omeprazole; PPI, proton pump inhibitor; PM, poor metabolizer of CYP2C19; PPI, proton pump inhibitor.
[image: Figure 3]FIGURE 3 | Forest plots of H. pylori cure rates of LPZ-amoxicillin-clarithromycin regimen among different CYP2C19 genotypes in the fixed-effects model. (A) CYP2C19 EMs vs IMs, (B) EMs vs PMs and (C) IMs and PMs.; Abbreviations: CI, confidence interval; EM, extensive metabolizer of CYP2C19; IM, intermediate metabolizer of CYP2C19; LPZ, lansoprazole; PPI, proton pump inhibitor; PM, poor metabolizer of CYP2C19; PPI, proton pump inhibitor.
[image: Figure 4]FIGURE 4 | Forest plots of H. pylori cure rates of RPZ-amoxicillin-clarithromycin regimen among different CYP2C19 genotypes in the fixed-effects model. (A) CYP2C19 EMs vs IMs, (B) EMs vs PMs and (C) IMs and PMs.; Abbreviations: CI, confidence interval; EM, extensive metabolizer of CYP2C19; IM, intermediate metabolizer of CYP2C19; PPI, proton pump inhibitor; PM, poor metabolizer of CYP2C19; PPI, proton pump inhibitor; RPZ, rabeprazole.
[image: Figure 5]FIGURE 5 | Forest plots of H. pylori cure rates of EPZ-amoxicillin-clarithromycin regimen among different CYP2C19 genotypes in the fixed-effects model. (A) CYP2C19 EMs vs IMs, (B) EMs vs PMs and (C) IMs and PMs.; Abbreviations: CI, confidence interval; EM, extensive metabolizer of CYP2C19; EPZ, esomeprazole; IM, intermediate metabolizer of CYP2C19; PPI, proton pump inhibitor; PM, poor metabolizer of CYP2C19; PPI, proton pump inhibitor.
Subgroup Analysis of Eradication Rates Between CAM-Sensitive and CAM-Resistant Cases
Sixteen studies (68%, 17/25) reported data on susceptibility to clarithromycin (Inaba et al., 2002; Kawabata et al., 2003; Miki et al., 2003; Take et al., 2003; Kuwayama et al., 2005; Sheu et al., 2005; Higuchi et al., 2006; Furuta et al., 2007; Hagiwara et al., 2007; Kuwayama et al., 2007; Yang et al., 2015; Liou et al., 2016; Phiphatpatthamaamphan et al., 2016; Chunlertlith et al., 2017; Ozaki et al., 2018; Chen et al., 2020) (Supplementary Table S1). Resistance rates to CAM, AMPC and MNZ were 13.1% (372/2,840), 8.9% (109/1,227), and 29.9% (165/552), respectively. Cure rates in patients infected with CAM-sensitive and resistant strains were 89.7% (1787/1992, 95% CI: 88.3–91.0%) and 42.1% (142/337, 95% CI: 36.8–47.6%), respectively.
Subgroup Analysis of Eradication Rates Among Different PPI Dose, Among Different Treatment Duration and Among Different CAM Dose
We divided studies based on their dose of PPIs: standard-dose (omeprazole: 20 mg, lansoprazole: 30 mg, rabeprazole: 10 mg and esomeprazole 20 mg) and double dose (omeprazole: 20 mg, lansoprazole: 60mg, rabeprazole: 20 mg and esomeprazole 40 mg). The cure rates of standard-dose-PPI therapy and double-dose-PPI therapy were 80.6% (1,847/2,292) and 85.2% (901/1,057), respectively (Table 4). Meta-analysis of studies that standard-dose-PPI therapy showed that the RR of failed eradication in CYP2C19 EMs compared with IMs and PMs was 1.28 (95% CI: 1.07–1.53) and 1.72 (95% CI: 1.30–2.29), respectively. In contrast, studies that used double-dose-PPI therapy showed no significant differences in the RR of eradication among the three CYP2C19 genotypes (Table 4).
TABLE 4 | Effect of CYP2C19 genotypes on the eradication rate of PPI-based triple therapies among different dose of PPI, among different duration of eradication and different dose of CAM.
[image: Table 4]We divided studies based on their treatment duration: 7 days and 10–14 days. The cure rates of 7-days therapy and 10–14 days therapy were 80.3% (2,902/3,615) and 81.5% (349/428), respectively (Table 4). Meta-analysis of studies that 7-days therapy showed that the RR of failed eradication in CYP2C19 EMs compared with IMs and PMs was 1.22 (95% CI: 1.06–1.41) and 1.72 (95% CI: 1.29–1.98), respectively. In contrast, studies that used 10–14 days therapy showed no significant differences in the RR of failed eradication among CYP2C19 genotypes.
The cure rates of CAM 400 mg/day therapy and 800–1,000 mg/day therapy were similar [83.1% (654/787) and 80.1% (2,479/3,093), respectively] (Table 4). Meta-analysis of studies that CAM 400 mg/day and 800–1,000 mg/day therapies showed that the RR of failed eradication in CYP2C19 EMs compared with PMs were 2.15 (95% CI: 1.25–3.69) and 1.46 (95% CI: 1.16–1.84), respectively.
Incidence of Adverse Events due to PPI-AMPC-CAM Therapy
All studies reported data on adverse events, namely diarrhea, loose stools, dysgeusia, and abdominal pain (Supplementary Table S2). The incidence of adverse events due to PPI-AMPC-CAM therapy was 38.1% (1,175/3,084, 95% CI: 36.4–39.8%) (Supplementary Table S2).
DISCUSSION
This meta-analysis included 25 RCTs from 24 Asian and 1 South American country to re-evaluate the association between the cure rate of first-line PPI-AMPC-CAM triple H. pylori eradication therapy and CYP2C19 genotype. Of a total of 5,318 patients with resistance rates of 13.1% for CAM and 8.9% for AMPC, the overall cure rate in ITT analysis was 79.0% (95% CI: 77.8–80.2%). Meta-analysis indicated that cure rates significantly differed among CYP2C19 genotypes, and the RR of failed eradication in CYP2C19 EMs compared with IMs and PMs was 1.21 (95% CI: 1.06–1.39) and 1.57 (95% CI: 1.27–1.94), respectively, in the fixed-effects model. In addition, although sub-analysis of studies that used omeprazole and lansoprazole showed that the RR in CYP2C19 EMs compared with PMs was 1.66 (95% CI: 1.12–2.46) and 2.47 (95% CI: 1.44–4.23), there were no significant differences in RR in studies that used rabeprazole and esomeprazole among genotypes. These results suggest that when PPI-containing triple regimen is selected at the eradication therapy for H. pylori infection, second-generation PPI or high-dose of first-generation PPI should be used with triple therapy, especially in Asian populations.
Acid Inhibition and H. pylori Eradication Therapy
An optimal intragastric pH during prolonged potent acid inhibition in the stomach increases the stability and bioavailability of acid-sensitive antibacterial agents (e.g., CAM and AMPC) (Grayson et al., 1989; Hunt, 1993). This in turn leads to an increase in the gastric mucosal concentration of antimicrobial agents and exhibits antibacterial effects (Grayson et al., 1989; Goddard et al., 1996; Scott et al., 1998). In addition, acid inhibition increases the susceptibility of H. pylori to antimicrobial agents (Scott et al., 1998). Therefore, rapid, potent and prolonged neutralization of pH after optimal PPI treatment is required to cure H. pylori infection and increases eradication rate. We previously showed, using a PPI/AMPC/CAM regimen, that the median 24-h pH during eradication therapy was higher (6.4) and the median pH < 4 holding time ratio (HTR) (0.5%) was shorter in patients who experienced successful eradication than those who experienced failed eradication (pH 5.2 and pH < 4 HTR 26.7%) (Sugimoto et al., 2007). Because the degree and duration of acid inhibition correlates with the cure rate, pH > 4 should be maintained for 24 h, and a target pH higher than 6.0 is needed for acid inhibition to cure patients using PPI/AMPC/CAM therapy, irrespective with infection of CAM-resistant strain.
A critical subsequent question then becomes: how do we plan treatment using acid inhibitory drugs to achieve this target pH for acid inhibition? Controlling pH with PPIs depends on the dosing schedule, dose, and a combination of acid inhibitors (Shirai et al., 2001; Shirai et al., 2002; Sugimoto et al., 2004; Sugimoto et al., 2005; Sugimoto et al., 2012). Further, polymorphisms in genes encoding drug-metabolizing enzymes and drug transporters such as CYP2C19 and multidrug resistance protein-1 (ABCB1) affect pH during treatment (Furuta et al., 1999; Shirai et al., 2001; Shirai et al., 2002; Sugimoto et al., 2004; Sugimoto et al., 2005; Kodaira et al., 2009; Sugimoto et al., 2012). In general, the pharmacokinetics and pharmacodynamics of PPIs significantly differ among CYP2C19 genotypes. A previous meta-analysis reported significantly different cure rates of PPI therapy in patients with gastroesophageal reflux disease, a major acid-related disease, with different CYP2C19 genotypes (ITT analysis: EMs, 52.2%; IMs, 56.7%; PMs, 61.3%; p = 0.047), and that CYP2C19 EMs had an increased risk of being refractory to PPI therapy compared to PMs (OR: 1.661, 95% CI 1.023–2.659, p = 0.040) (Ichikawa et al., 2016). Therefore, it is necessary to note that some patients who become resistant to PPI treatment may be CYP2C19 EMs. It may be possible to overcome this disadvantage of genetic variations affecting response to PPIs by using frequent dosing of PPIs, which has been shown to be more efficacious for acid inhibition through 24 h than a one-time increase in dose (Furuta et al., 2001c; Sugimoto et al., 2004; Lou et al., 2009). This phenomenon is due to the fact that frequent dosing sustains plasma levels of PPIs through a 24-h period and continues to inactivate H+, K+-ATPase consistently for 24 h (Furuta et al., 2001c; Sugimoto et al., 2004; Lou et al., 2009). However, because acid inhibition by omeprazole, lansoprazole, rabeprazole and esomeprazole bid in CYP2C19 EMs is 5.0 (2.4–5.9), 4.7 (3.7–5.5), 4.8 (2.5–6.4) and 5.4 (3.5–6.8) (Sahara et al., 2013), respectively, maintaining acid secretion for 24 h in all patients may be difficult. In fact, a previous meta-analysis conducted in 2013 showed that CYP2C19 EM is a risk factor for eradication (Tang et al., 2013). In the present study, we re-evaluated the effect of CYP2C19 genotype on the cure rate of first-line PPI-AMPC-CAM eradication therapy by analyzing RCTs written in English and demonstrated that the cure rate was 77.7% in CYP2C19 EMs, 81.2% in IMs and 86.8% in PMs, and that the RR of failed eradication in CYP2C19 EMs compared with IMs and PMs was 1.21 and 1.57, respectively. Because the incidence rates of antimicrobial resistance change year-by-year, determining the antibiotic susceptibility of H. pylori using either culture or genetic testing or both is of great importance, particularly in populations with a high rate of drug-resistant strains. Therefore, we think our finding that CYP2C19 genotype has a major effect on patients’ response to first-line PPI-AMPC-CAM therapy has great clinical relevance.
In 2015, the potassium-competitive acid blocker, vonoprazan, became clinically available in Japan. Vonoprazan competitively inhibits H+/K+-ATPase activity more firstly and potently than PPIs (Kagami et al., 2016). Therefore, a vonoprazan-containing eradication regimen is expected to increase the eradication rate compared with PPI-containing conventional regimens. In fact, a recent meta-analysis that investigated the efficacy of first-line eradication therapy showed that a vonoprazan-containing regimen achieved a higher eradication rate than a PPI-containing regimen (88.1% (95%CI: 86.1–89.9%) in the vonoprazan therapy and 72.8% (95%CI: 71.0–75.4%) in PPI therapy) (Jung et al., 2017; Sugimoto and Yamaoka, 2018). Because eradication rate for patients infected with CAM-sensitive strain is similar between vonoprazan and PPI, a benefit by vonoprazan-induced potent acid inhibition may play in patients infected with CAM-resistance strain. Therefore, as the first-line standard treatment for H. pylori eradication in Japan, a vonoprazan-containing regimen is selected. However, there is no study to investigate the efficacy and safety of vonoprazan-AMPC-CAM therapy among CYP2C19 genotypes by the RCT. Further trials should be planned to clarify association with vonoprazan and CYP2C19 genotypes and association with PPI/vonoprazan and other genetic variation including CYP3A4 (Sugimoto et al., 2020).
Class of PPI and H. pylori Eradication Therapy
PPIs can be divided into first generation (e.g., omeprazole and lansoprazole) and second generation (e.g., rabeprazole and esomeprazole), which differ in the degree to which they are metabolized by CYP2C19. Rabeprazole is metabolized to thioether-rabeprazole mainly via a non-enzymatic pathway, with minor contribution from CYP2C19 (Yasuda et al., 1995). Esomeprazole is a pure S-isomer of omeprazole and interindividual variations in plasma concentrations of the S-isomer are lower than those in the R-isomer. In this meta-analysis, we found that the cure rates of omeprazole-, lansoprazole-, rabeprazole- and esomeprazole-AMPC-CAM therapy were similar. However, for first-generation PPIs, the RR of failed eradication in CYP2C19 EMs compared with PMs was 1.66 (95% CI 1.12–2.46) for omeprazole and 2.47 (1.44–4.23) for lansoprazole. In contrast, there were no significant differences in cure rates of regimen using second-generation PPIs among genotypes. In addition, because second generation PPIs are more effective for eradication therapy than first generation PPIs, second-generation PPIs or vonoprazan should be selected to ensure high efficacy in all patients, irrespective of CYP2C19 genotype.
CAM Resistance and H. pylori Eradication Therapy
There is growing evidence that the cure rate of PPI-AMPC-CAM regimen decreases with an increase in CAM-resistant strains, and recent rates of CAM-resistant strains in Japan and Europe have exceeded 35 and 20%, respectively (Furuta et al., 2001a; Asaka et al., 2001; Murakami et al., 2002; Megraud, 2007). Although previous studies have reported that cure rates in patients infected with CAM-resistant strains have markedly decreased to 20–40% (Fischbach and Evans, 2007; Megraud, 2007), this meta-analysis obtained cure rates of 89.7% (95% CI 88.3–91.0%) and 42.1% (95% CI 36.8–47.6%) in patients infected with CAM-sensitive and resistant strains, respectively. The Maastricht V/Florence Consensus Report recommends first-line therapy using a CAM-containing regimen with PPI/AMPC or PPI/MNZ and an alternative treatment using bismuth-containing quadruple treatment in areas with low prevalence of CAM-resistant strains or bismuth or non-bismuth quadruple treatment and concomitant therapies in areas with high (>15%) CAM resistance (Malfertheiner et al., 2017). This indicates the need to carefully select antimicrobial agents and/or regimens based on individual’s antibiotic resistance to H. pylori and/or known regional characteristics.
Recent studies have demonstrated the efficacy of tailored treatment based on sensitivity to CAM, with eradication rates exceeding 90% (Furuta et al., 2007; Kawai et al., 2008; Sugimoto et al., 2014). Although it is unfeasible to provide tailored treatment based on sensitivity to CAM to all patients with H. pylori infection or all areas/populations around the world due to limitations in culture testing and PCR in clinical practice, tailored treatment based on sensitivity to CAM should be considered in areas with a high incidence rate of CAM-resistant H. pylori.
Because eradication rate for patients infected with CAM-sensitive strain is similar between vonoprazan and PPI (Jung et al., 2017; Sugimoto and Yamaoka, 2018), insufficient acid inhibition by PPI in CYP2C19 EMs may reduce eradication rate for CAM-resistance H. pylori strain. Therefore, different efficacy among CYP2C19 genotypes shown by our meta-analysis may depends on rate of CAM-resistance strain in each study. This observation will support hypothesis that potent acid inhibition (e.g., PPI high-dose, PPI qid with high adherence, vonoprazan and tailored PPI therapy based on CYP2C19 genotype) is important to be high eradication rate in patients infected with CAM-resistant strain (Furuta et al., 2007; Sugimoto et al., 2014). In fact, despite the dual therapy of vonoprazan/AMPC, it was reported to show a high eradication rate in patients infected with CAM-resistant strain (Suzuki et al., 2020). Although this observation suggests that when vonoprazan and AMPC are selected for eradication therapy, CAM may be unnecessary. Therefore, we think that culture test and susceptibility-based treatment provides best outcome for H. pylori eradication therapy. Although potency of PPI differs among kind of PPIs and resistant rate to CYP2C19 differs among kind of PPIs, acid inhibition by PPI also depends on the dosing schedule (oid, bid and qid) and dose. Therefore, I should be evaluated to determine optimal eradication regimen by combined analysis with various factors (dosing schedule, dose, genetic factor, potency, and generation) that affect intragastric pH at the time of PPI administration, as further study.
Limitations
This meta-analysis has a few limitations. First, there is a possibility of selection bias due to the exclusion of studies published in languages other than English, those with abstracts alone and studies that used non-RCT designs. Second, only one RCT has examined the association of CYP2C19 genotype with cure rate outside of East Asia. Third, the small sample size may have affected the statistical power of sub-group analyses. Because background (e.g., race and sex), treatment (e.g., class of PPI, regimen, dose of PPI, kinds of antimicrobial agents) and bacterial factors (e.g., resistance to antimicrobial agents and virulence factors) are associated with the outcome of eradication therapy, future meta-analyses of a larger number of RCTs should account for these factors to gain a clearer understanding of the association of cure rate with CYP2C19 genotype. Forth, because there were a few reports investigating effect of CYP2C19 genotype between clarithromycin-sensitive and resistant strain, we cannot meta-analyze associations in this time.
CONCLUSION
Cure rates of first-line PPI-AMPC-CAM eradication therapy differ among CYP2C19 genotypes, especially in Asian populations. This meta-analysis suggest that PPI-AMPC-CAM therapy has the potential to eradicate H. pylori infection in >85% of CYP2C19 PMs, but a low proportion of CYP2C19 EMs. Thus, the cure rate of this regimen in CYP2C19 EMs may be insufficient to eradicate H. pylori infection. Therefore, genotyping patients for CYP2C19 variants before eradication therapy may help to achieve higher eradication rates. To receive eradication rate >90% is important in clinical practice (Graham et al., 2007). However, most of regimen cannot reach to this goal, due to insufficient acid inhibition during treatment and susceptibility to antimicrobial agents. Therefore, second generation PPI-high-dose, high-frequent (qid) or vonoprazan-containing tailored treatment based on susceptibility to antimicrobial agents may optimal to ignore CYP2C19 genotype status and to receive high eradication rate.
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Despite structural similarity, the five subtypes comprising the cholinergic muscarinic family of G protein-coupled receptors regulate remarkably diverse biological functions. This mini review focuses on the closely related and commonly co-expressed M1R and M3R muscarinic acetylcholine receptor subtypes encoded respectively by CHRM1 and CHRM3. Activated M1R and M3R signal via Gq and downstream initiate phospholipid turnover, changes in cell calcium levels, and activation of protein kinases that alter gene transcription and ultimately cell function. The unexpectedly divergent effects of M1R and M3R activation, despite similar receptor structure, distribution, and signaling, are puzzling. To explore this conundrum, we focus on the gastrointestinal (GI) tract and liver because abundant data identify opposing effects of M1R and M3R activation on the progression of gastric, pancreatic, and colon cancer, and liver injury and fibrosis. Whereas M3R activation promotes GI neoplasia, M1R activation appears protective. In contrast, in murine liver injury models, M3R activation promotes and M1R activation mitigates liver fibrosis. We analyze these findings critically, consider their therapeutic implications, and review the pharmacology and availability for research and therapeutics of M1R and M3R-selective agonists and antagonists. We conclude by considering gaps in knowledge and other factors that hinder the application of these drugs and the development of new agents to treat GI and liver diseases.
Keywords: muscarinic receptors, G protein-coupled receptors, gastrointestinal physiology, gastrointestinal disease, liver disease, cancer
INTRODUCTION
Muscarinic receptors (MRs) are class A (Rhodopsin-like) guanine nucleotide protein-coupled receptors (GPCRs) differentiated from other cholinergic receptors by preferential binding of muscarine rather than nicotine (Eglen, 2012; Tiwari et al., 2013). MRs are further subcategorized into five subtypes, designated M1R through M5R and encoded by CHRM1-CHRM5, each of which modulates a range of parasympathetic activities (Caulfield and Birdsall, 1998). These functionalities depend on tissue and membrane localization (Koenig and Edwardson, 1996; Nathanson, 2008). Like other GPCRs, MRs are characterized by seven transmembrane helices designated TM1 through TM7, forming a partially-spiral configuration within the cell membrane (Hulme et al., 2003). Acetylcholine (ACh) binds on the extracellular aspect of MRs in a pocket formed by TM3, TM6, and TM7 residues. The five MR subtypes share 82–92% transmembrane region homology, with 64–82% sequence similarity overall (Maeda et al., 2019). As GPCRs, activated MRs interact with heterotrimeric guanine nucleotide-binding proteins (G-proteins), classified by their α subunits, to activate downstream targets.
Although classically responsive to ACh, MRs, like other GPCRs, possess allosteric binding sites for naturally occurring and engineered non-ACh ligands, with varying degrees of preference; allosteric effects may result in surprising downstream actions in cell types not previously considered responsive to muscarinic signaling (Tolaymat et al., 2019). ACh and these “non-traditional” ligands provide MRs with the ability to modulate a broad repertoire of cells and biological systems including those associated with neuronal signaling, immune function, and cell trafficking, proliferation, and differentiation (Wessler and Kirkpatrick, 2008; McLean et al., 2016). Dysregulated post-MR signaling is associated with unregulated cell proliferation and cancer progression (Chen et al., 2019), an “overactive” bladder (Abrams et al., 2006), autoimmune diseases (Berg et al., 2010; Lee et al., 2013) and psychiatric disorders (Scarr, 2012; Vakalopoulos, 2014; Jeon et al., 2015). In addition to the discovery that non-traditional ligands can modify MR function, the production and release of ACh is more widespread than originally thought; a wide variety of non-neuronal cells express choline acetyltransferase (ChAT), the key enzyme needed to convert acetyl CoA and choline into ACh (Wessler and Kirkpatrick, 2012). Colon cancers, for example, express high levels of ChAT (Cheng et al., 2008). The variety of processes modulated by MRs has invited extensive research into the potential use of agonists, antagonists, and allosteric modulators for myriad disorders.
Muscarinic Receptor Distribution and Post-Receptor Signaling
MRs are expressed by a wide variety of tissues and cell types and control key digestive and metabolic functions. Salivary gland secretion, gastric, and intestinal fluid transport, cell proliferation, mucus production, motility, and mesenteric vascular constriction and dilation are all responsive to MR signaling (Tobin et al., 2009; Muise et al., 2017). In the stomach, M3R, M4R, and M5R activation modulates hydrochloric acid secretion from parietal cells (Aihara et al., 2005), and M1R and M3R activation stimulates pepsinogen secretion from chief cells (Xie et al., 2005). GI motility, through intestinal smooth muscle cell action, involves communication between the central and enteric nervous systems. These effects are partially mediated by M1R through M3R (Moro et al., 2005), with M2R and M3R playing a role in regulating longitudinal muscle contraction, and all three MR subtypes involved in circular muscle function (Harrington et al., 2010; Tanahashi et al., 2021). MR-mediated regulation of smooth muscle function extends throughout the entire GI tract. Nonetheless, it is likely that MRs play additional roles in regulating small intestinal function; for example, M2R is expressed in the stem cell compartment and may be involved in enterocyte turnover (Muise et al., 2017). ACh has both pro- (Koyama et al., 1992; Brunn et al., 1995) and anti-inflammatory (Pavlov and Tracey, 2006) effects, the latter mediated in part by reducing systemic levels of tumor necrosis factor. While the ubiquity of MRs within the digestive tract makes them attractive therapeutic targets to modulate health and disease, this same ubiquity complicates efforts to design selective agents while minimizing off-target adverse effects.
Responses of MRs to ligand binding are subtype specific. Activation of odd-numbered MRs (M1R, M3R, and M5R) stimulates phospholipid turnover and increases intracellular calcium levels while activation of even-numbered MRs (M2R, M4R) inhibits adenylyl cyclase activity, thereby reducing levels of intracellular cAMP. M1R, M3R, and M5R (MRodd) canonically couple to Gq/11 which induces the phospholipase C-mediated hydrolysis of phosphatidylinositol (4.5)-bisphosphate into diacylglycerol and inositol (1,4,5)-trisphosphate. The latter binds an endoplasmic reticulum receptor stimulating intracellular calcium release. However, these may represent oversimplifications; experimental findings suggest differential interactions of individual MRodd and MReven with their downstream targets. For example, although both M1R and M3R signal through phospholipase C, CHO cells expressing M1R exhibited four-fold greater cAMP production in response to carbachol compared to cells expressing M3R (Burford et al., 1995). Likewise, although M2R and M4R (MReven) act primarily by binding Gi/o family proteins to alter adenylyl cyclase activity, their actions can also prolong potassium channel opening, thereby causing cellular hyperpolarization (Bubser et al., 2012).
These general principles do not tell the whole story–despite substantial sequence homology among MR subtypes they demonstrate surprising individuality in their responses to stimuli, even within the same cell and when responding to the same ligand. Pancreatic acinar cells provide a useful model to study muscarinic control of exocrine digestive function. Using acinar cells prepared from M1R- and M3R-deficient mice as well as M1/M3 chimeric receptors, Nakamura et al., demonstrated greater ACh-induced IP3 release in cells expressing only M1R compared to those expressing uniquely M3R (Nakamura et al., 2013). Moreover, in M3R-compared to M1R-expressing cells, these differences were associated respectively with oscillatory versus monotonic patterns of cytosolic calcium release. Oscillatory calcium release was a function of a C-terminal region of M3R with considerable variability among MR subtypes (Nakamura et al., 2013). In murine gastric chief cells, both M1R and M3R mediate pepsinogen secretion–deletion of either MR subtype reduces and combined M1R and M3R deficiency ablates cholinergic agonist-induced proenzyme secretion (Xie et al., 2005). Thus, in some cell types, MRodd have overlapping functions whereas in other cell types, MR subtype signaling appears divergent. In addition to the influence of their cell and tissue localization, other mechanistic differences between MR subtypes result in sometimes-opposing effects. GPCRs, including MRs, can also undergo “pre-coupling”, wherein a stable multimeric complex is present before ligand binding. Unlike other MR subtypes, M1R and M3R pre-couple with Gi/o G-proteins, their non-preferential G protein, thereby potentially altering downstream effects (Jakubík et al., 2011). Crystal structures of inactive M1-4R subtypes provide some insight into different allosteric and orthosteric binding sites (Kruse et al., 2012; Thal et al., 2016), but our understanding of the resulting functional differences between MR subtypes continues to evolve.
Effects of Dysregulated M1R and M3R Signaling on Non-Proliferative Disorders Involving the Digestive System
As a result of their central role in maintaining homeostasis in the GI tract, dysregulated MR signaling can be an important modifier of intestinal disease. In Hirschsprung disease, lack of mucosal cholinergic innervation in aganglionic colon segments increases the risk of postoperative enterocolitis (Keck et al., 2021). In diarrhea-predominant irritable bowel syndrome (IBS-D) without a concomitant psychiatric disorder, pyridostigmine (an acetylcholinesterase inhibitor) induces a stronger IL-6 response that is highly correlated with symptoms (Dinan et al., 2008). Given the pharmacotherapies targeting MRs already approved or being explored to treat IBS (Tables 1, 2), achieving a more precise mechanistic understanding of the role MR dysregulation plays in IBS is important.
TABLE 1 | FDA/EMA approved muscarinic receptor antagonists and agonists.
[image: Table 1]TABLE 2 | Selective M1R/M3R agents used for research and under clinical investigation.
[image: Table 2]Diseases associated with MR dysregulation are not restricted to the lower GI tract. In the stomach, cholinergic signaling is balanced with histamine and gastrin release to regulate gastric acid levels; peptic ulcer disease is associated with greater MR expression in the gastric body, whereas progressive MR loss in that region is associated with chronic gastritis (Pfeiffer et al., 1995). In progressive systemic sclerosis and Sjogren’s syndrome, an autoimmune condition which impairs lacrimal and salivary function, esophageal dysmotility may be associated with anti-M3R antibodies (Goldblatt et al., 2002; Kawaguchi et al., 2009; Gyger and Baron, 2012); anti-M3R antibodies are also reported in progressive systemic sclerosis with anal dysmotility (Singh et al., 2009; Gyger and Baron, 2012). Intravenous immunoglobulin to neutralize anti-M3R antibodies may be beneficial (Smith et al., 2005).
Compared to the normal liver, individuals with primary biliary cholangitis (PBC) are more likely to have a CHRM3 single nucleotide polymorphism (rs4620530) of uncertain significance; this is not associated with baseline disease characteristics or treatment responses (Greverath et al., 2020). PBC is more commonly associated with anti-M3R antibodies than other liver diseases (Tsuboi et al., 2014); those with anti-M3R antibodies are more likely to have a benign disease course. Nonetheless, M3R antibody levels do not correlate with treatment responses or serological markers either at baseline or during the disease course (Mayer et al., 2020). A subset of patients with PBC develop Sjogren’s syndrome; the shared increase in anti-M3R antibody levels in both conditions suggests overlapping features could form the basis for a mutual treatment.
Divergent Effects of M1R and M3R Signaling on Digestive Tract Cell Proliferation and Neoplasia
MRs play key roles in normal cell proliferation and turnover. As reviewed by Campoy et al. (2016), presumably to benefit tumor progression, neoplastic cells hijack MR-dependent proliferative signal transduction pathways. Treating neoplastic cells with exogenous ACh and inhibiting ACh hydrolysis promotes their proliferation and, conversely, reducing M3R expression and activation is anti-proliferative. Moreover, because neoplastic cells tend to lose cellular polarity, receptors normally expressed on the basolateral membrane may be expressed more diffusely around the cell membrane, thereby facilitating their access to orthosteric and allosteric ligands in the tumor microenvironment and GI lumen (Cheng et al., 2002). For example, bile acids, at concentrations achieved in stool, promote atropine-inhibitable colon cancer cell proliferation (Cheng and Raufman, 2005).
Abundant data support the conclusion that M3R plays an important role in colon cancer progression. In mouse models of sporadic and genetic colon cancer, using azoxymethane (AOM)-treated and ApcMin/+ mice, respectively, Chrm3 ablation with resulting M3R deficiency substantially reduces the intestinal tumor burden (Raufman et al., 2008; Raufman et al., 2011). As M3R deficiency primarily reduces the number of adenocarcinomas rather than adenomas, the major impact of blocking M3R activation appears to be on promotion, rather than initiation, of neoplasia. M3R activation has similar pro-proliferative effects on gastric cancer (Hayakawa et al., 2017; Wang et al., 2018). M3R expression is enhanced in cholangiocarcinoma and associated with reduced cell differentiation, perineural invasion, and metastasis (Feng et al., 2012; Feng et al., 2018).
In contrast to the impact of M3R deficiency, M1R deficiency in mice does not attenuate, and may modestly enhance, AOM-induced colon carcinogenesis. Strikingly, mice with combined M1R and M3R deficiency develop as many colon tumors as control mice (Cheng et al., 2014); that is, M1R deficiency negates the anti-neoplastic effects of M3R deficiency. Likewise, M1R agonism appears protective against pancreatic ductal adenocarcinoma (PDAC) and counteracts enhanced carcinogenesis following vagotomy (Renz et al., 2018), suggesting a potential therapeutic opportunity. In contrast, in hepatocellular and prostate carcinomas, M1R activation promotes cellular migration and invasiveness (Yin et al., 2018; Zhang et al., 2020). Notably, many of these studies are limited by using global rather than conditional knockout mouse models. Hence, it remains uncertain whether the respective MR deficiencies are due to effects on neoplastic cells versus other cellular elements in the tumor microenvironment (e.g., immunocytes). Nonetheless, these observations argue strongly for the importance of MR subtype selectivity in designing and developing therapeutics.
Branches of the vagus nerve, a major source of ACh signaling within the GI tract, innervate the liver and modulate hepatocyte regeneration by progenitor cells and fibrosis by stellate cells (Cassiman et al., 2002). The current lack of effective anti-fibrotic therapies highlights the potential of leveraging these muscarinic actions to prevent or reverse fibrosis in advanced liver disease and stimulate hepatocyte regeneration. For example, in rodents, carbon tetrachloride (CCl4)-induced hepatic fibrosis can be attenuated by vagotomy and treatment with atropine (Lam et al., 2008). M3R expression and activation protects against AOM-induced liver fibrosis (Khurana et al., 2010; Khurana et al., 2013; Rachakonda et al., 2015). Surprisingly, M1R expression and activation appears to have opposite effects, worsening AOM-induced hepatic fibrosis (Rachakonda et al., 2015). Thus, in the absence of effective anti-fibrotic therapy, manipulation of MR subtype activity to limit or reverse fibrosis may have therapeutic potential although, again, divergent effects in different tissues warrants caution.
Use of MR Agonists and Antagonists to Treat Digestive Tract Disease
MR subtype, tissue distribution, and off-target side effects have hindered efforts to manipulate MR activity precisely and effectively with drugs. MR antagonists are most effective in treating chronic obstructive pulmonary disease and overactive bladder (Table 1) (Eglen et al., 1999; Athanasopoulos and Giannitsas, 2011)—their utility for GI and hepatic disorders is currently limited. Cholinesterase inhibitors that increase ACh levels, also used clinically for digestive tract disorders, have similar limitations as their actions are largely non-selective. Adverse effects with these classes of drugs are attributed primarily to off-target effects on the CNS (e.g., convulsions, confusion) and other peripheral MR subtypes (e.g., sialorrhea, rhinitis, diaphoresis, diarrhea, nausea, vomiting, and bronchospasm). Novel MR agonists and antagonists are currently under investigation primarily for diseases of the central nervous system such as Alzheimer’s disease and schizophrenia (Table 2) (Davie et al., 2013).
Several MR agonists and cholinesterase inhibitors are in clinical use. Oral and topical pilocarpine. and cevimeline (Evoxac), an M3R-selective activator, augment salivary gland secretions in xerostomia due to radiation therapy and Sjogren’s syndrome (Iga et al., 1998; Fife et al., 2002; Petrone et al., 2002; Weber and Keating, 2008a; Berk, 2008; Mitchelson, 2012a; Davies and Thompson, 2015; Panarese and Moshirfar, 2021). Bethanechol, a structural analogue of ACh that resists hydrolysis by cholinesterases, has potential to treat esophageal dysmotility. Currently approved to treat urinary retention and neurogenic bladder (Gaitonde et al., 2019), bethanechol strengthens esophageal contractions in subjects with ineffective esophageal motility (Agrawal et al., 2007) and augments lower esophageal sphincter pressure in gastroesophageal reflux disease (Farrell et al., 1973). Nonetheless, in a pilot study, topical bethanechol did not significantly improve esophageal motility (O’Rourke et al., 2013). Edrophonium, a cholinesterase inhibitor used to diagnose myasthenia gravis, was used to provoke esophageal spasm in the investigation of non-cardiac chest pain, but the lack of correlation between symptoms and objective changes in esophageal manometry limited its utility (Botoman, 2002).
Gastric acid secretion is controlled by a mix of cholinergic muscarinic stimulation and hormonal signaling by gastrin and histamine; thus, only partial inhibition of acid release is achieved with anti-muscarinic agents. Consequently, histamine-2 receptor and H+-K+ATPase (proton pump) inhibitors are highly successful and MR antagonists rarely prescribed. Pirenzepine (Gastrozepin), an M1R antagonist that is not FDA approved, has limited use to treat acid-related disorders in the EU (Tryba and Cook, 1997). Scopolamine, a non-selective MR antagonist, is commonly used as a transdermal patch for nausea associated with anesthesia or motion sickness (Riad and Hithe, 2021).
Dicyclomine (Bentyl), an M1R- and M3R-selective antagonist that inhibits small and large intestinal motility, is used as an anti-spasmodic agent to treat IBS (Giachetti et al., 1986; Doods et al., 1987). Neostigmine, a cholinesterase inhibitor, is used to treat acute intestinal pseudo-obstruction associated with critical illness or opioid use, another condition of impaired smooth muscle motility. Colonic decompression may be achieved with intravenous neostigmine (De Giorgio et al., 2001), although cardiac monitoring is important and rapid administration of atropine may be required for resulting bradycardia.
Although a potential role for modulating MR activity to treat cancer was demonstrated in a variety of cell types (Shah et al., 2009), except for an ongoing trial to investigate the utility of bethanechol before surgery for resectable PDAC (U.S. National Library of Medicine, 2021), the efficacy of modulators of MR activity in digestive tract cancers has not been tested in the clinic. Moreover, anti-tumor efficacy may be limited by the inability to achieve adequate concentrations in target tissues while, at the same time, preventing off-target adverse effects. An ideal agent would exhibit target organ and MR-subtype specificity, goals hampered by the extensive similarity between orthosteric and allosteric ligand binding sites among the five MR subtypes (Liu et al., 2018). Studies of naturally occurring ligands, such as muscarinic toxins in snake venom, have provided insight into how subtype-selective agents may be formulated (Maeda et al., 2020). Such agents with potential for oncotherapy continue to be developed. For example, the M3R-specific antagonist darifenacin which is approved to treat bladder dysfunction (Yamada et al., 2006) reportedly inhibits tumor progression and invasiveness in human-derived cell lines, most recently in colorectal cancer cell lines (Hering et al., 2021). As darifenacin is in clinical use with a known safety profile, it is an attractive candidate for adjunctive therapy, especially for cancers already shown to overexpress M3R, like colon cancer cells (Frucht et al., 1999; Cheng et al., 2014), PDAC (Zhang et al., 2016), and non-small cell lung cancer (Lin et al., 2014).
Some therapeutic approaches may circumvent the need for MR subtype and tissue specificity. For example, treating colorectal cancers with poorly absorbed oral agents or drugs with extensive first-pass metabolism may target GI mucosal lesions with limited systemic side effects. However, even within a limited area of distribution, MRs are not constrained to only one downstream signaling pathway; the same receptor may have contradictory effects on neighboring cell types. Even when occupying the same binding pocket, ligands can influence the activation of pathways on other cell membrane surfaces via signaling bias and functional selectivity (Randáková and Jakubík, 2021). A ligand may bind several MR subtypes, but only activate one or a few, thereby compensating for binding pocket homogeneity. Furthermore, through selective interactions with residues in the binding pocket of a single subtype, ligands can encourage activated receptor configurations that favor interaction with certain G proteins. As an example, the MR agonist cevimeline increased intracellular calcium levels in Chinese hamster ovary (CHO) cells transfected with rat M1R but did not increase cAMP levels. In contrast, carbachol, a non-selective MR agonist, elevated both calcium and cAMP levels (Gurwitz et al., 1994). Even more intriguing, cevimeline did not activate signaling in M3R-transfected cells, contrary to its clinical use in Sjogren’s syndrome which is thought to be mediated by M3R activation. This complexity makes it difficult to predict the clinical effects of new MR agonists and antagonists but suggests highly selective agents can be developed.
CONCLUSION: CURRENT GAPS IN KNOWLEDGE, DRUG DEVELOPMENT, AND THERAPEUTIC OPPORTUNITIES
MR activation via the vagus nerve, the longest and most complex cranial nerve, and within the enteric nervous system, is a major modifier of normal and pathological GI and hepatic function. As reviewed here, MRs and the machinery needed to produce their ligands are not limited to neuronal cells. Abundant evidence exists that “non-traditional” ligands (e.g., other than ACh) mediate paracrine and autocrine signaling by orthosteric and allosteric interactions with MR subtypes. These findings highlight the potential for treating a broad range of physiological and disease processes with MR subtype-selective agents. Numerous non-selective and subtype-selective orthosteric ligands that modify MR signaling have been developed and investigated to treat a variety of digestive diseases (Tables 1, 2); allosteric regulation of MR activity represents a presently untapped reservoir of agents that can be designed or repurposed to alter cell function. Overall, there has been limited clinical use of both orthosteric and allosteric modifiers of MR function. Despite more than 20 years of evidence supporting an important role for MR activation in GI cancer progression, currently only one clinical trial is investigating the efficacy of a drug to modulate MR activity as adjunctive treatment for a digestive tract cancer, PDAC (ClinicalTrials.gov Identifier: NCT03572283).
Extensive sequence homology between the five MR subtypes hampers efforts to create agents with sufficiently selective actions and, thereby, limited off-target toxicity. Adding to this complexity is the observation that a receptor subtype on one cell type may activate different downstream signaling pathways, depending on the interaction between ligand and receptor and the conformational changes instigated by this interaction. In addition to subtype-specificity, ideal agents must possess sufficient tissue specificity to prevent deleterious action on neighboring and distant tissues. In this regard, targeting diseases involving intestinal mucosa, e.g., neoplasia, may be advantaged by developing agents with limited GI absorption or extensive first-pass metabolism. Current gaps in knowledge include a better understanding of subtype-selective allosteric modulation of MR function, an area in its infancy.
Lastly, several observations reviewed above suggest great potential for leveraging the divergent actions of M1R and M3R activation to treat GI cancers. Thus, a drug design challenge is to develop a molecule with dual functionality as an M1R agonist and M3R antagonist. Moreover, it has not escaped our attention that developing an agent with the opposite properties may be useful to prevent or reverse hepatic fibrosis. Success at creating dual agonists for different bile acid receptors in the gut suggests that although the challenge is formidable, it can be overcome (Ito et al., 2021). As our understanding of these complex signaling mechanisms evolves and the medicinal chemistry needed to develop MR subtype-specific agents progresses, targeting MR subtypes is likely to become a valuable adjunct for treating a variety of digestive tract disorders, including cancer.
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The cholinergic anti-inflammatory pathway (CAIP) has been proposed to regulate gastrointestinal inflammation via acetylcholine released from the vagus nerve activating α7 nicotinic receptor (α7nAChR) on macrophages. Parkinson’s disease (PD) patients and PD rats with substantia nigra (SN) lesions exhibit gastroparesis and a decayed vagal pathway. To investigate whether activating α7nAChR could ameliorate inflammation and gastric dysmotility in PD rats, ELISA, western blot analysis, and real-time PCR were used to detect gastric inflammation. In vitro and in vivo gastric motility was investigated. Proinflammatory mediator levels and macrophage numbers were increased in the gastric muscularis of PD rats. α7nAChR was located on the gastric muscular macrophages of PD rats. The α7nAChR agonists PNU-282987 and GTS-21 decreased nuclear factor κB (NF-κB) activation and monocyte chemotactic protein-1 mRNA expression in the ex vivo gastric muscularis of PD rats, and these effects were abolished by an α7nAChR antagonist. After treatment with PNU-282987 in vivo, the PD rats showed decreased NF-κB activation, inflammatory mediator production, and contractile protein expression and improved gastric motility. The present study reveals that α7nAChR is involved in the development of gastroparesis in PD rats and provides novel insight for the treatment of gastric dysmotility in PD patients.
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INTRODUCTION
Gastroparesis and constipation are prominent nonmotor symptoms of Parkinson’s disease (PD), and these symptoms often occur decades before somatic motor symptoms (Cersosimo and Benarroch, 2012; Matteoli and Boeckxstaens, 2013). It is unclear whether the relevant neuronal structures, including brain stem nuclei, the autonomic nervous system, and the enteric nervous system, are individually or collaboratively involved in gastroparesis in PD (Fedorova et al., 2017). It has been reported that dorsal motor nucleus of the vagus (DMV) pathology is present in the majority of PD patients (Braak and Braak, 2000; Kalaitzakis et al., 2008). Almost all neurons in the DMV contain acetylcholine (ACh).
In addition to acting as a neurotransmitter, ACh can modulate immune responses. The cholinergic anti-inflammatory pathway (CAIP) regulates gastrointestinal (GI) immune homeostasis by shifting towards either immune tolerance or inflammation (Matteoli and Boeckxstaens, 2013). Specifically, by releasing ACh, the vagus nerve reduces the production of chemokines and cytokines, which is mediated by α7 nicotinic receptor (α7nAChR) on macrophages. It has been reported that PD rat model with lesions in the substantia nigra (SN) produced by 6-hydroxydopamine (6-OHDA), also referred to as 6-OHDA rats, exhibit gastroparesis (Zheng et al., 2011; Toti and Travagli, 2014; Anselmi et al., 2017). Previously, we reported that a decreased number of cholinergic neurons in the DMV and a reduction in ACh content in the DMV and gastric muscularis contribute to GI dysmotility in 6-OHDA rats (Zheng et al., 2011; Zheng et al., 2014). Given the anti-inflammatory effect of ACh, we recently reported the occurrence of gastric muscularis inflammation in 6-OHDA rats (Xiu et al., 2020).
In contrast to the mucosal macrophages, which exhibit diverse phenotypes, muscular macrophages can be classified as either resident or proinflammatory macrophages. Proinflammatory macrophages produce large amounts of proinflammatory mediators such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), which are implicated in initiating muscular inflammation. Resident macrophages contribute to muscular remodelling and repair. Cluster of differentiation 163 (CD163) and Cluster of differentiation 68 (CD68) are often used as markers of resident and proinflammatory macrophages in the GI muscularis, respectively (Tsuchida et al., 2011). However, whether proinflammatory macrophages are present in the gastric muscularis of 6-OHDA rats is far from clear.
In animal models of colitis (Salaga et al., 2016), postoperative ileus (Matteoli et al., 2014) and ischaemia-reperfusion injury (Websky et al., 2013), activating α7nAChR can inhibit colonic and small intestinal macrophage activation by blocking the NF-κB pathway and its downstream proinflammatory mediators. Inflammation is reduced and motility is improved in these animal models (Websky et al., 2013; Matteoli et al., 2014; Salaga et al., 2016). Therefore, α7nAChR might be a therapeutic target for inflammation-related diseases. However, the effect of activating α7nAChR on gastroparesis in 6-OHDA rats needs to be investigated.
Normal gastric contraction is mainly carried out by cytoplasmic contractile proteins (Brittingham, 1998). Previous studies have demonstrated that TNF-α and IL-1β can induce contraction protein alterations and phenotypic switching of smooth muscle cells (SMCs) (Matarrese et al., 2012; Nair et al., 2014). Thus, the increase in the levels of proinflammatory mediators in the gastric muscular layer might cause concomitant downregulation of the expression of SMC contractile proteins that contribute to the development of gastric dysmotility.
We speculated that the reduction in ACh expression in the gastric muscularis induced by SN dopaminergic neurodegeneration may trigger gastric muscularis inflammation via reduced activity in the CAIP, while treatment with an α7nAChR agonist to effectively restore cholinergic tone might suppress macrophage activation and attenuate gastric inflammation and dysmotility in 6-OHDA rats. In the present study, we aimed to examine the distribution of macrophages, the expression of α7nAChR, and the levels of inflammatory factors in the gastric muscularis of 6-OHDA rats with gastroparesis. We investigated whether α7nAChR agonists can reverse the above alterations and improve gastric motility in 6-OHDA rats by means of digital X-ray imaging, gastric motility recording, immunofluorescence, transmission electron microscopy, western blot analysis, real-time PCR, and enzyme-linked immunosorbent assay (ELISA). The study reveals the role of reduced cholinergic tone in the pathogenesis of gastroparesis in 6-OHDA rats and provides novel insight for clinical gastric dysmotility therapy.
MATERALS AND METHODS
Subjects
We used male Sprague-Dawley rats (Laboratory Animal Services Center of Capital Medical University, Beijing, China) that ranged in weight from 210 to 230 g. All the animals were housed in animal care facilities at 22 ± 1°C on a 12:12 h light-dark cycle. Food and water were provided ad libitum. Every procedure was approved by the Animal Care and Use Committee of Capital Medical University and was conducted according to the established guidelines of the National Institutes of Health (NIH, USA). All the rats were anesthetized using isoflurane inhalation (2%) and killed by decapitation.
6-OHDA Model
The animal model of Parkinson’s disease was established by bilateral SN microinjection of 6-OHDA (Sigma, USA) as previously reported (Zheng et al., 2011; Zheng et al., 2014). Briefly, all the animals were placed in a stereotaxic instrument. Two holes were drilled in the skull (coordinates: AP, −5.6 mm; ML, ±2.0 mm; DV, −7.5 mm), and 6-OHDA (4 μg in 2 μl of 0.9% saline containing 0.05% ascorbic acid) was bilaterally injected with a 10 μl Hamilton syringe. The control groups were injected with saline containing 0.2% ascorbic acid. The subsequent experiments were performed at 4 or 6 weeks after 6-OHDA administration.
Experimental Design
In experiment 1 (Supplementary Figure S1), rats were randomly assigned to the control and 6-OHDA groups. At the end of the 6th week after saline or 6-OHDA injection, fresh brain tissue and gastric corpus tissue (control: n = 8; 6-OHDA: n = 8) were acquired for ELISA, western blot analysis, and ultra-performance liquid chromatography tandem mass spectrometry (UPLC/MS/MS). At the end of the 4th week (control: n = 3; 6-OHDA: n = 3) and 6th week (control: n = 3; 6-OHDA: n = 3) after saline or 6-OHDA injection, gastric tissue for haematoxylin and eosin (HE) staining and whole-mount preparations were obtained through abdominal aorta occlusion and stomach excision. Then, the rats were transcardially perfused, and their brains were postfixed for immunohistochemistry.
In experiment 2 (Supplementary Figure S1), gastric muscularis tissue (control: n = 10; 6-OHDA: n = 10) was obtained at the end of the 6th week after saline or 6-OHDA injection and was processed for ex vivo culture.
In experiment 3 (Supplementary Figure S1), rats were randomly divided into early and late treatment groups. Previous studies have demonstrated that gastric dysmotility is not obvious until 4 weeks after 6-OHDA injection (Song et al., 2014; Toti and Travagli, 2014). Therefore, in the early treatment group, the rats received intraperitoneal injection of PNU-282987 (PNU), a selective agonist of α7nAChR (early-PNU) or vehicle, once a day for 6 weeks on d 1 after 6-OHDA/saline microinjection. PNU were purchased from Abcam (Cambridge, UK). In the late treatment group, the 6-OHDA rats received daily injection of PNU (late-PNU) or vehicle from d 28 to d 56 after the 6-OHDA model was generated. Thus, both groups were subdivided into 4 groups: the control + vehicle (control) group; the control + early- or late-PNU (control + early- or late-PNU) group; the 6-OHDA + vehicle (6-OHDA) group; and the 6-OHDA + early- or late-PNU (6-OHDA + early- or late-PNU) group. The dose of PNU (0.38 mg/kg) was chosen according to published study study (Li et al., 2011).
In experiment 3, 32 rats were divided into 4 subgroup (each subgroup: n = 8) in the early treatment group. Gastric emptying (GE) rate was calculated, and gastric muscularis tissues were obtained for gastric strip contraction, whole mount studies, western blot analysis and real-time PCR. Fresh brain tissue from all rats was acquired for western blot.
In experiment 3, 32 rats were divided into 4 subgroup (each subgroup: n = 8) in the late treatment group. After in vivo gastric motility recording and GE tests, fresh brain and gastric muscularis tissues were obtained for western blot analysis, real-time PCR and electron microscopy.
Tissue Preparation
The stomach was quickly immersed in ice-cold Krebs-Henseleit solution (K-HS) (composition: NaCl, 118.4 mM; KCl, 4.7 mM; MgCl2 7H2O, 1.2 mM; NaHCO3, 25 mM; KH2PO4, 1.2 mM; CaCl2, 2.5 mM; and glucose, 11 mM). The luminal contents were flushed out with K-HS. The gastric corpus was pinned flat with the mucosal side up in a Sylgard-lined Petri dish containing ice-cold oxygenated K-HS. The mucosa was removed from the underlying tunica muscularis by peeling. The fundus was removed, and the entire gastric corpus was used in the subsequent steps. The tissues were immediately quick-frozen in liquid nitrogen or immediately fixed in 4% buffered formalin for the following experiments. The SN and dorsal medulla were collected on ice from the brains of rats following previously described methods (Zheng et al., 2011; Zheng et al., 2014).
To generate the brain sections, rats were perfused through the left ventricle according to a previous method (Song et al., 2014). The brains were then quickly removed and kept in 4% paraformaldehyde for 24 h post fixation. After dehydration with 15 and 30% sucrose in 0.01 M PBS (pH 7.4), coronal frozen sections including the SN, were cut at a thickness of 20 μm with a cryostat (Leica CM1950, Switzerland). The brain sections were air-dried overnight at room temperature and stored at −80°C.
The longitudinal muscle/myenteric plexus (LMMP) whole-mount preparations were dissected from the gastric corpus as previously reported (Yuan et al., 2001; Xue et al., 2009). Briefly, whole mounts of the gastric muscularis were prepared as previously described. The stomach was quickly excised and opened along the lesser curvature, pinned flat in a Sylgard-coated Petri dish and fixed overnight in 4% paraformaldehyde (pH 7.4) at 4°C. The mucosa and submucosa were removed using fine forceps under a stereomicroscope, and the whole-mount preparations were collected separately in PBS supplemented with 0.1% sodium azide.
Evaluation of the Tissue TNF-α, IL-1β, and IL-6 Levels
The levels of TNF-α, IL-1β, and IL-6 in the gastric muscular tissues were measured by means of ELISA kits (Multi Sciences (Lianke) Biotech Co. Ltd., China). The tissue samples were weighed, homogenized and centrifuged at 11,000 g for 10 min at 4°C. The protein concentration was quantified with the BCA Protein Assay Kit (Thermo Fisher, USA) and the levels of TNF-α, IL-1β, and IL-6 were expressed as picograms per milligram protein.
Histological Analysis by Light Microscopy
For Haematoxylin-eosin (HE) staining, the tissues were sliced into 5-μm-thick sections using a cryostat (Leica, CM 1850) after dehydration and then stained with hematoxylin and eosin (Beyotime, China).
For immunohistochemistry, the sections were quenched using 0.3% H2O2 to inactivate the endogenous peroxidase and then heated to 95°C-100°C in a beaker containing citrate buffer (0.01 M, pH 6.0) for 15 min for antigen retrieval. After being washed in PBS (3 × 5 min), the sections were incubated with 10% normal goat serum for 1 h at room temperature and incubated with primary antibodies (Table 1) at 4°C overnight. Immunostaining was performed using the PV-9001 or PV-9002 Polymer Detection System with diaminobenzidine according to the manufacturer recommendations, and then, the samples were counterstained with hematoxylin. The sections were photographed with a conventional microscope (Nikon E80i, Japan). For gastric whole-mount preparation, the macrophages in three randomly selected areas of the myenteric plexus in each preparation were counted by Image-Pro plus 6.0.
TABLE 1 | Primary antibodies.
[image: Table 1]The details of the immunofluorescence experiments are described in our previous reports (Zheng et al., 2011; Zheng et al., 2014). Briefly, the sections were permeabilized with 0.3% Triton X-100 for 15 min, and then blocked with 10% donkey serum for 30 min at room temperature. The sections were treated with a mixture of two primary antibodies derived from different host species at 4°C overnight (CD163/α7nAChR, CD68/α7nAChR). After washing with PBS, the sections were incubated for 1 h at room temperature with a mixture of the secondary antibodies. DAPI was used to stain the nuclei. Each first and second antibody are listed in Tables 1, 2, respectively. Photomicrographs were taken using a laser scanning confocal microscope (Olympus, FV1000).
TABLE 2 | Secondary antibodies.
[image: Table 2]Histological Analysis by Electron Microscopy
The gastric samples from the control and 6-OHDA rats were subjected to ultrastructural observation. The pieces of the gastric muscularis region were placed in a fixative made of 2.5% glutaraldehyde in 0.1 M phosphate buffer at pH 7.2 for 2 h at 4°C. The specimens were washed for 3 × 20 min in the same buffer and subsequently postfixed with 1% osmium tetroxide (OsO4) in the same buffer for 2 h at 4°C. Then, the specimens were rinsed with distilled water, block-stained with a saturated aqueous uranyl acetate solution for 2 h, dehydrated in a graded series of cold alcohols and embedded in SPI-Pon 812 resin. Thin sections (70 nm) were cut using a Leica ultramicrotome (Leica EM UC7, Germany), double-stained with uranyl acetate and lead citrate, and observed with a HITACHI HT7700 (Japan) transmission electron microscope.
Western Blotting
The frozen gastric muscular layer (30 mg) was homogenized in 300 μl cold lysis buffer (1% Nonidet P-40, 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 1 mM EDTA, 5 mg/ml leupeptin, 5 mg/ml aprotinin, 1 mM PMSF, 0.5% deoxycholic acid, and 1 mM sodium orthovanadate, all purchased from Sigma-Aldrich) by a sonicator for 10 s until completely dissolved. The homogenates were centrifuged at 12,000 g for 30 min at 4°C. For the studies of NF-κB signaling, the nuclear and cytosolic proteins were extracted using the Nuclear and Cytoplasmic Extraction Kit (Sangon, China). The protein concentration was quantified by the BCA protein assay kit (ThermoFisher Scientific, USA). 50 μg total protein from each sample was loaded into each lane for SDS-PAGE (10% SDS gel). After electrophoresis, the proteins were transferred onto a polyvinylidene fluoride membrane (Merck Millipore, Germany), and the membrane was washed for 10 min with TBST (20 mM Tris-Cl, pH 7.5, containing 0.15 M NaCl and 0.05% Tween-20) and blocked with 5% nonfat milk in TBST for 1 h at room temperature. The membranes were incubated with primary antibodies overnight at 4°C, followed by incubation with the appropriate secondary antibodies (Table 2) for 1 h at room temperature. The western blotting results were semiquantified with ImageJ software (version 1.8.0).
Tissue Culture Preparation
The in vitro organ culture was performed following a previously published report (Kreiss et al., 2004). Briefly, the stomachs were removed, opened, and washed three times with RPMI 1640 medium containing 100 μg/ml streptomycin and 100 U/ml penicillin under sterile conditions. The tissue was pinned on a Sylgard plate, and the muscularis was then further dissected, weighed and placed in individual wells of 24-well polystyrene plates in the absence or presence of α7nAChR agonists (PNU or GTS-21) or antagonist methyllycaconitine citrate (MLA). GTS-21 and MLA were purchased from Abcam (Cambridge, UK). After an incubation period of 2 h in RPMI 1640 at 37°C and 5% CO2, the cultured tissue was inspected for contamination and cultured for 2 h. The cultured tissue was blotted dry, immediately quick-frozen in liquid nitrogen and stored at –80°C.
Real-Time Polymerase Chain Reaction
Total RNA was extracted from the gastric muscularis using TRIzol Reagent (Invitrogen, USA). First-strand cDNA was synthesized following the protocol of the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). The sequences of the primers and the expected product sizes are listed in Table 3. The qPCR was performed with the TransStart Top Green qPCR SuperMix Kit (TransGen Biotech, China) on a Bio-Rad CFX96 Real-Time System (Bio-Rad Laboratories, C1000 Thermal Cycler, Singapore). The 2−ΔΔCt method was used to determine the relative amount of mRNA.
TABLE 3 | Sequences of primers.
[image: Table 3]Gastric Strip Contraction Studies
The methods have been previously described (Song et al., 2014), rats were sacrificed by decapitation, and the gastric corpus was isolated. The luminal contents were immediately removed, and the mucosal and submucosal layers were gently removed. The gastric longitudinal muscle strips (approximately 10 mm in length and 1.5 mm in width) were prepared and suspended vertically under a resting tension of 10 mN in an organ bath containing K-HS that was maintained at 37°C and bubbled with 95% O2/5% CO2 (pH 7.4). The responses of the strips stimulated with carbachol (10−8–10−4 M) were measured isometrically with a force transducer (MLT0201/RAD; AD Instrument, Australia) on a computer with the PowerLab system (AD Instruments, Australia). The magnitude of the absolute force was normalized to the wet weight of each strip according to a previous study (Tsuchida et al., 2011).
Gastric Emptying
The methods were previously described (Zheng et al., 2011). Briefly, rats were fasted for 24 h with free consumption of water before the GE experiments. For the GE of solid food, the fasted rats had free access to preweighed food pellets for 1 h and then were deprived of food for 4 h. The amount of food consumed was measured by weighing the food before and after feeding. After decapitation, the stomach was exposed via laparotomy and quickly ligated at both the cardium and pylorus. The stomach was removed. The stomach contents were removed by splitting the organ along the greater curvature and then weighed. The GE rate was calculated according to the formula: GE (%) = (1-dry weight of food in the stomach/weight of food consumption) × 100 (Zheng et al., 2011; Zheng et al., 2014).
The methods were previously described (Zheng et al., 2011). The GE of a barium meal was also evaluated by an in vivo X-ray digital imaging system. After fasting for 24 h, rats received 2.5 ml of barium sulfate (2.5 ml, 70% wt/vol)) through oral gavage. Gastric images were obtained using the KODAK in vivo Imaging System. The exposure time was 30 s. Images were then recorded at 30, 60, 90 and 120 min after the barium meal. The GE rate at different time points was calculated by Image-Pro Plus software (version 6.0) according to the following formula: GE (%) = [1- (barium meal at 30, 60, 90 or 120 min)/(barium meal at 0 min)] × 100%.
Measurement of Gastric Motility in vivo
The methods were previously described (Zheng et al., 2014; Liu et al., 2018). Briefly, after fasting for 24 h, rats were anesthetized. After laparotomy, a strain gauge force transducer (WS100; Xinhang Xingye 349 Tech. Co., Beijing, China) was sutured onto the serosal surface of the gastric antrum (0.5 cm caudal from the pyloric ring) to measure the contractile activity of the longitudinal muscle. The abdomen was then closed, and the wires from the transducer were connected to the recording system (ML112, PowerLab, AD Instruments, Australia). After stabilizing for 2 h, the contraction data were collected by the “Chart & Scope” software (PowerLab, AD Instruments, Australia). The normal migrating motor complexes (MMCs), which include a 4-part cycle comprising phases I, II, III, and IV, were identified in the stomach. The contraction amplitude of phase III was evaluated.
Measurement of the ACh Content
The methods were previously described (Zheng et al., 2011). Briefly, the content of ACh in the muscularis externa of the stomach was measured by the UPLC/MS/MS method. The tissue was accurately weighed and homogenized with 2% aqueous formic acid (10 μl/mg). The homogenate was further ultrasonically dissociated with 2 ml of the reconstitution solvent (acetonitrile/methanol/formic acid, 750/250/2, V/V/V) and then centrifuged for 20 min (4°C, 12,000 g). The supernatant was dried with nitrogen, redissolved with 200 μl reconstitution solvent, and centrifuged (4°C, 12,000 g, 10 min). This supernatant was used immediately for analysis (Key Laboratory of Radiopharmaceuticals, Ministry of Education, College of Chemistry, Beijing Normal University).
Statistical Analysis
All data are presented as means ± SD. Statistics and graphs were generated using GraphPad Prism, version 8.0 (GraphPad Software, USA). Differences between two or more groups were analyzed by Student’s t-test or ANOVA followed by Turkey multiple comparisons test. When data were not normally distributed or variances were different, we used the Mann-Whitney U test or the Kruskal-Wallis test followed by Dunn’s multiple-comparisons test. Values of p < 0.05 were considered significant.
RESULTS
Impairment of the Vagal Brain-Gut Pathway in 6-OHDA Rats
To confirm that 6-OHDA induced degeneration in the vagal brain-gut axis, the expression of choline acetyltransferase (ChAT), the rate-limiting enzyme for ACh synthesis, was examined in the dorsal medulla and gastric corpus after bilateral 6-OHDA microinjection. As previously observed, the 6-OHDA rats showed a marked reduction in the number of TH-immunoreactive (TH- IR) neurons (Figure 1A a and b) and the protein expression of TH in the SN (Figure 1B). Immunohistochemistry and western blot revealed decreases in the number of ChAT-IR neurons (Figure 1A c and d) and ChAT protein levels in the dorsal medulla (Figure 1B) in 6-OHDA rats. Furthermore, the protein level of ChAT (Figure 1C) and ACh content (Figure 1D), as determined through UPLC/MS/MS analysis, were markedly reduced in the gastric corporal muscularis. These data indicate that 6-OHDA-induced degeneration of the SN altered cholinergic tone in the vagal brain-gut axis.
[image: Figure 1]FIGURE 1 | Expression of tyrosine hydroxylase (TH) in the substantia nigra (SN) and choline acetyltransferase (ChAT) in the dorsal motor vagal nucleus (DMV) and gastric muscularis. (A) TH-IR neurons in the SN and ChAT-IR neurons in the DMV. n = 3 per group. (B) Representative western blots showing the expression of TH in the SN (left) and ChAT in the dorsal medulla (middle) and summary boxplot (right) showing significant reductions in TH expression in the SN and ChAT expression in the dorsal medulla in 6-OHDA rats. n = 8 per group. (C) Representative western blot (left) and summary boxplot (right) showing significant reductions in ChAT expression in the gastric muscularis of 6-OHDA rats. n = 8 per group. (D) ACh content in the muscularis of the gastric corpus. n = 7 per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group by unpaired Student’s t-test.
Inflammation and Macrophage Phenotype in the Gastric Muscularis of 6-OHDA Rats
To confirm the occurrence of gastric muscularis inflammation in 6-OHDA rats, ELISA and HE staining were performed. The ELISA results showed that the gastric mucosa of 6-OHDA rats showed no significant change in the levels of TNF-α, IL-1β, and IL-6 (Figure 2A left). However, TNF-α and IL-1β levels in the gastric muscularis were significantly increased (Figure 2A right). HE staining showed infiltration of inflammatory cells were of small to medium size and had large nuclei with scanty cytoplasm at 4 weeks (Figures 2Bb,b’) and 6 weeks (Figures 2Bc,c’) in 6-OHDA rats. Although HE staining did not show obvious difference of infiltration of inflammatory cells between 4 and 6 weeks, the disarranged muscle fibers and increase of intercellular space were observed at 6 weeks (Figures 2Bc,c’), but not at 4 weeks (Figures 2Bb,b’). The protein expression of α7nAChR in the gastric muscularis was also significantly increased in 6-OHDA rats (Figure 2C). The results of double immunofluorescence staining showed that CD163-positive resident macrophages (Figure 2Da) were detectable in control rats, while there were few CD68-positive proinflammatory macrophages (Figure 2Dc) and α7nAChR-positive cells (Figure 2Da’). However, α7nAChR-positive cells were common, exhibited strongly immunoreactivity and were double-stained with CD163 (Figure 2Db’’) and CD68 (Figure 2Dd’’) in the gastric muscularis of 6-OHDA rats.
[image: Figure 2]FIGURE 2 | Gastric muscular inflammation in 6-OHDA rats. (A) The levels of TNF-α, IL-1β and IL-6 in the gastric mucosa (left) and muscularis (right) at 6 weeks after microinjection of 6-OHDA into the SN. n = 6 per group. (B) The architecture of the muscularis of the gastric corpus in control rats [(B), a] and 6-OHDA rats at 4 weeks [(B), b] and 6 weeks ([B), c]; [(B)a’–c’] are high-magnification images of the white framed regions in [(B), a–c], respectively. n = 3 per group. (C) Representative western blot (left) and boxplot (right) showing increased expression of α7nAChR in the gastric muscularis of 6-OHDA rats. GAPDH was analysed as a loading control. n = 8 per group. (D) The colocalization of α7nAChR with CD163 (left) or CD68 (right) in the gastric myenteric plexus in control and 6-OHDA rats. Green signal, CD163 or CD68 positive macrophages; red signal, α7nAChR positive cells. GC, gastric corpus; MGC, muscularis of the gastric corpus. n = 3 per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group by unpaired Student’s t-test. n = 3–8 per group.
Ex vivo and in vivo Effects of PNU-282987 on the Expression of Phosphorylated NF-κB p65 and Proinflammatory Cytokines and the Phenotype of Macrophages in the Gastric Muscularis of 6-OHDA Rats
To investigate the anti-inflammatory effects of the α7nAChR, we isolated gastric muscularis tissues from control and 6-OHDA rats. We first evaluated the effects of the α7nAChR agonists PNU and GTS-21 and the antagonist MLA on the phosphorylated NF-κB p65 (p-p65) protein level and monocyte chemotactic protein-1 (MCP-1) mRNA level. As shown in Figure 3A, increased expression of p-p65 protein was detected in the gastric muscularis of 6-OHDA rats, which was significantly reduced after treatment with PNU or GTS-21 at a dose of 100 μmol L−1. However, the α7nAChR antagonist MLA at a dose of 100 μmol L−1 significantly abolished the inhibitory effects of both PNU and GTS-21 on the expression of p-p65 (Figure 3A left). The trend of MCP-1 mRNA expression in response to PNU, GTS-21, and MLA was similar to that of p-p65 protein expression (Figure 3A right). Furthermore, we measured the levels of inflammatory factors in the gastric muscularis after activating of α7nAChR with PNU in vivo. MCP-1, TNF-α, IL-1β and IL-6 levels were significantly increased in the gastric muscularis of 6-OHDA rats. After 4-weeks of PNU intraperitoneal injection, which was initiated 28 days after 6-OHDA treatment (late-PNU), there were significant reductions in all the above mentioned cytokines (Figure 3B right). Similar results were also observed in 6-OHDA rats administered PNU for 6 weeks, started from d 1 after 6-OHDA microinjection (early-PNU). The levels of MCP-1, IL-1β and IL-6 were significantly decreased, except for the TNF-α level in the early-PNU group (Figure 3B left).
[image: Figure 3]FIGURE 3 | Effects of activating α7nAChR on the production of NF-κB p65 and MCP-1 and the infiltration of macrophages. (A) The α7nAChR agonists PNU-282987 (PNU) and GTS-21 decreased the protein expression of phosphorylated nuclear NF-κB p65 subunit (p-p65) (left) and the mRNA expression of MCP-1 (right) in cultured gastric muscularis from 6-OHDA rats. Methyllycaconitine citrate (MLA), a selective α7nAChR antagonist, significantly blocked the effects of PNU and GTS-21 on the expression of p-p65 (left) and MCP-1 (right). *p < 0.05, **p < 0.01 compared with their respective controls or between the two groups indicated. n = 8–10 per experimental group. (B) The effects of early-PNU (left) and late-PNU (right) treatment on the mRNA levels of MCP-1, TNF-α, IL-1β and IL-6 in the muscularis of the gastric corpus. n = 6–7 per experimental group. (C) Early treatment group: typical immunohistochemical staining of CD163 and CD68 in rat myenteric plexus whole mounts from the control, 6-OHDA, and 6-OHDA + early-PNU (left) groups; and a summary boxplot (right) showing decreased numbers of CD163-and CD68-positive macrophages in 6-OHDA + early-PNU rats. n = 5 rats per group, 2 whole-mount preparations per rat and 2–3 visual fields per section. (D) Late treatment group: typical immunohistochemical staining of CD163 and CD68 in rat myenteric plexus whole mounts from the control, 6-OHDA, and 6-OHDA + late-PNU (left) groups and a summary boxplot (right) showing decreased numbers of CD163-and CD68-positive macrophages in 6-OHDA + late-PNU rats. MGC, muscularis of the gastric corpus; early-PNU, injection of PNU on day 1 after 6-OHDA/saline microinjection. Late PNU, injection of PNU-282987 beginning from day 28 after 6-OHDA/saline microinjection. n = 5 rats per experimental group, 2 whole-mount preparations per rat and 2–3 visual fields per section. **p < 0.01, ***p < 0.001 compared with control rats; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with 6-OHDA rats by Kruskal-Wallis test followed by Dunn’s multiple-comparisons test.
In whole-mount gastric corpus preparation, CD163-positive resident macrophages were regularly distributed, but CD68-positive infiltrating macrophages were rare in the gastric muscular layer in control rats. However, the number of both CD163-and CD68-positive macrophages was significantly increased in 6-OHDA rats, and this increase was significantly reversed by early-PNU (Figure 3C) and late-PNU treatment (Figure 3D).
PNU-282987 Treatment Reduced the Enhanced Expression of p-p65, iNOS, COX-2, and Smooth Muscle Contractile Markers in the Gastric Muscularis of 6-OHDA Rats
P-p65 is an important mediator of NF-κB activation. As shown in the left panel of Figure 4A, the 6-OHDA rats exhibited an increase in the protein expression of p-p65 in the gastric muscularis, which was significantly reduced by early-PNU treatments. Moreover, the cytosolic protein expression of inhibitory IκB (IκB), an important inhibitory protein of nuclear p-p65, was significantly decreased in the 6-OHDA rats, while early-PNU treatment completely restored the level of IκB that had been decreased (Figure 4A left). The protein expression levels of p-p65 and IκB in the late-PNU treatment group were similar to those observed in the early-PNU treatment group (Figure 4A right).
[image: Figure 4]FIGURE 4 | Effects of PNU-282987 (PNU) treatment on the expression of iNOS, COX-2 and smooth muscle contractile markers in the gastric muscularis of 6-OHDA rats. (A) Representative western blot (upper) and boxplot (lower) showing reduced nuclear p-p65 protein expression and increased cytosolic IκB protein expression in the gastric muscularis of 6-OHDA rats subjected to early-PNU (left) and late-PNU (right) treatment. Lamin B and Actin were used as the loading controls for nuclear protein and cytosolic protein, respectively. n = 7–8 per group. (B) Representative western blot (upper) and boxplot (lower) showing decreased expression of iNOS and COX-2 in the gastric muscularis of 6-OHDA rats subjected to early-PNU (left) and late-PNU (right) treatment. GAPDH was used as a loading control. n = 8 per experimental group. (C) Representative western blot and boxplot showing decreased α-smooth muscle actin (α-SMA) and myosin light chain 20 (MLC20) expression in the gastric muscularis of 6-OHDA rats. Early-PNU treatment significantly increased α-SMA and MLC20 expression without statistical significance. n = 7 per group. Early-PNU, injection of PNU on day 1 after 6-OHDA/saline microinjection; late-PNU, injection of PNU beginning from day 28 after 6-OHDA/saline microinjection. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control rats; #p < 0.01, ##p < 0.01 compared with 6-OHDA rats. by one-way ANOVA followed by Turkey’s multiple comparisons test or Kruskal-Wallis test followed by Dunn’s multiple-comparisons test.
Since proinflammatory macrophages can dampen GI motility through upregulation of iNOS and COX-2 expression (Hori et al., 2001), the effects of PNU on the expression of iNOS and COX-2 were also determined. The results showed that the increased expression of iNOS in the gastric muscularis of 6-OHDA rats was prevented by early-PNU treatment (Figure 4B left). Similarly, the increase in the level of COX-2 in the 6-OHDA rats was also significantly decreased by late-PNU treatment (Figure 4B right).
The inflammatory muscular microenvironment may downregulate gastric SMC contractile protein expression in 6-OHDA rats (Xiu et al., 2020). To confirm the action of α7nAChR activation on gastric SMC contractile proteins, we examined the expression of alpha-smooth muscle actin (α-SMA) and myosin light chain 20 (MLC20) in 6-OHDA rats treated with or without PNU. We found that the levels of both α-SMA and MLC20 were significantly decreased in 6-OHDA rats, but eary-PNU treatment restored the level of both α-SMA and MLC20 (Figure 4C).
PNU-282987 Treatment Improved Gastric Motility and the Ultrastructural Features of 6-OHDA Rats
Carbachol, a cholinergic agonist, dose-dependently increased the contraction of gastric muscle strips in vitro, while this action was much weaker in the 6-OHDA rats (Figure 5A left). Early-PNU treatment significantly rescued the decreased contractions in 6-OHDA rats (Figure 5A left). Furthermore, the GE rate of solid food in 6-OHDA rats, which had been significantly reduced, was partially restored by early-PNU treatment (Figure 5A right).
[image: Figure 5]FIGURE 5 | Effects of PNU-282987 (PNU) treatment on gastric motility in 6-OHDA rats. (A) Carbachol-induced contraction of gastric muscular strips (left, n = 8 animal per group, 1–2 muscular strip per animal) and the gastric emptying (GE) rate (right, n = 8 per experimental group) after a solid meal in 6-OHDA rats were improved after early-PNU treatment. (B) Representative images (left) and boxplot (right) showing that late-PNU treatment significantly increased the amplitude of gastric muscle contraction in 6-OHDA rats. n = 8 per experimental group. (C) Representative images (left) and a boxplot (right) showing that late-PNU treatment ameliorated the decreased GE rate after a barium meal in 6-OHDA rats. n = 6 per experimental group. (D) Morphometric analysis by electron microscopy revealed hypertrophy of smooth muscle cells, increased collagen deposition in the extracellular matrix (white arrows) and a decreased number of dense plaques (white triangles) in the gastric corpus muscularis in 6-OHDA rats (middle) compared with control rats (left); these ultrastructural features were greatly ameliorated by late-PNU treatment (right). n = 3 per group. Early-PNU, injection of PNU on day 1 after 6-OHDA/saline microinjection; late-PNU, injection of PNU beginning from day 28 after the 6-OHDA/saline microinjection. **p < 0.01, ***p < 0.001 compared with control rats. #p < 0.05 compared with 6-OHDA rats by one-way ANOVA followed by Turkey’s multiple comparisons test or Kruskal-Wallis test followed by Dunn’s multiple-comparisons test. n = 6–8 per group.
Gastric motility and the GE rate of barium meal in vivo were evaluated by a strain gauge force transducer and a digital X-ray imaging system, respectively. The results showed that the maximal amplitude of the phase III-like contractions of MMCs was decreased in 6-OHDA rats, whereas late-PNU treatment slightly reversed this reduction (Figure 5B). X-ray imaging was performed for 120 min after a barium meal (Figure 5C), and the 6-OHDA rats exhibited a decreased GE rate at 30, 60, 90 and 120 min, while late-PNU treatment significantly improved the GE rate of 6-OHDA rats at 60 and 90 min (Figure 5C).
Furthermore, the results of transmission electron microscopy showed SMC hypertrophy and collagen deposition in the extracellular matrix in the gastric corpus muscularis of 6-OHDA rats (Figure 5Db). There was a decrease in the number of dense plaques in SMCs and an increase in the number of slender cytoplasmic prolongations from SMCs in 6-OHDA rats compared with control rats, in which SMCs were differentiating (Figures 5Da,b). This suggests that the SMCs in 6-OHDA rats might undergo dedifferentiation. Furthermore, the alterations in ultrastructural features were greatly ameliorated by late-PNU treatment (Figure 5Dc).
Early- and Late- PNU-282987 Treatment had no Effect on the Levels of Tyrosine Hydroxylase in the SN and Choline Acetyltransferase in the Dorsal Medulla
It has been reported that nicotine can alleviate toxin-induced nigrostriatal damage by activating α7nAChR in the brain (Baladi et al., 2016). To determine whether the PNU treatment-induced improvement in gastric motility in 6-OHDA rats was associated with the neuroprotective effect of α7nAChR activation in the brain, we examined tyrosine hydroxylase (TH) expression in the SN and ChAT expression in the dorsal medulla. Unlike central application of nicotine, both early-PNU treatment and late-PNU treatment via intraperitoneal injection did not prevent the decreases in TH expression in the SN and ChAT expression in the dorsal medulla (Figure 6).
[image: Figure 6]FIGURE 6 | Expression of tyrosine hydroxylase (TH) in the substantia nigra (SN) and choline acetyltransferase (ChAT) in the dorsal motor vagal nucleus (DMV) and gastric muscularis in control, 6-OHDA and 6-OHDA rats treated with PNU-282987 (PNU). (A) Representative western blot (upper) and boxplot (lower) showing that early-PNU treatment failed to improve TH expression in the SN in 6-OHDA rats. n = 3 per group. (B) Representative western blot (upper) and boxplot (lower) showing that early-PNU treatment failed to improve ChAT expression in the dorsal medulla of 6-OHDA rats. n = 3 per group. (C) Representative western blot (upper) and boxplot (lower) showing that late-PNU treatment failed to improve TH expression in the SN in 6-OHDA rats. n = 3 per group. (D) Representative western blot (upper) and boxplot (lower) showing that late-PNU treatment failed to improve ChAT expression in the dorsal medulla of 6-OHDA rats. n = 3 per group. Early-PNU, injection of PNU on day 1 after 6-OHDA/saline microinjection; late-PNU, injection of PNU beginning from day 28 after 6-OHDA/saline microinjection. **p < 0.01, ***p < 0.001 compared with control rats; ns, not significant compared with 6-OHDA rats by one-way ANOVA followed by Turkey’s multiple comparisons test or or Kruskal-Wallis test followed by Dunn’s multiple-comparisons test. n = 8 per group.
DISCUSSION
We previously reported that 6-OHDA rats exhibit gastroparesis, accompanied by a reduction in ChAT and ACh levels in the DMV and gastric muscularis (Zheng et al., 2011; Zheng et al., 2014). The present study further revealed an impaired CAIP and gastric muscularis inflammation, which may cause gastroparesis in 6-OHDA rats. ACh or α7nAChR agonists can activate the CAIP and protect it from inflammation (Matteoli and Boeckxstaens, 2013). In our present study, a large number of resident macrophages (CD163-IR) and proinflammatory macrophages (CD68-IR) were identified in the gastric muscularis of 6-OHDA rats, and they were all α7nAChR-IR. 6-OHDA rats also exhibited NF-κB signalling activation and upregulated expression of proinflammatory cytokines, including MCP-1, TNF-α, IL-1β, IL-6, iNOS and COX-2, in the gastric muscularis. Application of α7nAChR agonists significantly alleviated the above inflammatory process, including by reducing p-p65 levels, macrophage number and proinflammatory cytokine levels and increasing contractile protein expression in the gastric muscularis and gastric motility. Collectively, these findings suggest that nigrostriatal degeneration can evoke an inflammatory process in the gastric muscularis along with gastric dysmotility, which can be blunted by activating α7nAChR on macrophages with PNU.
Constipation and gastroparesis are prominent nonmotor symptoms of PD and often occur decades before somatic motor symptoms. Although one study denied the presence of gastroparesis in prodromal PD (Hardoff et al., 2001), it obviously exists in subsequently diagnosed, untreated PD patients (Hardoff et al., 2001; Tanaka et al., 2011). Additionally, the incidence of delayed gastric emptying does not differ between untreated, early-stage and treated, advanced-stage PD patients (Tanaka et al., 2011). Anselmi et al. reported that tonic and active dopaminergic inputs modulate vagal output flow through direct or indirect anatomical connections between the SN and DMV neurons (Wang et al., 2014; Anselmi et al., 2017). Given the evidence from animals studies conducted by our group and other groups, SN lesions, either unilateral or bilateral, lead to gastric dysmotility (Zheng et al., 2014; Anselmi et al., 2017); thus, it is likely that this nigro-vagal pathway may serve as a bridge from SN degeneration to gastric muscular inflammation and dysmotility.
Impairment of the CAIP or vagal input may shift GI immunohomeostasis towards inflammation (Matteoli and Boeckxstaens, 2013). The decreased ChAT and ACh levels in the DMV and gastric muscularis indicate an impaired CAIP and GI immunologic dysregulation. Colonic inflammation has been documented in PD patients (Devos et al., 2013). Previous studies have reported that 6-OHDA rats exhibit colonic inflammation and peritoneal macrophage polarization to the M1 proinflammatory phenotype (Garrido-Gil et al., 2018). Our findings provide important evidence that 6-OHDA rats with gastroparesis also experience an obviously impaired CAIP and increased gastric muscular inflammation (Xiu et al., 2020). However, mucosal inflammation is not obvious, which could be due to the predominant sympathetic innervation in the gastric mucosa (Willemze et al., 2015). Proinflammatory macrophage-based immune dysregulation has been reported in gastric biopsies from diabetic and idiopathic gastroparesis patients (Grover et al., 2018; Grover et al., 2019). Therefore, macrophage-based immune dysregulation may play a critical role in the development of gastroparesis (Grover et al., 2018; Grover et al., 2019).
Matteoli et al. reported that muscular macrophages expressing α7nAChR are the ultimate targets of the GI CAIP (Matteoli and Boeckxstaens, 2013). CD163-positive resident macrophages are distributed throughout the GI muscular layer. When exposed to stimuli, peripheral blood monocytes can be differentiated into proinflammatory macrophages and infiltrate into the muscular layer. CD68-positive proinflammatory macrophages are typically produce proinflammatory cytokines, chemokines (MCP-1), iNOS, and COX-2 through the activation of the NF-κB pathway and the induction of muscular inflammation (Luciano et al., 2002; Tsuchida et al., 2011; Lissner et al., 2015). It has also been reported that p-p65 can suppress smooth muscle gene transcription by binding to contraction-related transcription factors (Sandbo et al., 2005; Sanders, 2008; Tang et al., 2008). In the present study, the decreased expression of the SMC contractile markers α-SMA and MLC20 in the gastric muscle layer of 6-OHDA rats may have been due to NF-κB activation and involved in the development of gastric dysmotility in 6-OHDA rats. In addition, increased iNOS and COX-2 expression in the gastric muscularis of 6-OHDA rats may directly exacerbate gastric dysmotility via the production of NO and prostaglandin E2, respectively (Tajima et al., 2012).
Alterations in neurochemical and molecular signals, such as downregulated ChAT and ACh expression and upregulated dopamine and dopamine D2 receptor expression in the DMV and gastric muscularis, have been reported to play a substantial role in GI dysmotility in 6-OHDA rats (Zheng et al., 2011; Song et al., 2014; Zheng et al., 2014). Therefore, the decreased muscular ACh content and subsequent attenuation of macrophage α7nAChR activation likely play an important role in the development of GI disorders in 6-OHDA rats. Based on growing evidence that electrical or pharmacological activation of the vagus nerve or vagotomy can ameliorate or aggravate inflammation in a variety of diseases through macrophage-dependent pathways (Matteoli and Boeckxstaens, 2013), activating α7nAChR on muscular macrophages could be a potential therapeutic strategy for alleviating inflammatory responses and ameliorating GI dysmotility in 6-OHDA rats. The occurrence of gastric inflammation and the effect of anti-inflammatory therapy in PD patients remain to be further studied.
PNU, a potent and selective agonist of α7nAChR, is efficient in the treatment and prevention of inflammatory disease (Li et al., 2011; De Schepper et al., 2018). In the present study, PNU treatment significantly alleviated inflammation and decreased proinflammatory cytokine, chemokine, iNOS and COX-2 expression in the gastric muscularis of 6-OHDA rats both ex vivo and in vivo. It has been reported that in the muscle inflammation process, MCP-1, iNOS and COX-2 are specifically expressed in muscular macrophages (Hori et al., 2001; Turler et al., 2002). The anti-inflammatory effect of α7nAChR agonists was abolished by an α7nAChR antagonist in ex vivo experiments, which confirmed the specificity of the α7nAChR agonist used in this study. We also observed a significant reduction in the macrophage number and attenuated gastric dysmotility in 6-OHDA rats after chronic treatment with an α7nAChR agonist in vivo. SMC contractile marker levels were elevated after early-PNU treatment. The alterations in ultrastructural features of SMCs were greatly ameliorated after late-PNU treatment. Taken together, these results suggest that by inhibiting the NF-κB pathway, PNU can inhibit macrophage activation, subsequently reducing the production of downstream proinflammatory cytokines and mediators, which may contribute an increase in contractile function and improvement of gastric motility in 6-OHDA rats.
Bordia et al. reported that the α7nAChR agonist ABT-107 can attenuate motor symptoms through central neuroprotective effects in rats with 6-OHDA-induced lesions (Bordia et al., 2015). However, in our present study, PNU did not increase the expression of TH in the SN or ChAT in the dorsal medulla in 6-OHDA rats. This difference may have been due to the following reasons: ① we destroyed the SN, while the authors of the previous study destroyed the medial forebrain bundle; ② we bilaterally injected 8 μg 6-OHDA, while the authors of the previous study unilaterally injected 3 μg 6-OHDA; ③ the α7nAChR agnist was administered through intraperitoneal injection in our study, while an osmotic minipump was used in the previous study; ④ in our study, PNU treatment was initiated on the d 1 of SN lesioning, but in the previous study, ABT-107 treatment was initiated 14 days before lesioning.
In summary, our present study demonstrates that 6-OHDA rats with gastroparesis exhibit impairment of the CAIP, α7nAChR-positive macrophage infiltration and inflammation in the gastric muscularis. PNU, a high-affinity α7nAChR agonist, alleviates gastric inflammation and improves gastric dysmotility mainly by exerting a direct peripheral anti-inflammatory effect but not through central neuroprotective effects in the SN or DMV neuroprotection effect (Figure 7). These findings shed light on α7nAChR agonists, such as PNU, as potential therapeutic agents for the treatment of gastroparesis in PD.
[image: Figure 7]FIGURE 7 | Illustration of the working hypothesis of the role of the cholinergic anti-inflammatory pathway (CAIP) in control and 6-OHDA rats and the role of the α7nAChR in preventing inflammation in 6-OHDA rats. At steady state, the strong vagal tone determines the shift in the CAIP towards tolerance by causig the release of a sufficient amount of ACh, and muscular macrophages exhibit a resident phenotype. In 6-OHDA rats, lesions in the SN induce a decrease in vagal tone, and the CAIP shifts towards inflammation due to inadequate release of ACh, which induces an increased number of resident/proinflammatory macrophages and the subsequent production of inflammatory mediators. Stimulating α7nAChR on activated macrophages leads to the inhibition of inflammatory mediator production and restoration of intestinal immune homeostasis.
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The prevalence of diabetes mellitus has been increasing for decades worldwide. To develop safe and potent therapeutics, animal models contribute a lot to the studies of the mechanisms underlying its pathogenesis. Dietary induction using is a well-accepted protocol in generating insulin resistance and diabetes models. In the present study, we reported the multi-omics profiling of the liver and sera from both peripheral blood and hepatic portal vein blood from Macaca fascicularis that spontaneously developed Type-2 diabetes mellitus with a chow diet (sDM). The other two groups of the monkeys fed with chow diet and high-fat high-sugar (HFHS) diet, respectively, were included for comparison. Analyses of various omics datasets revealed the alterations of high consistency. Between the sDM and HFHS monkeys, both the similar and unique alterations in the lipid metabolism have been demonstrated from metabolomic, transcriptomic, and proteomic data repeatedly. The comparison of the proteome and transcriptome confirmed the involvement of fatty acid binding protein 4 (FABP4) in the diet-induced pathogenesis of diabetes in macaques. Furthermore, the commonly changed genes between spontaneous diabetes and HFHS diet-induced prediabetes suggested that the alterations in the intra- and extracellular structural proteins and cell migration in the liver might mediate the HFHS diet induction of diabetes mellitus.
Keywords: spontaneous diabetes mellitus, non-human primates, cynomolgus monkey (Macaca fascicularis), metabolomics, transcriptomics, proteomics
INTRODUCTION
Diabetes mellitus (DM) is a metabolic malfunction, characterized by a prolonged high blood glucose level, the prevalence of which has been steadily elevating in the past decades (Martins, 2014; Zhang et al., 2020). DM occurs when the pancreas produces insufficient insulin, and/or the body tissues, such as the liver, resist the actions of insulin (Martins, 2018a). Animal models, as in the studies on many other human diseases, have been wildly applied to the investigations of this metabolic disorder affecting multiple organ systems (Martins, 2017; Kleinert et al., 2018; Backman et al., 2019). The animals that developed diabetes mellitus spontaneously provided important insights into the molecular and cellular pathology of DM (Yasuda et al., 1988; Bauer et al., 2011; Harwood et al., 2012; Wang et al., 2013). Because animals of other orders do not fully recapitulate metabolic changes of primates, non-human primates (NHPs) are of value in DM study with genetic and physiological similarity to humans (Yasuda et al., 1988; Hansen, 2010; Bauer et al., 2011; Harwood et al., 2012; Pound et al., 2014; Havel et al., 2017; Lei et al., 2020; Cox et al., 2021). With the datasets representing the cellular and molecular alterations at various levels in NHPs of spontaneous DM (sDM), researchers can project the data from clinical and experimental studies to the picture of the correlated metabolic and gene expression profiles.
Increased demands in comprehensive and quantitative profiling at the molecular levels, along with the improvements in analytical biotechnology lead to the rapid development of the “omics” research (Karczewski and Snyder, 2018; Colli et al., 2020). All branches of omics, such as metabolomics, transcriptomics, and proteomics, identify and quantify hundreds to tens of thousands of targets in a high-throughput manner, providing thorough snapshots of cellular molecules (Kulkarni et al., 2019; Mistry et al., 2019; Damiani et al., 2020; Noor et al., 2021). The metabolome represents the molecular fingerprint left behind cellular processes, generating a link between cellular regulation and phenotypes (Pearson, 2007; Holmes et al., 2008). Because of its high tolerance to volatility and wider molecule coverage, liquid chromatography-tandem mass spectrometry (LC-MS/MS) is the technique of choice in metabolomics studies (Ren et al., 2018). It has been demonstrated that the biochemical process of DM results in significant signatures in the metabolome (Xu et al., 2013; Monnerie et al., 2020; Sun et al., 2020). The compounds correlated with the risk of DM, either positively or negatively, have been documented from both clinical and experimental investigations (Mora-Ortiz et al., 2019; Fikri et al., 2020; Sun et al., 2020). Transcriptomics, which analyses gene expression profiling, is a commonly used tool for investigating the regulation in response to internal and external cues. It has been well accepted that genetics and environments are both risk factors of DM (Murea et al., 2012; Tremblay and Hamet, 2019). The RNA sequencing (RNA-Seq) utilizing the next-generation sequencing technology allows the quantification of virtually the whole transcriptome in a sample (Stark et al., 2019). Previous work has shown that transcriptomics provides the direct links between genotype and phenotype in DM (Jenkinson et al., 2016; Christodoulou et al., 2019). Moreover, proteomics profiles the end products of gene regulation, and a combined transcriptomic and proteomic datasets would enable the portraits of the regulatory changes in gene expression (Liu et al., 2016; Kühl et al., 2017; Dai et al., 2018). Shotgun proteomics using the label-free quantification (LFQ) strategy, which is in principle the most easily and widely applicable, offers reliable quantification results with the development of experimental approaches and data-procession tools.
The liver plays a major role in the metabolism of carbohydrates and has been well considered as an essential organ in DM (Meshkani and Adeli, 2009; Macdonald, 2016; Tilg et al., 2017; De Silva et al., 2019). Insulin produced from the beta cells first reaches the liver via the hepatic portal vein, regulating the storage and release of glucose. The liver, as the reservoir of sugar, is one of the primary tissues developing insulin resistance in DM patients. A mount of studies has revealed the abnormal gene expression and metabolic alterations in the liver caused by DM (Tilg et al., 2017; Li et al., 2019). It has long been accepted that insulin resistance attributes, at least partially, to the higher intake of dietary fat and sugar. Animal models of diet-induced insulin resistance are of validity in the DM study, which has been widely applied to investigate the pathogenesis of insulin resistance as well as DM (Kleinert et al., 2018). Furthermore, having spatial information, which is measured from the various types of tissues and organs, is generally more valuable to explain the changes involved in the processes of disease development. Peripheral blood (PB) is one of the most accessible samples clinically. DM, as a disorder of multiple organ systems, significantly changes the molecules carried in PB, which has been discovered from many studies (O'Kell et al., 2017; Zheng et al., 2021a). The hepatic portal vein blood (HPVB) carries not only metabolites from the abdominal organs but also the important proteins/peptides like insulin from the pancreas to the liver (Edgerton et al., 2019). The available data, albeit limited, illustrate that it variations between the DM cases and the healthy controls.
In the present study, we diagnosed spontaneous type 2 DM (sDM) on three cynomolgus monkeys (Macaca fascicularis) of about 15 years old (Figure 1A). To investigate the hepatic changes caused by extra calories related to the development of insulin resistance and diabetes, we also enlisted another three cynomolgus macaques who developed prediabetic symptoms after 15-months feeding of high-fat and high-sugar (HFHS) diet. About 3 years after the diagnosis, the liver tissue, PB, and HPVB samples were collected from both groups of macaques and chow diet-fed normal controls (NC) of a similar age (Figure 1A). We sampled the metabolome, transcriptome, and proteome from the liver of each individual. Highly consistent results were found from multi-omics data. Analysis of metabolomic, transcriptomic, and proteomic alone and joint revealed that both the diabetes conditions and the HFHS diet caused the alterations in lipid metabolism. Also, we found that the commonly changed genes of these two groups of macaques suggested that the hepatic alterations in the extracellular matrix and cell migration might function importantly at the early stage of the HFHS diet-induced diabetes mellitus. These multi-omics datasets from the liver and blood are also a valuable resource for comparing results with other experimental or clinical studies.
[image: Figure 1]FIGURE 1 | The design of the experiments. (A) Experimental workflow. Three groups of Macaca fascicularis were sacrificed and their liver, PB, and HPVB were collected for metabolomic, transcriptomic, and proteomic profiling. (B–F) The comparison of urinary glucose (B), blood glucose (C), HbA1c (D), bodyweight (E), and insulin (F) between the groups. (G) and (H) The changes in blood glucose (G) and insulin (H) during IVGTT. (I) The representatives of the histochemical staining results of the macaque livers from the three groups.
MATERIALS AND METHODS
Macaques and Growth Conditions
Male Macaca fascicularis of about 18 years old were bought from Huazhen Biosciences Co., Ltd. (Guangzhou, China). All macaques were born from 16th August 2001 to 11th February 2004 (Supplementary Table S1) and grown in the animal rooms maintained at 16 ∼ 26°C and 40–70% room humidity on a 12-h/12-h light-dark cycle. All monkeys were housed individually in standard stainless steel cages (80 cm × 80 cm × 85 cm) and the assigned diets were supplemented twice a day at 8:00 (100 g) and 16:00 (150 g), plus 100 g of apple at 12:00. The animals were allowed to access water freely. The macaques of both NC and sDM groups were fed with the normal food (19.26% protein, 5% fat, no sugar, and no cholesterol), whereas the HFHS monkeys were grown up on the same diet until switching to the high-fat and high-sugar (HFHS) food (≧ 30% sugar, ≧ 15% fat, ≧ 10.5% protein, and ≧ 0.5% cholesterol) on 1st March 2019 (Figure 1A). After 15 months of food change, blood and urine samples were collected from all macaques after 12–14 h of fasting for examination and the intravenous glucose tolerance test (IVGTT) was conducted. The routine hematological examination was performed on the Hematology Analyzer pocH-100iV (Sysmex, Kobe, Japan). Insulin was quantified using the Cobas E411 Analyzer (Roche, Basel, Switzerland), and other blood biochemical analyses, including the measurement of blood sugar, were done by the Cobas C311 Analyzer (Roche, Basel, Switzerland). Urinary analysis was done in the local hospital Guangzhou Conghua District Hospital of Traditional Chinese Medicine. IVGTT was done in the morning after 12–14 h of fasting. In IVGTT, 50% (w/v) glucose solution was injected into the limb vein of the anesthetized monkeys (1 ml/kg body weight) immediately after blood collection (0 min) from another limb. Then the blood samples were collected after 1, 3, 5, 10, 20, 40, and 60 min for both sugar and insulin analysis.
All macaques were then sacrificed via overdose anesthesia at about 18 years old, or 1.25 years after the switch of foods (Figure 1A; Supplementary Table S1). In brief, the animals were fasted for more than 12 h before euthanasia and transferred to the operating room with no other experimental animals present. Ketamine hydrochloride was injected intramuscularly at a dose of 10–25 mg/kg, followed by the intravenous injection of 4% sodium pentobarbital solution (100 mg/kg) after animal stabilization. Two veterinarians checked and confirmed the death of the monkey independently before the dissection. The liver, PB, and HPVB samples were collected by veterinarians. Both blood samples were centrifuged at 3,000 rpm for 10 min at 4°C immediately to separate sera. All samples were frozen in liquid nitrogen and stored at −80°C until use. The study protocol received prior approval (license number 2020025) from the Institutional Animal Care and Use Committee of Guangzhou Huazhen Biosciences.
Metabolite Extraction
The hydrophilic and hydrophobic compounds were extracted using methanol/water and MTBE/methanol/water solvent systems, respectively. Samples were first thawed on ice. To extract hydrophilic metabolites from the tissue samples, 1 ml of methanol/water (7:3, v/v) was added to 50 mg of the liver, and homogenized with steel balls for 3 min at 30 Hz, followed by 1 min of a vortex. The homogenate was then centrifuged at 12,000 rpm for 10 min at 4°C to collect the supernatant. Hydrophobic compounds were extracted from another 50 mg using a slightly modified protocol. Briefly, homogenization was done with 1 ml of MTBE/methanol (10:3, v/v) and 100 µL of water was mixed with the homogenate to extract before centrifugation. For the sera of PB and HPVB, 3 volumes (v/v) of methanol and a mixture of MTBE and methanol (10:3, v/v) were whirled with the serum samples for 3 min, followed by centrifugation at 12,000 rpm for 10 min at 4°C. All collected supernatants were dried and store at −80°C until LC-MS/MS analysis. Internal standards were dissolved in the solvents before extraction.
Protein Extraction and Trypsin Digestion
The tissue sample was ground into a powder in liquid nitrogen and mixed with 4 volumes (v/w) of lysis buffer (8 M urea and 1% Protease Inhibitor Cocktail). The mixture was sonicated three times (30 s each time, 2 s gap) on ice using a high-intensity ultrasonic processor (Scientz, Ningbo, China) and centrifuged at 12,000 ×g for 10 min at 4°C. The supernatant was collected and the protein concentration was determined with a BCA kit following the manufacturer’s protocol.
After that, trichloroacetic acid (TCA) was added to the same volume of each sample to a final concentration of 20%. After 1 min vortex, the samples were placed still at 4°C for 2 h, followed by centrifugation at 4,500 ×g for 5 min. The protein pellets were washed with pre-cooled acetone three times and completed dried with a nitrogen stream. The dried pellets were subsequently resuspended in 200 ml of TEAB with ultrasonication. Trypsin was then added at a 1:50 (trypsin:protein, w/w) ratio for digestion overnight. The tryptic peptide solution was reduced with 5 mM dithiothreitol (DTT) for 30 min at 56°C, followed by 15 min of alkylation with 11 mM iodoacetamide (IAA) at room temperature in darkness. The peptides were then separated with C18 cartridges (Waters, Milford, MA, United States) and subjected to LC-MS/MS analysis.
Total RNA Extraction
Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. In Brief, about 60 mg of tissues were ground into a powder in liquid nitrogen, and homogenized in the RNA extraction buffer for 2 min, followed by resting horizontally for 5 min. The mix was then centrifuged for 5 min with 12,000 ×g at 4°C, and the supernatant was transferred into a new tube with 0.3 ml chloroform/isoamyl alcohol (24:1). The mix was shacked vigorously for 15 s and centrifuged at 12,000 ×g for 10 min at 4°C. The upper aqueous phase was transferred into a new tube and mixed with an equal volume of isopropyl alcohol, followed by centrifugation at 13,600 rpm for 20 min at 4°C. Then the RNA pellet was washed twice with 1 ml 75% ethanol and centrifuged at 13,600 rpm for 3 min at 4°C to desert the residual ethanol. After 5–10 min of air dry in a biosafety cabinet, the RNA pellet was dissolved in 25–100 µL of DEPC-treated water, followed by qualification and quantification using a NanoDrop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, United States), respectively.
Targeted Metabolomics and Lipidomics by Liquid Chromatography-Tandem Mass Spectrometry
Both hydrophilic and hydrophobic extracts were analyzed using a UPLC-ESI-MS/MS system (UPLC, Shim-pack UFLC SHIMADZU CBM A system, SHIMADZU, Japan; MS, QTRAP® System, Sciex, Washington, United States). ACQUITY UPLC HSS T3 C18 column (1.8 µm, 2.1 mm*100 mm, Waters, Milford, MA, United States) was used for UPLC, working with the following parameters: the Column temperature of 40°C, a flow rate of 0.4 ml/min, and injection volume of 2 μL. The analysis of hydrophilic metabolites used water containing 0.1% formic acid (A) and acetonitrile containing 0.1% formic acid (B) as mobile phases, with a gradient program (V/V) as follows: 95:5 at 0 min, 10:90 at 11.0 min, 10:90 at 12.0 min, 95:5 at 12.1 min, and 95:5 at 14.0 min. For lipidomic analysis, the samples were injected onto a Thermo C30 column (2.6 μm, 2.1 mm × 100 mm). Mobile phase was composed of acetonitrile/water (60/40, v/v) containing 0.04% acetic acid and 5 mmol/L ammonium formate (A) and acetonitrile/isopropanol (10/90, v/v) containing 0.04% acetic acid and 5 mmol/L ammonium formate (B). The gradient program (V/V) was as follows: 80:20 at 0 min, 50:50 at 3.0 min, 35:65 at 5.0 min, 25:75 at 9.0 min, 10:90 at 15.5 min, and 80:20 at 16.0 min. The metabolome and lipidome were measured on a mass spectrometric system with triple quadrupole (QqQ) scans combined with LIT scans in both positive and negative ion modes under the control of Analyst 1.6.3 software (Sciex, Washington, United States). The ion spray voltage (IS) of the ESI source was 5500 and −4500 V for positive and negative modes, respectively. Source temperature was set at 500°C, ion source gas I (GSI), gas II (GSII), curtain gas (CUR) at 55, 60, and 25.0 psi, respectively, and collision gas (CAD) high. Instrument tuning and mass calibration in QqQ and LIT modes were performed with 10 and 100 μmol/L polypropylene glycol solutions, respectively. Specific sets of multiple reaction monitoring (MRM) transitions of various periods of retention time were monitored according to an in-house library of metabolites.
Nano-Liquid Chromatography-Tandem Mass Spectrometry Analysis of Tryptic Peptides
NanoLC-MS/MS was performed by coupling a NanoElute and timsTOF Pro (Bruker, Billerica, MA, United States). The tryptic peptide sample was dissolved in 0.1% formic acid and 2% acetonitrile (solvent A) and directly loaded onto the NanoLC-MS/MS platform. A constant flow rate of 450 nL/min was used for the LC system and the solvent B of mobile phase was 0.1% formic acid in acetonitrile, with a gradient from 4 to 22% in 0–70 min, 22–30% in 70–84 min, 30–80% in 84–87 min, and holding at 80% for the last 3 min. The peptides were subjected to a glass capillary ion source with an electrospray voltage of 2.0 kV for tandem mass spectrometry analysis. The data were collected in parallel accumulation–serial fragmentation (PASEF) mode in which one MS full scan followed by 10 MS/MS scans with 30 s dynamic exclusion was used. Both the precursor ions and fragment ions were analyzed with high-resolution TOF. The peptide precursors of changes from +1 to +5 were detected in a scan range from m/z 100 to 1700.
Construction of mRNA Library and RNA-Seq
Oligo (dT)-attached magnetic beads were applied to purify mRNA from the total RNA. Purified mRNA was fragmented into small pieces with fragment buffer. Then the first-strand cDNA was generated using random hexamer-primed reverse transcription, and the second-strand cDNA was synthesized. A-Tailing Mix and RNA Index Adapters were then added by incubation. The cDNA fragments were amplified by PCR, followed by purification by Ampure XP Beads, and then dissolved in EB solution. The product was validated on an Agilent Technologies 2100 bioanalyzer for quality control. The double-stranded PCR products were heated to denature and circularized by the splint oligo sequence to construct the final library. The final library was amplified with phi29 to make a DNA nanoball (DNB) which had more than 300 copies of one molecular. After that, DNBs were loaded into the patterned nanoarray and single end 50 base reads were generated on the BGIseq500 platform (BGI, Shenzhen, China).
Raw Data Processing
Integration and correction of the peak areas corresponding to the targeted metabolites from the LC-MRM-MS/MS data were done with MulitQuant (version 3.0, Sciex, Washington, United States), followed by normalization against the total peak areas measured from each sample. The Automatic method of MultiQuent was used with the parameters specified as following: Gaussian smooth width: 0 points; RT half window: 30 s; min peak width: 2 points; min peak height: 800; noise percentage: 70.0%; baseline sub window: 2 min; peak splitting: 2 points; RT tolerance: 0.2 min.
The LC-MS/MS data for proteomics were identified and quantified using the MaxQuant search engine (Ver 1.6.6.0). MS2 were searched against the Macaca fascicularis (UP000233100_9541, 46,259 sequences) from the Uniprot database (https://www.uniprot.org/) concatenating with the contaminants database. Target-decay search strategy was applied with decoy databases of reversed sequences. The search parameters were specified as following: cleavage enzyme, Trypsin/P; missing cleavages, up to 2; the mass tolerances for precursor ions, 20 ppm in both the first search and the main search; the mass tolerance for fragment ions, 20 ppm; fixed modification, Carbamidomethyl on cysteine; variable modifications, acetylation at protein N-terminus, oxidation on methionine, and deamidation on both N-terminus and glutamine. False discovery rate, or say FDR, for the peptide-spectrum match (PSM) and protein identification were both 1%. The quantification method was set as LFQ.
After filtering the low-quality reads with SOAPnuke (Ver 1.5.2), sequencing alignment and mapping to the Macaca fascicularis genome (GCF_000364345.1) from NCBI (https://www.ncbi.nlm.nih.gov) were done by Bowtie (Ver 2.3.4.3) using the --sensitive preset and HISAT2 (Ver 2.1.0) with the default setting, respectively. The program RSEM (Ver 1.3.1) was then used to quantify the reads and the gene expression level was calculated by the FPKM method. The differentially expressed genes were given by DESeq2 according to q-value = 0.05.
Data Analysis
Student’s t-test and calculation of Pearson correlation coefficients were done in R using the STATS package (v3.6.2). Orthogonal partial least squares discriminant analysis (OPLS-DA) was implemented using the R package ROPLS (v1.20.0), and the variables of log2 ratio outside ±0.6 and variables importance in projection (VIP) > 1 were considered as significantly changed variables. Principal component analysis (PCA) was performed by MetaboAnalyst5.0 (https://www.metaboanalyst.ca) without filtering. The data were first normalized by sum across each sample, then z-scored for each metabolite (i.e., centralized by mean and divided by the standard deviation) before PCA. Gene Ontology (GO) and pathway enrichment were analyzed through the GO Consortium (http://geneontology.org) and KEGG websites (https://www.genome.jp/kegg/), respectively.
RESULTS
Experimental Design
Type 2 DM symptom was found in three macaques when they were about 15 years old. We conducted IVGTT on the monkeys and found their ability to secret insulin in response to glucose was significantly reduced compared to age-matched normal monkeys. In addition to the sDM group consisting of these three, other six carb-eating macaques of a similar age and housed at the same farm were recruited as the control in the study. A random half (three ones) of these control macaques were kept growing under the unchanged conditions, termed as normal control (NC). The other three have been fed with the HFHS diet for 1.25 years before sacrifice (Figure 1A), which was named the HFHS group. To profile the health conditions of each individual in detail, we have comprehensively performed clinical tests on each crab-eating macaque (Macaca fascicularis) (Supplementary Table S1). The diabetes of the sDM monkey was characterized by the highest blood sugar, urine sugar, and glycated hemoglobin (HbA1c) levels (Table 1). As compared with the NC group, the sDM monkeys had dramatically increased urine sugar (677 fold, Figure 1B), and higher levels of both fasting blood sugar (4.6 fold, Figure 1C) and HbA1c (2.7 fold, Figure 1D). The average values of these three indicators of the HFHS ones were also higher than that of the NC group (2.8, 1.5, and 1.2 fold rise in urine sugar, blood sugar, and HbA1c, respectively) although only the increase of HbA1c in the HFHS group showed significantly (Figure 1D). The HFHS-caused alterations in the blood (p = 0.06) and urine (p = 0.1) sugars had larger p-values (Table 1), partially due to the limited number of subjects in each group. According to the definition from the American Diabetes Association, the criteria for diabetic humans are fasting blood glucose ≥7 mM and HbA1c ≥ 6.5% (American Diabetes Association, 2018). The two values of the sDM macaques (17.9 ± 1.0 mM fasting blood glucose and 10.4 ± 1.6% HbA1c) were much higher than these standards although both levels of NHPs are typically lower than humans (Lei et al., 2020). The HFHS group, on the other hand, had a fasting blood glucose of 5.8 ± 1.2 mM and an HbA1c level of 4.7 ± 0.2%, lower than but very close to the boundaries. Furthermore, the HFHS group showed a significant increase in body weight but that of sDM macaques were similar to the normal ones (Figure 1E). Over 1 year of the HFHS feeding seemed to result in a level of insulin significantly higher than that observed in the sDM monkeys (Figure 1F). IVGTT was applied before sacrifice to measure the response of the monkeys to blood glucose. As a result, escalated circulating glucose failed to induce the production of insulin in all sDM macaques, resulting in a prolonged last of high blood glucose (Figures 1G,H). These results indicated that the sDM individuals were at the later stages of type 2 DM with significantly reduced insulin secretion. The HFHS macaques showed enhanced secretion of insulin, but glucose metabolism was still slower than that of the normal ones, suggesting insulin resistance in these monkeys. The Oil Red O Staining of the liver tissues demonstrated the accumulation of lipids in the liver of the HFHS-fed monkeys. Although much less than that of the HFHS group, more lipid droplets were formatted in the liver of sDM macaques, as compared with that of the NC group (Figure 1I). These test results indicated that the three monkeys in the sDM group were suffering from diabetes mellitus, whereas in the HFHS group, the subjects who had developed some lesions similar to that of DM symptoms were prediabetes. We, therefore, profiled both hydrophilic and hydrophobic metabolites in the liver, PB, and HPVB of all nine individuals (Figure 1A). In parallel, we also extracted RNA and protein from all liver samples and measured transcriptomic and proteomic abundance profiles using RNA-seq and shotgun proteomics approaches, respectively (Figure 1A).
TABLE 1 | The clinical tests of all three groups of macaque.
[image: Table 1]Characterization of Metabolome and Lipidome
Using the UPLC-MS/MS workflow, we identified 1,082 metabolites from all 27 samples (Supplementary Table S2). Slight higher numbers of metabolites were detected from the serum samples. Principal component analysis (PCA) of all samples illustrated a significant difference between the circulating metabolome and that from the liver tissues (Figure 2A). Also, the blood metabolomes of all groups had specific fingerprints but relatively small variants between PB and HPVB samples were observed (Figure 2A). Consistently, higher levels of correlations were observed between blood samples and between liver samples, but not between any blood and the liver sample, indicating that the profiles of detected metabolites captured the signature of the whole metabolome in different samples (Supplementary Figure S1). The inter-group difference in serum metabolome was much larger than that between the PB and HPVB of the same group of macaques (Supplementary Figure S2). In the NC monkeys, the PB and HPVB metabolomes had a difference of only 92 metabolites (Figure 2B; Supplementary Figure S3). More metabolites varied between PB and HPVB in the HFHS (223) and sDM (139) groups (Figure 2B; Supplementary Figure S2). On the other hand, over 400 metabolites in either PB or HPVB varied with the disease condition and/or the switch of diet (Figures 2C–E; Supplementary Figure S4; Supplementary Table S2), indicating the significant difference in the metabolism of these three groups. The PB and HPVB metabolomes shared a majority of altered metabolites. Although the metabolites changed in the liver had relative unique profiles, over half of them also overlapped those altered in sera (Figures 2C–E; Supplementary Figure S4; Supplementary Table S2). The altered metabolites are mainly enriched in the various classes of lipids as well as amino acids and peptides (Figure 2F). The spontaneously developed diabetes mellitus caused significant changes in the liver, characterized by the altered lipids of diacylglycerols, monoacylglycerols, fatty acyls, sphingomyelins, glycerophosphocholines, glycerophosphoethanolamines, glycerophospholipids, and glycerophosphoserines. Intriguingly, only polyunsaturated fatty acids increased in the liver as well as the blood of the sDM monkeys, whereas elevated levels of saturated, mono- and polyunsaturated fatty acids were observed in the HFHS groups compared with the NC group (Supplementary Figure S5). Consistent with the lipid droplets found from the HFHS livers (Figure 1I), lots of di- and triacylglycerol species increased in the liver of HFHS groups (Figure 2G). Instead of accumulation in the liver, di- and triacylglycerols elevated in the blood of the sDM monkeys (Figures 2H,I), further evidenced the diabetes of these macaques. Accordingly, enhanced levels of bile acids were measured from the HPVB of both the HFHS and sDM groups (Supplementary Figure S6). However, as compared with the HFHS group, the sDM monkeys failed to increase some bile acid species, including hyodeoxycholic acid, a bile acid of importance in regulating glucose homeostasis (Zheng et al., 2021b). In contrast, the sDM subjects had higher levels of taurocholic acid and taurodeoxycholic acid in both the liver and HPVB, which was also observed in the plasma of human patients (Mantovani et al., 2021). These observations suggest that distinct metabolic signatures of sDM and HFHS monkeys can be revealed by metabolomics and lipidomics, although some tendencies of bile acid changes in the prediabetic models were similar to those in the monkeys of diabetes.
[image: Figure 2]FIGURE 2 | The comparison among the metabolomics data. (A) Principal component analysis of the 1,082 metabolites identified from all 27 samples and 4 QC samples. (B) The metabolites of significantly different levels between the PB and HPVB samples of each group. (C–E) The metabolites of significantly different levels between the HFHS and NC groups (C), the sDM and NC groups (D), and the sDM and HFHS groups (E). (F) The enriched classes of molecules found from the metabolites altered in the HFHS and sDM groups. (G–I) The inter-group changes of acylcarnitines (Car), diacylglycerols (DG), and triacylglycerols (TG) in the liver (G), PB (H), and HPVB (I) samples.
RNA-Seq Analysis of the Liver
The transcriptomics has profiled the expression of 18,841 genes, which were collapsed from over 46,000 transcripts, in the liver tissues of these monkeys (Supplementary Table S3). The detected transcriptome from each individual was similar in terms of both the total number of transcripts and their abundance distribution (Supplementary Figure S7). As compared with the NC group, the HFHS monkeys altered the expression of 146 (80 decreased and 66 increased) genes (Figure 3A). The numbers of down- and upregulated genes in the sDM group were 59 and 80, respectively (i.e., 139 in total; Figure 3B). Between the HFHS and sDM groups, 160 genes were different, out of which 89 and 71 showed higher levels in HFHS and sDM subjects, respectively (Figure 3C). Interestingly, the HFHS and sDM groups showed the largest difference in terms of the number of altered genes. (Figure 3D). The cross-comparison among the three groups demonstrated that these two groups shared only 33 altered genes (Figure 3D). The altered genes between HFHS versus NC groups and those between HFHS versus sDM groups showed a higher number in common, similar to the pattern observed from the comparison of the liver metabolome (Figure 2E). The genes altered in the HFHS groups consisted also of the ones participating in the metabolic and signaling processes of lipoprotein particles, cholesterol, and fatty acids; meanwhile, very-low-density lipoprotein particle remodeling was observed in sDM monkeys rather than HFHS group (Supplementary Figure S8). Focusing on the spontaneous DM, we further compared the genes that commonly changed in both the HFHS and sDM groups, and those regulated only in the sDM macaques (Figure 3E). The only genes differentially expressed in all three groups were PRAP1 (Figures 3D,E), which was recently reported as a lipid-binding protein promoting lipid absorption (Peng et al., 2021). As expected, many genes merely changed in the sDM group, such as SULF2, GFAP (Pang et al., 2017), ABCG1 (Daffu et al., 2015), GCK (Haeusler et al., 2015), ISM1 (Liu et al., 2019), and CORIN (Pang et al., 2015) (Figure 3E), have been associated with diabetes. The significant alterations of these genes observed only from the sDM groups but not the HFHS groups were consistent with the mild DM-like symptoms found from these monkeys (Figure 1). We performed a Gene Ontology (GO) enrichment analysis of the genes commonly regulated in both HFHS and sDM groups (Figure 3F). In accordance with the alterations in the metabolome, these regulated genes enriched in the cellular processes related to lipid metabolism. Additionally, the genes regulated in both HFHS and sDM groups included also the ones participating in the development of the extracellular matrix. The genes commonly regulated in both HFHS and sDM groups included a bunch of genes encoding proteins functioning in the lipid metabolism, such as LIPG, APOA5, ACAA2, and FABP4 (Figure 3E). Taken together, these results demonstrated the similarity in lipid metabolism between the sDM and HFHS groups, as those observed from the metabolomes (Figure 2). However, the expression of some known marker genes in the prediabetic macaques was still more similar to that in the healthy monkeys after 15 months of intake of extra fat and sugar.
[image: Figure 3]FIGURE 3 | The expression profile in the livers of three groups. (A–C) The volcano plots of the genes differentially expressed between the HFHS and NC groups (A), the sDM and NC groups (B), and the sDM and HFHS groups (C). (D) The altered transcripts between every two groups of the monkeys (E) The z-scored expression of the genes that significantly regulated commonly in both the sDM and HFHS macaques (upper panel) and only in the sDM group (lower panel). The genes that have known functions related to cell morphology and cell movement are underlined. (F) Fisher’s exact tested GO term enrichment (biological process) of the genes co-regulated in both sDM and HFHS groups.
Surprisingly, structural proteins and related regulators accounted for nearly a quarter (8 out of 33) of the genes altered in both the sDM and HFHS groups. These eight genes included keratins (KRT 5/6C/14/16/17), cell-matrix adhesion protein Collagen alpha-1 (XVII) chain (COL17A1), and cytoskeleton-binding regulatory proteins Tensin-4 (TNS4) and Cornifin-B (SPRR1B) (Figures 3E,F). In addition, 14 commonly regulated genes were known for their functions related to cell morphology and cell movement. They were upregulated genes HAND1, OSR1, FABP4, PLAT, and PRAP1, and the downregulated ones PTK2B, S100A2, SFN, TNS4, SCG2, VIP, KRT16, VGF, and COL17A1. These results suggested that the morphological changes in the liver caused by the HFHS diet were likely similar to that in the diabetes liver, which might be related to the pathogenesis of DM.
Quantitative Proteomics of the Liver
Proteomics identified approximately 5000 proteins from the liver tissues (Supplementary Table S3). The average sequence coverage was 28.6% and about 99% of them (4,900 out of 4,954) were identified with at least one unique peptide (Figure 4A; Supplementary Table S4). Similar to that observed in the transcriptome, these proteomics data also showed that the highest alteration between the HFHS and sDM macaques, and the largest number of regulated proteins in common between the cross-comparisons of HFHS versus NC as well as HFHS versus sDM (Figure 4B). Individually, the HFHS diet triggered the alterations of 192 proteins, out of which 71 and 121 were down- and upregulated, respectively (Supplementary Figure S9A). Also, the spontaneous DM resulted in the changes in 153 proteins, 51 decreased and 102 increased, in the liver (Supplementary Figure S9B). Between the HFHS and sDM groups, we observed 298 proteins of various abundance, consisting of 169 down- and 129 upregulated ones (Supplementary Figure S9C). When comparing the differential proteins from these two pair-wise contrasts, it was found that the HFHS-enhanced metabolic pathways were largely overlapped when referred to the NC (Figure 4C) and sDM groups (Figure 4D). The commonly upregulated glycan degradation pathways, PPAR signaling pathway, fatty acid metabolism, sugar metabolism, and cholesterol metabolism indicated the significant changes in the hepatic proteome caused by the food composition. However, the proteins in the sDM livers that were differentially expressed in comparison to the proteins in the NC and the HFHS groups enriched in the distinct pathways (Figure 4E). In contrast to the NC macaques, the altered proteins in the sDM livers functioning in various singling pathways, whereas the comparison between the HFHS and sDM groups mainly highlighted the enrichment of changed proteins in biosynthetic pathways (Figure 4D). Four proteins were differentially expressed in all three groups (Figures 4B,F). Fatty acid binding protein 4 (FABP4) increased dramatically in both HFHS and sDM groups and showed the highest level in the former (Figure 4F). FABP4 has been reported as a marker protein for type 2 diabetes and a protein target for inflammatory diseases. CNTFR, the receptor for ciliary neurotrophic factor (CNTF), was reduced in both the HFHS and sDM groups. Preview studies have also proposed CNTF as a candidate agent for the therapy of diabetes complications (Ma et al., 2018). Both histidine ammonia-lyase (HAL) and mevalonate kinase (MVK) decreased in the HFHS group but elevated in the sDM groups (Figure 4F). Mevalonic acid is the precursor for cholesterol synthesis, in which MVK is a key enzyme. Epidemiological studies have demonstrated that inhibiting the production of mevalonic acid increases the risk of developing type 2 diabetes.
[image: Figure 4]FIGURE 4 | Proteomic profiling in the liver of the three groups. (A) The histogram of sequence coverage of all identified proteins. (B) The numbers of significantly changed proteins between the groups. (C–E) KEGG pathway enrichment of the altered proteins between the NC and HFHS groups (C), between the sDM and HFHS groups (D), and between the sDM and NC groups (E). (F) The fold changes of the four differentially expressed proteins among all three groups. FABP4; Fatty acid binding protein 4; CNTFR, Ciliary neurotrophic factor receptor; HAL, Histidine ammonia-lyase; MVK, Mevalonate kinase. Mean ± SD are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
Cross-Omics Insights Into the Alterations of the Liver
To find the common features of HFHS and sDM, we performed cross-omics analyses and provided insights into pathological changes in macaque livers. For the genes whose transcripts and their encoded proteins were both detected from transcriptomic and proteomic approaches, respectively, we calculated the Pearson correlation between the transcript and protein of each gene across all samples of each group and found positive correlations (Pearson’s correlation coefficient >0.5) for about a half of them (Figure 5A). For the significantly regulated genes, a strong correlation between the changes in transcripts and proteins was found when every two groups of macaques were compared (Figures 5B–D). The consistency showed the changed protein abundance caused by the pathogen of DM and/or the switch to HFHS food were predominately regulated via gene expression, which was captured in our data precisely. Both transcriptomic and proteomic data supported upregulation of FABP4 in both HFHS and sDM groups and showed the highest level in the former (Figures 4F, 5C,D). FABP4 is one of the biomarkers that has been associated with both type 1 and 2 DM (Rodríguez-Calvo et al., 2019; Xiao et al., 2021). The abundance of phosphotransferase (GCK) in the sDM livers was much lower than those in either the NC or HFHS groups (Figures 5B,D), evidencing the repression of hepatic glycolysis in DM. The HFHS diet triggered the downregulation of fructose-bisphosphate aldolase C (ALDOC), a key enzyme in both glycolysis and gluconeogenesis pathways (Figures 5B,C). Two enzymes that were involved in the mevalonate pathway, 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMGCS1) and farnesyl-diphosphate farnesyltransferase 1 (FDFT1), were also increased in the HFHS livers. Together with the consistent changes in MVK (Figure 4F), these data indicated the suppression of cholesterol synthesis in the HFHS monkeys. Acyl-CoA synthetase short chain family member 2 (ACSS2) that promotes fat storage was also lower in the HFHS groups, suggesting the downregulation of this protein in response to the increased intake of fat. We then conducted the joint analysis of the metabolomics and proteomics data. As expected, all three groups had differentially regulated fat digestion and absorption pathway (Figure 5E). Also, switching to the HFHS diet resulted in significant changes in some mo lipid metabolism-related pathways, such as steroid biosynthesis, PPAR signaling, propanoate metabolism and cholesterol metabolism. As a disease group, the sDM group had significant changes in the regulatory and disease-related pathways, including the HIF-1 signaling pathway, prolactin signaling pathway, and growth hormone synthesis, secretion and action pathway. On the other hand, the divergence between the HFHS and sDM groups included both metabolic and regulatory pathways. Taken together, our data demonstrated that the HFHS diet-fed macaques showed many molecular alterations in common with the changes in the DM ones. However, the accumulated changes that can cause cellular responses in oxygen homeostasis and inflammation might be of importance in the development of diabetes.
[image: Figure 5]FIGURE 5 | Joint analysis of the multiomics data. (A) The proportion of genes whose proteins and transcripts showed positive (> 0.5), negative (< −0.5), or no correlation (between −0.5 and 0.5). (B–D) the comparisons of log2 ratios of protein and transcript levels of differential genes for sDM versus HFHS (B), HFHS versus NC (C), and sDM versus NC (D). The black lines show the bisects y = x. (E) The pathway enrichment analysis using the metabolomics and proteomics data jointly. Plus symbol (+) annotates the enriched pathways of significance.
DISCUSSION
The present study included the relative abundance of both transcripts and proteins in the liver and relative levels of metabolites and lipids in the liver, PB, and HPVB sera from the same individuals, providing data suited to conducting correlation analysis at a systems level. Multi-omic data provides comprehensive profiling of biological samples. Proteins are functional macromolecules that arguably participate in almost all cellular processes. The amounts of this machinery are modulated through transcriptional regulation as well as other types of regulatory mechanisms such as post-transcriptional regulation and protein degradation. From our data, we found good correlations between transcripts and proteins for over 50% of genes (Figure 5A). Although only a few subjects were included in our study, this consistency strongly supported alterations of these genes, including FABP4, GCK, ALDOC, HMGCS1, FDFT1, and ACSS2. For a big proportion of these genes, their functions related to DM have been documented to some extent, which further validated our results. Previous reports have evidenced that the correlations between mRNA transcripts and the corresponding proteins are not always held for a certain number of genes (Maier et al., 2009; Vogel and Marcotte, 2012). Although positive correlations were found for nearly half of the genes, no or even negative correlated cases existed in this dataset. These cases provide the candidates for the studies of DM-caused protein regulation behind gene transcription. Moreover, the changes in various classes of lipids (Figure 2) and the alterations in the transcripts (Figure 3) and proteins functioning in lipid signaling and metabolism (Figures 4, 5) also indicated the consistency of our data.
The switch of diet, to our surprise, caused larger numbers of altered molecules in the metabolome, lipidome, transcriptome, and proteome. The majority of changes in the HFHS monkeys were not as same as those in the sDM group (Figures 3D, 4B). This unique profile was primarily characterized by the alterations in the pathways related to lipid metabolism, indicating the hepatic response to the extra intake of fat and sugar. As compared with both NC and HFHS groups, the sDM macaques showed responses in the genes functioning in disease-related pathways and regulatory pathways (Figures 4C,D, 5E). Metabolic inflammation is an essential feature of type 2 diabetes. This feature was indicated by the changes in the pathways related to inflammation signaling and oxygen hemostasis, such as including the HIF-1 signaling pathway, prolactin signaling pathway, growth hormone synthesis pathway, as well as the signaling pathways for EGRF and VEGF, in our data (Figures 4E, 5E). Studies in animal models have shown that diet-induced oxidative stress and inflammation play a crucial role in the pathogenesis of type 2 diabetes (Shoelson et al., 2006). Diet-induced animal models of DM have long been employed in the studies of diabetes (Kleinert et al., 2018; Engel et al., 2019). Our data demonstrated that 1.25 years of HFHS diet feeding in Macaca fascicularis did not cause strong signals of inflammation and oxidative stress, resulting only in mild obesity and prediabetic symptoms (Figure 1). The disagreement observed from our data has also suggested that it is of importance to measure these factors related to the inflammatory and stressed statues in the studies of diet-induced models for DM.
Nonetheless, the alterations common in the sDM and HFHS groups had also been detected. This similarity was mainly the alterations in the metabolism of lipids and fatty acyls (Figures 3F, 5E), characterized by the increased lipid levels (Figure 2) and the upregulation of FABP4 (Figures 4, 5). FABP4 (also known as adipocyte Protein 2 or aP2) is a lipid-binding carrier that regulates fatty acid trafficking, which is also involved in linking lipid metabolism with innate immunity and inflammation (Furuhashi and Hotamisligil, 2008). FABP4 is a secreted protein that is widely expressed in adipocytes, macrophages, and endothelial cells (Xu and Vanhoutte, 2012). Under normal conditions, the expression of this gene is low in the liver, which was confirmed by the low reads of the NC group (Supplementary Table S3). Our transcriptomic and proteomic data consistently supported the increase of this protein in both the sDM and HFHS groups (Figures 5C,D). These results, especially the elevated levels of the FABP4 transcript, indicated the upregulation of this gene in the liver of both diabetic and prediabetic macaques. FABP4 regulates hepatic production of glucose (Cao et al., 2013), and the mice with FABP4 deficiency have a lower risk for obesity-induced insulin resistance and type 2 DM (Tuncman et al., 2006). Elevated levels of circulating FABP4 have been proposed as a marker of DM-related syndrome (Rodríguez-Calvo et al., 2019), with a pro-diabetic impact in the process of diabetes in the pancreas (Xiao et al., 2021). The upregulation of FABP4 expression in the liver might also have a role in the development of DM. Furthermore, an animal study has demonstrated that Sirtuin 1 (SIRT1) regulates FABP4 secretion from the white adipose (Josephrajan et al., 2019). Sirtuins are signaling proteins functioning in metabolic regulation. The levels of SIRT1 are involved with the insulin sensitivity of cells and, therefore, associated with non-alcoholic fatty liver disease and DM (Martins, 2018b). Although SIRT1 showed no significant changes in its expression, SIRT5, another member of the Sirtuin protein family, increased 1.5 fold in the sDM group (Supplementary Tables S3, S4). SIRT5 has been suggested to be involved in energy metabolism (Verdin et al., 2010; Park et al., 2013). We may speculate that FABP4 regulates hepatic lipid metabolism of the sDM macaques in a sirtuin-dependent manner. It is worthy of further investigation that the roles of hepatic FABP4 and sirtuins in the development of DM. As a secreted protein, the increase of FABP4 protein in the liver might also partially attribute to the alterations in other tissues such as adipose tissue. The interaction between FABP4 of various sources is likely an intriguing and important topic that should be addressed.
Intriguingly, the gene set whose expression was similarly changed in our prediabetic and diabetic monkeys contained a lot of genes functioning in cell migration and cellular/extracellular structure (Figure 3). The structural proteins have critical regulatory functions in sensing and signaling. We have found significant changes in keratin expression. Keratins are a family of fibrous proteins forming intermediate filaments, which have been found to participate in the insulin-mediated regulation of glucose metabolism (Roux et al., 2016). The downregulated keratins (KRT 5/6C/14/16/17) are all skeleton proteins of epithelial cells. It has been demonstrated that insulin resistance disrupts epithelial repair and tissue remodeling in the liver through impairing local cellular crosstalk (Manzano-Núñez et al., 2019). Expression of COL17A1, a transmembrane collagen protein important in maintaining the linkage between the intra- and extracellular structural elements (Franzke et al., 2005), was not detectable in the sDM macaques (Supplementary Table S3). A previous study has also reported that reduction of COL17A1 promotes the migration of keratinocytes (Tasanen et al., 2004). These results, together with the enriched alterations in cell migration (Figure 3F) the EGFR signaling (Figure 4E), indicated the impeded epithelial reparation in the liver of sDM macaques, resulting in defects in wound healing and liver injury (Brem and Tomic-Canic, 2007). The regulation of these genes in the HFHS group showed a similar tendency, suggesting that these responses caused by the HFHS diet might occur earlier than the systematic oxidative stress and inflammation. Thus these alterations possibly mediated the HFHS diet-induced diabetes, which is worth further investigation in the future.
This multi-omics dataset from the NHP of spontaneous diabetes mellitus is capable of serving as a resource for various types of diabetes researches. NHPs are used in research into human diseases due to their genetic similarity to Homo sapiens. Macaques, including those in Macaca fascicularis, have contributed to the studies of DM for decades (Yasuda et al., 1988; Hansen, 2010; Bauer et al., 2011; Harwood et al., 2012; Pound et al., 2014; Havel et al., 2017). Recently, other groups have also reported multi-omics datasets from monkeys of spontaneous type 2 DM (Lei et al., 2020), and monkeys fed with a high-fructose diet (Cox et al., 2021). Our work has added an additional database for scientists in the field. This present study covers the quantification of both serum metabolome and molecular profiling of the liver from both the spontaneous type 2 DM monkeys and HFHS-fed monkeys grown and measured in parallel, providing a database of quality in studies on the pathological impacts of HFHS in DM. Human studies, such as that on clinical trials, would likely have fewer respects of data in general. The changes in the gene expression of the macaque liver related to the alterations in the blood can sever as a reference for this type of investigation.
CONCLUSION
In the present work, we conducted a multi-omics analysis to compare the molecular alterations in the liver, HPVB, and PB of macaques of spontaneous Type 2 DM, and ones of prediabetic symptoms caused by high-fat and high-sugar diet. Our data indicate that protein FABP4, a lipid-binding protein that has a crucial role in DM, was upregulated in the liver of spontaneously occurred diabetes and HFHS-induced diabetes, evidenced by elevation in both hepatic mRNA and protein levels. Furthermore, we have also revealed that at the prediabetes stage, the HFHS diet could cause malfunctions in the epithelial cell morphology and migration, similar to the alterations in the DM monkeys. These defects may impair liver reparation and promote DM. Also, our work provided a new multi-omic dataset from NHP that is likely to benefit other DM studies.
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Chronic liver disease (CLD) represents a global health problem, accounting for the heavy burden of disability and increased health care utilization. Epigenome alterations play an important role in the occurrence and progression of CLD. Histone modifications, which include acetylation, methylation, and phosphorylation, represent an essential part of epigenetic modifications that affect the transcriptional activity of genes. Different from genetic mutations, histone modifications are plastic and reversible. They can be modulated pharmacologically without changing the DNA sequence. Thus, there might be chances to establish interventional solutions by targeting histone modifications to reverse CLD. Here we summarized the roles of histone modifications in the context of alcoholic liver disease (ALD), metabolic associated fatty liver disease (MAFLD), viral hepatitis, autoimmune liver disease, drug-induced liver injury (DILI), and liver fibrosis or cirrhosis. The potential targets of histone modifications for translation into therapeutics were also investigated. In prospect, high efficacy and low toxicity drugs that are selectively targeting histone modifications are required to completely reverse CLD and prevent the development of liver cirrhosis and malignancy.
Keywords: histone acetylation, histone methylation, histone phosphorylation, alcoholic liver disease, metabolic associated fatty liver disease, viral hepatitis, liver fibrosis, liver cirrhosis
1 INTRODUCTION
Chronic liver disease (CLD) and its ultimate outcome liver cirrhosis represent a heavy global health burden, accounting for two million deaths each year (Mokdad et al., 2014; Tapper and Parikh, 2018). The incidence and prevalence rates of CLD are rising worldwide (Liangpunsakul et al., 2016; Wong et al., 2019; Younossi, 2019; Moon et al., 2020), resulting in a high rate of disability and increased health care utilization (Moon et al., 2020). The etiologies of CLD comprise chronic Hepatitis B virus (HBV) and Hepatitis C virus (HCV) infection, metabolic syndrome, excessive alcohol consumption, exposure to the chemical compound, autoimmune response, etc., (Zeng et al., 2021). These etiologies contribute to chronic liver damages, which can progress to liver fibrosis, liver cirrhosis, and even hepatocellular carcinoma (HCC) (Hardy and Mann, 2016), further reducing the life quality of patients. Nowadays, HCV infection can be cured with antiviral treatments, and HBV infection can be prevented by vaccines and suppressed by oral antiviral regimens (Younossi et al., 2020). However, therapeutic options for CLD remain insufficient in many cases (Zeidler et al., 2017). It is essential to elucidate the mechanism in the occurrence and progression of CLD and develop new effective therapeutics.
Epigenetic modifications include DNA methylation, histone modifications, non-coding regulatory RNA-mediated processes, and chromatin remodeling, which regulate gene expression without changing DNA sequences (Chen et al., 2020). In recent years, emerging studies on epigenetics have provided novel insights into the pathogenesis and treatment of CLD (Wilson et al., 2017). This review mainly focuses on the roles and therapeutic opportunities of histone modifications in CLDs, particularly in alcoholic liver disease (ALD), metabolic-associated fatty liver disease (MAFLD), viral hepatitis, and liver fibrosis/cirrhosis. The role of histone modification in HCC has been summarized elsewhere (Khan et al., 2017; Han et al., 2018; Rajan et al., 2020; Wolinska and Skrzypczak, 2021), and is not the focus of the current review.
2 HISTONES AND HISTONE MODIFICATIONS
2.1 Histones
Histones are highly conserved essential proteins and are the main protein components of chromatin in all eukaryotic cells (Strahl and Allis, 2000; Shechter et al., 2007). Two major types of histone proteins, core histones (H2A, H2B, H3, and H4) and the linker histone (H1), play crucial roles in genome packaging. At the initial stage of DNA packaging, two turns of DNA (∼150 bp) are wrapped around an octamer composed of dimers of the four core histone proteins (H2A, H2B, H3, and H4) to form the nucleosome core particle, the recurring unit structure of chromatin (Figure 1A) (Kamakaka and Biggins, 2005; Kawashima et al., 2015). One molecule of linker histone H1 binds to the site where DNA enters and exits the nucleosome core particle, forming a complete nucleosome (Figure 1A) (Fyodorov et al., 2018). The nucleosomes are linked by a sequence of DNA (∼60 bp) and are assembled into beaded chromatin filaments (Figure 1B) (Lawrence et al., 2016; Fyodorov et al., 2018). At the advanced level of DNA packaging, the filaments are folded into fibers and eventually packaged into the nucleus (Figure 1B). In this process, histone H1 contributes to chromatin compaction and the formation of higher-order chromatin structures (Ponte et al., 2017).
[image: Figure 1]FIGURE 1 | Structure and modifications of histones. (A) Four core histone proteins (H2A, H2B, H3, and H4) and one linker histone H1 which binds to the site where DNA enters and exits the nucleosome core particle, form a complete nucleosome. Post-translational modifications (PTMs) occur on histone terminal tails, which are accessible on the surface of the nucleosome. (B) The nucleosomes are linked by a sequence of DNA (∼60 bp) and are assembled into beaded chromatin filaments. (C) The potential acetylation, methylation, phosphorylation, and ubiquitination sites of the four core histones are shown. (D) A large array of proteins are involved in regulating and interpreting these PTMs, including readers, writers, and erasers.
2.2 Histone Modifications
The four core histones (H2A, H2B, H3, and H4) contain a conserved C- terminal histone fold structure and a flexible N- terminal tail protruding from the nucleosome (Figure 1C) (Kamakaka and Biggins, 2005). The linker histones (H1) instead consist of a short, unique N- terminal tail, a central stably folded domain, and a long, intrinsically disordered C- terminal tail (Allan et al., 1980). Histones impede transcription by condensing DNA and physical obstruction (Lorch et al., 1987; Kouzarides, 2007). However, histones have more elaborate functions depending on the post-translational modifications (PTMs) of their terminal tails, which are accessible on the surface of the nucleosome (Figures 1A,C) (Li et al., 2007; Allis and Jenuwein, 2016). PTMs of terminal histones, including acetylation, methylation, phosphorylation, ubiquitination, sumoylation and ADP-ribosylation, can directly influence protein stability, localization, activity, and the interactions between histone-DNA and histone-histone (Apweiler et al., 2004; Vu et al., 2018). The cumulative effect of multiple histone modifications ultimately determines the transcriptional activity of a gene. The histone tails and the common PTMs sites are shown in Figure 1C. In addition to the abovementioned effects, histone modifications can also affect the recruitment of chromatin modifiers as well as transcription factors (Ausio et al., 1989; Clements et al., 2003). Moreover, histone modifications can recruit effector proteins and indirectly activate downstream signaling (Wysocka et al., 2006). Despite the diversity of modification types, histone modifications and their corresponding regulating enzymes represent significant specificity during residue modification and epigenome (Bates, 2020). There are hundreds of enzymes regulating the PTMs of histones, and these enzymes are categorized as writers, readers, or erasers according to their effects on chromatin function (Figure 1D) (Tarakhovsky, 2010; Bates, 2020). As the name implies, “writers” are enzymes that add modifications, “readers” are bromodomain and chromodomain proteins that recognize acetylated or methylated residues, whereas “erasers” are enzymes that remove post-translational modifications (Figure 1D). The writer, reader, and eraser proteins regulate gene expression via histone modifications and eventually involve in the development of CLD. In this review, we focus on the functions and regulations of the three best-studied types of PTMs in CLD, which are acetylation, methylation, and phosphorylation of terminal histones.
2.2.1 Histone Acetylation
Histone acetylation is modulated via the balance of the activity of histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Guo et al., 2018). HATs catalyze the reaction where an acetyl group from the acetyl-CoA transfer to the ε-amino group on histone lysine residues (Daskalaki et al., 2018). Nevertheless, HDACs catalyze deacetylation by hydrolyzing acetyl groups from the lysine residues (Schneider et al., 2013). Acetylation of histones can neutralize the positive charges of histones and decrease electrostatic interactions between the histones and DNA, since the DNA is in a negative charge. Thus, histone acetylation relaxes histone-DNA interactions and turns the chromatin to a transcriptionally active state (Hardy and Mann, 2016). On the contrary, deacetylation of histones leads to the formation of heterochromatin and represses the transcriptional activity of DNA (Guo et al., 2018). In terms of the structure and functional properties, the “writer” protein HATs can be divided into five categories: p300/CBP, Gcn5-related N-acetyltransferases (GNAT), SRC, MYST, and TAFII250 (Gajer et al., 2015). Besides, the “erasers” protein HDACs can be classified into four subclasses: Class I-IV HDACs. Class I HDACs, including HDAC1, HDAC2, HDAC3, and HDAC8, are associated with the RPD3 deacetylase; class II HDACs contains HDAC4-10 and are homologous to the histone deacetylase 1 (HDA1); class III HDACs, including sirtuin 1 (SIRT1) to SIRT7, represent with homology to silent information regulator 2 (Sir2); and Class IV (HDAC11) (Seo et al., 2014; Guo et al., 2018). Moreover, histone acetylation is recognized by bromodomain readers. Bromodomain-containing protein 4 (BRD4), as an acetylation reader and a member of the bromodomain and extraterminal (BET) family (Peverelli et al., 2017), reads the hyperacetylated regions of chromatin (Stathis et al., 2016).
2.2.2 Histone Methylation
The methylation of histones is regulated by the activity of histone methyltransferases (HMTs) and histone demethylases (HDMTs) (Kim et al., 2021). HMTs catalyze the addition of methyl groups from S-adenosylmethionine (SAM) onto lysine and arginine residues of histones. Unlike HATs, HMTs methylate not only histones, but also non-histone proteins. On the contrary, HDMTs catalyze the elimination of methyl groups from histones (Greer and Shi, 2012). Lysine residues have three methylation states: mono- (me), di- (me2) and trimethylation (me3), while arginine residues have different patterns of methylation: monomethylated (me) or symmetrically dimethylated (me2s) or asymmetrically dimethylated (me2a) (Gong and Miller, 2019). Different from other modifications of histones, histone methylation occurs mainly on the lysine or arginine residues of H3 and H4 (Moghe et al., 2011), and represents different effects on transcription depending on the location and state of the specific residue being modified. For instance, methylation on H3K9, H3K27, and H4K20 has a silencing effect, while methylation on H3K4, H3K36, and H3K79 has an activating effect (Santos-Rosa et al., 2002; Black et al., 2012; Collins et al., 2019). HMTs are divided into three categories: SET-domain containing enzymes, Dot1-like proteins acting on lysine (KMTs), and arginine N-methyltransferase enzymes (PRMTs) acting on arginine (Black et al., 2012; Blanc and Richard, 2017). Whereas, lysine demethylases (KDMs) are classified into two families: amine oxidases and iron-dependent dioxygenases with a jumonji C (JmjC)-domain (Shi et al., 2004; Tsukada et al., 2006; Whetstine et al., 2006). The characterization of arginine demethylase is not well understood, although a subset of JmjC KDMs, deaminase enzymes peptidyl arginine deaminase 4 (PAD4), and Jumonji domain-containing protein 6 (JMJD6) have been reported to demethylate arginines (Chang et al., 2007; Walport et al., 2016). Methylation of histones does not change the electronic charge of the histones, nor does it change the DNA-histones interactions. Therefore, histone methylation might mainly function by influencing the binding of specific “readers” to the methylated site (Martin and Zhang, 2005). These “readers” are methyl binding motifs containing chromodomain proteins, including the chromobox (CBX) family and chromodomain helicase DNA binding protein (CHD1) (Hyun et al., 2017; Bates, 2020).
2.2.3 Histone Phosphorylation
Histone phosphorylation status is mediated by the activity of kinases and phosphatases. Kinases add phosphate groups from ATP mainly to the hydroxyl group on serine, threonine, and tyrosine residues of histones, while phosphatases remove the phosphates from these residues (Bannister and Kouzarides, 2011; Rossetto et al., 2012). The addition of remarkably negative charges and changed histone structures due to histone phosphorylation might induce chromatin relaxation (Roque et al., 2008; Lopez et al., 2015). Besides, histone phosphorylation interacts with other histone modifications, and the cross-talk regulates the chromatin status and interactions between them (Zippo et al., 2009). It is known that histone phosphorylation plays a role in DNA damage and repair, compaction of chromatin related to mitosis and meiosis, and the modulation of transcription (Alaskhar Alhamwe et al., 2018). Phosphorylation is recognized by “readers”, which are proteins containing phospho-binding modules, such as 14-3-3 and BRCT domains (Yun et al., 2011). The “readers” are also characterized as downstream effectors.
2.3 Experimental Methods for Histone Modification Detection
Chromatin immunoprecipitation (ChIP) test is the most traditional strategy in studying DNA-protein interactions (Kuo and Allis, 1999). In this procedure, chromatin proteins are temporarily cross-linked to DNA, and the harvested chromatin is sheared into several short DNA-protein parts (Chenarani et al., 2021). Selected sections containing proteins of interest are subsequently immunoprecipitated by incorporating antibodies specific to these proteins. The protein-bound DNA fragments are then purified and sequenced by numerous analytical methods (Decaprio and Kohl, 2020). The result is a rundown of short DNA fragments attached by specific proteins (Chenarani et al., 2021). However, the technique requires optimization of reaction conditions, and its application is limited by the sparse reads or low cell throughput. Therefore, ChIP is often implied in combination with other techniques.
Re-ChIP methods, which employ sequential immunoprecipitation reactions, were developed to identify multiple proteins bound to a single DNA sequence (Truax and Greer, 2012). However, the yield of Re-ChIP is very low with great fluctuation. In addition, ChIP, coupled with microarrays (ChIP–chip), enables the DNA sections obtained from ChIP to be identified by hybridization to microarrays, therefore providing genome-wide profiling of DNA-histone interactions (Park, 2009). Similarly, ChIP, combined with next-generation sequencing technologies (ChIP-Seq), also allows the genome-wide identification of histone binding sites, and has more excellent coverage, higher resolution, and less noise (Park, 2009). As for the classical ChIP experiment, many studies have proposed improvement schemes of experimental steps to increase its practicability, resulting in improved methods including scChIP-seq, scChIL-seq, scChIC-seq, iscChIC-seq, etc (Rotem et al., 2015; Harada et al., 2019; Ku et al., 2019; Ku et al., 2021). Reviews of these methods are also available for readers who have interests (Ludwig and Bintu, 2019; Ma et al., 2019; Harada et al., 2021).
3 HISTONE MODIFICATIONS IN CLDS
3.1 Alcoholic Liver Disease (ALD)
ALD is a kind of CLD caused by chronic and excessive alcohol use. ALD can first be presented as simple steatosis (fat accumulation in hepatocyte), and then progress to alcoholic hepatitis (steatosis concurrent with inflammation), liver fibrosis, cirrhosis, and even HCC (Cao et al., 2021). Alcohol is first oxidized primarily in the cytoplasm of hepatocytes by alcohol dehydrogenase (ADH) (Osna et al., 2017). The ADH-catalyzed ethanol oxidation consumes nicotinamide adenine dinucleotide (NAD+), and generates reduced NAD+ (NADH) as well as acetaldehyde. Acetaldehyde and its adducts are highly reactive and toxic. However, acetaldehyde is rapidly oxidized to acetate under the catalysis of aldehyde dehydrogenase 2 (ALDH2) inside mitochondria, accompanied with NAD+ consumption and NADH production (Osna et al., 2017). The pathogenesis of ALD is quite complex and results from the interaction of multiple mechanisms (Lin et al., 2018; Sehrawat et al., 2020). The metabolism of ethanol in the liver produces abundant reactive oxygen species (ROS) and alters the balance between lipogenesis and fatty acid metabolism, leading to hepatic steatosis (Xu et al., 2017). Besides, alteration of the NADH/NAD+ ratio, mitochondrial function impairment caused by the metabolite acetaldehyde, gut microbial-derived lipopolysaccharides (LPS) translocation caused by increased intestinal permeability, and excessive inflammatory responses also contribute to the development of ALD (Seitz et al., 2018; Bajaj, 2019; Cao et al., 2021). Interestingly, ALDH2, which is crucial in acetaldehyde detoxification, has been reported to play a beneficial role in attenuating chronic alcohol-induced hepatic carbonyl formation, hepatic oxidative stress, apoptosis, and regulation of autophagy, thereby ameliorating hepatic steatosis and inflammation induced by chronic alcohol intake (Guo et al., 2009; Guo et al., 2015). Therefore, the genetic polymorphism of ALDH2 may also play a crucial role in the pathogenesis of ALD. Apart from these pathological mechanisms, histone modifications in intrahepatic cells, mainly including acetylation, methylation, and phosphorylation of histones, were also demonstrated to be involved in the development of ALD (Kriss et al., 2018).
3.1.1 Histone Acetylation in ALD
It was reported that ethanol selectively increased acetylation of Lys9 in histone H3 (H3K9) in a dose-dependent and time-dependent manner in rat hepatocytes in vitro (Park et al., 2003). In addition, chronic ethanol treatment in rats selectively increases the class I alcohol dehydrogenase (ADH I) gene expression via enhancing H3K9 acetylation in promoter and coding regions of ADH I (Park et al., 2012). Besides, alcohol-induced acetylation was site-specific, mainly on H3K9/K14 and H3K18/K23 (Kriss et al., 2018). These reports imply that there might be a disease-relevant epigenetic signature in ALD, and alcohol intake may induce the expression of ADH I, thereby accelerating the oxidation of ingested ethanol to acetaldehyde. Furthermore, increased H3K9 acetylation by HDAC3 inhibitor Trichostatin A (TSA) permits the expression of the β-oxidation gene carnitine palmitoyltransferase 1α (CPT1α) and attenuates binge alcohol-induced hepatic steatosis (Kirpich et al., 2013). Moreover, acetylation of H3K9 at the promoter of patatin-like phospholipase domain-containing 3 (PNPLA3) increases expression of the lipid homeostasis-related gene PNPLA3 (Restrepo et al., 2017). These results suggest that alcohol intake promotes the acetylation of H3K9 at lipogenesis genes (e.g., PNPLA3) and inhibits the acetylation of H3K9 at lipolysis genes (e.g., CPT1α), which increases lipid anabolism and reduces lipid catabolism, respectively, thus breaking the homeostasis of fats in ALD. Acetylation of histones is mainly accomplished via activating HATs and inhibiting HDACs (Table 1; Figure 2) (Park et al., 2005; Huber et al., 2007). For example, p300 (a subfamily of HATs) and H3K9 acetylation levels were elevated simultaneously at peak blood alcohol levels in rats with chronic ethanol intake (Bardag-Gorce et al., 2007). Besides, many studies have demonstrated that the expression of HDAC is inhibited and is associated with increased hepatic histone acetylation after alcohol exposure (Yeung et al., 2004; You et al., 2008; Kirpich et al., 2012). In addition to the deacetylation function, SIRT1 promotes the conversion of the metabolite of ethanol acetic acid into acetyl-CoA, which acetylates histones under the catalysis of HATs (Sahar et al., 2014; Lin et al., 2018). Therefore, SIRT1 may be involved in the balance of gene silencing and activation in ALD via acetylation of histones. However, few studies focus on the role of SIRT in ALD, which should be especially studied in the future. Additionally, inhibition of histone acetylation reader BRD4 either by epigenome editing or selective inhibitor iBET-151 could suppress the chemokine expression in liver sinusoidal endothelial cells (LSECs) and reduce neutrophil infiltration in murine models of alcoholic hepatitis (Figure 2) (Liu et al., 2021). These results imply that histone acetylation are indeed involved in the inflammatory response of alcoholic hepatitis, and that the role of histone acetylation depends to some extent on the involvement of readers. In summary, histone acetylation involves ALD via up- or down-regulating the transcription of ADH I, CPT1α, and PNPLA3 under the regulation of writers, erasers, and readers, and sequently promoting alcohol metabolism, accumulation of fats, and hepatic inflammation (Figure 3B).
TABLE 1 | Summary of histone modifications and the corresponding mechanisms involved in CLD.
[image: Table 1][image: Figure 2]FIGURE 2 | Signaling regulations of histone modification in CLDs. In CLD, hepatocytes, HSCs, LSECs and cholangiocytes undergo histone modifications via the regulation of the writers and erasers, and these modifications are recognized by readers. ALD: alcoholic liver disease; MAFLD: metabolic-associated fatty liver disease; DILI: Drug-induced liver injury; HSC: hepatic stellate cell; LSEC: liver sinusoidal endothelial cell.
[image: Figure 3]FIGURE 3 | Underlying mechanisms of histone modifications in CLDs. The main histone modifications, the targeted genes, the corresponding effects and the therapeutic targets in CLDs were shown. (A) Modifications of histones are mediated via writers and erasers, and are recognized by readers. These modifications work through changing the expression of corresponding genes. (B) In ALD, p300, HDAC, and BRD4 mediate the histone modifications at specific genes, which regulate lipid and alcohol metabolisms and inflammation reaction. (C) In MAFLD, p300/CBP, HDAC1, SET7/9 et al. mediate the histone modifications at specific genes, which promote chronic inflammation, lipid and glucose metabolism and oxidative stress. (D) In viral hepatitis, PRMT5, HDAC1, BRD4 et al. mediate the histone modifications at specific genes, which regulate HBV replication, cccDNA accumulation and transcription. (E) In autoimmune liver disease, p300 and other proteins mediate the histone modifications at specific genes, which promote T cell proliferation, INF production and cholangiocyte senescence. (F) In liver fibrosis/cirrhosis, p300, SET7/9, HDAC 3 et al. mediate the histone modifications at specific genes, which promote HSC activation, ECM accumulation and chronic inflammation. ALD: alcoholic liver disease; MAFLD: metabolic-associated fatty liver disease; HSC: hepatic stellate cell; IFN: interferon; ECM: extracellular matrix.
3.1.2 Histone Methylation in ALD
In addition to histone acetylation, histone methylation also plays a critical role in the process of ALD (Benevolenskaya, 2007). Alcohol administration reduced the dimethylation of H3K9 and increased the dimethylation of H3K4 in primary rat hepatocytes (Pal-Bhadra et al., 2007). Besides, increased trimethylation of H3K27 was found in a rat model with chronic ethanol administration (Bardag-Gorce et al., 2009). According to these results, the level and types of histone methylation are indeed altered in ALD, suggesting that histone methylation may be involved in the occurrence and development of ALD. Further studies have shown that accumulated H3K9 methylation at the promoter was related to ethanol-downregulated genes like L-serine dehydratase (LSDH) and Cytochrome P450 2C11 (CYP2C11) (Pal-Bhadra et al., 2007). Nevertheless, increased methylation of H3K4 and reduced H3K9 methylation in the gene regulatory region were associated with ethanol-upregulated genes ADH I and Glutathione S-transferase Yc2 (GST-Yc2) (Pal-Bhadra et al., 2007). These results further confirm that alcohol promotes locus-specific chromatin modification, and the alcohol-induced changes in gene expression might be regulated through histone modification (Figure 3B). In addition, S-adenosyl-L-methionine (SAM), an important molecule in histone methylation, is mainly derived from the liver and is metabolized to S-adenosylhomocysteine (SAH) by methyltransferases (Mato et al., 2002). SAM is the major methyl donor of histone methylation, while SAH is an effective histone methylation inhibitor (Fontecave et al., 2004; Lu and Mato, 2008). Accumulated evidence reveals that ethanol causes hepatic SAM deficiency via various mechanisms (Ara et al., 2008; Bardag-Gorce et al., 2010; Moghe et al., 2011). In addition, alcohol administration followed by SAM treatment can attenuate the alcohol-induced liver injury (Ara et al., 2008; Bardag-Gorce et al., 2010; Moghe et al., 2011). These studies imply that alcohol might affect the methylation process of histones via SAM metabolism, and SAM supplementation may reverse histone demethylation induced by alcohol. However, it remains unclear how histone methylation directly takes part in the pathogenesis of ALD, and further studies are needed.
3.1.3 Histone Phosphorylation in ALD
Phosphorylation of histones is also involved in the development of ALD along with other modifications of histones. Ethanol and its metabolite increased phosphorylation of histone H3 at serine 10 (H3S10) and serine 28 (H3S28) in primary rat hepatocytes via activation of p38 mitogen-activated protein kinase (MAPK) (Table 1; Figure 2) (Lee and Shukla, 2007; Aroor et al., 2010). Moreover, phosphorylation of H3S10 was able to activate the acetylation of H3K14 and inhibit the acetylation of H3K9 in vitro (Lo et al., 2000; Edmondson et al., 2002). Therefore, it is plausible that ethanol affects the modification of histones in both independent and orchestrated ways (Shukla et al., 2015). Little is known about the specific role of histone phosphorylation in ALD, and more researches are still urgently needed. In general, chronic alcohol intake may lead to histone acetylation, methylation, and phosphorylation, which affect the expression of relevant genes, leading to the progression of ALD. However, further research is needed to fill in the gaps in the role of histone modifications in pathogenesis (Figure 3B).
3.2 Metabolic Associated Fatty Liver Disease (MAFLD)
Nonalcoholic fatty liver disease (NAFLD) is becoming the leading cause of end-stage CLD and liver failure (Kazankov et al., 2019). NAFLD ranges from simple steatosis to its progressive and inflammatory form, nonalcoholic steatohepatitis (NASH) (Lee et al., 2017; Abdelmalek, 2021). NAFLD is assumed to be associated with obesity status and metabolic dysfunctions, such as dyslipidemia, insulin resistance (IR), diabetes mellitus, cardiovascular disease, etc., (Ipsen et al., 2018). Therefore, experts recently reached a consensus to rename NAFLD to metabolic dysfunction associated fatty liver disease (MAFLD), which is a more appropriate overarching term (Eslam et al., 2020). Lipid acquisition in the liver depends on the uptake of circulating lipids and de novo lipogenesis, while lipid disposal in the liver depends on fatty acid oxidation and lipids export. The imbalance between lipid acquisition and lipid disposal finally results in hepatic steatosis (Ipsen et al., 2018). Mechanisms underlying the pathological steatosis of the liver are not fully elucidated. Currently, abnormal hepatic lipid metabolism, oxidative stress response, mitochondrial damage, and inflammatory cytokines releasement are proved to be involved in the pathogenesis of MAFLD (Manne et al., 2018). Moreover, emerging evidence suggests that MAFLD is an epigenetics-driven disease in which various epigenetic mechanisms mediate gene-environment interactions (Sun et al., 2015; Eslam et al., 2018). Here, we mainly focus on the role of histone modifications in MAFLD.
3.2.1 Histone Acetylation in MAFLD
Histone acetylation is the most commonly studied histone modification, and acetylation of H3 and H4 is the most known alterations in MAFLD (Du et al., 2017; Morral et al., 2021). In chronic high-fat maternal diet-induced fetal Japanese macaques model, HDAC1 was downregulated in the liver and associated with significant hyperacetylation of H3K14 and increased acetylation at H3K9 and H3K18 in liver tissue (Table 1; Figure 2) (Aagaard-Tillery et al., 2008). These results demonstrated that a high-fat maternal diet led to acetylation of histones in fetal, and the epigenetic change acquired in fetal could serve as origins of adult disease. Besides, obese mice had an increase in H3K9/K18ac at coding regions of tumor necrosis factor α (TNFα) and chemokine C-C motif ligand two genes (CCL2), which are key inflammatory mediators in MAFLD (Table 1) (Mikula et al., 2014). Moreover, H3K9/K18ac level was increased at TNFα and CCL2 in Hepa1-6 cells after treatment with lipopolysaccharide (LPS), resulting in polymerase two RNA (POL2) and nuclear factor-κB (NF-κB) recruitment (Table 1) (Mikula et al., 2014). This gives us a clue that the acetylation of H3K9/K18 induced by obesity can activate the transcription of pro-inflammatory-related genes, triggering or aggravating the inflammatory responses in MAFLD. With insulin stimulation, H3, H4 hyperacetylation (H3K4, H3K9, and H4K20) was found in the promoter of fatty acid synthase (FASN), sterol regulatory elements (SRE), and carbohydrate-responsive elements (ChoRE) (Table 1), which function in the de novo of lipogenesis, cholic acid synthesis, and cholesterol absorption, and lipogenic and glycolytic, respectively (Du et al., 2017; Cai et al., 2018; Rohrbach et al., 2019). Similarly, H4K8ac and H4K16ac were also accompanied by increased HAT activity in HepG2 cells with lipid accumulation (Table 1; Figure 2) (Chung et al., 2019). The above studies suggest IR may enhance acetylation of histone H3 and H4 at lipogenesis-related genes, which might be responsible for the fat accumulation in hepatic steatosis. Additionally, H3K27ac is an established marker for active regulatory elements in promoters and enhancers (Zhang et al., 2013). It was reported that H3K27ac is up-regulated at the enhancers of related genes in high-fat diet mice (Table 1), and the H3K27ac level can be reversed by weight loss (Siersbæk et al., 2017; Becares et al., 2019). In conclusion, histone acetylation, serving as a tool for gene transcription regulation, takes part in the development of MAFLD, and these epigenetic changes in histone acetylation are highly dynamic and reversible (Figure 3C).
3.2.2 Histone Methylation in MAFLD
Aberrant histone methylation profile is also involved in the process of MAFLD. Liver X receptors (LXRs) are nuclear receptors for oxysterols. After binding of the ligand, LXR would translocate to the nucleus and activate the transcription of genes containing LXR response elements (LXREs) (Slominski et al., 2021). In MAFLD, the repressive histone marks (H3K9me2 and H3K9me3) near LXRE in the promoter region of LXRα-target genes were removed by histone demethylase Jumonji domain-containing protein 2B (JMJD2B) (Table 1; Figure 2) (Kim et al., 2020). These alterations lead to increased expression of hepatic LXRα-dependent lipogenic genes, which contribute to the development of hepatic steatosis (Kim et al., 2020). Besides, transgenerational high-fat diet (HFD) feeding reduced H3K9me2 accumulation at promoters of LXRα and endoplasmic reticulum oxidoreductin-alpha (ERO1-α) in the offspring mice, which account for the up-regulation of lipogenesis and endoplasmic reticulum (ER) stress in the development of obesity and hepatic steatosis (Li et al., 2012). Besides, in another study, H3K9me2 demethylation mediated by histone demethylase plant homeodomain finger 2 (Phf2) at the promoter of carbohydrate responsive element-binding protein (ChREBP)-regulated genes increases transcription of the corresponding genes (Table 1; Figure 2) (Bricambert et al., 2018). ChREBP is a transcription factor that governs glycolytic and lipogenic genes. Activated ChREBP activates glycolysis and fatty acid synthesis and inhibits lipolysis (Linden et al., 2018). Therefore, H3K9me2 demethylation at the promoter of ChREBP facilitates lipogenesis in the liver. However, H3K9me2 demethylation at promoter of NF-E2-related factor 2 (Nrf2) reroutes glucose fluxes toward the pentose phosphate pathway and promotes glutathione biosynthesis, protecting the liver from pathogenic ROS accumulation and fibrogenesis in the MAFLD progression (Table 1; Figure 2) (Bricambert et al., 2018). These results imply that H3K9me2 may be decreased at specific gene promoters, thereby promoting adipogenesis and protecting liver from the pathogenesis progression, and these epigenetic changes accumulate over generations (Figure 3C).
In addition to H3K9, H3K4 methylation also plays a pivotal role in the development of MAFLD. Peroxisome proliferator-activated receptor-gamma 2 (PPARγ2) is a transcription factor for hepatic steatosis induced by overnutrition. In a murine MAFLD model, overnutrition contributes to hepatic steatosis by facilitating H3K4 methylation via H3K4 methyltransferase MLL4/KMT2D at steatotic target genes of PPARγ2 and activating their transcription (Table 1; Figure 2) (Kim et al., 2016). Moreover, methylation of H3K4 on the promoters of TNFα-induced inflammatory genes by methyltransferase SET7/9 affects the expression of TNFα-induced inflammatory cytokines (Table 1; Figure 2) (Li et al., 2008). These results provide us with a clue that H3K4 methylation activates the transcription of specific genes, which contributes to hepatic steatosis and induces inflammation response, leading to progression to steatohepatitis (Figure 3C).
3.2.3 Histone Phosphorylation in MAFLD
Although less well studied, histone phosphorylation still plays a unique role in MAFLD. As previously mentioned, MAFLD is closely associated with diabetes mellitus, which is characterized by elevated blood glucose levels and abnormal insulin levels or function (Manne et al., 2018). Higher H3S10 phosphorylation and H3 and H4 acetylation within the promoter and exon 2 regions of ChORE and FASN were observed in high glucose treated HepG2 and L02 cells (Table 1) (Cai et al., 2018). H3S10 phosphorylation might interact with other histone modifications to influence the transcriptional activity of genes (Figure 3C). However, the specific role of histone phosphorylation in MAFLD remains unclear and needs more investigations in the future. In conclusion, acetylation, methylation and phosphorylation of histones are involved in the process of MAFLD, which affects the expression of specific genes, resulting in the progression of MAFLD. However, more profound research is still needed to create a complete map of histone modifications in MAFLD and to understand their roles in the pathogenesis and progression of MAFLD (Figure 3C).
3.3 Viral Hepatitis (Hepatitis B and Hepatitis C)
Viral hepatitis is the leading cause of cirrhosis-related mortality in Asia (Moon et al., 2020). There are five types of hepatitis (A, B, C, D, and E), caused by five kinds of hepatitis virus, respectively. Chronic viral hepatitis occurs after the infection of HBV, HCV, hepatitis D virus (HDV), and occasionally hepatitis E virus (HEV). In this review, we mainly focus on cases with chronic infection of HBV and HCV. HBV is a covalently closed circular double-stranded DNA virus, and HCV is a positive-sense single-stranded RNA virus (Lanini et al., 2019). Both HBV and HCV are non-cytopathic viruses. Therefore, their pathogenesis is mainly regulated by metabolic changes and viral protein-induced host immunity (Irshad et al., 2013). Besides, viruses can induce changes in genetic sequence and the epigenetic status of host liver cells. HBV can integrate into the host genome or persist as a minichromosome of covalently closed circular DNA (cccDNA) with histone and non-histone proteins (Koumbi and Karayiannis, 2015). Persistent cccDNA existence and immune tolerance to HBV antigens in the liver are responsible for the chronic infection of HBV (Shih et al., 2018). The mechanisms of HCV persistence remain incompletely characterized, while viral assaulting on the host innate immune system and the defective adaptive immunity are included (Li et al., 2015). The chronic infection of viruses can lead to the host-specific immune-mediated liver damage and progression to cirrhosis and HCC (Seeger and Mason, 2015; Singal et al., 2020). Here, we discuss the changes in histone modifications after the infection of HBV or HCV and their roles in the disease progression.
3.3.1 Histone Acetylation in Viral Hepatitis
Histone modification occurs not only on the chromosome of host liver cells, but also on histones of HBV minichromosome. In HBV-infected cells, most of the abovementioned PTMs changes are induced by Hepatitis B virus X protein (HBx), an important protein for HBV replication (Luo et al., 2013). Hypoacetylation of H2A.Z and H3K9 was found in the chromosome of HBV infected hepatocytes owing to the elevated sirtuin deacetylase activity, resulting in chromatin structure changes (Table 1; Figure 2) (Jenke et al., 2014). Similarly, inhibition of histone H4 acetylation was also found in HCV-infected cells in vitro, which changed the expression of crucial genes for hepatocarcinogenesis (Table 1) (Duong et al., 2010). These studies prove that the acetylation status of histones in hepatocytes is changed after virus infection, leading to changes in chromatin structure and expression of specific genes. Besides, HAT1-catalyzed acetylation of H3K27/H4K5/H4K12 in cccDNA was found to promot HBV replication and cccDNA accumulation in a human liver-chimeric mouse model (Yang et al., 2019). On the contrary, hypoacetylated cccDNA-associated H3/H4 histones were accompanied by HDAC I recruitment in liver tissue and were correlated with low HBV replication (Pollicino et al., 2006; Luo et al., 2013; Koumbi et al., 2016). In addition, HDAC I inhibitors induced a significant increase in cccDNA-bound acetylated H4 and HBV replication (Table 1; Figure 2) (Pollicino et al., 2006). Moreover, a study of duck hepatitis B virus (DHBV) in vitro demonstrated that deacetylation of H3K9 and H3K27 in cccDNA minichromosome was associated with the suppression of cccDNA transcription (Table 1) (Liu et al., 2013). These observed results imply that acetylation of cccDNA-associated histones facilitates HBV replication as well as cccDNA accumulation and transcription. Taken together, histone acetylation alters the epigenome of both the virus and the host liver cells, which in turn affects viral and host gene replication and transcription (Figure 3D). However, in-depth studies are needed to explain the effect and the underlying mechanisms of histone acetylation in the pathogenesis of viral hepatitis.
3.3.2 Histone Methylation in Viral Hepatitis
Histone methylation is a common epigenetic change both in viruses and the host cells in viral hepatitis. Inhibition of histone H4 methylation was found in genes essential for hepatocarcinogenesis with changed expression in HCV proteins-induced cell lines, which might be responsible for the hepatocarcinogenesis in chronic hepatitis C (Table 1) (Duong et al., 2010). In addition, a decrease of H3K27me3, a silencing mark of transcription, was found in HCV-infected cells (Hlady et al., 2021). These studies indicate that alterations in histone methylation status in hepatocytes after viruses infection regulate the expression of genes which may exacerbate disease progression. For viruses, in vitro studies found that methylation of H3K9 and demethylation of H3K4me3 on viral promoters accompanied with the recruitment of heterochromatin protein 1 factor (HP1) is correlated with condensed chromatin and repressed viral gene expression (Rivière et al., 2015; Alarcon et al., 2016). The increase of H3K9me3 was mainly mediated by SETDB1, a type of histone methyltransferase, and the demethylation of H3K4me3 was mainly mediated by LSD1, a type of histone lysine demethylase (Table 1; Figure 2) (Rivière et al., 2015). Moreover, symmetric dimethylation of arginine 3 in H4 (H4R3me2s) on cccDNA, which was mediated by arginine methyltransferase 5 (PRMT5), was reported to have a repressive effect on cccDNA transcription (Table 1; Figure 2) (Zhang et al., 2017). These in vitro studies imply that the influence of cccDNA histone methylation on viral transcription resembles the impact of chromosome histone methylation on gene translation in eukaryotic cells. At present, cccDNA-associated histone methylation is found to affect the transcription of the viral gene. However, its effect on viral replication is still unknown. In vivo, H3K4me3 was related to viral transcription and patient HBeAg status in specimens from HBV patients (Flecken et al., 2019). However, cccDNA-associated H3K9me3 (usually a silencing mark) was not linked to decreased viral transcription (Flecken et al., 2019). These results show that the epigenetic landscape of chronic HBV infection is more complex in vivo, and in vitro models cannot fully simulate the situation in vivo (Figure 3D).
3.3.3 Histone Phosphorylation in Viral Hepatitis
Phosphorylation of histones is much less studied but still plays a role in viral hepatitis. In a previous study, phosphorylation of H3S10 was inhibited in human primary hepatocytes infected with HCV or transfected with HCV core protein (Madejón et al., 2015). The authors assumed that inhibition of H3S10 was due to the direct interaction between HCV core and Aurora B kinase (AURKB), which also induced a decrease of AURKB activity and downregulation of NF-κB and COX-2 transcription (Table 1; Figure 2) (Madejón et al., 2015). These changes may regulate the inflammatory response at the initial phase of viral infection, ensuring HCV infectivity. Besides, inhibition of histone H2AX phosphorylation and H4 methylation/acetylation was reported in HCV-infected cells, which might change the expression of hepatocarcinogenesis-associated genes and impede DNA damage repair (Table 1) (Duong et al., 2010). In an in vitro study of HBV infection, a decrease in phosphorylated, methylated, and acetylated cccDNA-bound histone H3 was found in HBx mutant HBV-infected cells, resulting in reduced replication, transcription, and antigen secretion of HBV (Table 1) (Luo et al., 2013). From those abovementioned studies, we cannot conclude the specific role of histone phosphorylation in the development of viral hepatitis. Histone phosphorylation often cooperates with other modifications to participate in the development of disease. There are few studies on the effect of hitone phosphorylation in viral hepatitis, and more studies are needed to explore the underlying mechanisms. In summary, acetylation, methylation and phosphorylation of histones participate in the process of viral replication, and affect the expression of specific genes of viruses as well as host cells. However, further studies are still needed to reveal the underlying mechanisms of histone modifications in viral hepatitis.
3.4 Autoimmune Liver Disease
Autoimmune liver diseases mainly comprise primary biliary cholangitis (PBC), autoimmune hepatitis (AIH), and primary sclerosing cholangitis (PSC) (Floreani et al., 2019). Till now, there lacks curative treatment for all three disorders (Carbone and Neuberger, 2014). Therefore, it is necessary to understand the underlying pathophysiological mechanisms and develop new therapies. PBC is characterized as the destruction of the primary bile ducts by antimitochondrial antibodies and autoreactive T cells (Hu et al., 2011). In PBC, the multifunctional signaling molecule β-Arrestins is crucial to T cell survival (Hu et al., 2011). β-Arrestin-1 promoted H4 acetylation in the promoter regions of LIGHT, CD40L, interleukin 17 (IL-17), and interferon-γ (IFNγ), while β-Arrestin-1 downregulated H4 acetylation in the promoter regions of HDAC7A, APO2, and TRAIL in autoreactive T cell line (Table 1) (Hu et al., 2011). Thus, under the regulation of histone modifications, overexpression of β-Arrestin-1 might contribute to the pathogenesis of PBC via increased T cell proliferation, augmented interferon production, downregulated activities of NF-κB and activating protein-1 (AP-1) (Hu et al., 2011). Besides, a recent study showed that H3K27ac and transcription factor ETS1 were increased at the promoter of the anti-apoptotic gene B-cell lymphoma-extra large (BCL-xL) during cholangiocyte senescence, which is important in PSC pathogenesis (Table 1; Figure 2) (O’hara et al., 2019). Cyclin-dependent kinase inhibitor 2A (CDKN2A) is a known tumor suppressor gene that inhibits cell growth and inhibits tumors (Padhi et al., 2017). Increased ETS1 and H3K4me3 at the CDKN2A promoter was also found in cholangiocyte senescence (Table 1; Figure 2) (O’hara et al., 2017). Therefore, increased H3K27ac and H3K4me3 upregulate the expression of genes which are crucial in cholangiocyte senescence, contributing to the development of PBC (Figure 3E). Together, there is little research on the mechanism of histone modification in autoimmune liver disease, and more research is urgently needed.
3.5 Drug-Induced Liver Injury
Drug-induced liver injury (DILI) is one of the most common causes of acute liver failure and is typically classified as direct, indirect, and idiosyncratic injury (Hoofnagle and Björnsson, 2019). Direct injury is generally caused by a high or cumulative dose of intrinsically toxic agents and is predictable (Hoofnagle and Björnsson, 2019). Nevertheless, indirect injury is caused by the action of the agents in the liver rather than by its toxicity or properties (Hoofnagle and Björnsson, 2019). The idiosyncratic injury occurs in rare cases following exposure to a therapeutic dose of agents with no intrinsic toxicity for a standard duration, and is often unpredictable (Krueger et al., 2014). The pathogenesis of DILI is not well understood. Covalent binding between macromolecules and drug metabolites, inhibition of the bile acid transport system, intracellular ion imbalance, mitochondrial respiratory dysfunction, oxidative stress and stimulation of the intrinsic immune system are reported to be involved in the pathogenesis of DILI (Lee et al., 2016; Hoppmann et al., 2020). Some other theories have suggested that the pathogenesis of DILI may also involve genetic polymorphism and epigenetic modifications (Krueger et al., 2014). A study of TAA-treated mice showed that the H3K9ac level was increased during the initial injury phase and decreased subsequently, which might count for the activation of stress-related genes (Table 1; Figure 2) (Sinha et al., 2016). Besides, H3K9me3 signal was found to increase after injury and maintained up for a short time, followed by a gradual decline, suggesting H3K9me3 might be responsible for the repression of some tress and metabolic-associated genes (Table 1; Figure 2) (Sinha et al., 2016). Moreover, H3S10ph was found absent in the injury phase but increased sharply in the regeneration phase, indicating that H3S10ph may play a critical role in liver regeneration after injury (Table 1; Figure 2) (Sinha et al., 2016). However, this study did not identify genes of which the expression was affected by histone modifications. In conclusion, little is known about the role of histone modification in DILI, and future studies need to address this issue.
3.6 Liver Fibrosis/Cirrhosis
Liver fibrosis and cirrhosis are the end-stage of all the above-mentioned CLDs (Roehlen et al., 2020). Excessive extracellular matrix (ECM) proteins deposition due to increased synthesis and decreased degradation eventually leads to scar tissue formation, liver fibrosis, and liver cirrhosis (Mahdinloo et al., 2020). Activated hepatic stellate cells (HSCs) are identified as the major ECM-producing cells in injured liver (Bataller and Brenner, 2005). Besides, hepatocytes, LSECs, Kupffer cells, cholangiocytes and recruited cell types (e.g., bone-marrow recruited macrophages) also contribute to liver fibrosis (Kisseleva and Brenner, 2021; Qing et al., 2021). The mechanisms of liver fibrosis and cirrhosis are complex, involving different cells, signaling pathways, and liver microenvironment. Nevertheless, the development of epigenetic research has uncovered the role of histone modifications in liver fibrosis and cirrhosis.
3.6.1 Histone Acetylation in Liver Fibrosis/Cirrhosis
Previous studies have demonstrated that H3K9 acetylation on the promoter of TNFα and epidermal growth factor receptor (EGFR) increases MYC (the super-transcription factor) and cyclin D1 (the cell cycle regulator) expression (Yang et al., 2014; Sarr et al., 2016; Zheng et al., 2020). These changes subsequently activate HSCs, promoting the development of liver fibrosis (Table 1) (Yang et al., 2014; Sarr et al., 2016; Zheng et al., 2020). These studies suggest that H3K9 acetylation contributes to fibrogenesis, while the signaling pathway between the H3K9ac-upregulated gene expression and the resulting HSC activation is not well characterized. Besides, increased levels of H3K27ac in active HSCs were found at regulatory elements and enhancers of the AP-1 motif (TGACTCA), which is a known driver of HSC activation (Liu et al., 2020). Moreover, increased H3K27ac level at regulatory elements of Collagen 1α1 (Col1α1) and Collagen 1α2 (Col1α2) and enhancers of the transcriptional enhanced associate domain (TEAD) and NF-κB motifs were also observed in active HSCs (Table 1) (Liu et al., 2020). TEAD, a transcription factor, integrates and coordinates multiple signal transduction pathways, including EGFR and transforming growth factor beta (TGF-β) signaling pathways (Huh et al., 2019). Moreover, TGF-β and synectin (known as GIPC) were found to promote HSC activation and migration (Yaqoob et al., 2020). TGF-β and GIPC treatment increased H3K27 acetylation and decreased H3K27 trimethylation at the promoter of the insulin-like growth factor binding protein-3 (IGFBP-3), which is involved in cellular differentiation and migration, in HSCs (Yaqoob et al., 2020; Chao et al., 2021). These results suggest that H3K27 acetylation plays an important role in collagen deposition, inflammatory response, and HSC activation and migration during liver fibrosis via upregulating the abovementioned genes and possibly involving EGFR and TGFβ signaling pathways. BRD4 is a reader of H3K27ac, and BRD4 is highly enriched at enhancers of profibrotic genes of activated HSCs (Table 1; Figure 2) (Ding et al., 2015). Thus, BRD4 inhibitor JQ1 could attenuate liver fibrosis in a carbon tetrachloride (CCl4)-induced fibrotic murine model (Ding et al., 2015). On the contrary, the acetylation of H4 at the antifibrogenic factor PPARγ gene was depleted during liver cirrhosis (Rodríguez-Aguilera et al., 2018). Treatment with a histone deacetylase inhibitor, valproic acid (VPA), increased histone H4 acetylation and inhibited proliferation of primary murine HSCs (Mannaerts et al., 2010). Besides, inhibition of HDAC2 was also found to reduce liver fibrosis in a minipig NASH model (Table 1; Figure 2) (Zhang et al., 2021). Collectively, it seems that the pro-fibrosis genes are usually accompanied by the activation of histone acetylation, while the anti-fibrosis genes are often shown as the absence of acetylation in the process of liver fibrosis (Alonso-Merino et al., 2016). Interestingly, a previous study found that liver injury in male ancestors reduces liver fibrogenesis in F2 male offspring (Zeybel et al., 2012). This intergenerational adaptation is attributed to heritable reprogramming of histone H3 acetylation in PPARγ and TGF-β1 (Zeybel et al., 2012). However, prospective epigenetic studies in families with liver disease are required to test this hypothesis. Apart from the effect of histone acetylation on gene expression, a recent study pointed out that histone acetylation could also regulate the expression of miRNAs in HSCs (Lu et al., 2019).
LSECs are another kind of specialized endothelial cell in the liver. p300/NFκB/BRD4 protein complex promoted CCL2 transcription via increasing H3K27ac at enhancer and promoter regions in LSECs (Table 1; Figure 2) (Gao et al., 2021). LSEC-specific p300 deletion or BRD4 inhibitor could significantly attenuate macrophage infiltration and liver fibrosis (Gao et al., 2021). Altogether, it seems that activation of histone acetylation in liver cells increases expression of pro-inflammatory and pro-fibrotic genes, leading to the progression of liver fibrosis (Figure 3F).
3.6.2 Histone Methylation in Liver Fibrosis/Cirrhosis
During the transdifferentiating process of HSCs, fibrogenic genes such as alpha-smooth muscle actin (αSMA), tissue inhibitor of metalloproteinase-1 (TIMP1), collagen I, and TGF-β1 were upregulated via ASH1 mediated hypermethylation of H3K4 (Table 1; Figure 2) (Perugorria et al., 2012). This suggests that H3K4 methylation is important for the transformation of HSC into myofibroblasts. In general, multiple sites of histone methylation modify together to regulate gene expression. For example, the TGF-β overexpression in the bile duct ligation model of rats was accompanied by upregulated levels of active transcription marks (H3K4me1, H3K4me2, and H3K4me3) and reduced levels of suppressive marks (H3K9me2 and H3K9me3) in the promoter of TGF-β (Sheen-Chen et al., 2014). Apart from the abovementioned genes, multiple genes are regulated by histone methylation during liver fibrosis. H3K27me3, a transcripton silencing mark, was enriched in the promoter of the antifibrogenic factor PPARγ in rats with liver fibrosis, and it was associated with the progression of liver disease (Table 1) (Zeybel et al., 2012). Besides, the Hypoxia-inducible factor-1 (HIF-1) transcriptional complex was associated with an increased level of transcription activating mark H3K4me3 (Hong et al., 2018). This increased H3K4me3 is related to HIF-1 nuclear transport, autophagosome formation, and activation of HSC in vitro (Table 1) (Hong et al., 2018). Moreover, enhanced autophagy in homocysteine (Hcy)-treated hepatocytes was mediated by reduced expression of cystic fibrosis transmembrane conductance regulator (CFTR). Likewise, CFTR was regulated by the increased H3K27me3 level at the CFTR promoter, which was catalyzed by histone methyltransferase zeste homolog 2 (EZH2) (Table 1; Figure 2) (Yang et al., 2018). Altogether, histone methylation of histones permits the expression of fibrogenic genes and inhibits the expression of protective genes, promoting the progression of liver fibrosis (Figure 3F).
3.6.3 Other Histone Modifications in Liver Fibrosis/Cirrhosis
Currently, there are few studies on the role of histone phosphorylation in liver fibrosis, but the changes and functions of histone phosphorylation in the above-mentioned CLDs might also work for liver fibrosis. Nevertheless, histone ubiquitination may be involved in the process of liver fibrosis. It is known that monoubiquitination of H2A and H2B can influence the methylation state of histone H3, regulating the activation or repression of gene expression, which suggests that histone ubiquitination can indirectly regulate disease progression via crosstalk with H3 methylation (Li et al., 2017). Besides, ring finger protein 20 (RNF20), also known as E3 ubiquitin-protein ligase BRE1A, has been demonstrated to inactivate IL-6, TNF-α, VEGFA, α-SMA as well as collagen I and alleviate liver fibrosis via ubiquitination of H2BK120 (H2BK120ub) in vitro and in vivo (Table 1; Figure 2) (Chen et al., 2021). These results imply that ubiquitination of H2B may play a protective role in liver fibrosis, while the underline mechanisms need further investigation. BRCA1-Associated Protein 1 (BAP1) is a major tumor suppressor and belongs to the deubiquitinase superfamily (Masclef et al., 2021). BAP1 mutations were discovered in intrahepatic cholangiocarcinoma and hepatocellular carcinoma (Masclef et al., 2021). Moreover, a previous study assumed that BAP1 modulated gene expression by inhibiting H2A ubiquitination, and BAP1 inactivation led to apoptosis of fibroblasts and liver tissue in mice (Table 1; Figure 2) (He et al., 2019). Therefore, there might be a possibility that H2A ubiquitination plays a role in tumorigenesis. However, this hypothesis requires multiple studies to explore the ordered molecular events leading to malignant transformation after BAP1 inactivation. Taken together, acetylation, methylation, and ubiquitination of histones contribute to liver fibrosis and cirrhosis by inhibiting the transcription of protective genes and activating the pro-inflammatory and fibrogenic genes (Figure 3F). However, further studies are still needed to reveal the specific histone modifications at relevant genes and their corresponding enzymes to develop potential drugs.
4 THERAPEUTIC OPPORTUNITIES
4.1 Lifestyle Changes
It was reported that physical exercises and lifestyle changes could gradually modulate and reverse the epigenetic changes (Sodum et al., 2021). Besides, the Mediterranean diet, which is characterized by reduced carbohydrate intake and increased omega-3 and monounsaturated fatty acid intake, is the most recommended dietary pattern for MAFLD (Romero-Gómez et al., 2017). Therefore, at the early stages of liver diseases, lifestyle changes and physical exercises might be the future advancements in treating metabolic disorders.
4.2 Potential Targets
Histone modifications depend primarily on the substrates, writers, erasers, and readers. Therefore, the acetyl-donor, methyl-donor, HDACs, HACs, HMTs, HDMTs, and the “readers” all can act as the potential target for the treatment of CLDs (Tables 1, 2 and Figures 2, 3). The existing studies on histone modification are mainly aimed at malignant diseases such as liver cancer, and there are few studies on the therapeutic effects of benign liver diseases. Acetyl-CoA was the acetyl-donor in the histone acetylation reaction. Pyruvate dehydrogenase complex (PDHC) and lactate dehydrogenase (LDH) would translocate to the nucleus and increase the nuclear concentrations of acetyl-CoA (Ferriero et al., 2018). Acetyl-CoA subsequently, results in hyper-acetylation of histone H3 and promotes the expression of damage response genes (Ferriero et al., 2018). Besides, treatment with the LDH inhibitor alleviated liver damage and improved survival in hepatotoxins induced acute liver failure (Ferriero et al., 2018). Therefore, the LDH inhibitor, which reduced the acetyl-donor, maybe a new target for the treatment of CLDs. SIRT1, which belongs to HDAC III, enhances HBV replication by targeting the transcription factor AP-1 (Li et al., 2016). The SIRT1 inhibitor nicotinamide inhibits HBV replication both in vitro and in vivo (Li et al., 2016). Moreover, HDAC III inhibitor treatment was reported to block HCV replication in a mouse model (Zhou et al., 2018). These studies imply that HDAC III inhibitor may be a new treatment strategy for viral hepatitis. Interestingly, SIRT1 is downregulated during organ injury and aging-associated fibrosis (Han et al., 2021), which means SIRT1 can also be a new therapeutic target in liver fibrosis. Chromatin reader BRD4 is the reader of H3K27ac, and the BRD4 inhibitor iBET-151 could ameliorate hepatic inflammation and liver injuries in CCl4-induced acute liver injury and alcoholic hepatitis (Gao et al., 2021; Liu et al., 2021). Therefore, the histone acetylation readers could also be a potential target for the treatment of CLD. In short, the regulation of histone acetylation can be a promising direction for the treatment of CLDs (Tables 1, 2 and Figures 2, 3).
TABLE 2 | Summary of potential therapeutic targets and the corresponding clinical approved/non-approved drugs.
[image: Table 2]As we mentioned before, SAM, the methy-donor, can attenuate the alcohol-induced liver injury (Bardag-Gorce et al., 2010), suggesting that the SAM supplement can be a novel treatment for ALD. EZH2 specifically catalyzes the methylation of H3K27, which results in chromatin compaction and gene silencing (Lim and Kim, 2020). It has been proved that EZH2 plays a critical role in liver inflammation and liver fibrosis and eventually drives MAFLD progression (Lim and Kim, 2020). EZH2 inhibitor (DZNep) was found to inhibit multiple histone methylation and was sufficient to suppress liver fibrosis by modulating histone methylation of HSC in a mouse model (Zeybel et al., 2017). Moreover, the demethylase JMJD3 has a similar effect as the DZNep (Jiang et al., 2021). Therefore, the HMTs and HDMTs, which regulate the methylation of histones, can be new targets for the treatment of liver fibrosis (Tables 1, 2; Figures 2, 3). However, few studies focus on histone phosphorylation as a treatment in CLD, and more preclinical studies are needed in the future.
Inspiringly, several drugs such as belinostat, abexinostat, romidepsin, and vorinostat were ongoing for the treatment of T-cell lymphoma, and panobinostat for multiple myeloma (Yeo et al., 2012; Eckschlager et al., 2017). However, because of the non-significant efficacy and the certain toxic and side effects, these drugs are generally used in combination with other chemotherapy drugs (Eckschlager et al., 2017; Takebe et al., 2019; Shetty et al., 2021). In the context of CLDs, the lack of deep mechanism studies and well-designed clinical trials impedes the application of histone modification inhibitors in CLD.
5 CURRENT CHALLENGES AND PROSPECTS
We summarized the current findings of histone modifications in CLDs in Tables 1, 2 and Figures 2, 3. Apart from the abovementioned observations, there are still some issues that remain unclear and need further studies. 1) The previous studies found that histone modifications play a pivotal role in the occurrence and progression of CLDs, and the modifications can be inherited or produce intergenerational adaptation. However, the transgenerational and epigenetic mechanisms in CLD need to be verified by more prospective population studies. 2) In a specific disease, different sites of histone modifications play different roles, and the cumulative effect of multiple histone modifications ultimately evokes the transcriptional activity of a gene. Besides, the histone modifications collaborate with transcription factors and “readers” to determine the transcription of target genes. Therefore, it is challenging to clarify the effect of a particular modification on the development of CLDs. 3) Many proteins regulate and interpret the PTMs, including readers, writers, and erasers. The specific inhibitors that targeting these proteins might serve as therapeutic agents for ALD. However, these PTMs regulatory proteins could modify histone modifications in dozens of genes without specificity. The off-target effect should be avoided while developing the inhibitor targeting these proteins. 4) The hepatocytes, HSCs, LSECs, Kupffer cells, and cholangiocytes in the liver cooperatively regulate hepatic function and contribute to CLDs. The complex of histone modifications in liver cells and their cross-talk also deserves to be manifested in the future. The single-cell sequencing, chromatin immunoprecipitation sequencing, and other advanced molecular technologies might provide tools for us to explore the mechanism underlying histone modification in CLDs.
In conclusion, histone modifications are one of the most revolutionary targets in the treatment of various human diseases. Histone modifications, different from genetic mutations, are reversible and can be pharmacologically modulated. Some epigenetic drugs have been approved for clinical use, and several compounds are currently in stages of preclinical drug development. Thus, selectively tissue-targeted drugs with low toxicity and high efficacy are required to completely reverse CLDs and prevent the development of liver cirrhosis and malignancy.
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Type 2 diabetes mellitus (T2DM) is a complex and polygenic disorder with diverse complications. Veratrilla baillonii Franch (V. baillonii) has been applied in the intervention and treatment a diverse range of diseases, including diabetes. In this study, we revealed that water extracts of V. baillonii (WVBF) can ameliorate liver injury and insulin resistance in T2DM rat model. To elucidate the anti-diabetic mechanisms of WVBF, we performed liver transcriptome analysis that displayed WVBF treatment significantly suppressed many gene expressions involved in insulin resistance. Furthermore, functional experiments showed that WVBF treatment reduced the pathological damages of liver and pancreas, which may be regulated by Foxo1, Sirt1, G6pc, c-Met, Irs1, Akt1, Pik3r1. These results indicated that WVBF improves diabetic liver injury and insulin resistance in diabetic rats. Therefore, this study demonstrated WVBF could be used as a promising therapeutic agent for intervention and treatment of diabetes.
Keywords: Veratrilla baillonii franch, diabetes mellitus, insulin resistance, diabetic liver injury, transcriptome
INTRODUCTION
T2DM (type 2 diabetes mellitus) is a metabolic disorders-induced chronic illness, which cause abnormal glucose, lipid and protein metabolism (Pandey et al., 2015). As evidenced by the literature, the T2DM is characterized by progressive ß cell failure and insulin resistance (Cinti et al., 2016). In type 2 diabetes, a decline in insulin action termed insulin resistance, followed by the inability of ß-cells to secrete enough insulin to compensate for the insulin resistance, is considered as the initial event leading to the developmental process of T2DM (King et al., 2016). An accumulating body of evidence indicated that insulin resistance can strengthen the pathological progression of multi-organ impairments, including kidney and liver in patients (Lontchi-Yimagou et al., 2013). Inflammation, together with disturbance of systemic and hepatic fat metabolism, is mainly regarded as causative factor in diabetic liver injury (Boden et al., 2005). Hyperglycemia increases the production of free radicals (Gutteridge and Halliwell, 1992) and induces oxidative stress that trigger liver injuries with carbohydrate metabolism disorder (Loguercio and Federico, 2003; Vitaglione et al., 2004). Accumulating studies uncovered that the major molecules involved in metabolic disorder associated with T2DM include insulin signaling and related molecules (Tian et al., 2013).
The gentian family, consisting of 99 genera with a total of about 1736 species, are plants with medicinal uses to treat many diseases involved in metabolic disorders (Tomiczak et al., 2019). Swertia corymbosa, a plant in the family Gentianaceae and used in traditional medicine to treat diabetes in Indian (Mahendran et al., 2014). The ethanol extract of Swertia kouitchensis has been shown to inhibit α-amylase and α-glucosidase, which was effective to reduce blood glucose levels in STZ-induced diabetic mice (Wan et al., 2013). Extract of the milled aerial parts of the dried plant of Centaurium erythraea, which at 250 mg/kg body weight has been shown to reduce hyperglycemia and hyperlipidemia in STZ-induced diabetic rats (Stefkov et al., 2014). Currently, 417 species of genus Gentian are identified in China, which are distributed in most of provinces and regions (Liu et al., 2016). Gentiopicroside, sweroside, and swertiamarin are the characteristic components of the medicinal plants of Gentianaceae used in the practice of traditional Chinese Medicine. Our previous study identified that WVBF are rich in sweroside, swertiamarin, gentiopicroside (GP) (Ma et al., 2018), which can exert anti-hepatotoxic and hepatoprotective effects (Dai et al., 2018a; Li et al., 2019). Among many Chinese herbal extracts with hepatoprotective activity, the extracts of gentian plants endow uniquely advantages, including hepatoprotection and rescue of liver injury (Zhao et al., 2012). Our previous work confirmed that gentiopicroside and sweroside, the responsible bioactive compounds, activate insulin signal transduction cascade involved in hepatic metabolism (Huang et al., 2016). The content of sweroside and gentiopicroside from WVBF was 0.36 and 3.75%, respectively (Ma et al., 2018). Veratrilla baillonii Franch (V. baillonii), a member of Gentianaceae family, is characterized by anti-toxic and liver protection properties (Li et al., 2019), and used in the intervention of drug-induced hepatitis and hepatitis-induced jaundice (Olennikov et al., 2015; Zhang et al., 2015). The water extract of V. baillonii (WVBF) has significant protective effects on oxidative stress-induced liver injury, diabetic liver injury, and drug induced liver toxicity (Lian et al., 2010; Huang et al., 2016; Huang et al., 2020).
Our previous work has identified that WVBF could attenuate hepatic toxicity induced by Aconitum brachypodum Diels (Ranunculaceae) in vivo and in vitro (Ge et al., 2016; Yu et al., 2016; Dai et al., 2018b; Cheng et al., 2019; Huang et al., 2019; Li et al., 2019). Further study revealed that the anti-diabetic and hepatic protection activities of WVBF is mediated by IRS-1/PI3K/AKT signal pathway in T2DM db/db mice. (He et al., 2020a). However, the whole interaction network of WVBF on diabetic liver injury remains unclear and need further discussed. The present study was thus conducted to validated the protective effect of WVBF against liver injury in diabetic rats induced by a high-fat diet and streptozocin (HFD-STZ) injection. The clinic features as well as blood glucose and insulin resistance were observed to evaluate the efficiency. The pathology of liver and pancreas were evaluated by Hematoxylin and Eosin (H&E) Staining. This present study aimed to explore the underlying mechanisms of WVBF in diabetes, we analyzed the transcriptome profiling of the T2DM rats liver in the presence or absence of WVBF. The key target genes of dysregulated pathways related to T2DM were detected by qRT-PCR method. These results could give a systematic explanation of the protective effect of WVBF on T2DM induced liver damage.
MATERIALS AND METHODS
Materials
TRIzol was obtained from Tiangen Biochemical Technology Co., Ltd. (Beijing, China); Streptozotocin was obtained from Saiguo Biotechnology Co., Ltd. (Guangzhou, China); Blood glucose test paper and blood glucometer purchased from Sinocare Biosensor co. (Changsha, China); Rat Insulin ELISA kit was obtained from Biyuntian Biological Technology Co., Ltd.
Animals
Sprague-Dawley (SD) rats, male, 8 weeks old (Yu et al., 2019), weighing 160–180 g, purchased from the Experimental Animal Center of Huazhong Agricultural University, license number: SCXK- (Liao) 2015-0001. Animal welfare and experimental procedures were performed as described previously in our lab (He et al., 2020a). Rats were housed and maintained under a controlled environment (22 ± 2°C, 60 ± 10% humidity) with a 12:12 h light: dark cycle. The experiment started 1 week after the rats were acclimatized. 60 rats were randomly divided into 8 normal control group (NC) and fed with normal diet. Except for the NC group, the remaining rats were fed high-fat diet (HFD, 88% of normal diet, plus 2% of cholesterol and 10% of lard) for 4 weeks for T2DM modeling. After 4 weeks of feeding (with body weight around 350 g and fasting blood glucose (FBG) around 5 mmol/L), rats were intraperitoneally injected with STZ (40 mg/kg) (Li J.-c. et al., 2018) to induce the T2DM model, and then treated with normal diet for 6 weeks. Animals whose fasting blood sugar level was higher than 11.1 mmol/L seven days after STZ injection were successfully molded. 45 of the 52 rats injected with STZ were successfully established the model. Diabetes rats were divided into the following four groups: Group one was reserved as mellitus control (MC) group (n = 8), group two rats were administrated intragastrically with Metformin Hydrochloride 150 mg/kg (Abu Bakar Sajak et al., 2017) positive (PC) group (n = 8) once a day for 6 weeks; group three and four rats were administrated intragastrically with WVBF 12.5 mg/kg (n = 8) and 25 mg/kg (Huang et al., 2020) (n = 8) once a day for 6 weeks, respectively. The NC group and the MC group were orally given 0.9% normal saline according to their body weight. The PC group, WVBF 12.5 mg/kg group, and WVBF 25 mg/kg group were weighed according to their body weight, dissolved with 0.9% normal saline and administered orally.
Total RNA Extraction and RNA-Seq Analysis
Three liver samples were collected from NC, MC, WVBF 12.5 mg/kg and 25 mg/kg each group. After overnight fasting for 12 h, liver tissues were collected. rinsed with diethyl pyrocarbonate (DEPC) water prepared with phosphate buffer saline (PBS), frozen in liquid nitrogen for 30 s, transferred to enzyme-free EP tube and frozen at -80°C. Total RNA was isolated using TRIzol reagent (Ambion, United States) according to the manufacturer’s protocol. The concentration, quality and integrity were determined using a Nanodrop spectrophotometer (BioDrop Technologies, UK) and an Agilent bioanalyzer 2100 (Agilent, United States).
The sequenced reads obtained by sequencing contain splice sequences and low-quality reads. In order to ensure the quality of information analysis, raw reads need to be filtered to obtain clean reads. Bioacme adopts Fastp version 0.20 for quality filtering. 1) Remove the connector sequence (adapter); 2) Remove reads with low quality (mass value less than 15) alkali base exceeding 40% of the length proportion of the read; 3) Remove reads with base number of “n” base exceeding 5; 4) Start from the 5 “end of reads (i.e. the beginning of reads), filter the sliding window quality, and cut off the sliding window (sliding window size 4) whose average base quality value is lower than the threshold (20); 5) Remove the filtered reads whose length is less than 36. FeatureCounts version 1.5.0 was used to obtain the fragments per kilobase of exon per million fragments mapped (FPKM) of all annotated genes. DEGs were identified using DESeq2 with the default parameters at p < 0.05 for the four groups. A total of 12 cDNA libraries were generated by the TruSeq RNA sample preparation kit (Illumina, United States). Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. The established sequencing library was sequenced with Illumina Hiseq novaseq 6000 by whbioacme. Differential expression analysis of RNA-seq data was performed as described in previous study (Feng et al., 2012; Liao et al., 2014; Love et al., 2014). Venn diagram of differentially expressed genes (DEGs) in the different groups: MC versus WVBF 25 mg/kg, MC versus WVBF 12.5 mg/kg, WVBF 25 mg/kg versus WVBF 12.5 mg/kg, and MC versus NC.
Measurements of FBG
FBG was monitored at 0, 1, 2, 3, 4, 5 and 6 weeks after-treatments of diabetic and normal rats. Blood was collected from the tail of the animals after 12–16 h overnight fasting. The tail tip was sanitized with alcohol and pricked and a drop of blood was used for blood glucose measurement using a glucometer (Sinocare Biosensor Co., Ltd., Changsha, HN, China). FBG was presented by a broken line graph of weekly blood glucose dynamic changes.
Oral Glucose Tolerance Test
OGTT was performed in rats as described previously in our lab after 6 weeks of WVBF treatment (He et al., 2020a). Briefly, 50% glucose solution were administrated to overnight-fasted rats by oral gavage at a dose of 2 g/kg. The blood glucose concentrations was measured using glucometer at 0, 30, 60, 90, and 120 min respectively after the glucose gavage.
Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) and HOMA- ß Cell Function Index
Insulin resistance index, HOMA-IR, was assessed using fasting glucose ( mmol/L) × fasting insulin ( mμ/L)/22.5. HOMA-β cell function index, HOMA-β, was assessed using 20×fasting insulin ( mμ/L)/fasting glucose (mmol/L)-3.5.
Histological Analysis
Liver and pancreas tissues were removed, fixed with 10% neutral buffered formalin over-night, embedded in paraffin, and sectioned at 5 μm. Next, H&E staining was were performed as previously described in detail in our lab (He et al., 2020a).
Total RNA Extraction and Real-Time qPCR Analysis
Total RNA was extracted from rat liver tissues with TRIZOL reagent (Tiangen, China). The concentration and purity of different RNA samples were evaluated using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).The cDNA was synthesized by reverse transcriptase (Tiangen, China). Real-time qPCR was performed using the Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific (China) Co., Ltd.). The primers of real-time qPCR were used to amplify transcripts for c-Met, Irs1, Akt1, Pik3r1, Foxo1, Sirt1 and G6pc (Table 1). ß-actin served as the endogenous housekeeping gene to normalize the expression of the RNA sample levels. Relative gene expression levels were calculated using the 2−ΔΔCT method.
TABLE 1 | The primers used for RT-PCR in this study.
[image: Table 1]Statistical Analysis
The data were expressed as mean ± standard error. Data were analyzed for statistical significance using Student’s t-test for unpaired observations. Statistical significance between the different groups was analyzed by a one-way ANOVA followed by least significant difference (LSD) test comparison post hoc test for normal distribution data. The significance level was fixed at p < 0.05. Data are presented as means ± SEM. *p < 0.05, **p < 0.01, two-tailed Student’s t-test (Figure 3A); one-way ANOVA followed by LSD post hoc test (Figure 1 and Figures 3C–I).
[image: Figure 1]FIGURE 1 | Effects of WVBF treatment on weight, blood glucose and insulin resistance of diabetic rats. (A) overview of the experimental process. (B, C) The effect of WVBF on the body weight of diabetic rats. (D, E) The level of FBG from one to 6 weeks (D) and at the end of 6 weeks (E). (F, G) The levels of blood glucose (F) and areas under curves AUC (G) in oral glucose tolerance test (OGTT) at the end of 6 weeks (H–J) WVBF intervention influenced insulin sensitivity and insulin resistance in diabetic rats. HFD: high-fat diet, L-WVBF: WVBF 12.5 mg/kg, H-WVBF: WVBF 25 mg/kg, WVBF 12.5 mg/kg, NC: normal control, MC: mellitus control, PC: positive control, 12.5: WVBF 12.5 mg/kg/day, 25: 25 mg/kg/day. Date were shown as mean ± SEM; *p < 0.05, **p < 0.01 vs. NC group; #p < 0.05, ##p < 0.01, vs. MC group. B-E, n = 8 in each group; F-J, n = 6 in each group.
RESULTS
WVBF Treatment Exerted Hypoglycemic Effect by Relieving Insulin Resistance in HFD and STZ-Treated Rats
To explore the effects of WVBF on liver injury and insulin resistance in diabetic rats, a desirable T2DM model that induced by HFD and STZ was proposed and its metabolic features were measured. As shown in Figures 1B,C, there was lower and slower body weight gain in MC than that in NC group rats, while WVBF or PC intervention significantly promoted the weight gain. As shown in Figures 1D,E, the blood glucose levels in three treatment groups, i.e. PC treatment group, WVBF 12.5 mg/kg and WVBF 25 mg/kg intervention groups were markedly decreased, compared with those in MC group at the end of 6-weeks treatment. The oral glucose tolerance test (OGTT) and area under the curve (AUC) demonstrated that WVBF treatment improved glucose tolerance compared with MC group at the end of 6 weeks (Figures 1F,G).
Next, we analyzed fasting insulin (FINS) index that reflects insulin resistance. The FINS level of MC group was significantly lower than that in NC group in the 6th week (Figure 1H). WVBF (12.5 and 25 mg/kg) and PC treatment for 6 weeks increased FINS levels in rats. HOMA-IR and HOMA-β are two indexes used to evaluate insulin resistance and pancreatic ß-cell function. The HOMA-IR index was higher and the HOMA-β was lower in MC group than those in NC rats (Figures 1I,J). However, both WVBF (12.5 mg/kg, 25 mg/kg) and PC treatment alleviated insulin resistance and enhanced pancreatic ß-cell function, compared with the MC group. Together, these findings indicated that WVBF treatment ameliorated diabetes by increasing insulin secretion in HFD and STZ-induced rats.
WVBF Treatment Improved Pathological Damage on Liver and Pancreas in Rats
Herein, we further explored the effects of WVBF on liver and pancreas pathology in diabetic rats. H&E staining (Figure 2A) showed that elevated steatosis, edema, hyperemia, hepatocellular ballooning, and focal necrosis with inflammatory cells infiltration in MC group. The WVBF or PC treatment groups ameliorated pathological damage, compared with MC group. The pancreas is a main target organ with a key role in diabetic pathological conditions. As shown in Figure 2B, the islets were abnormally shaped, the borders were blurred, the acinar were broken, and the ducts were dilated and inflammatory cells infiltration in the MC group, these changes demonstrated that the islets were severely damaged. In WVBF treatment group, the islet shape was close to regular, the extent of dilation of lobule ducts and inflammatory infiltration were alleviated compared with MC group. Together, these results demonstrated the protective action of WVBF on diabetic organ injury of liver and pancreas.
[image: Figure 2]FIGURE 2 | Effect of WVBF treatment on the hepatic and pancreatic morphology in diabetic rats (A). H&E staining of liver from different groups. Upper panel, hematoxylin and eosin, 100×; middle panel, hematoxylin and eosin, 200×; Bottom panel, hematoxylin and eosin, 400×. CV indicates central vein; Red arrow indicates edema; Yellow arrow, inflammatory cells infiltration; Black arrow head indicates hyperemia. Bottom panel, (B). H&E staining of pancreas from different groups. Red arrow, pancreatic acini; green arrow, intralobular duct of the pancreas; black arrow head, inflammatory cells. Hematoxylin and eosin, 100×. NC: normal control, MC: mellitus control, PC: positive control, 12.5: WVBF 12.5 mg/kg/day, 25: 25 mg/kg/day.
Transcriptome and Functional Assays Revealed WVBF Restores the Gene Expression of Insulin Resistance in Diabetic Rats
To explore the molecular mechanisms of WVBF ameliorating diabetes, we analysed the transcriptome profiling of the liver in four groups. In liver, 13324 genes (fragments per kilobase of transcript per million fragments mapped [FPKM] > 1) were detected (Supplementary Table S1). We identified 643 differentially expressed genes (DEGs) in the comparison of MC groups versus NC groups, and 381 DEGs were detected in the WVBF (25 mg/kg)-treated versus MC groups (Figure 3A). The majority of the 162 genes with significant difference in expression were mainly related to insulin and inflammatory response (Insulin signaling pathway, FoxO signaling pathway, AMPK signaling pathway) (Figure 3B and Supplementary Table S2). The functional enrichment analysis indicated that significant differentially expressed genes (c-Met, Irs1, and G6pc) were enriched in these top three KEGG pathways. AMPK signaling pathway is associated with insulin resistance and metabolic syndrome-associated disorders (Xu et al., 2014). These findings revealed that WVBF treatment exerted anti-diabetic effects by inhibiting insulin resistance and improving the damage of liver and pancreas (Figure 2 and Figure 3B).
[image: Figure 3]FIGURE 3 | Screening and verification of differentially expressed genes in diabetic rats. (A) Venn diagram of differentially expressed genes (DEGs) in the different groups. (B) Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation signaling pathway (WVBF 25 mg/kg-treated versus MC). (C–I) The key gene (c-Met, G6pc, Foxo1, pik3r1, Sirt1, Akt1, Irs1) expression in liver tissues from different groups. NC: normal control, MC: mellitus control, PC: positive control, 12.5: WVBF 12.5 mg/kg/day, 25: 25 mg/kg/day. Date were shown as mean ± SEM; *p < 0.05, **p < 0.01 vs. NC group; #p < 0.05, ##p < 0.01, vs. MC group. n = 3 in each group.
To validate the WVBF effects on ameliorating insulin resistance by aforementioned analysis, we also chose certain key molecules linking insulin signaling and glycolysis/gluconeogenesis, such as Pikr1, Akt1, Foxo1 and Sirt1 (Figure 4). Results of qRT-PCR indicated that WVBF treatment inhibited the levels of Foxo1, G6pc, c-Met and Pik3r1 in the liver, which were increased in the MC group (Figures 3C–I). As indicated, the expressions of genes related to metabolism and inflammation, including Sirt1, Irs1, Akt1, were significantly increased after WVBF treatment, which were down-regulated in the MC group (Figures 3G–I). Consistent with our RNA-seq results, WVBF treatment increased serum insulin levels and improved the damage of liver and pancreas (Figure 1 and Figure 2). IRS-1/PI3K/AKT pathway plays a central role in the metabolic actions of insulin to maintain glucose metabolic homeostasis (Taniguchi et al., 2006). Our previous work indicated that the connection of IRS-1/PI3K/AKT pathway in the beneficial actions of WVBF (He et al., 2020a). Therefore, these findings conformed that WVBF treatment ameliorated diabetic liver injury by reducing insulin resistance, which safeguarded the normal secretion of insulin to control blood glucose.
[image: Figure 4]FIGURE 4 | WVBF-mediated pathways in diabetic liver injury.
DISCUSSION
Accumulating studies demonstrate that many Chinese herbal medicines have beneficial effects on the treatment of metabolic disorders including diabetes (Seto et al., 2015). Herein, we established a type 2 diabetic rat model induced by a HFD-STZ. We further showed that the protective effect of WVBF on T2DM liver injury by RNA-sequencing and functional assays on the liver tissue of diabetic rats.
T2DM is a common metabolic disorders characterized by insulin resistance and pancreatic ß cell failure (Li J. et al., 2018). Consistently, elevating blood glucose levels may cause reduced peripheral insulin sensitivity and glucose intolerance (Lee et al., 2012). Insulin secreted by pancreatic ß-cells fails to meet the metabolic demand, leading to the development of T2DM (Kasuga, 2006). Insulin resistance is the main cause of liver injury, thereby ameliorating insulin resistance is an important way to improve the diabetic liver injury. Our previous studies have indicated that WVBF intervention enhanced effectively insulin sensitization along with protection of liver, anti-oxidation and improved glucose metabolism in mice (He et al., 2020a). Furthermore, V. baillonii exert insulin-mimicking effects by inducing phosphorylation of Akt and inhibit Pck1 mRNA levels in hepatoma cells (Huang et al., 2016). Moreover, WVBF ameliorates lipid accumulation by mediating oxidative, inflammatory and lipid metabolic signaling pathways in LO2 cells (Huang et al., 2020). In this present study, by integrating transcriptome and functional assays, we reveals that WVBF exert the anti-diabetic effect to improve diabetic organ injury of liver and pancreas in rats.
Our previous work, two doses of WVBF (25 and 50 mg/kg) were administered orally in different groups of mice in the presence or absence of WVBF and the protective effect of WVBF on diabetic liver injury were evaluated (He et al., 2020b). Moreover, our another study has shown that high doses of 100 mg/kg and 50 mg/kg WVBF were not always dose-dependent, with a certain inhibitory effect (Yu et al., 2016). Therefore, two doses of 12.5 and 25 mg/kg were used in this study to explore the protective effect of WVBF in diabetic rats. Our findings showed that the protective effect of 12.5 mg/kg WVBF was significantly better than 25 mg/kg WVBF in relieving insulin resistance and improving pathological damage on liver and pancreas. Improved glycaemic control is generally accompanied by weight gain (Ness-Abramof and Apovian, 2005; Liu et al., 2012). Elvert et al. reported that alterations in body weight during antihyperglycaemic treatment are closely related to the mechanism of action by which the drug controls blood glucose (Elvert et al., 2013). Pancreatic ß-cells express the gluconeogenic enzymes glucose 6-phosphatase (G6Pase), which modulate glucose-stimulated insulin secretion through their ability to reverse otherwise irreversible glycolytic steps (Westermeier et al., 2019). In this present study, WVBF intervention significantly improved body weight and insulin secretion in diabetic rats.
To validate the WVBF effects on ameliorating diabetic liver injury, this study demonstrated that WVBF treatment alleviated liver and pancreas islet injury by mediating the insulin signaling cascade (insulin and FoxO signaling pathway), which orchestrated the normal secretion of insulin to control blood glucose (Figure 4). c-Met is a key modulator that effectively manipulate insulin resistance in diabetes (Oliveira et al., 2018). The pancreas c-Met deficiency accelerates the onset of diabetes in multiple low-dose streptozotocin-injected mice (Mellado-Gil et al., 2011). c-Met deficiency in pancreas is associated with defective insulin secretion (Fagerholm et al., 2014). Insulin bind to the insulin receptor, subsequently activate insulin receptor substrate (IRS) proteins, initiating the classical insulin signaling pathway (Du and Wei, 2014). IRS1 belongs to the IRS protein family and is responsible for transferring the insulin/IGF1-signaling. In liver, IRS1 is important to mediate insulin dependent regulation of glucose and lipid metabolism and complement in the diurnal regulation thereof (Eckstein et al., 2017). IRS1 also integrates the feedback signals and communicates with other signaling pathways, which triggers the onset of insulin resistance (Thirone et al., 2006). In this present study, WVBF treatment increases gene expressions of Irs1 significantly, which alleviate insulin resistance in diabetic rats.
PI3K-Akt signaling is the various mechanistic links in metabolic disorders, including diabetes (Krycer et al., 2010). PIK3R1, an important candidate gene, exhibits a vital role in insulin signal transduction of T2DM progression (Karadogan et al., 2018). Slience of Pik3r1 surppresses insulin resistance in diet-induced obesity (DIO) mice (McCurdy et al., 2012). Akt1, a serine/threonine kinase, was found to improve glucose metabolism, when activated in models of DIO and age-related fat accumulation (Cheng et al., 2015). IRS-1/PI3K/AKT/FOXO1 pathway plays a central role in the metabolic actions of insulin to maintain glucose metabolic homeostasis (Taniguchi et al., 2006). Foxo1 is a key regulator that mediated by insulin under physiological conditions in type 2 diabetic mice (Ge et al., 2021). An insulin-independent mechanism for transcriptional regulation of Foxo1 in type 2 diabetic mice. Furthermore, Battiprolu et al. found that FoxO1-dependent decrease of IRS1 induced the inactivation of Akt signaling and alleviation of insulin resistance (Battiprolu et al., 2012). Foxo1-SIRT1 signaling pathway plays key roles in insulin resistance induced by T2DM (Sin et al., 2015). SIRT1 has been implicated in obesity, insulin resistance, type 2 diabetes mellitus and fatty liver disease (Zhou et al., 2018). Sirt1 upregulation may serve as a potent therapeutic approach against development and progression of diabetic complications (Strycharz et al., 2018). Various signaling pathways governed by insulin converge at the level of transcriptional regulation of the key hepatic gluconeogenic genes G6PC, this as one of the focal mechanisms through which gluconeogenesis is modulated (Hatting et al., 2018). Moreover, WVBF inhibited the higher G6Pase mRNA levels in diabetic rats, suggesting that WVBF alleviating insulin resistance in part by inhibiting gluconeogenesis in diabetic rats. G6pc, a key enzyme in the glucose metabolism expressed primarily in the liver. Insulin can regulate hepatic gluconeogenesis via transcription of genes involved in gluconeogenic control, including G6PC (Resaz et al., 2011). Interestingly, our findings indicated that WVBF treatment exert a protective role in diabetes by affecting insulin signaling cascade. Therefore, this study implicated that WVBF could manipulate insulin homeostasis by orchestrating both insulin production and insulin utilization.
In conclusion, this present study uncovered that WVBF could alleviate HFD-STZ -induced diabetic liver injury in vivo, and improve insulin resistance in rats. WVBF treatment exhibited the protective effects on liver injury in diabetic rats, which restored the gene expression of insulin resistance and insulin signaling cascade. These findings provide a valuable therapy option for the well-known WVBF, which could be used as a promising therapeutic agent in treating diabetes and its complications.
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Autoimmune hepatitis (AIH) is a chronic liver disease caused by disruption of liver immune homeostasis. The effect of dendritic cells (DCs) on the pathogenesis of AIH is not fully understood. Long noncoding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs) have been shown to play critical roles in the regulation of cell function. In this study, we analyzed the immunophenotypic characteristics of DCs in the peripheral blood. The percentage of mature DCs was higher in AIH patients than in healthy controls (HCs), and the proportion of mature DCs decreased after treatment. We isolated monocyte-derived DCs (moDCs) from the peripheral blood, obtained whole RNA-sequencing (RNA-seq) data for the moDCs from the two groups, and identified differentially expressed (DE) lncRNAs, circRNAs, miRNAs and mRNAs. In addition, we performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses for the DE mRNAs and constructed competing endogenous RNA (ceRNA) networks. ENST00000543334, hsa_circ_0000279, and hsa_circ_0005076 were selected and validated by RT-qPCR. These results provide a possible molecular mechanism of DCs in the pathogenesis of AIH and identify some potential therapeutic targets.
Keywords: monocyte-derived dendritic cells (MoDCs), autoimmune hepatitis (AIH), long noncoding RNA (IncRNA), circular RNA (circRNA), microRNA, mRNA
INTRODUCTION
Autoimmune hepatitis is an autoimmune liver disease characterized by antibody production, hypergammaglobulinemia, and a typical histology (Sebode et al., 2018). The precise etiology of AIH is mainly related to genetic factors, environmental factors, and immune imbalance (Manns et al., 2015). Experimental research has demonstrated that the pathogenesis of AIH might involve defects in immune tolerance, which results in T and B cell-mediated inflammation and immune reactions (Floreani et al., 2018; Webb et al., 2018).
Dendritic cells are the most efficient antigen-presenting cells in the human body and can activate naïve T cells and the immune response. DCs play important roles in autoimmune diseases (Yuan et al., 2019; Garcia-Gonzalez et al., 2016; Torres-Aguilar et al., 2010). DC dysfunction is related to overreaction of T and B cell immune responses, which leads to the breakdown of immune tolerance and production of antibodies. A series of studies have found that DCs participate in liver diseases. Das found that deletion of A20/Tnfaip3 in dendritic cells could promote autoimmune liver pathology to alter T and B-cell homeostasis (Das et al., 2019). Tan et al. (2020) demonstrated that hepatic DCs may trigger AIH via a deficiency in canonical Wnt/β-catenin signaling. However, the underlying mechanism of DCs in AIH is still poorly understood and remains to be elucidated.
With the recent advances in high-throughput sequencing technology, many noncoding RNAs (ncRNAs) have been identified and proven to play crucial roles in cell functions related to the pathogenesis of diseases (Cech and Steitz., 2014). These ncRNAs can be divided into microRNAs (miRNAs), long ncRNAs (lncRNAs), and circular RNAs (circRNAs) based on their length and structure (Hombach and Kretz., 2016). Increasingly, research has demonstrated that these ncRNAs can contribute to the pathogenesis of diseases by regulating the functions of DCs, including cell differentiation, migration, and metabolism (Zhou et al., 2021; Zhou and Wu, 2017; Tsai et al., 2020). For example, Wang et al. (2014) identified a lncRNA named lnc-DC that regulates DC differentiation by binding to STAT3 directly. Sun et al. (2019) found that miR-142 is central to metabolic reprogramming, specifically favoring glycolysis and the immunogenic response in DCs. In addition, Wang et al. (2018a) demonstrated that abnormal expression of lncRNAs in DCs might be related to disease activity in systemic lupus erythematosus. However, there have been few studies on ncRNAs, especially circRNAs, in AIH.
In this study, we isolated monocyte-derived DCs (moDCs) from the peripheral blood of AIH patients and HCs and generated whole RNA-sequencing (RNA-seq) data for the moDCs to identify differentially expressed (DE) lncRNAs, circRNAs, miRNAs, and mRNAs. We performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses to analyze lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA interactions in DCs and constructed competing endogenous RNA (ceRNA) networks for lncRNAs, circRNAs, and mRNAs on the basis of the RNA-seq results. The combination of ncRNA expression profiles and bioinformatic analysis may provide the possible molecular mechanism of DCs in the pathogenesis of autoimmune hepatitis and indicate some potential therapeutic targets.
MATERIALS AND METHODS
Patients and Healthy Volunteers
In this study, a total of 44 peripheral blood samples were collected from patients with AIH at the West China Hospital of Sichuan University. The diagnostic criteria adhered to the International Autoimmune Hepatitis Group (1999) guidelines (Alvarez et al., 1999; Yeoman et al., 2009). The clinical characteristics of these patients are listed in Table 1. The histological features of patients are shown in Supplementary Figure S1 and Supplementary Table S1. 36 healthy subjects were studied as controls. Among the samples, the peripheral blood samples from 27 patients and 21 normal subjects were used to analyze the proportion of mature DCs in the peripheral blood by flow analysis, and blood samples from 17 patients and 15 HCs were used to isolate moDCs for the experiments described below. The study was approved by the Independent Ethics Committee of West China Hospital and conducted in accordance with the relevant principles.
TABLE 1 | Clinical characteristics of patients with AIH in the study.
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Differentiation of human monocyte into moDCs was performed as previously described (Wang et al., 2016). Human lymphocyte separation medium (Dakewei, Shenzhen, China) was used to isolate peripheral blood mononuclear cells (PBMCs) from whole blood samples collected from AIH patients and HCs. CD14+ monocytes were separated from PBMCs using CD14+ magnetic beads (Miltenyi Biotec, Gladbach, Germany). After magnetic bead sorting, the proportion of CD14+ cells were as high as 94% (Supplementary Figures S2A,B). Sorted cells were then cultured for 5–7 days in medium containing 50 ng/ml granulocyte/macrophage colony-stimulating factor (GM-CSF; Novoprotein, Shanghai, China) and 20 ng/ml IL-4 (Novoprotein, Shanghai, China) at a concentration of 1.5 × 106 cells/ml. Then, 0.5 μg/ml lipopolysaccharide (LPS; Sigma–Aldrich, United States) was added to the medium on day 5, and the cells were cultured for another 1–2 days to become mature moDCs. Flow cytometry was used to identify moDCs, and the moDCs displayed high expression of CD11c (APC, BioLegend, United States) (Supplementary Figures S2C,D).
Flow Cytometric Analysis
PBMCs collected from the peripheral blood of volunteers and moDCs obtained after 24 h of LPS stimulation were washed twice with phosphate-buffered saline (PBS, Servicebio, Wuhan, China). Then, approximately 1 × 106 prepared cells were suspended in 100 μl of PBS and stained with different kinds of fluorochrome-coupled antibodies for 30 min at 4°C. Data were acquired using a CytoFLEX flow cytometer (Beckman Coulter, Life Science, United States) or NovoCyte (ACEA, Hangzhou, China), and the percentages of Lineage (CD3/14/16/19/20/56; BioLegend, United States), CD11c+(APC, BioLegend, United States), CD80+ (FITC, BioLegend, United States), CD86+ (PerCP-Cy5.5, BioLegend, United States) and HLA-DR+ (PE, BioLegend, United States) DCs were analyzed. And all these antibody isotypes including APC-IgG1, PerCP-cy5.5-IgG2b, FITC-IgG1, PE-IgG2a and FITC-IgG2b (BioLegend, United States) were used in the analysis (Supplementary Figure S3).
Enzyme-Linked Immunosorbent Assay
Serum from AIH patients and healthy controls was collected by centrifugation of whole peripheral blood at 1,000 g for 10 min. The levels of IFN-γ, TNF-α and IL-12 were measured using human ELISA detection kits according to the manufacturer’s recommendations (MultiSciences, Hangzhou, China). The final density values were measured at 450 and 570 nm by a microplate reader (BioTek, Winooski, VT, United States).
RNA Extraction and Quality Control
Total RNA was extracted from moDCs isolated from patients (called group A) or HCs (called group H) using TRIzol reagent (Tiangen, Beijing). An Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States) and Qubit Fluorometer (Invitrogen) were used to assess RNA quality. Samples with an RNA integrity number (RIN) > 7.0 and a 28S:18S ratio > 1.8 were used in subsequent experiments.
Library Construction and Sequencing
A total amount of 3 µg of total RNA per sample was used for the construction of a small RNA library. Following the manufacturer’s recommendations, sequencing libraries were prepared by using an Illumina TruSeq stranded total RNA with Ribo-Zero gold kit, and index codes were added to attribute sequences to each sample. The libraries were sequenced on a HiSeq X Ten platform (Illumina, San Diego, CA, United States). Similarly, a miRNA library was constructed from samples with Illumina’s TruSeq small RNA library preparation kit. The libraries were sequenced on an Illumina HiSeq 2500 sequencing platform. The whole procedures were performed by CapitalBio Technology (Beijing, China).
Analysis of DE mRNAs, DE miRNAs, DE lncRNAs, and DE circRNAs
A paired t test and the Benjamini-Hochberg method were used to detect DE mRNAs and DE ncRNAs in group A versus group H. The thresholds for significantly DE mRNAs, DE miRNAs, DE lncRNAs and DE circRNAs were |log2FC|≥1 and p < 0.05. Novel lncRNA, named MERGE, is an assembled transcript, which removes transcripts that are smaller than 200 bp and predicted by the retention software CPC, CNCI and HMMER that there is no coding ability. miRDeep2 is used for the prediction of novel miRNAs. circRNA identification uses STAR for fusion comparison, CIRCexplored2 for back-splicing comparison, and finally determines as circRNA. Heatmaps and volcano plots were drawn to describe the DE mRNAs and DE ncRNAs.
Coexpression Analysis of DE ncRNA-DE mRNA Pairs
Based on the raw data for DE lncRNAs, DE circRNAs, and DE mRNAs, we calculated the Pearson correlation coefficients of each DE mRNA and DE lncRNA/circRNA. Significant mRNA-lncRNA pairs and mRNA-circRNA pairs were detected by a correlation test with the thresholds of p < 0.05 and r < −0.8. The mRNA-lncRNA/circRNA coexpression relationships were then defined.
Gene Function Analysis
GO analysis is a functional analysis related to DE mRNAs based on the GO categories (http://www.geneontology.org). The GO categories consist of three structured networks of defined terms named cellular component (CC), molecular function (MF), and biological process (BP). Based on the latest KEGG (https://www.genome.jp/kegg) database, KEGG pathway analysis was used to detect the biological pathways related to DE mRNAs.
ceRNA Network Construction
ceRNA networks are used as decoys for miRNA binding, which can counteract the gene silencing activity of a miRNA. Based on the principles for ceRNA network construction, we integrated the coexpression relationships of lncRNAs and mRNAs and those of miRNAs and circRNAs and focused more on the mRNAs regulated by miRNAs and lncRNAs with a positive relationship. The difference with fold change (FC) ≥ 2 or ≤ 0.05 and p < 0.05 was considered statistically significant and the FDR was calculated to correct the p value on RNA-sequencing analysis. Besides there are other additional conditions we used for screening: the average expression level of at least one group in AIH/HC is more than 0.5; the number of expressed samples accounts for 2/3 of the total number of samples. Cytoscape was used to construct the lncRNA-miRNA-mRNA ceRNA networks. Similarly, we detected the miRNAs that could simultaneously regulate circRNAs and mRNAs and analyzed the coexpression relationships between these circRNAs and mRNAs. The circRNA-miRNA-mRNA ceRNA networks were constructed with Cytoscape.
Quantitative Real-Time PCR
Quantitative RT-qPCR was used to validate the different expression levels of ncRNAs in moDCs from AIH patients and healthy controls. Total RNA was extracted from moDCs using TRIzol reagent (Ambion, Thermo Fisher Scientific, United States). cDNA was synthesized from 1 μg of extracted total RNA with the PrimeScrip RT reagent kit (Takara, Shiga, Japan) and amplified by real-time qPCR with SYBR Green Supermix on a CFX96 RT-qPCR detection system (BioRad, Hercules, CA, United States). The expression levels of ncRNAs were normalized to actin expression level. All primers were obtained from Tsingke (Beijing, China).
Statistical Analysis
Statistical analysis was performed with SPSS 22.0 software and GraphPad Prims 9. A two-tailed Student’s t-test was used to detect significant differences between groups. The results are expressed as the mean ± SD, and significance was defined at p < 0.05. The expression level of each ncRNA was represented as 2−Δct values normalized to actin expression on real-time qPCR analysis. p values < 0.05 were considered statistically significant.
RESULTS
Circulating DCs and Cytokines in the Peripheral Blood Between HCs and AIH
Blood samples from 27 AIH patients and 21 HCs were studied and the clinical characteristics of these patients are listed in Supplementary Table S2. We analyzed the subtypes of DCs in the peripheral blood of the patients and HCs. The percentages of CD11c+, CD86+ and HLA-DR+ DCs between the two groups were compared. The frequency of CD11c+CD86+ DCs was significantly higher in the patients with AIH than in the HCs. The proportion of CD11c+HLA-DR+ DCs exhibited an upward trend in the AIH patient group but without statistical significance (Figure 1A). To validate the important role of mature DCs, we performed mature DC-related cytokine analysis to assess human IFN-γ and TNF-α in the peripheral blood of patients with AIH and HCs. The levels of IFN-γ were significantly increased in the AIH group compared to the HC group, while there was no significant difference in TNF-α between the two groups (Figure 1B). Overall, circulating mature DCs may be involved in the pathogenesis of AIH. We randomly selected five patients with AIH and analyzed the proportion of mature DCs in the peripheral blood again after 2–3 weeks of meprednisone (MP) treatment. The clinical characteristics of these patients are listed in Supplementary Table S3. The level of IgG in the five patients decreased after treatment (p = 0.03), and total bilirubin (TBil), ALT, and AST levels showed downward trends but without significant differences (Supplementary Figure S4). In addition, we found that the proportion of mature DCs in the peripheral blood of AIH patients after treatment was lower than that before treatment. The frequency of CD11c+HLA-DR+ DCs was significantly lower after treatment than before treatment. Furthermore, the percentage of CD11c+CD86+ DCs also exhibited a downward trend but without statistical significance (Figure 1C). These results indicated that DCs participate in regulating the occurrence and development of AIH in patients.
[image: Figure 1]FIGURE 1 | Circulating mature DCs and cytokines in the peripheral blood compared between HCs and AIH patients. (A) Flow cytometric analysis of the percentages of CD11c+CD86+ and CD11c+HLA-DR+ DCs between HCs and AIH patients. (B) Serum cytokines related to DC maturation in the peripheral blood of HCs and AIH patients. (C) Changes in the proportions of CD11c+CD86+ and CD11c+HLA-DR+ DCs from AIH patients before and after treatment. *p < 0.05 and **p < 0.01.
Differences in the Phenotype and Cytokines of moDCs From HCs and AIH Patients After LPS Treatment
We isolated moDCs from the peripheral blood of AIH patients and HCs and used GM-CSF, IL-4 and LPS to induce mature moDCs. We evaluated the morphology, immunophenotypic characteristics, and cytokines of mature moDCs from AIH patients compared with those of mature moDCs from HCs. As shown in Figure 2A, the AIH patients had more mature DCs. The mean percentage of CD11c+CD80+ DCs in the AIH patient group was significantly higher than that in the HC group (1.37 ± 0.75% vs. 19.80 ± 8.42%, p < 0.01). The mean proportion of CD11c+CD86+ DCs in the HC group was 21.93 ± 4.60%, which was lower (p < 0.05) than that in the AIH group (59.92 ± 3.40%). The mean percentage of CD11c+HLA-DR+ DCs in the AIH group was 60.51 ± 3.17%, which was higher (p < 0.05) than that in the HC group (28.4 ± 7.34%) (Figure 2B). We compared the supernatant levels of cytokines related to mature DCs between the AIH group and HC group. The levels of IFN-γ were significantly increased in AIH patients. The levels of IL-12 exhibited an upward trend but without statistical significance (Figure 2C).
[image: Figure 2]FIGURE 2 | Differences in the phenotype and cytokines of moDCs from HCs and AIH patients after LPS stimulation. (A) Morphology of mature moDCs; magnification, 200×. (B) Flow cytometry was used to detect the expression of CD80, CD86 and HLA-DR between HCs and AIH patients. (C) The levels of the cytokines IL-12 and IFN-γ in the supernatant of cell cultures. *p < 0.05 and **p < 0.01.
Differential Expression Patterns of lncRNAs, circRNAs, miRNAs, and mRNAs
According to whole RNA-seq data, we analyzed DE ncRNAs (lncRNAs, circRNAs, miRNAs) and mRNAs with |log2FC| ≥ 1 and p < 0.05. The DE ncRNAs identified between the two groups are shown in a heatmap (Figure 3A) and volcano plot (Figure 3B). In total, there were 352 DE lncRNAs (178 upregulated and 174 downregulated), 143 DE circRNAs (32 upregulated and 111 downregulated), 33 DE miRNAs (20 upregulated and 13 downregulated), and 550 DE mRNAs (292 upregulated and 258 downregulated) in the moDCs of patients with AIH compared to those of HCs. In addition, the most upregulated lncRNA, circRNA, miRNA and mRNA were MERGE.24561.12, hsa_circ_0000279, hsa-miR-7844-5p, and AP000295.1, respectively. The most downregulated lncRNA, circRNA, miRNA and mRNA were MERGE.3901.1, hsa_circ_0006719, hsa-miR-889-3p, and ST13P19, respectively (Table 2).
[image: Figure 3]FIGURE 3 | Expression profiles of lncRNAs, circRNAs, miRNAs, and mRNAs. Differently expressed ncRNAs and mRNAs in the HC group and AIH group. (A) Volcano plot. (B) heatmap.
TABLE 2 | Statistical analysis of all differently expressed ncRNAs and mRNAs.
[image: Table 2]Bioinformatic Analysis and Constructed ceRNA Networks of DE ncRNAs and mRNAs
GO analysis was conducted to identify the mRNAs involved in lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA networks. As shown in Figure 4A, GO analysis divided these DE mRNAs into three terms: biological process, cellular component, and molecular function. In the lncRNA-miRNA-mRNA network, the DE mRNAs were mainly involved in protein binding (molecular function), the intracellular part (cellular component), and the regulation of a protein metabolic process (biological process). In the circRNA-miRNA-mRNA network, the DE mRNAs were mainly involved in the intracellular organelle part (cellular component), a macromolecule metabolic process (biological process), and protein binding (molecular function). We performed KEGG pathway analysis to detect the key pathways and relationships between the mRNAs and ncRNAs. KEGG pathway analysis revealed the top 30 pathways enriched in the DE mRNAs related to the coexpression network. In the lncRNA-miRNA-mRNA networks, signal transduction, MAPK signaling pathway, Wnt pathway and the immune system were the most enriched pathways. In the circRNA-miRNA-mRNA networks, cytokine signaling pathway, metabolism, and the immune system were the most enriched pathways (Figure 4B). Tables 3, 4 list the top 10 coexpressed pairs of lncRNAs/circRNAs and mRNAs in moDCs. Then, we combined the results of the miRNA-lncRNA/circRNA joint analysis and miRNA-mRNA joint analysis. Due to the complicated and huge ceRNA networks, we used more stringent parameters to reduce the number of networks. We illustrated the ceRNA networks based on the key DE mRNAs including CIITA, PDXK, LRP1, PTPN7, RBM39, OAS2, WDR19, IRGQ, ST8SIA4, OS9, SKP1, OXNAD1, SMARCB1, BUD23, GPNMB, TNIP2, GPB3 and PIK3R2. Then 24 lncRNA-miRNA-mRNA pathways were constructed, including 16 lncRNAs, 11 miRNAs and 16 mRNAs. Five circRNA-miRNA-mRNA pathways were constructed, including three circRNAs, two miRNAs and three mRNAs (Figure 4C).
[image: Figure 4]FIGURE 4 | Functional analysis and ceRNA network of DE ncRNAs and mRNAs. (A) Top 30 terms from a GO analysis of DE mRNAs related to lncRNA-miRNA and circRNA-miRNA pairs. (B) KEGG pathway analysis of DE mRNAs and the top 30 pathways. (C) lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA ceRNA networks. The triangle indicates a miRNA, the circle represents an mRNA, the circle and the outer gray circle represent a lncRNA or circRNA, red and blue indicate upregulation and downregulation, respectively, and green indicates unknown.
TABLE 3 | The top 10 coexpressed lncRNAs and mRNAs in moDCs.
[image: Table 3]TABLE 4 | The top 10 coexpressed circRNAs and mRNAs in moDCs.
[image: Table 4]Validation of DE lncRNAs and circRNAs by qRT-PCR
To validate our RNA-seq data, we selected five DE lncRNAs and DE circRNAs respectively and enlarged the sample sizes to measure the expression levels of these ncRNAs among 17 AIH patients and 15 healthy controls by using qRT-PCR. The selection criteria of these ncRNAs were as followings: The difference with fold change (FC) ≥ 2 or ≤ 0.05 and p < 0.05 was considered statistically significant. Besides the average expression level of at least one group in AIH/HC is more than 0.5 and the number of expressed samples accounts for 2/3 of the total number of samples. The clinical characteristics of these patients are listed in Supplementary Table S4 and the primers we used are listed in Table 5. The experimental results indicated that the expression levels of ENST00000543334 and hsa_circ_0000279 were upregulated, while those of hsa_circ_0005076 were downregulated, which was consistent with the RNA-seq data. In addition, the expression levels of ENST00000445461, ENST00000523995, hsa_circ_0004058, and hsa_circ_0004853 showed the same trends as the RNA-seq results but without significance (Figure 5).
TABLE 5 | The sequences of the primers used in qRT-PCR experiments.
[image: Table 5][image: Figure 5]FIGURE 5 | Validation of DE lncRNAs and circRNAs in moDCs from HCs and AIH patients. DE lncRNAs (A) and circRNAs (B) were confirmed by qPCR. The expression trends of candidate lncRNAs and circRNAs were consistent with the RNA-seq results. Data are presented as 2−Δct values normalized to ACTIN expression (mean ± standard deviation).
DISCUSSION
Accumulating research have revealed that DCs are involved in autoimmune diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and multiple sclerosis (MS) (Price and Tarbell., 2015; Coutant and Miossec., 2016). Zheng et al. (2019) found that B7-H3 molecular on dendritic cells suppressed the production of autoantibodies and act as a potential target for the treatment of SLE. Schittenhelm et al. (2021) demonstrated that the integrin expression patterns (CD11a/CD11b) on DCs might regulate inflammation for intervention in RA. However, the underlying mechanism of DCs in AIH still remains to be elucidated. In the current study, we analyzed the phenotypic differences in DCs and related cytokines in the peripheral blood between AIH patients and HCs. MHC-II molecules (HLA-DR) and costimulatory molecules (CD80/CD86) are both crucial costimulatory molecules involved in T cell activation, which may affect the immune response (Clark et al., 2019; Carenza et al., 2019). Our data demonstrated that the percentages of CD11c+CD86+ and CD11c+HLA-DR+ DCs in AIH patients were upregulated compared with those in HCs, which was consistent with our previous study (Fan et al., 2020). This may suggest improved DC-mediated antigen presentation in patients with AIH. In addition, we found that the proportions of CD11c+CD86+ and CD11c+HLA-DR+ DCs in AIH patients decreased after treatment, which further indicated that mature DCs may be involved in the development of AIH. Then, we isolated DCs from the peripheral blood and used GM-CSF, IL-4, and LPS to induce mature DCs before investigating the phenotypic and maturation-related cytokines of these DCs. The expression of CD80, CD86, and HLA-DR was also higher in the AIH group than in the HC group. Pro-inflammatory cytokines, such as TNF-α, IFN-γ, IL-12, play an important part in the antigen presentation process of DCs to T cells (Mbongue et al., 2014; Tkach et al., 2017). These cytokines are required in increasing CD4+ T cells differentiation. Our results showed increased serum IFN-γ level in the AIH group and in the culture supernatant of moDCs. However, the level of IL-12 exhibited a nonsignificant upward trend, which may need further study with an expanded sample size. Our findings found that immunogenic maturation of DCs might participate in the development and pathogenesis of autoimmune hepatitis.
Increasingly, research has focused more on the potential mechanism of mRNAs and ncRNAs (miRNAs, lncRNAs, and circRNAs) involved in different kinds of human diseases, especially in autoimmune diseases (Wang et al., 2019; Long et al., 2018; Espinoza et al., 2020). Wang et al. (2018b) reported that exosomes-delivered miR-548a-3p regulated inflammatory response via TLR4/NF-κB signaling pathway in RA. Zheng et al. (2017) provided circRNA expression profiles and their corresponding microRNA binding sites of peripheral blood mononuclear cells in patients with RA. As the major population of RNAs, ncRNAs tend to not encode proteins but can serve as modulators by regulating gene expression in cis or trans, promoting demethylation, and controlling mRNA processing (Beermann et al., 2016). Our study selected five DE lncRNAs and DE circRNAs, respectively and validated them by qRT-PCR. Based on the results, ENST00000543334, hsa_circ_0000279, and hsa_circ_0005076 were shown to be differentially expressed, which was in accordance with the RNA-seq results. The expression levels of other ncRNAs showed the same trend as the RNA-seq results but without statistical significance, which may need an expanded sample size to confirm.
ENST00000543334 is a about 1,500 bp intergenic lncRNA transcript, also known as LINC01089/LIMT (LncRNA Inhibiting Metastasis). Several studies have proved the biological function of LINC01089 in various cancers (Li X. et al., 2020; Wang and Yang., 2020; Yang et al., 2021). Guo and Li (2020) revealed that LINC01089 could impede the proliferation, migration, and invasion of gastric cancer cells via miR-27a-3p/TET131 axis. Zhang et al. (2021) found that up-regulation of LINC01089 could inhibit the progression of non-small cell lung cancer as a ceRNA for miR-152-3p. Although there is no report about LINC01089 regulation in autoimmune diseases, the expression levels of ENST00000543334 in our results revealed the same trend as these studies, which showed the potential regulatory function of LIN01089 in DCs from patients with AIH. Besides, our GO and KEGG analysis showed that these DE lncRNAs and mRNAs mainly associated to MAPK signaling pathway and Wnt signaling pathway. Ye et al. (2020) revealed that lncRNA NEAT1 regulated the activation of MAPK signaling pathway to participate in the pathogenesis of Sjögren’s syndrome. Han et al. (2019) found that lncRNA PTPRE-AS1 could modulate the activation and function of M2 macrophage via MAPK pathway. And Tian et al. (2020) reported that lncRNA LINC00662 activated Wnt/β-catenin signaling to promote M2 macrophage polarization. Therefore, LINC01089 might regulate the function of DCs via MAPK or Wnt pathway to involve in the pathogenesis of AIH. However, the specific binding sites and mechanisms of LINC01089 requires in-depth study to find out. hsa_circ_0000279 and hsa_circ_0005076 are both circular RNAs composed of exonic sequence described in HPS5 and MRPS6. HPS5 encodes a protein related to the organelle biogenesis in melanosomes, platelet dense granules, and lysosomes. MPRS6 plays a role in protein synthesis within mitochondrion. Increasing research have reported that circRNAs are involved in autoimmune diseases (Xia et al., 2019). Zhang et al. (2018) demonstrated that GDF15 could induce tolerogenic DCs through inhibition of circ_Malat-1 and the NFκB signaling pathway to prevent alloimmune rejection in transplantation. However, there is seldom study on circRNAs in AIH. Our GO analysis indicated that protein binding, intracellular components, and protein metabolic process regulation might contribute to the immunoregulatory function of DCs. The subsequent KEGG pathway analysis showed that these DE molecules mainly related the cytokine signaling pathway and metabolic pathways. Chen et al. (2020) identified circSnx5 in regulating DC-driven immunity by acting as a miR-544 sponge on suppressor of cytokine signaling 1 (SOCS1) and inhibiting nuclear translocation of PU.1. Some study reported that circRNA might contribute to mutant glycolysis, lipogenesis, and oxidative respiration to regulate cellular metabolism (Yu et al., 2019). Therefore, we assumed that hsa_circ_0000279 and hsa_circ_0005076 might participate in the process of secreting cytokine and cellular metabolism to regulate the function of DCs in patients with AIH, which needs to be further confirmed.
Recently, ceRNA networks have been concluded to play a crucial role in regulating gene translation (Kartha and Subramanian., 2014). Normally, ceRNAs are considered to consist of different kinds of RNAs. Based on the shared miRNAs, ceRNA regulatory networks include lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA axes. Increasing evidence has proven that ceRNA networks play crucial roles in the progression of diseases (Smillie et al., 2018; Yang et al., 2018; An et al., 2017). Zhang et al. (2019) identified that the lncRNA NEAT1 can act as a decoy for miR-3076-3p to induce tolerogenic DCs (tol-DCs) by shaping T-cell responses in the experimental models of autoimmune myocarditis and heart transplantation. Wu et al. (2018) also found that overexpression of the lncRNA MALTA1 promoted dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN) expression to induced tolerogenic DCs (tDCs) via the miRNA-155 sponge in experimental autoimmune myocarditis. However, there are few reports on AIH, especially regarding the ncRNAs of DCs in AIH patients. Our results list the top 10 coexpressed pairs of lncRNAs/circRNAs and mRNAs in moDCs and constructed ceRNA networks based on the coexpression of ncRNAs and mRNAs and the shared miRNAs. We simplify the ceRNA networks with stringent parameters and reconstructed the regulatory ceRNA networks including 16 lncRNAs, three circRNAs, 13 miRNAs and 19 mRNAs. Of them, two predicted pathways, lncRNA MERGE.24591.1/has-miR-1329-5p/OAS2 and has_circ_0078373/has-miR-449b-5p/PIK3R2 showed an important role in regulation. There have been several reports about OAS2 and PIK3R2 in various diseases. Gao et al. (2020) previously reported that lncRNA MALAT1 up-regulate OAS2 expression to promote the effect of IFN-α in systemic lupus erythematosus. Li et al. R. et al. (2020) revealed that the activation of PI3K/AKT/mTOR signaling pathway could induce the maturation and function of dendritic cells. However, there is no report about lncRNA MERGE.24591.1 or has_circ_0078373 related to these two pathways in autoimmune hepatitis. And our results detected that the expression levels of them showed the same trend as the RNA-seq results but without statistical significance (Supplementary Figure S5), which may need an expanded sample and further study to verify. In this study, we first reported the potential mechanism of these molecules to provide a direction for future research.
The limitation of our study is that all AIH patients and healthy controls are Chinese. Our results may not reflect to patients of other ethnic backgrounds. Another limitation is that we were unable to recruit more patients and healthy controls to investigate the functions of these DE ncRNA and target genes. Because AIH is a chronic liver disease with a very low incidence. Further studies need to carry out to understand the role of these molecules in the pathogenesis of AIH. The purpose of this study is to explore the dysregulated ncRNAs in the DCs of patients with AIH, making a preliminary discussion of the putative target genes and potential related pathways, and give some hints to future studies.
In summary, our study provided comprehensive data for the lncRNAs, circRNAs, miRNAs and mRNAs of moDCs in AIH and proved that the DE lncRNAs and circRNAs of DCs could be involved in the pathogenesis of AIH. These results indicate a direction for further study of AIH-related ncRNAs and mRNAs and provides potential therapeutic targets in AIH.
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A microsatellite instability (MSI) test is crucial for screening for HNPCC (Hereditary nonpolyposis colorectal cancer; Lynch syndrome) and optimization of colorectal cancer (CRC) treatment. Mismatch repair (MMR) deficiency is a predictor for good response of immune checkpoint inhibitors in various malignancies. In this study, we evaluated the results of a newly developed plasma-based real-time PCR kit for the detection of MSI in CRC patients. We assessed a peptide nucleotide acid (PNA) probe-mediated real-time PCR test (U-TOP MSI Detection Kit Plus) that determines MSI status by using amplicon melting analysis of five markers (NR21, NR24, NR27, BAT25, and BAT26) from plasma. Eighty-four CRC patients (46 dMMR and 38 pMMR) with colorectal cancer were analyzed. The concordance rate of MSI status assessment between the plasma kit and IHC was 63.0% in dMMR patients (29/46), but in the pMMR evaluation, a 100% (38/38) concordance rate was observed. In the evaluation of the performance of a custom tissue U-TOP MSI Detection Kit and plasma kit in 28 patients, sensitivity, specificity, PPV (positive predictive value) and NPV (negative predictive value) of plasma kit were 68.4, 100, 100, and 44.4%, respectively, with the tissue U-TOP MSI Detection Kit. Our results demonstrate the feasibility of a non-invasive and rapid plasma-based real-time PCR kit (U-TOP MSI Detection Kit Plus) for the detection of MSI in colorectal cancer.
Keywords: microsatellite instability, real-time PCR, colorectal cancer, mismatch repair, liquid biopsy
INTRODUCTION
Colorectal cancer (CRC) is one of the most common cancers worldwide, and although screening methods and treatments have been improved, high morbidity and mortality are still observed. Colorectal cancer affects more than one million people each year, and disease-specific mortality is reported to be nearly 33% in developed countries (Arnold et al., 2017; Rawla et al., 2019; Wong et al., 2019; Bray et al., 2020; Siegel et al., 2020).
TNM stage remains a major determinant of patient prognosis after surgical resection of advanced CRC and informs treatment decisions. However, there is significant step-independent variability in clinical outcomes due to molecular heterogeneity. This variability highlights the need for robust prognostic and predictive biomarkers to guide therapeutic decision making, including the use of adjuvant chemotherapy (Thibodeau et al., 1993; Boland et al., 1998; Nguyen et al., 2020). Most CRCs occur through the chromosomal instability pathway, but approximately 12–15% are caused by DNA mismatch repair, characterized in tumors by microsatellite instability (MSI) (Boland et al., 1998; Nguyen et al., 2020).
Tumors with deficient mismatch repair (dMMR)/MSI can result from germline mutations in the MMR genes (MLH1, MSH2, MSH6, PMS2), i.e., Lynch syndrome, or more often from epigenetic inactivation of the MMR genes. CRC with dMMR has characteristic phenotype features including predominant proximal location, mostly poor differentiation, mucinous and lymphocyte deposition in the tumor and surrounding areas (Crohn-like cancer) (Thibodeau et al., 1993; Miyakura et al., 2001; Søreide et al., 2009). MSI-H/dMMR CRCs are associated with lack of responsiveness to conventional chemotherapy and there was a lack of benefit from adjuvant five FU-based chemotherapy in patients with stage II or III MSI-H/dMMR CRC (Hutchins et al., 2010; Kaya et al., 2017; Sargent et al., 2010; Paulose et al., 2019). Therefore, it is recommended to perform MSI testing as a routine examination to predict prognosis and therapeutic response to chemotherapy in the patients with CRC.
Evaluation of MMR status is important for predicting treatment response to immune checkpoint inhibitors (Le et al., 2015). The Food and Drug Administration (FDA) approved pembrolizumab, immunotherapy targeting the programmed cell death protein one receptor of lymphocytes, as a first-line drug for inoperable or metastatic MSI-H/dMMR colorectal cancer. Since MSI-H/dMMR is a predictor of a good response to immune check point inhibitors in several solid tumors, there is an increasing demand for methods that can evaluate MSI status with high flexibility and reliability (Overman et al., 2017; Sahin et al., 2019).
MMR status is clinically evaluated through immunohistochemistry of, MLH1, MSH2, MSH6, and PMS2 in tumor tissue, or through PCR-based analysis for detection of MSI from paraffin block tumor tissue. IHC-based MMR evaluation is performed to assess the loss of MMR proteins. During the interpretation process, the assessment of MMR status can be influenced by the pathologist’s subjective interpretation and technical factors. This method requires an invasive procedure to obtain tissue and is limited in the case of patients who cannot provide tissue (Joosse and Pantel, 2016; Tieng et al., 2021). Detection of MSI by PCR through fragment analysis, such as endoscopic biopsy, may not be appropriate because samples from both tumor and normal tissues are required. In addition, analysis by PCR requires an experienced team, requires analysis equipment, and has low sensitivity to samples with a low percentage of cancer cells. Research to find diagnostic markers and prognostic factors of tumors through liquid biopsy is ongoing. In colorectal cancer, research has been conducted to utilize it for blood-based diagnosis and screening, and its usefulness has been reported in some cases (You et al., 2010; Ferreira et al., 2016; Habli et al., 2020; Tieng et al., 2021). Therefore, the MSI molecular test has been suggested for blood samples and many studies are currently being conducted on its efficacy, but further research is still needed on its diagnostic value and clinical utility (Mokarram et al., 2014; Silveira et al., 2020). This study aims to analyze the usefulness of the newly developed real-time PCR-based MSI test from plasma in colorectal cancer patients who have undergone clinical MSI evaluation.
METHODS
Patients and Samples
From December 2005 to July 2012, 84 patients diagnosed with colorectal cancer were included. The patients were analyzed for age, gender, and histopathological findings, and histopathological tissue and plasma were obtained from the Korea Human Resources Bank (Pusan National University Hospital, Gyeongsang National University Hospital, Inje University Hospital, and Korea University Guro Hospital). Written consent was waived because our study was a retrospective observational cohort and included non-therapeutic interventions. This study was approved by the Institutional Review Board at Korea University Guro Hospital.
U-TOP MSI Detection Kit Plus
We used a peptide nucleotide acid (PNA) probe-mediated real-time PCR-based MSI test, U-TOP MSI Detection Kit Plus (Seasun Biomaterials, Daejeon, Korea), to detect MSI status. In PNA methods, a wild-type PNA probe is perfectly hybridized to monomorphic mononucleotide repeat markers and inhibits PCR amplification of the wild-type allele whereas mutant DNA with deletions is selectively enriched. This PCR method with PNA increases sensitivity. U-TOP MSI Detection Kit Plus can detect MSI status by using amplicon melting analysis of five quasi-monomorphic mononucleotide repeat markers (NR21, NR24, NR27, BAT25, and BAT26) and an internal control.
DNA Extraction From Plasma and Formalin Fixed Paraffin Embedded Tissue
We extracted cell-free DNA and FFPE DNA from plasma and naïve slides of CRCs patients using the QIAamp Circulating Nucleic Acid Kit and the QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia, CA, United States) individually. Quality and quantity of extracted FFPE DNA were evaluated by Nanodrop (ThermoFisher, MA, United States). The concentration of the extracted cfDNA was measured using an Agilent 2100 Bioanalyzer and an Agilent High Sensitivity DNA chip. The U-TOP MSI Detection Kit Plus includes primers and probes targeting ACTB as an internal control, allowing analysis of cfDNA concentration and quality.
PNA Probe-Mediated Real-Time PCR-Based MSI Detection
To analyze the MSI status of CRCs, U-TOP MSI Detection Kit Plus based on PNA-mediated real-time PCR was used according to the manufacturer’s instruction. A 20-μl mixture composed of template DNA 3 μl, 2x qPCR Premix 10 μl and dual-labeled PNA probes for NR21, NR24, BAT26 and internal control (MSI marker A) 7 μl. Another 20-μl mixture was prepared using dual-labeled PNA probes for BAT25, NR27 and internal control (MSI marker B) with the same recipe as MSI marker A described above. The 2x qPCR Premix contained dNTPs, DNA Taq polymerase and Uracil DNA Glycosylase (UDG). MSI markers A and B contained primers and PNA probes to amplify five quasi markers and an internal control. These PNA probes were fluorescently labeled with FAM, HEX, Texas Red and Cy5. PCR reactions were performed for each normal and cancer sample using a CFX96 PCR machine (Bio-Rad, Hercules, CA, United States). PCR reaction steps consisted of amplification and subsequent melting point analysis. The amplification conditions were 50°C for 5 min, 95°C for 10 min, and 60 cycles of 95°C for 30 s, 65°C for 20 s, 54°C for 30 s, and 57°C for 30 s. The initial incubation at 50°C for 5 min was required to activate Uracil DNA Glycosylase and prevent possible carryover contamination. In 60 cycles of PCR, four different temperatures steps and respective optimal times were required. The main purpose of using these conditions was to increase sensitivity by inhibiting the wild allele and enriching the mutant allele with deletion in target MSI markers. In detail, 95°C for 30 s was for denaturation of template DNAs, 65°C for 20 s was for binding of PNA probes to their target MSI markers with deletion, 54°C for 30 s was for annealing of primers, and 57°C for 30 s was for elongation. The melting point analysis conditions were 3 min at 95°C for denaturation and touchdown PCR (90–45°C, decreasing 1°C per cycle). Fluorescence was measured for 10 s at each touchdown PCR cycle. Melting peaks obtained after amplification were analyzed to detect alterations in the five MSI marker genes. The sample was considered to be unstable in a MSI marker gene when the melting temperature was below the criteria. In the case of no melting peaks or temperature in the range of criteria, it considered as stable in a MSI marker gene by checking the internal controls amplification or melting peak. DNA samples from CRC patients were classified as MSI-H if instability was found in two or more of the five markers, MSI-L if instability was found in one marker, and MSS if no instability was present.
Data Analysis
All statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) for Windows (version 20.0; IMB Corp., Armonk, NY, United States). The tissue plasma U-TOP MSI Detection Kit Plus assay was considered as the gold standard. Sensitivity and specificity of plasma U-TOP MSI Detection Kit Plus were calculated.
RESULT
Baseline Characteristics of Enrolled Patients
Plasma was obtained from a total of 84 patients with CRC with clinically evaluated MMR status. All patients’ MMR status was assessed by IHC. The mean age of all patients was 67.5±11.7 and there were 42 right colon cases (50%). There were 25 (29.7%) patients with left colon tumors and 17 (20.3%) patients with rectum tumors. At the time of diagnosis, nine patients (18.6%) were stage I, 40 patients (48.8%) were stage II, 32 patients (20.9%) were stage III, and five patients (11.6%) were stage IV. The patient’s clinical data are summarized in Table 1.
TABLE 1 | Basal clinicopathological characteristics of enrolled patients.
[image: Table 1]Diagnostic Sensitivity and Specificity of U-TOP MSI Detection PCR
To determine the minimum concentration detection limit of the U-TOP MSI Detection Kit Plus, a clinical plasma sample previously identified as d MMR was used, and the sample was diluted to 200, 100, 50, 20, or 10 pg. Specific melting temperature values were confirmed up to 20 pg in some markers (BAT25, NR24), TM was confirmed up to 50 pg in BAT26 and NR24, and the minimum detection limit of the U-TOP MSI Detection Kit Plus was set to 50 pg (Figure 1A). To assess the MSI sensitivity of the U-TOP MSI Detection Kit Plus, MSI-H cell line DNA (SNU-1634) and MSS cell line DNA (Hela Genomic DNA, NEB) were used. Each DNA was mimicked by MSI percent (0, 0.5, 1, 5, 10, and 100%), and 50 pg of DNA was used for the test. The results showed BAT25 detectable up to 0.5% of MSI, but in other markers, specific TM values of each marker were confirmed up to 1% of MSI, and TM values were not confirmed in percentages below. Thus, the MSI detection sensitivity of the U-TOP MSI Detection Kit Plus was set to 1% (Figure 1B).
[image: Figure 1]FIGURE 1 | Maximum sensitivity evaluation of PNA method. The maximum sensitivity of PNA methods was evaluated using mixed samples of genomic DNA sample obtained from HeLa (MSS) and SNU-1634 (MSI-H) cells. (A) A PNA method was capable of detecting alteration in all five MSI marker genes in sample containing down to 50 pg concentration (A) and (B) down to 1% MSI-H variant.
Determination of MSI Status by the Plasma and Tissue U-TOP MSI Detection PCR
The evaluation of MSI was performed by the PNA method, which is a real-time PCR-based method. Samples with observed mutations in two or more MSI marker were determined as MSI-H and samples with or without alterations in a single MSI marker were determined as MSI-L or MSS, respectively (Figures 2A,B). PCR analysis was performed on the plasma of 84 patients using the newly developed U-TOP MSI Detection Kit (Figure 3). Of 38 patients diagnosed with pMMR, 37 had MSS and one had MSI-L at IHC. In 37 patients with MSS, 28 patients were identified as MSS and nine patients as MSI-L by the plasma U-TOP kit, and one patient with MSI-L was matched by plasma U-TOP kit. In dMMR patients, the concordance rate of MSI status evaluation between the plasma kit and IHC was 63.0% (29/46), but in the pMMR evaluation, a concordance rate of 100% (38/38) was observed.
[image: Figure 2]FIGURE 2 | Representative MSI test using PNA-mediated melting point analysis (case 20) (A) results from FFPE sample (B) result from plasma sample. Alterations were detected in all five markers in both FFPF and plasma sample.
[image: Figure 3]FIGURE 3 | Flow chart of the study.
Concordance Between the Results of Tissue and Plasma U-TOP MSI Detection PCR
For 23 patients, the agreement between the tissue U-TOP MSI kit and the developed plasma kit was compared and analyzed (Table 2). Thirteen of 19 patients diagnosed with MSI-H by the Tissue U-TOP MSI Kit were determined to be MSI-H by plasma PCR, and a concordance rate of 68.4% was observed (Table 3). Among four patients diagnosed with pMMR (three MSS, one MSI-L) by Tissue U-TOP MSI Kit, MSI-L was determined as MSS by the plasma kit (case 4), but the evaluation of tissue and plasma in the pMMR diagnosis was consistent with the both test kits. Regarding the concordance rates for each microsatellite locus, NR24 and BAT25 concordance rates were 77.2 and 72.7%, respectively, showing the highest concordance rate among genes, and the lowest concordance rate was observed with NR21 (54.5%).
TABLE 2 | Comparison of MSI status and concordance by Tissue: U-TOP MSI Detection Kit and plasma U-TOP MSI Detection PCR.
[image: Table 2]TABLE 3 | Concordance rate between plasma U-TOP MSI Detection PCR and tissue U-TOP MSI Detection PCR.
[image: Table 3]Concordance Rate of Plasma Kit According to Clinical Features
When the tumor was classified by stage, the concordance rate of the plasma kit was 72.7% for stage III and IV patients and 66.6% for early stage patients. In classification according to tumor location, a concordance rate of 75% was observed for tumors located in the left colon, and a concordance rate of 66.6% for right colon cancer. In the agreement rate according to the size of the tumor, no difference was observed in the agreement rate according to the size of the intestinal tract (6.4 ± 2.8 vs. 6.35 ± 2.8 cm, p = 0.177).
DISCUSSION
Determination of MSI/MMR status is now standard of care for all CRC patients (Umar et al., 2004). In 2017, the FDA approved the use of pembrolizumab for the patient with unresectable or metastatic, MSI-high CRC that did not respond to fluoropyrimidines, such as 5-FU, oxaliplatin, or irinotecan (Sahin et al., 2019). In 2020, the FDA approved pembrolizumab in the frontline setting for patients with metastatic MSI-H/dMMR CRC based upon the findings from the Keynote-177 findings (André et al., 2020).
In the evaluation of MMR, IHC staining for MLH1, PMS2, MSH2, and MSH6 proteins and a PCR-based MSI detection system obtained from tissue are being applied in the clinical field for the determination of MMR status (Jang et al., 2018; Gilson et al., 2020). The U-TOP kit is a high-sensitivity kit adopting real-time PCR technology designed to detect five MSI markers in human plasma cell-free DNA (cfDNA) samples. In the present study, we evaluated the consistency of MMR evaluation in plasma cfDNA samples from advanced colorectal cancer by comparing the plasma U-TOP kit, tissue PCR, and clinically obtained IHC results. Our study is the first to evaluate the performance of the plasma U-TOP kit in the plasma MSI molecular test. MSI was evaluated using 84 blood samples from colorectal cancer patients, and comparative analysis was performed with the PCR results obtained from 23 FFPE tissues. The U-TOP kit showed a sensitivity of 69% and a specificity of 100% based on the results of tissue PCR. cfDNA can be measured as it enters the bloodstream during apoptosis or necrosis in normal and tumor cells. The length of the cfDNA strand varies depending on the tumor characteristics. Compared to normal cells, cfDNA is released at a much larger length by necrosis in tumor cells (Jahr et al., 2001; Oh and Joo, 2020). By qualitative real-time PCR, cfDNA showed a sensitivity of 73.08% and a specificity of 97.27% for colorectal cancer diagnosis. CRC patients had 5-fold higher serum cfDNA concentration and 25–50-fold higher plasma cfDNA concentration compared to normal controls (Hao et al., 2014). A meta-analysis of circulating cfDNA for diagnosis of CRC showed a sensitivity of 73.5% and a specificity of 91.8%, indicating acceptable specificity for diagnosis of CRC (Wang et al., 2018).
According to previous studies, the average cfDNA proportion is 4.5% (Rossi et al., 2018), and the ctDNA level can be affected by various factors including tumor burden and treatment process (Schwaederle et al., 2016). The correspondence rate between MSI-H tissue and cfDNA activities was reported to be 87 and 99.5% (Willis et al., 2019). Factors for discrepancy include tumor heterogeneity, differential shedding by the primary versus metastatic lesions, temporal discordance of tissue and plasma collection, and low tumor shedding by some tumors (Schwaederle et al., 2016). The present study showed concordance rate of about 70%, lower than in previous studies. The concentration of cfDNA in the sample used in this study was higher than the determined cut-off value and was appropriate, and the samples were obtained immediately before surgery to rule out an effect on the concentration of cfDNA by treatment. One of the presumed reasons for the relative low concordance rate is its long storage period, because this study analyzed samples deposited in human tissue banks. Also, differential individual tumor characteristics such as degree of necrosis and any factors that decrease tumor shedding are possible sources of variability. Our real-time-based PCR platform has limited ability to capture cfDNA from samples from CRC patients. However, if the patient’s condition makes it difficult to obtain a biopsy for the lesion or if other procedures are not required, a liquid biopsy is advantageous and may be an alternative method to assess MSI status. Further research on the factors that affect detection of plasma MSI status is needed.
The advantages of liquid biopsy, such as blood, are that it can overcome the inherent limitations of the assay from other tissues such as invasiveness, time-consuming, and the heterogenous nature of colorectal cancer, and can be used for predicting treatment response and screening tests. CRC with MSI-His known to be more frequent in stage II compared to stage III and relatively rare, accounting for about 4% of metastatic tumors (Roth et al., 2010; Kawakami et al., 2015). This blood-based MSI test can be helpful in the evaluation of MSI in metastatic CRC patients who cannot undergo tissue biopsy. In addition, it can be used as a screening tool in the health check-up process for early detection of Lynch syndrome, and can be used as an MSI test in a relative with Lynch syndrome. It might also be used as an MSI test in patients with other unresectable tumors such as metastatic endometrial and pancreatic cancer. Studies on the effectiveness of MSI diagnosis using liquid biopsy have been actively reported in MSI tests (Tieng et al., 2021). The study of NGS-based liquid biopsy is still limited to the academic field because it is expensive, takes a long time to analyze, and has limitations in interpreting data used in bioinformatics (Niu et al., 2014; Liu et al., 2019). The detection rate of MSI in multiplex and real-time PCR-based liquid biopsies did not show 100% sensitivity, including in this study, which is due to the fact that cfDNA is a mixture of different DNAs with a trace amount of cancer-derived DNA, making it practically impossible to detect in plasma of all cancer patients. MSI detection through real-time PCR is reported to be inferior to ddPCR (droplet digital PCR). ddPCR is 1,000 times more sensitive than conventional real-time PCR, so it is easy to analyze target genes in a tumor-like mixture or heterogenous state. However, economic feasibility, compatibility with existing PCR equipment, and the need for a specialized laboratory to interpret data are problematic, so there are still some limitations in applying it to the clinical field.
This study had several limitations. First as mentioned above, the MSI-H status was not captured by our system in about 30% of patients with CRC. A prospective study with large scale will be needed to identify the causes that may affect the MSI determination result of our PCR-based kit including the characteristics of individual CRC that are not captured by this PCR kit. Second, we did not test solid tumors other than colorectal cancer, and third, comparative analyses with other liquid biopsy methods such as NGS and ddPCR were not performed.
The plasma U-TOP MSI Detection Kit Plus kit used in this study has a sensitivity of about 70% and a positive predictive rate of 100%, showing superior results to the existing real-time-based PCR method. It has a short analysis time of about 4 h, economic advantages of using existing equipment, and is a clinically applicable test method. The positive predictive rate is also excellent, so it is judged that it can be applied to screening tests considering the advantage that it can be analyzed quickly and easily if applied complementary to existing tests such as IHC analysis.
In conclusion, a new PNA-based real-time PCR kit allowed the detection of MSI status in the plasma of CRC patients. A plasma-based MSI test can be an effective method to confirm MSI status in patients with suspected Lynch syndrome and their immediate family, colorectal tumors resulting from the serrated pathway (Crockett and Nagtegaal, 2019; Kahi, 2019). With additional research, it could be an alternative diagnostic method to check MSI status in patients with difficult tissue collection or limited surgical treatment in other solid cancer patients.
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The interaction between host and microorganism widely affects the immune and metabolic status. Indole and its derivatives are metabolites produced by the metabolism of tryptophan catalyzed by intestinal microorganisms. By activating nuclear receptors, regulating intestinal hormones, and affecting the biological effects of bacteria as signaling molecules, indole and its derivatives maintain intestinal homeostasis and impact liver metabolism and the immune response, which shows good therapeutic prospects. We reviewed recent studies on indole and its derivatives, including related metabolism, the influence of diets and intestinal commensal bacteria, and the targets and mechanisms in pathological conditions, especially progress in therapeutic strategies. New research insights into indoles will facilitate a better understanding of their druggability and application in intestinal and liver diseases.
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INTRODUCTION
The crosstalk between the host and the gut microbiota has been widely studied in recent decades. Individuals carry more than 1,000 distinct bacterial species; each bacteria has significant genomic differences, which leads to variable protein expression and metabolite formation (Belizario and Faintuch, 2018). The gut microbiota and microbiota-derived small molecules, such as indole and its derivatives, interact with the host and exert a variety of local and heterotopic biological effects by circulating in the plasma (Schroeder and Backhed, 2016).
The liver and intestine are closely related through the liver–gut axis, and the disorder of intestinal–liver interaction plays an important role in the pathogenesis of gastrointestinal and liver diseases (Tripathi et al., 2018). Intestinal microbiota dysbiosis and impaired intestinal barrier function lead to the translocation of microbiota and its products, which triggers the innate and adaptive immune system, induces chronic inflammation, and leads to liver damage and systemic metabolic disorders (McLaughlin et al., 2017; Chen and Tian, 2020). Gut microbiota is involved in the bioconversion of indoles from tryptophan (Trp), which is an essential amino acid derived entirely from the diet. In the gastrointestinal tract, indole compounds can accumulate to millimolar concentrations (Liu et al., 2020); changes in food intake and gut microbiota also have a great impact on the metabolic concentration of indole in the intestine.
Recently, as a part of microbiotherapy, indole and its derivates were extensively explored in terms of antifungal, anti-platelet, and antioxidant effects in various diseases (Mucha et al., 2021). Accumulating shreds of evidence have demonstrated that indole and its derivatives derived from the intestine exert a profound effect on the intestinal barrier function and intestinal immunity (Alexeev et al., 2018; Scott et al., 2020). Indole and its derivatives can enter the liver through the circulation for further catalysis and affect liver metabolism and immune response as important intercellular signal molecules (Banoglu et al., 2001; Hwang et al., 2013; Brunius et al., 2016). In this review, we gathered the current knowledge of the gut microbiota–derived indoles, with a focus on related gut metabolic pathways and enzymes, the influence of dietary intake, the pathophysiological changes, and the prospect of potential biotechnological applications in intestinal and liver diseases (Table 1).
TABLE 1 | Catalyze enzymes, functions, and potential side effects of microbial-origin tryptophan metabolites.
[image: Table 1]METABOLISM OF INDOLE AND ITS DERIVATES: PATHWAYS AND ENZYMES
Intestinal Trp Metabolism
Indole and its derivatives are derived from the metabolism of Trp by gut microorganisms. Trp is an essential aromatic amino acid that cannot be synthesized endogenously; therefore, the exogenous dietary source of Trp intake is decisive. A small portion of the ingested Trp serves as a substrate to synthesize proteins, and the remainder is metabolized by endogenous host cells (the kynurenine pathway and serotonin pathway) (Gostner et al., 2020) or intestinal microorganisms (indole and its derivatives pathway) (Figure 1).
[image: Figure 1]FIGURE 1 | Pathways of intestinal Trp metabolism. Indole and its derivatives are derived from the metabolism of Trp by gut microorganisms. There are three main pathways in intestinal microorganism–derivated Trp metabolism: the Trp-Indole pathway, Trp-IPyA-ILA-IA-IPA pathway, and Trp-IAA-Skatole or IAld pathway. Abbreviations: IPyA, indole-3-pyruvate; ILA, indole-3-lactate; IA, indole-3-acrylate; IPA, indole-3-propionate; IAAld, indole-3-acetaldehyde; IAA, indole-3-acetate; IAld, indole-3-aldehyde; IAM, indole-3-acetamine; IEA, indole-3-ethanol; TnaA gene, encode Tryptophanase; iaaM gene, encode Tryptophan 2-monooxygenase; iaaH gene, encode indole-3-acetamide hydrolase; TrpD gene: encode Tryptophan decarboxylase enzyme; ArAT gene, encode aromatic amino acid aminotransferase; fldH gene, encode phenyllactate dehydrogenase; fldBC gene, encode (R)-phenyllactyl-CoA dehydratase alfa and beta subunits; acdA gene, encode acyl-CoA dehydrogenase; ipdC gene, encode Indole-3-pyruvate decarboxylase.
Trp→Indole Pathway
As the most abundant microbial Trp catabolites, more than 85 gram-positive and gram-negative species are known to hydrolyze Trp to indole by tryptophanase (Lee and Lee, 2010). Escherichia coli is one of the most widely studied intestinal indole-producing bacteria. The expression of tryptophanase in E. coli is controlled by the Trp operon, which consists of a promoter, a short peptide regulatory gene, and two structural genes, TnaA and TnaB (Yanofsky et al., 1991). Trp is imported into cells by TnaB and then reversibly catalyzed by TnaA to indole, pyruvate, and ammonia (Watanabe and Snell, 1972; Ma et al., 2018; Yang W. et al., 2020). Because eukaryotes cannot encode TnaA, this reaction occurs only in bacteria (Lee and Lee, 2010). The fecal concentration of indole was reported to be in a wide range (from 0.30 to 6.64 millimole in healthy adults), which indicates that there are very large individual differences in indole metabolism (Darkoh et al., 2015). The concentration of indole depends on the amount of exogenous Trp; under Trp-rich conditions, TnaA can be synthesized to convert more Trp into indole by E. coli (Li and Young, 2013). Intriguingly, though some bacteria, such as Aeromonas salmonicida, Pseudovibrio sp., etc., have a TnaA gene homolog, they cannot synthesize indole (Lee and Lee, 2010).
Trp→Tryptamine Pathway
Tryptamine is a tryptophan-derived monoamine, and two known commensal microorganisms, Ruminococcus gnavus and Clostridium sporogenes, convert Trp into tryptamine by the action of Trp decarboxylase enzyme (TrpD). In healthy individuals, the presence of TrpD homologs is at least 10% according to the analysis of the samples from the NIH Human Microbiome Project (HMP), which indicates that the production of tryptamine by gut microbiota could be prevalent in humans (Williams et al., 2014). Transplanting human gut microbiota to germ-free mice increases tryptamine concentrations by nearly 200-fold (Marcobal et al., 2013).
Trp→Indole-3-Pyruvate→Indole-3-Lactate→Indole-3-Acrylate→Indole-3-Propionate Pathway
IPyA is converted from Trp by the presence of the aromatic amino acid aminotransferase (ArAT). IPyA is a precursor of ILA, and phenyllactate dehydrogenase (fldH) is involved in this reduction reaction. Through dehydrating, bacterial species containing phenyllactate dehydratase (fldBC) along with its activator fldI convert ILA to IA. IA can be further converted into IPA by acyl-CoA dehydrogenase (AcdA), which is the final product of reductive Trp metabolism (Dodd et al., 2017).
A series of studies have reported that the intestinal microbiota plays a key role in this process. ArAT is an enzyme that is phylogenetically conserved in many bacterial species, including Lactobacilli and Clostridium sporogenes (Zelante et al., 2013; Aoki et al., 2018). Fifty-one species of Bifidobacterium are reported to convert Trp into ILA (Van Benschoten, 1979). Another group of probiotic Lactobacillus spp. convert Trp to ILA by an indolelactic acid dehydrogenase (ILDH) (Wilck et al., 2017; Lee et al., 2018). Several Peptostreptococcus spp. and Clostridium spp. promote the synthesis of IA and IPA due to the homologous gene cluster of phenyllactate dehydratase fldAIBC (Dodd et al., 2017; Wlodarska et al., 2017); fldC, especially, is essential for the reductive metabolism of Trp by gut bacteria, and its mutant can block the dehydration of ILA and increase the level of the other upstream metabolites. Bacteria such as Peptostreptococcus stomatis, which lacks the initiator fldI but encodes the phenyllactate dehydratase fldABC gene cluster, produce a lower level of IA (Wlodarska et al., 2017). Other bacteria, such as Lechevalieria aerocolonigenes, can synthesize IPA through Trp deamination, which is catalyzed by amino acid oxidase (Nishizawa et al., 2005).
Trp→Indole-3-Acetate →Methylindole (Skatole) or Indole-3-Aldehyde Pathway
IAA is one of the Trp degraded molecules by fungi and bacteria. In human fecal samples, the mean concentration of IAA is 5 nM/g (Lamas et al., 2016). IAA biosynthetic includes multiple coexisting pathways; at least five major Trp-dependent metabolic precursors to IAA have been postulated and identified (Zelante et al., 2021), namely IPyA, indole-3-acetamine (IAM), indole-3-acetonitrile (IAN), tryptamine, and the tryptophan side-chain oxidation pathway (only demonstrated in Pseudomonas fluorescens). Tryptamine and IPyA are the most prevalent synthetic precursors in bacteria (Zhang et al., 2019; Miyagi et al., 2020). Tryptophan monooxygenase (TMO, encoded by IaaM gene) catalyzes Trp to IAM, and then the indole-3-acetamide hydrolase (encoded by IaaH gene) covers IAM to IAA (Tsavkelova et al., 2012). In the IPyA-IAA pathway, IPyA decarboxylase is the key enzyme (encoded by ipdC gene) (Malhotra and Srivastava, 2008). IPyA is catalyzed by this enzyme to IAAld, and then IAAld can be converted into IAA via decarboxylation. In addition, candidate genes in the genome include pyruvate: ferredoxin oxidoreductases B and C (ProB and ProC) and putative flavin-containing monooxygenases (FMOs) are also involved in converting IPyA to IAA (Dai et al., 2013; Dodd et al., 2017). In addition to bacteria-derived IAA synthetic pathways, it was recently reported that interleukin-4-induced gene 1, which encodes a protein with l-amino acid activity that has a bias for catalyzing L-aromatic amino acids, could catalyze Trp to IAA in host cells (Zhang et al., 2020).
Skatole and IAld are the terminal products of Trp-IAA degradation. The concentration of precursor IAA could be the rate-limiting factor of skatole synthesis (Yokoyama and Carlson, 1979). Less than 0.01% of the total intestinal microbiota, mainly the Clostridium and Bacteroides genera, catalyzes the steps from IAA to skatole (Wesoly and Weiler, 2012). The fecal skatole concentration in healthy humans is 5 μg/g feces, whereas its level can increase to 80–100 μg/g feces in digestive disorder patients (Yokoyama and Carlson, 1979). IAA can also be oxidized to IAld through peroxidase-catalyzed aerobic oxidations, even under strong oxidation conditions; this step occurs spontaneously in vitro (Zhang et al., 2020). IAld is produced in a reduced number of species that belong to the Firmicutes phyla, such as Lactobacillus acidophilus, Lactobacillus murinus, and Lactobacillus reuteri. IAld is produced via several pathways, of which the IPyA route is the main pathway for IAld synthesis from Trp (Trp→IPyA→IAld) (Zelante et al., 2013; Zelante et al., 2021).
Metabolism of Indoles in Host
The absorption of indole and its derivatives through the intestinal epithelium is due to the ability to freely diffuse through lipid membranes (Pinero-Fernandez et al., 2011). A variety of metabolic enzymes, such as cytochrome P450 (CYP450), exist in human intestinal epithelial cells to facilitate the absorption of indoles (Gillam et al., 2000). Then, the indole compounds afflux into the liver through the portal vein and undergo further metabolism.
Indole metabolism in the liver has been widely studied. Initially, indole is absorbed and oxidized by microsomal CYP450 isozymes (especially the CYP2E1 isoform) to indoxyl and indican (Banoglu et al., 2001). CYP2A6 was also reported to oxidize indole at the C-2, C-3, and C-6 positions to synthesize oxindole, indoxyl (3-hydroxyindole), and 6-hydroxyindole, respectively (Gillam et al., 2000). Hepatic phase II drug metabolism of indoxyl is conjugated by sulfotransferases to generate indoxyl-3-sulfate (I3S), which is finally excreted by the kidney (Banoglu et al., 2001; Banoglu and King, 2002). As a uremic toxin, indoxyl sulfate is extensively studied in uremia (Lano et al., 2020; Wang et al., 2020) (Figure 2A).
[image: Figure 2]FIGURE 2 | Pathways of indole and indole derivate metabolism in the liver. (A) indole; (B) indole-3-acetate (IAA); (C) indole-3-propionate (IPA). The absorption of indole and its derivatives through the intestinal epithelium and their further metabolism by liver CYP450 and sulfotransferase enzymes and conjugation with some other amino acids like glutamine and glycine and, finally, excretion by the kidney.
Apart from indole, liver CYP450, especially CYP1A, CYP2A, and CYP2E1, plays a key role in skatole metabolism and produces seven known skatole metabolites (indole-3-carbinol, 3-hydroxy-3-methyloxindole, 3-methyloxyindole, 3-hydroxy-3-methylindolenine, 5-hydroxy-3-methylindole, 6-hydroxy-3-methylindole, and 2-aminoacetophenone) (Brunius et al., 2016). In the liver, IAA can be oxidized by peroxidase to cytotoxic species (Folkes et al., 1999) or be further combined with glutamine to synthesize indoleacetic glutamine (Keszthelyi et al., 2009; Gao et al., 2018) (Figure 2B). IPA can be converted into IA and further conjugated with glycine to produce indoleacryloyl glycine in the liver (Smith et al., 1968; Gao et al., 2018; Ulaszewska et al., 2020) (Figure 2C). Tryptamine can be deaminated by monoamine oxidases A and B, which are highly expressed in the colonic epithelium and liver (Jones, 1982; Bhattarai et al., 2018).
INFLUENCE OF DIETARY INTAKE AND INGREDIENTS
Dietary intake has a wide influence on gut microbiota and the related indole metabolism. Microbial Trp metabolism activity can be reduced when alternative energy substrates are available. Indole is much lower in animals fed a high-nonstarch polysaccharide diet (Knarreborg et al., 2016). This finding is consistent with the report in 1919 that glucose repressed indole biosynthesis (Wyeth, 1919). Recently, some researchers have found that IPA was the metabolite most significantly and consistently related to the intake of fiber and inversely associated with the risk of type 2 diabetes (de Mello et al., 2017). The associated mechanism can be partially explained by the host functional LCT variant and fiber intake interaction on the gut bacteria shifting tryptophan metabolism (de Mello et al., 2017; Qi et al., 2021). In addition to carbohydrates, dietary cholesterol was reported to drive the formation of nonalcoholic fatty liver disease–associated hepatocellular carcinoma by inducing changes in mouse gut microbiota and metabolites. Dietary intake of high-cholesterol formula increases serum taurocholic acid but reduces IPA concentration in mice and can be prevented by cholesterol suppression therapy (Zhang et al., 2021). Compared with a low-fat diet, the high-fat diet–fed mice exhibited a significant depletion of IA and tryptamine in the liver and cecum (Krishnan et al., 2018). High salt intake also has an effect on consuming Lactobacillus murine and reducing fecal levels of ILA and IAA (Wilck et al., 2017). Excess alcoholic consumption exhibits an increasing level of IAM in the ceca of mice (Liu et al., 2019). It is worth noting that some dietary intervention studies did not specify the ratio of indole content in dietary formulas. However, indole, as an interspecies and interkingdom signaling molecule, is also widely present in plants. Therefore, some dietary intervention studies cannot exclude the effect of dietary intake factors on the benefit of increasing the concentration of indole and its derivatives.
THE EFFECTS OF INDOLE AND ITS DERIVATIVES
Activation of AhR
The aromatic hydrocarbon receptor (AhR) is distributed in almost all tissues in various mammals and is expressed abundantly in the placenta, liver, and lungs, where it plays multiple roles in regulating the immune response, carcinogenesis, metabolic diseases, and neurophysiology (Xue et al., 2018; Girer et al., 2020; Vogel et al., 2020). In the gut, AhR is expressed in epithelial cells and immune cells (Nguyen et al., 2013; Ikuta et al., 2016). AhR is a ligand-inducible transcription factor that exists in the cytoplasm when it is at rest. After binding to the ligand, AhR translocates into the nucleus, where it heterodimerizes with the AhR nuclear transport protein (ARNT) and affects the expression of target genes, such as Cyp1a1, Cyp1b1, AhRR, and IL-10 (Lamas et al., 2018) (Figure 3)
[image: Figure 3]FIGURE 3 | Effects of indole and its derivatives on the intestine and liver. The microbiota converts Trp into indole and its derivatives as signaling molecules to regulate epithelial integrity, immune response, and gastrointestinal motility through intestinal receptors and enter the liver through the circulation to regulate liver inflammation and glucose and lipid metabolism. Abbreviations: IPA, indole-3-propionate; IAA, indole-3-acetate; ILA, indole-3-lactate; IAld, indole-3-aldehyde; AhR, aromatic hydrocarbon receptor; PXR, pregnane X receptor; 5-HT4R, 5-HT4 receptors; GLP-1, glucagon-like peptide 1; TLR4, toll-like receptor 4.
A variety of indole-based compounds are ligands of AhR, differing in their pharmacological parameters. Using a reporter gene assay, a recent study found that microbial intestinal-catabolized indoles are full or partial agonists of human AhR. Indole, IAM, and IPyA are ligands with high efficacies of AhR; indole-3-ethanol (IEA), IA, skatole, and tryptamine have medium efficacy, but IPA, IAA, ILA, and IAld have no efficacy or low efficacy (Vyhlidalova et al., 2020b). Another study identified four new tryptophan metabolites that can activate AHR, which are 3-methyl-2-hydroxyindole, 5-hydroxyindole-3-acetic acid, 3-indole acrylic acid, and indole-3-carboxylic acid. The authors also found that human AHR is more effective at physiologically relevant concentrations of tryptophan metabolites than mice (Dong et al., 2020).
The immunomodulatory benefits of indole and its derivatives are partly based on the AhR-driven mechanisms in intestinal DCs, intraepithelial lymphocytes (IELs), and innate lymphoid cells (ILCs). As AhR ligands, indole and some derivatives act through the AhR/IL-22 axis (Zelante et al., 2013; Cervantes-Barragan et al., 2017). IL-22 plays a critical role in regulating epithelial integrity and the immune response, including intestinal stem cells (ISCs) and epithelial regeneration, intestinal barrier protection, antimicrobial defense, intestinal homeostasis, and shaping metabolism (Keir et al., 2020). By activating AHR in CD4+ T cells, ILA shapes CD4+CD8αα+ double-positive intraepithelial lymphocytes to have regulatory functions; other indole derivates have a similar effect (Cervantes-Barragan et al., 2017). The ILC3-derived IL-22 production was found to be reduced in an alcoholic liver disease mouse model; IAA supplementation restored the IL-22 level and protected the mice from ethanol-induced steatohepatitis (Hendrikx et al., 2019). IAld stimulates lamina propria lymphocytes (LPLs) to secrete IL-22 partially dependent on AhR and induces phosphorylation of STAT3 to accelerate intestinal epithelial proliferation, thereby restoring damaged intestinal mucosa (Hou et al., 2018). Indole-3-carbinol (I3C) is a natural plant product and a known ligand for AhR in many cruciferous vegetables. A recent study found that I3C reduces colitis by preventing microbial dysbiosis and increasing the abundance of butyrate-producing gram-positive bacteria in mice in an IL-22–dependent manner. Neutralization of IL-22 blocked the protective effect of I3C on colitis and prevents I3C from dysbiosis and butyrate-induced remission (Busbee et al., 2020).
Indole and its derivatives also promote intestinal immune homeostasis by activating AhR to protect the intestinal barrier. The activation of the AhR pathway in intestinal epithelial cells (IECs) is vital for protecting the stem cell niched and maintaining intestinal barrier integrity (Metidji et al., 2018). Recently, Scott et al. identified three bacterial metabolites of tryptophan, IEA, IPA, and IAAld, which protect against increased gut permeability and alleviated dextran sodium sulfate (DSS)-induced colitis in mice by maintaining the integrity of the intestinal barrier in an AhR-dependent manner (Scott et al., 2020). IA was reported to promote barrier function and immune tolerance in DSS-induced colitis mice, which is related to inducing the mRNA expression of the AhR target gene Cyp1a1 in the intestinal epithelium and immune cells by IA (Wlodarska et al., 2017). Indole and its derivatives also promote the expression of IL-10 by activating AhR, and functional IL-10 signaling is associated with barrier function. IAld increases the proliferation of epithelial cells and promotes the differentiation of goblet cells, reversing the decline of intestinal barrier integrity and systemic inflammation caused by aging in geriatric mice. This effect increases the expression of the cytokine IL-10 via AhR but does not depend on the type I interferon or IL-22 signaling (Powell et al., 2020). In a T cell–mediated colitis mice model, oral administration of IPyA, a microbiota-derived AHR agonist, decreases the frequency of IFN-γ+ IL-10- CD4+ T cells and increases that of IFN-γ- IL-10+ CD4+ T cells in the colon lamina propria. IPyA attenuates the severity of colon inflammation in mice, but treatment with an AHR antagonist inhibited the anti-inflammatory effect of IPyA (Aoki et al., 2018).
Activation of PXR
The pregnane X receptor (PXR) participates in drug, glucose, bile acid, and cholesterol metabolism, and is also essential in maintaining intestinal homeostasis and abrogating inflammation (Daujat-Chavanieu and Gerbal-Chaloin, 2020). There has been accumulating evidence of the beneficial effects of indole and its derivatives on intestinal barrier function based on the activation of PXR. Indole methylated at positions 1 and 2, which were reported ligands and partial agonists of human PXR, induced the expression of PXR-target genes, including CYP3A4 and MDR1, in vitro (Vyhlidalova et al., 2020a). IPA is the most reported PXR receptor and is enteric microbiome-derived (Alexeev et al., 2018). As a ligand of PXR, IPA downregulates enterocyte inflammation cytokines and upregulates mRNA expression of junctional protein-coding genes via PXR and Toll-like Receptor 4 (Venkatesh et al., 2014). IPA protects the hematopoietic system and gastrointestinal tract injuries against acute radiation exposure via PXR/acyl-CoA–binding protein signaling (Xiao et al., 2020). There is an 88% overlap of the AhR and PXR activators; therefore, crosstalk exists between AhR and PXR signaling (Rasmussen et al., 2017). IPA was reported to exert its effects by activating AHR and PXR, and higher expression of AHR and PXR was inversely related to cancer cell proliferation and the stage and grade of the tumor (Sari et al., 2020). However, a recent report pointed out that IPA is not a direct ligand of PXR. Peter and his colleagues examined the effects of 10 known intestinal microbial metabolites and identified indole and IAM as PXR ligands and agonists. Indole and IAM induced the PXR-regulated genes CYP3A4 and MDR1 in human intestinal cancer cells and enhanced the binding of PXR to the MDR1 promoter, but IPA alone did not have the above biological effects. The authors analyzed the controversial results of IPA in vivo studies and found that IPA can greatly increase the intestinal anti-inflammatory effect via PXR in the presence of indole (Illes et al., 2020). This explanation is in line with the report that IPA in combination with indole significantly activated human PXR to regulate intestinal permeability and inflammation, but IPA alone had a weak agonistic effect (Venkatesh et al., 2014).
Influence on Intestinal Hormone Release and Motility
Indole has a dual regulatory effect on the secretion of glucagon-like peptide 1 (GLP-1). Indole inhibits voltage-gated K+ channels and enhances Ca2+ entry to stimulate GLP-1 secretion acutely (6 min). However, over a longer period (240 min), indole slows ATP production, thus leading to a prolonged reduction in GLP-1 secretion (Chimerel et al., 2014). Tryptamine has been widely found to promote gastrointestinal motility. Tryptamine induces the release of 5-hydroxytryptamine (5-HT, serotonin) to modulate gastrointestinal motility as a neurotransmitter (Takaki et al., 1985; Mawe and Hoffman, 2013). Exogenous tryptamine can also act on 5-HT4R to increase anion and fluid secretion in the proximal colon and accelerate gastrointestinal transit (Bhattarai et al., 2018). Nevertheless, opposite effects reported that tryptamine significantly inhibits gastric emptying and acid secretion and reduces pepsin secretion (Bell and Webber, 1979).
Influence on Bacterial Physiology
As a signaling molecule, indole influences diverse aspects of bacterial physiology, such as biofilm formation, spore formation, plasmid stability, bacterial motility, antibiotic resistance, and host cell invasion (Lee and Lee, 2010; Li and Young, 2013; Kim and Park, 2015). Intestinal bacteria have a dynamic and biphasic chemotaxis effect on indoles. It was reported that when the indole concentration is below 1 mM, E. coli is only observed to have a repellent-only response. When the indole concentration exceeds 1 mM, E. coli changes to an attraction response in a time-dependent manner. Therefore, indoles might be able to repel foreign invasion through differences in the adaptation status of bacteria and, at the same time, attract the growth of symbiotic bacteria that have adapted to indoles (Yang J. et al., 2020). The gut microbiota coordinates its behavior by sensing signals derived from the host or microbiota. Indole is sensed by the bacterial membrane-bound histidine sensor kinase (HK) CpxA. The enteric pathogens E. coli and Citrobacter rodentium in the lumen decrease their virulence and downregulate gene expression at the locus of the enterocyte effacement (LEE) pathogenicity island to adjust to a high concentration of indole, which in turn affects their attachment (Kumar and Sperandio, 2019). Although microbiota metabolites affect the composition and function of the intestinal microbiota and regulate host immunity, most of them still lack identification and have unknown functions. Another recent study focused on a family of indole-functionalized bacterial metabolites termed indolokines, and the authors found that such substances are widely present in different bacteria and mouse feces and elicit immune responses in both plants and humans, which indicates that relatively conservative defense strategies exist in the biology (Kim et al., 2020).
INDOLE AND ITS DERIVATIVES IN GASTROINTESTINAL AND LIVER DISEASES
Intestinal Inflammation
Indole and its derivatives are first produced in the gastrointestinal tract, and their perturbation has a great influence on gastrointestinal disorders. An analysis of serum samples from more than 500 IBD patients observed a negative correlation between Trp levels and disease activity (Nikolaus et al., 2017). Indole metabolism also alters in IBD patients. The fecal levels of Trp and IAA in patients with IBD are decreased, but the Kyn content is increased, which indicates that IBD patients have an obvious Trp–Kyn conversion but less intestinal Trp metabolism, which corresponds to healthy subjects inducing greater AHR activation than IBD patients in fecal samples (Lamas et al., 2016). Serum IPA was reported to decrease by nearly 60% in subjects with active UC compared with healthy controls, which can also serve as a biomarker of remission (Wlodarska et al., 2017; Alexeev et al., 2018). Necrotizing enterocolitis (NEC) is an intestinal necrotizing inflammatory disease that occurs in premature infants. An in vitro study found that ILA, secreted by Bifidobacterium longum subsp infantis, is anti-inflammatory by interacting with Toll-like receptor 4 (TLR4) and AHR to prevent the transcription of inflammatory cytokines (Meng et al., 2020).
Alcoholic and Nonalcoholic Fatty Liver Diseases
Indole and several indole catabolic metabolite disorders have been confirmed by a large number of reports in metabolic liver diseases (Hendrikx and Schnabl, 2019). In a cohort of 137 NAFLD subjects, the circulating levels of indole were significantly lower than those of lean people and were negatively correlated with BMI (Ma et al., 2020). Compared with nonobese individuals, Trp metabolism translates more to Kyn but less to IAA in the feces of obese or diabetic patients (Laurans et al., 2018). In an HFD-induced obesity-associated NAFLD mouse model, the levels of IAA and tryptamine, two metabolites that have powerful anti-inflammatory responses, were decreased in both the liver and cecum (Krishnan et al., 2018). Reduced IPA levels in obese subjects have also been reported, which can be normalized by gastric bypass surgery (Jennis et al., 2018). Caseinolytic peptidase B protein homolog (ClpB) is a bacterial protein that is positively associated with IPA in human plasma and negatively associated with BMI, waist circumference, and total fat mass (Arnoriaga-Rodriguez et al., 2020). The expression of the TnaA gene in the gut microbiome was reduced in HFD-fed mice, which is accompanied by a reduction in plasma levels of indole and indoxyl sulfate. The reduction of indole and indoxyl sulfate repressed the expression of miR-181a and miR-181b in adipocytes of mice, contributing to the progression of obesity, IR, and WAT inflammation (Virtue et al., 2019).
ONGOING RESEARCH OF INDOLE AND ITS DERIVATIVES AS AN INTERVENTION
Supplement With Related Strains
Indole and its derivatives may have therapeutic effects on gastrointestinal and liver disorders, and regulating dysbiosis to promote intestinal Trp metabolism homeostasis is both a goal and a means. Streptococcus rosenbergii has the fldAIBC gene cluster that produces IA. IA produced by commensal Peptostreptococcus species restores intestinal barrier function and suppresses inflammatory responses in DSS-induced colitis mice (Wlodarska et al., 2017). Inoculating Clostridium sporogenes into germ-free mice accompanied by L-Trp-supplement diets promoted the production of IPA to protect mice from DSS-induced colitis through PXR (Venkatesh et al., 2014). The role of Lactobacillus reuteri D8 in protecting the intestinal mucosal barrier and activating intestinal epithelium proliferation depends on the production of IAld. Mice colonized with live Lactobacillus reuteri D8 can ameliorate intestinal mucosa damage caused by DSS (Hou et al., 2018).
Supplement With Indole and Its Derivates
Direct addition of indole and its derivatives is another common intervention. Mucin is an energy source for certain symbionts to promote their colonization and benefit the epithelial barrier. A recent study indicated that supplementation with IPA strengthens the mucus barrier against LPS-induced inflammation by increasing mucins in vitro (Beaumont et al., 2018; Li et al., 2021). In comparison with AhR ligand-deprived diets, dietary I3C supplementation drives the expression of the AhR repressor (AhRR) in intestinal immune cells of AhRR-reporter mice, strengthens intestinal barrier integrity, and lowers susceptibility to colitis (Schanz et al., 2020).
Indole and its derivatives are also involved in liver disease therapy. Oral administration of indole can suppress the NF-[image: image] B pathway and reduce LPS-induced liver inflammation (Beaumont et al., 2018). Intestinal levels of IAA are reduced during ethanol-induced alcoholic fatty liver disease. Supplementation with IAA can rescue the reduced production of IL-22 by innate lymphoid cells, prevent translocation of bacteria to the liver, and reduce ethanol-induced steatohepatitis (Hendrikx et al., 2019). Oral gavage with IPA (20 mg/kg) can inhibit NF-kB signaling, correct gut dysbiosis and endotoxin leakage, and attenuate steatohepatitis and metabolic disorders in rats fed a high-fat diet (Zhao et al., 2019). The IPA-enriched diet also significantly lowered fasting blood glucose and plasma insulin levels as well as the HOMA index in rats, which served as a candidate for the treatment of metabolic disorders with insulin resistance (Abildgaard et al., 2018).
Microbial Metabolite Mimicry and Synthetic Indole
Natural metabolites are potent and well-tolerated drugs; however, the short half-life, poor oral bioavailability, and ubiquitous action of indole derivates are the limitations for their suitability as drugs (Kumar et al., 2020). The microbial metabolic mimicry can expand the potential drug repertoire and overcome some of the defects of natural compounds (Xiao et al., 2020). Dvorak Z et al. synthesized the FKK series that mimics the docking of the natural indole and IPA with PXR. These newly designed compounds exhibited significant intestinal anti-inflammatory effects and were nontoxic compared with other known PXR xenobiotics (Dvorak et al., 2020). Screening indole and indazole compounds with diverse structures and combined computational and experimental studies, Chen et al. generated multiheterocyclic AHR agonists, PY109 and PY108, which displayed biostability and achieved a therapeutic effect at a very low dose (Chen et al., 2020). 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) is a master regulatory gene of glycolysis. Indole supplementation reduces hepatic steatosis and inflammation in HFD-fed mice in a myeloid cell PFKFB3–dependent manner. Therefore, indole mimics or specific activation of PFKFB3 expression in macrophages could be feasible methods to prevent and treat inflammation-related diseases, such as NAFLD (Ma et al., 2020).
Recently, medicinal chemists have designed various active pharmacophores of indole analogs with antidiabetic and antidyslipidemic activities (Kumari and Singh, 2019). For example, a series of enantiomerically pure indole derivatives, 3a-rvia Friedel-Crafts alkylation of indole 1 with enones 2a-r, were designed, some of which were identified as potent inhibitors of α-glucosidase (IC50 = 4.3 ± 0.13–43.9 ± 0.51 μM); the activity is several folds higher than that of acarbose (IC50 = 840 ± 1.73 μM) (Islam et al., 2018). Compound 13 m is a hybrid derivative of indole and triazole, showing effective anti-lipogenesis activity with an IC-50 value of 1.67 μM. Compound 13 m improves dyslipidemia in HFD-fed hamsters by activating reverse cholesterol transport, which has a therapeutic tendency for the intervention of obesity and metabolic syndrome (Rajan et al., 2018). However, compared with the progress of the new synthetic indole molecules in the field of anticancer, antibacterial, or anti–Alzheimer’s disease, no antidiabetic and antihyperlipidemic active molecules of indole are currently under clinical trials.
Genetic Manipulating
Apart from drug compounds, bacterial species engineering can be another effective avenue for modulating Trp metabolism. Genetic manipulation can transfer the gene of enzymes encoding Trp metabolism to some common and genetically tractable commensal. Codon optimizing and using a constitutively active phage-derived promoter to control the codon may be a good choice for facilitating robust expression in an exogenous host. IAA supplementation can restore the expression of IL-22 and have a protective effect on alcohol-induced steatohepatitis mice. Hendrikx et al. engineered Lactobacillus reuteri and found that supplementation of engineered probiotics can produce IL-22, reduce liver disease caused by chronic alcohol intake, and have clinical application prospects (Hendrikx et al., 2019). Compared with Bacteroides thetaiotaomicron Trp D-colonized mice, germ-free mice colonized with engineered Bacteroides thetaiotaomicron Trp D+ had significantly higher tryptamine levels to reduce DSS-induced epithelial barrier disruption and accelerate whole gut transit in mice (Bhattarai et al., 2018; Bhattarai et al., 2020). Lemon exosome-like nanoparticles (LELNs)-manipulated Streptococcus thermophilus ST-21 and Lactobacillus rhamnosus GG probiotic mixture can decrease the mortality of Clostridioides difficile infection in mice partly by increasing the levels of ILA and indole-3-carboxaldehyde (I3Ald) to activate the AhR/IL-22 signaling. Meanwhile, the increased lactic acid inhibited the expression of indole biosynthesis gene TnaA to decrease the production of indole in an AhR-independent manner, both of which led to a decrease in Clostridioides difficile fecal shedding (Lei et al., 2020).
POTENTIAL SIDE EFFECTS OF INDOLE AND ITS DERIVATES
Intestinal Side Effects
According to reports on the potential side effects of indole and some derivatives under pathological conditions, some cautions have been raised. The pathogenic nature of bacteria may lead to infections, cancer, or even death. In weaned pigs, Trp supplementation negatively affects the small intestinal structure. Compared with Trp-free and low Trp diets, the piglets fed a high Trp diet significantly increased crypt depth and significantly decreased villus height to the crypt depth ratio (VH/CD) in the jejunum, and the mRNA expressions of the tight junction proteins, occludin and ZO-1, were also decreased. (Tossou et al., 2016). It has been reported that ILA supplementation impairs the effect of total paeoniflorin in the treatment of colitis in mice. Under the background of intestinal inflammation, the local accumulation of ILA could lead to the disruption of epithelial autophagy, increase the susceptibility of colon injury, and promote the progression of colitis in mice (Fan et al., 2020). Indole and its derivates can promote the expression of anti-inflammatory factor IL-22 to regulate intestinal homeostasis, but in the later stage of cancer, IL-22 may promote tumor progression (Hernandez et al., 2018). Ruminococcus gnavus, the tryptamine producer, is also an avid mucin degrader and only transplantation R. gnavus may lead to the progression of IBD (Henke et al., 2019). Several Peptostreptococcus species contain a gene cluster enabling the production of IA, but patients with bacteremia from Peptostreptococcus species have an increased risk of colorectal cancer (Kwong et al., 2018). In addition, indole levels are increased in patients with Clostridioides difficile infection, and high indole levels might play a role in Clostridioides difficile proliferation by limiting the growth of beneficial indole-sensitive bacteria and altering the colonization resistance (Darkoh et al., 2019).
Liver Side Effects
A Trp-enriched diet and indole intake could raise the risk of portal hypertension in patients with liver cirrhosis. As a common complication of liver cirrhosis, portal hypertension is associated with a poor prognosis. However, a lower dose (<10 mg/kg) of indole can influence portal blood pressure by increasing the portal blood flow. Both healthy rats and rats with portal hypertension induced by liver cirrhosis show an increased portal blood level after intracolonic administration of indole (Huc et al., 2018). A recent study found that in CCL4-induced liver fibrosis mice, oral IPA intervention (20 mg/kg/d) aggravated liver damage and fibrosis by activating HSCs via the TGF-β1/Smad signaling pathway (Liu et al., 2021). Indole and its derivates can activate PXR and/or AhR; however, there are reports that both activation and knockout of PXR exhibit an increase in lipid accumulation in hepatoma cell lines (Bitter et al., 2015). Similarly, overexpression of AhR in the liver leads to insulin resistance (Remillard and Bunce, 2002; Kumar et al., 2021). Low-affinity AhR allele-expressing mice are less sensitive to HFD-induced obesity and liver steatosis (Kerley-Hamilton et al., 2012). However, these reports did not directly use indole and its derivatives as interventions. Therefore, further research is needed to clarify the relationship between Trp metabolic derivatives and the function of liver AhR/PXR signaling under pathological conditions.
LIMITATIONS AND PERSPECTIVES
Increasing evidence has clarified the benefits of indole and its derivatives on immune homeostasis and metabolism. However, at present, the main reported bacterial genera are focused on Clostridium, Lactobacillus, Bacteroides, Peptostreptococcus, Parabacteroides, Bifidobacterium, Escherichia, and Ruminococcus (Gasaly et al., 2021), but bacterial metabolism is a much more complex and diverse process than we summarized above. Intestinal symbiotic bacteria express a variety of catalytic enzymes, and strains of the same bacterial species can also have different responses to environmental stressors (Zhao et al., 2018). The whole scenario of the related metabolism and the molecular mechanisms of physiology and pathology has not been fully revealed.
Currently, the emerging intervention tools offer a promising approach to therapeutic strategies, but the limitation of the technology is another obstacle. Take genetic engineering methods as an example. Enzymes derived from other species are heterologous and therefore may limit the high production of indole and its derivatives in human symbiotic bacteria. Compared to more common laboratory strains such as E. coli, there are relatively few genetic tools available for manipulating human symbiotic gut bacteria. In addition, in the context of the complex and dynamic gut ecosystem, heterologous enzymes may impair the adaptability of engineered bacteria. For example, the ratio of Bacteroides/Firmicutes in the intestines of NASH patients is significantly reduced (Sobhonslidsuk et al., 2018), so it may be difficult to ensure the therapeutic effect of engineered Bacteroides thetaiotaomicron transplanted to NAFLD patients. Therefore, it is necessary to promote the metabolism and stress tolerance of engineered bacteria.
The instability among existing research results also hinders further progress in drug development. The different doses also lead to different effects. In vitro, indole inhibits the release of GLP-1 at 0.3 mM, while enhancing GLP-1 release at 1 nM. It is not yet clear which concentration of indole effects is dominant in vivo (Chimerel et al., 2014). In addition, indole can activate AHR in most reports, but indole at 100–250 μM exhibits AHR antagonist activity, which inhibits TCDD-induced AhR activation and Cyp1a1 and Cyp1b1 expression in colonic crypts of mice (Jin et al., 2014). Therefore, a comprehensive understanding of the effects and causality of indole and its derivatives under pathological conditions is necessary to assist the development of individualized bacteriotherapy.
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Background: The effects of coffee consumption on hepatic outcomes are controversial. This study investigated the associations between coffee consumption and the incidence of non-alcoholic fatty liver disease (NAFLD) in the general population and the reduction of liver fibrosis among patients with NAFLD.
Methods: The study consisted of two parts: an umbrella review and a systematic review and meta-analysis (SRMA). The searches for each part were performed separately using PubMed, EMBASE, Cochrane, Scopus, and CINAHL databases. All articles published up to September 2021 were reviewed. To be eligible, studies for the umbrella review were required to report outcomes that compared the risks of NAFLD in the general population and/or liver fibrosis in patients with NAFLD who did and did not drink coffee. Our SRMA included primary studies reporting the effects of coffee consumption on NAFLD-related outcomes. The outcomes were pooled using a random-effects model and reported in both qualitative and quantitative terms (pooled risk ratio, odds ratio, and weighted mean difference).
Results: We identified four published SRMAs during the umbrella review. Most studies showed that individuals in the general population who regularly drank coffee were significantly associated with a lower NAFLD incidence than those who did not. Our SRMA included nine studies on the effects of coffee consumption on NAFLD incidence. Pooled data from 147,875 subjects showed that coffee consumption was not associated with a lower NAFLD incidence in the general population. The between-study heterogeneity was high (I2, 72–85%). Interestingly, among patients with NAFLD (5 studies; n = 3,752), coffee consumption was significantly associated with a reduction in liver fibrosis (odds ratio, 0.67; 95% CI, 0.55 to 0.80; I2, 3%). There were no differences in the coffee consumption of the general population and of those with NAFLD (4 studies; n = 19,482) or by patients with no/mild liver fibrosis and those with significant fibrosis (4 studies; n = 3,331).
Conclusions: There are contrasting results on the effects of coffee on NAFLD prevention in the general population. Benefits of coffee consumption on liver fibrosis were seen among patients with NAFLD.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021226607, identifier CRD42021226607
Keywords: coffee, non-alcoholic fatty liver disease, liver fibrosis, umbrella review, meta-analysis
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a global chronic health problem. Meta-analyses have reported a prevalence ranging between 25 and 32% (Younossi et al., 2016; Park et al., 2021). The incidence of NAFLD has tended to increase over time due to behavioral changes leading to unhealthy lifestyles in the global population (European Association for the Study of the Liver, European Association for the Study of Diabetes, European Association for the Study of Obesity, 2016; Li et al., 2019; Calabrò et al., 2020). The latest meta-analyses showed that the incidence of NAFLD was approximately 42.8–50.9 per 1,000 person-years (Li et al., 2019; Park et al., 2021). Based on current evidence, NAFLD can lead to many serious complications. They include hepatic-related events (such as liver cirrhosis, end-stage liver disease, and hepatocellular carcinoma) and non-hepatic-related events (for example, cardiovascular and chronic kidney diseases) (European Association for the Study of the Liver, European Association for the Study of Diabetes, European Association for the Study of Obesity, 2016; Chalasani et al., 2018; Eslam et al., 2020; Park et al., 2021). The burdens of these diseases and their sequelae are problematic in both developed and developing countries. Based on the results of modeling studies, NAFLD, non-alcoholic steatohepatitis (NASH), and liver fibrosis are projected to create very large clinical and economic burdens (Younossi et al., 2019; Tampi et al., 2020; Ito et al., 2021; Park et al., 2021; Phisalprapa et al., 2021). Slowing the incidence rates and preventing the sequelae of NAFLD are important solutions to reduce the burdens.
Behavioral modification, weight reduction, and drug therapies are hoped to be effective treatments for NAFLD. Despite the fact that there is no approved pharmacological treatment for NAFLD and non-biopsy-proven patients (European Association for the Study of the Liver, European Association for the Study of Diabetes, European Association for the Study of Obesity, 2016; Chalasani et al., 2018; Leoni et al., 2018), behavioral changes that lead to weight reduction, fat- and carbohydrate-diet adjustment, exercise, proper sleep, and coffee consumption have caught the attention of researchers (European Association for the Study of the Liver, European Association for the Study of Diabetes, European Association for the Study of Obesity; Chalasani et al., 2018; Leoni et al., 2018; Calabrò et al., 2020). Numerous studies have shown that coffee consumption has many positive effects on the liver, such as reducing the risk of fatty liver disease, lowering the severity of hepatic steatosis, and slowing the progression of fibrosis (Molloy et al., 2012; Zelber-Sagi et al., 2015). Recent meta-analyses and narrative reviews have reported many favorable clinical effects in people who regularly consume coffee or caffeine-containing products compared with those who do not (Calabrò et al., 2020)—for example, coffee consumption could be a protective factor against NAFLD and liver fibrosis (Marventano et al., 2016; Shen et al., 2016; Wijarnpreecha et al., 2017; Chen et al., 2019; Calabrò et al., 2020). Additionally, coffee extract improved the lipid profile and body mass index of patients with NAFLD (Hosseinabadi et al., 2020). Various mechanisms of NAFLD and liver fibrosis have been proposed, one of which is associated with transforming growth factor-beta (TGF-β) and oxidative stress (Tarantino et al., 2019). The hypotheses of the positive effects of coffee on the liver are that caffeine may help reduce TGF-β in liver cells and inhibit hepatic stellate cell activity (Shim et al., 2013). Additionally, non-caffeine substances, such as cafestol, kahweol, and chlorogenic acid, are antioxidants that may help reduce triglyceride and cholesterol deposition in hepatocytes and prevent cancer. Moreover, phenolic substances, including ferulic acid, have been introduced for the treatment of cardiovascular diseases and diabetes (Calabrò et al., 2020).
However, several studies have reported non-significant benefits of coffee on clinical and laboratory outcomes related to NAFLD (Calabrò et al., 2020). The effects of coffee consumption on the risk of NAFLD in the general population and liver fibrosis in patients with NAFLD are controversial. Therefore, we conducted this study using a reliable methodology—an umbrella review—to investigate the summarized effects of coffee consumption found by previous systematic reviews and meta-analyses. Additionally, we conducted a new systematic review and meta-analysis (SRMA) that included recently published primary studies to obtain up-to-date results with more power from a larger sample size.
METHODS
Search Strategy and Study Selection
This study consisted of two parts: an umbrella review and a SRMA. Separate searches were carried out to obtain articles for each part of the study. PubMed, EMBASE, Cochrane, Scopus, and CINAHL databases were searched. There was no language restriction in our inclusion criteria for eligible studies. The searches were performed on September 9, 2021. This research project was conducted and reported according to the statement of Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) (Liberati et al., 2009; Page et al., 2021). The study was registered with PROSPERO (registration number, CRD42021226607).
Umbrella Review
The search terms for the umbrella review were (“coffee consumption” OR “caffeine consumption”) AND (“NAFLD” OR “non-alcoholic fatty liver disease”) AND (“systematic review” OR “meta-analysis”). The eligibility criteria were as follows:
1. A systematic review with/without meta-analysis
2. A meta-analysis that reported any pooled results of risk ratios (RRs) or odds ratios (ORs) by comparing exposures (did and did not drink coffee) with outcomes (incidence of NAFLD and/or liver fibrosis)
3. A meta-analysis that reported the mean differences (MDs) in the coffee consumption of the two groups of subjects with different hepatic outcomes
4. Research on NAFLD and liver fibrosis that had been diagnosed by reliable methods, such as elevated liver enzymes, ultrasonography, and/or liver biopsy
Publications that met the eligibility criteria were included in the umbrella review.
Systematic Review and Meta-analysis
The search terms for the SRMA were (“coffee consumption” OR “caffeine consumption”) AND (“NAFLD” OR “non-alcoholic fatty liver disease” OR “NASH” OR “non-alcoholic steatohepatitis” OR “fatty liver”). The eligibility criteria were as follows:
1. A case–control, cohort, or cross-sectional design study
2. A study that compared liver outcomes (NAFLD incidence and/or liver fibrosis) of two groups of participants who did and did not drink coffee and reported the results as adjusted RRs or ORs with 95% confidence intervals (95% CI)
3. A study that reported the MDs with 95% CI in the coffee consumption of the two groups of subjects with different hepatic outcomes
4. Research on NAFLD and liver fibrosis that had been diagnosed using reliable methods, such as elevated liver enzymes, ultrasonography, and/or liver biopsy
Primary studies that met the eligibility criteria were included in the SRMA.
Data Extraction and Quality Assessment
In the umbrella review, we extracted information from the included systematic reviews and meta-analyses following the Joanna Briggs Institute data extraction guide (Aromataris et al., 2015). The methodological quality of a meta-analysis was evaluated using A Measurement Tool to Assess Systematic Reviews (AMSTAR) 2 (Shea et al., 2017). If two or more studies were published in the same 24-month period for the same category of exposure and same outcomes, we selected the one with the highest AMSTAR 2 score for further analysis.
The quality of the primary studies in the SRMA was evaluated according to the Newcastle–Ottawa Quality Assessment Scale (NOS). Specifically, for the quality assessment of cross-sectional studies, the modified NOS described by Herzog et al. (2013) was used.
Statistical Analysis
In the umbrella review, we comprehensively summarized the findings of previously published systematic reviews and meta-analyses. However, we did not review the full texts of the primary study articles examined by each meta-analysis.
For the SRMA, we used the DerSimonian and Laird random-effects model. The outcomes of interest were as follows:
1. An association between coffee consumption (1 to 2 and >2 cups/day versus <1 cup/day) and the incidence of NAFLD
2. An association between coffee consumption and reduction in liver fibrosis among patients with NAFLD
3. The difference in the consumption of coffee by the general population and by patients with NAFLD
4. The difference in coffee consumption of patients with NAFLD with no/mild and significant stages of liver fibrosis
The results are reported as pooled RRs and weighted mean differences (WMDs) along with 95% CIs. The I2 statistic was calculated to determine the between-study heterogeneity. Publication bias was evaluated using Begg’s and Egger’s tests and by a visual investigation of funnel plots for potential asymmetry. All analyses were performed using Stata 14.1 (Stata Corp, College Station, TX, United States). A p-value of less than 0.05 was considered statistically significant.
RESULTS
Umbrella Review
A total of 1,266 studies were retrieved using our search keywords. After the exclusion of 33 duplicate studies, the titles and abstracts of the remaining 1,233 studies were screened. This resulted in the elimination of 1,226 more studies (1,195 were not related and 31 used other study designs). Seven studies were available for full-length article review. Three of these were excluded because they did not report outcomes or have a study population within the scope of interest. The four studies (Shen et al., 2016; Wijarnpreecha et al., 2017; Chen et al., 2019; Hayat et al., 2021) that fully met the eligibility criteria were included in the umbrella review (Figure 1A). Their summarized quantitative and qualitative findings are presented in Figures 2, 3, respectively. They were considered high-quality reviews based on AMSTAR 2 criteria (Table 1). We did not test them for publication bias as the number of studies was too small.
[image: Figure 1]FIGURE 1 | Flow diagram of the study identification, inclusion, and exclusion of (A) umbrella review and (B) systematic review and meta-analysis.
[image: Figure 2]FIGURE 2 | Summary of quantitative findings of umbrella review.
[image: Figure 3]FIGURE 3 | Summary of qualitative findings of umbrella review.
TABLE 1 | Quality assessment of studies included in the umbrella review.
[image: Table 1]Coffee Consumption and Incidence of NAFLD in the General Population
Quantitative analyses from three studies by Wijarnpreecha et al. (2017), Chen et al. (2019), and Hayat et al. (2021) provided significant association outcomes between coffee consumption and incidence of NAFLD, with pooled RRs of 0.71 (95% CI, 0.60–0.85), 0.94 (95% CI, 0.92–0.97), and 0.77 (95% CI, 0.60–0.98), respectively. In contrast, the study by Shen et al. (2016) reported a non-significant outcome for daily coffee consumption, with an MD of 23.06 mg/day (95% CI, −8.67–54.80). The results are illustrated in Figure 2. The qualitative outcomes included the perspective of doctors that coffee consumption provided a beneficial protective effect on NAFLD among the general population (Figure 3).
Coffee Consumption and Liver Fibrosis in Patients With NAFLD
Quantitative outcomes from three studies by Wijarnpreecha et al. (2017), Shen et al. (2016), and Hayat et al. (2021) indicated that there was a significant association between coffee consumption and liver fibrosis in patients with NAFLD, with a pooled RR of 0.70 (95% CI, 0.60–0.82), MD of −91.35 mg/day (95% CI, −139.42–−43.27), and RR of 0.68 (95% CI, 0.58–0.79; Figure 2). The qualitative outcomes included the perspective of doctors that coffee was beneficial to the fibrosis outcomes of patients with NAFLD (Figure 3).
Systematic Review and Meta-analysis
A total of 2,663 studies were retrieved using our search keywords. After excluding duplicate records, the titles and abstracts of 2,433 studies were screened. Of these, 2,390 were excluded due to irrelevance, leaving 43 for full-length article review. Twenty-seven of these were subsequently excluded because they did not meet our eligibility criteria. Eventually, 16 studies (n = 171,096) were available for data analysis (Figure 1B) (Ruhl and Everhart, 2005; Catalano et al., 2010; Funatsu et al., 2011; Anty et al., 2012; Birerdinc et al., 2012; Gutiérrez-Grobe et al., 2012; Molloy et al., 2012; Bambha et al., 2014; Graeter et al., 2015; Imatoh et al., 2015; Zelber-Sagi et al., 2015; Alferink et al., 2017; Setiawan et al., 2017; Soleimani et al., 2019; Chung et al., 2020; Mikolasevic et al., 2021). The characteristics of the included studies were extracted (Table 2). Quality evaluations using NOS indicated that all were high-quality studies (Figure 4).
TABLE 2 | Characteristics of the studies included in the systematic review and meta-analysis.
[image: Table 2][image: Figure 4]FIGURE 4 | Risk of bias assessment of cohort studies included in the meta-analysis using the Newcastle–Ottawa Scale.
Coffee Consumption and Incidence of NAFLD in the General Population
The pooled RR of nine observational studies (n = 147,875) did not show a significant difference in the incidence of NAFLD of the population who drank one or more cups of coffee per day and <1 cup/day versus those who did not (Ruhl and Everhart, 2005; Catalano et al., 2010; Bambha et al., 2014; Graeter et al., 2015; Imatoh et al., 2015; Zelber-Sagi et al., 2015; Setiawan et al., 2017; Chung et al., 2020; Mikolasevic et al., 2021). The analyses revealed that neither the consumption of one to two cups of coffee/day nor the consumption of even more than two cups/day was associated with a reduction in the incidence of NAFLD in the general population compared with the population who drank less than one cup of coffee per day (RR, 1.00; 95% CI, 0.93–1.07; I2, 72% and RR, 0.91; 95% CI, 0.80–1.03; I2, 85%, respectively; Figure 5).
[image: Figure 5]FIGURE 5 | Forest plots of the association of coffee consumption and the incidence of NAFLD in the general population: (A) 1 to 2 cups of coffee per day versus <1 cup per day and (B) >2 cups per day versus <1 cup per day.
Coffee Consumption and Liver Fibrosis in Patients With NAFLD
A total of five studies (n = 2,948) were included in this outcome analysis (Anty et al., 2012; Bambha et al., 2014; Zelber-Sagi et al., 2015; Alferink et al., 2017; Soleimani et al., 2019). The results showed that coffee consumption was significantly associated with a reduction in hepatic fibrosis in patients with NAFLD (OR, 0.67; 95% CI, 0.55–0.80; I2, 3%; Figure 6).
[image: Figure 6]FIGURE 6 | Forest plot of the association of coffee consumption and the liver fibrosis outcomes of patients with NAFLD who drank coffee versus those who did not drink coffee (control).
Coffee Consumption of the General Population and Patients With NAFLD
Four observational studies explored the association between coffee consumption by the general population and by patients with NAFLD (Catalano et al., 2010; Funatsu et al., 2011; Birerdinc et al., 2012; Gutiérrez-Grobe et al., 2012). There was a total of 19,482 individuals (general population, 17,322; NAFLD patients, 2,160). The pooled result showed that the general population did not consume more coffee than people with NAFLD (WMD, −17.11 mg/day; 95% CI, −51.41–17.20; I2, 85%), as illustrated in Supplementary Figure S1.
Coffee Consumption of NAFLD Patients With No/Mild and Significant Stages of Liver Fibrosis
Four observational studies investigated the difference in the coffee consumption of NAFLD patients with no/mild and significant stages of liver fibrosis (Anty et al., 2012; Molloy et al., 2012; Bambha et al., 2014; Alferink et al., 2017). Of the 3,331 patients, 2,912 had no/mild fibrosis, while 419 had significant fibrosis. The pooled result showed that there was no difference in the coffee consumption of the two groups of patients with different stages of fibrosis (WMD, −33.78 mg/day; 95% CI, −90.26–22.71; I2, 81%). The comparison is illustrated in Supplementary Figure S2.
Publication Bias
There was no evidence of publication bias among the included studies, as illustrated in Figures 7, 8. For articles comparing the association of coffee consumption of one to two cups/day and of <1 cup/day with the incidence of NAFLD in the general population, the p-values were 0.677 for Begg’s test and 0.747 for Egger’s test. Regarding the association of coffee consumption of >2 cups/day and of <1 cup/day with the incidence of NAFLD in the general population, the p-value of Begg’s and Egger’s tests was 0.835 and 0.533, respectively. Furthermore, there was no publication bias among the studies investigating the association of coffee consumption with liver fibrosis in patients with NAFLD. The p-value for Begg’s and Egger’s tests was 0.327 and 0.060, respectively.
[image: Figure 7]FIGURE 7 | Funnel plots of the studies investigating the effects of coffee consumption on the incidence of NAFLD in the general population: (A) 1 to 2 cups/day versus <1 cup/day and (B) two cups/day versus <1 cup/day.
[image: Figure 8]FIGURE 8 | Funnel plot of the studies investigating the effects of coffee consumption and liver fibrosis in patients with NAFLD.
DISCUSSION
Both the qualitative and quantitative outcomes of the umbrella review showed that most of the previous systematic reviews and meta-analyses reported an association between coffee consumption and a reduction in the incidence of NAFLD in the general population. Moreover, the results showed that, from the point of view of doctors, coffee consumption had the beneficial effect of reducing the degree of liver fibrosis among patients with NAFLD.
Many studies have reported the hepatoprotective effect of coffee. This may be the result of several caffeine and non-caffeine substances (Shen et al., 2016; Wijarnpreecha et al., 2017; Chen et al., 2019; Hayat et al., 2021). Caffeine was shown to reduce oxidative stress and liver inflammation in an in vitro study. Moreover, its mechanisms of action showed signs of anti-fibrotic properties in hepatocytes (Gressner et al., 2008). Preclinical research found that other non-caffeine compounds also showed antioxidative characteristics that could reduce inflammatory reactions (Furtado et al., 2012). In addition to anti-inflammatory effects, antioxidants also have a significant role in reducing the accumulation of lipids in liver cells (Calabrò et al., 2020). The outcomes of the included systematic reviews and meta-analyses were particularly evident in their clinical aspects. They established that consuming coffee provided the benefits of reducing both the risk of NAFLD in the general population and the severity of fibrosis in patients with NAFLD (Shen et al., 2016; Wijarnpreecha et al., 2017; Chen et al., 2019; Hayat et al., 2021).
However, in the present SRMA, which included a much larger number of samples, we found that coffee consumption was not associated with a lower incidence of NAFLD in the general population. This non-significant outcome may be due to many reasons—for example, there were heterogeneities between the primary studies in terms of their methodologies, the differences in the types and amounts of coffee consumed, and the various tools used to investigate the basis of coffee consumption in the subjects. Thus, we were unable to confirm the protective effect of coffee against NAFLD in the general population. Even individuals who consumed more than two cups of coffee daily did not show a lower risk of NAFLD than those who drank less than one cup per day. However, among patients with NAFLD, coffee consumption was significantly associated with a reduction in hepatic fibrosis. On the other hand, the pooled results of four studies (Anty et al., 2012; Molloy et al., 2012; Bambha et al., 2014; Alferink et al., 2017) with a total of 3,331 patients with NAFLD indicated that there was no difference between the coffee intake of patients with no/mild liver fibrosis and those with significant liver fibrosis. Thus, more research is needed on the coffee intake required to reduce the severity of liver fibrosis in patients with NAFLD.
The benefits of coffee for patients with NAFLD can be explained by the underlying mechanism of NAFLD. Since coffee is composed of many substances, those that offer any effect that intervenes in the etiology of NAFLD should result in favorable clinical outcomes. As mentioned above, both caffeine and non-caffeine substances were preliminarily proven in preclinical studies to be able to block pathways associated with oxidative stress and TGF-β. These pathways happen to be one of the mechanisms behind the incidence of NAFLD and liver fibrosis (Tarantino et al., 2019). Still, various factors could alter clinical results in the real world. The inconsistent findings of our study were not unexpected due to the number of undetermined confounders and variations among the included clinical studies.
The strengths of our study were that we not only evaluated and summarized previously published SRMAs on the topics mentioned above but also rigorously performed a new SRMA to determine the effects of coffee consumption. The umbrella review and SRMA were conducted following standard guidelines. The searches were performed using various reliable databases and were assessed without language restriction. The SRMAs in the umbrella review were considered high-quality reviews according to AMSTAR 2 criteria. As far as we are concerned, our SRMA encompasses the most up-to-date evidence available and measures the effects of coffee consumption using the largest sample size currently available. Despite conflicting results on the protective effects of NAFLD in the general population, the benefits of coffee consumption on liver fibrosis were identified in patients with NAFLD. The results of this study may encourage researchers to develop well-designed studies to confirm the hepatoprotective effects of coffee, which should be useful in clinical practice.
This study had several limitations. First, it consisted of observational studies that could only show an association—not a causal relationship—between coffee consumption and liver outcomes. Second, the methodologies of the included studies were quite heterogeneous. Remarkable heterogeneity among the studies was also shown through the I2 statistic. Therefore, this current investigation adopted a random-effects model to pool the outcomes for the meta-analysis. Several of the included studies diagnosed NAFLD based on ultrasonography without confirmation by liver biopsy. Furthermore, the measurement of coffee intake in the primary articles was derived using a questionnaire at a single time point. This may not have provided an accurate assessment of the general coffee intake. The studies also used various means to measure coffee consumption, and some might have been prone to recall bias. Third, relevant information on coffee consumption, which may have influenced the outcomes of the present work, was not provided in the primary articles. This included details of the type of coffee, the components of the coffee, the brewing method, the amount of coffee per cup, and the drinking time. Thus, we were unable to analyze alterations in results when these factors changed. As an example, adding milk or sugar to coffee may increase fat accumulation in the liver, resulting in more unfavorable outcomes. Fourth, confounders of the included population were not used to adjust the outcomes in our analyses. The confounders were, for example, comorbidities, smoking, alcohol intake, physical activity, diet, and socioeconomic status.
In conclusion, our umbrella review and SRMA showed contrasting results on the benefits of coffee consumption on liver outcomes among the general population. Whether the consumption of coffee can be considered a preventive measure against NAFLD requires further investigation with a more rigid methodology. However, the results of both the umbrella review and the SRMA showed that the benefits of coffee consumption on liver fibrosis were significant for patients with NAFLD.
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Background and Aim: Several evidences have shown how, in hemorrhoidal disease, phlebotonic flavonoid agents such as quercetin reduce capillary permeability by increasing vascular walls resistance, how rutin and vitamin C have antioxidant properties, and that Centella asiatica has reparative properties towards the connective tissue. A retrospective study was designed in order to evaluate the efficacy and safety of a compound consisting of micronized flavonoids in combination with vitamin C and extracts of C. asiatica, Vaccinium myrtillus, and Vitis vinifera for grade II and III hemorrhoidal disease.
Patients and Methods: Data of 49 patients, over 18, who were following a free diet regimen, not on therapy with other anti-hemorrhoid agents, treated with a compound consisting of 450 mg of micronized diosmin, 300 mg of C. asiatica, 270 mg of micronized hesperidin, 200 mg of V. vinifera, 160 mg of vitamin C, 160 mg of V. myrtillus, 140 mg of micronized quercetin, and 130 mg of micronized rutin (1 sachet or 2 tablets a day) for 7 days were collected. Hemorrhoid grade according to Goligher’s scale together with anorectal symptoms (edema, prolapse, itching, thrombosis, burning, pain, tenesmus, and bleeding) both before treatment (T0) and after 7 days of therapy (T7) were collected. Primary outcomes were the reduction of at least one degree of hemorrhoids according to Goligher’s scale assessed by proctological examination and compound safety. The secondary outcome was the reduction of anorectal symptoms assessed by questionnaires administered to patients.
Results: Forty-four patients (89.8%) presented a reduction in hemorrhoidal grade of at least one grade (p < 0.001). No adverse events with the use of the compound were noted. A significant reduction was observed in all anorectal symptoms evaluated (p < 0.05). No predictors of response to the compound were identified among the clinical and demographic variables collected.
Conclusion: The compound analyzed was effective and safe for patients with grade II and III hemorrhoidal disease according to Goligher’s scale.
Keywords: hemorrhoidal disease, flavonoids, vitamin C, Centella asiatica, Vaccinium myrtillus, Vitis vinifera
INTRODUCTION
Hemorrhoidal disease (HD) is a frequently reported anorectal condition, characterized by distal displacement of the hemorrhoidal cushions and by symptomatic dilation of the anal venous plexus often reported following a persistent high pressure within the hemorrhoidal plexus and which can occur for various reasons (Lohsiriwat, 2012; Godeberge et al., 2021). Overall, several main mechanisms are involved in the pathophysiology of HD, including mechanical injury to the anal cushions, abnormal venous dilatation, venous stasis, vascular thrombosis, tissue inflammation, and degenerative process in the collagen fiber deposition (Lohsiriwat, 2012; Godeberge et al., 2021). Most symptoms result from the enlargement of internal hemorrhoids and are generally associated with constipation, diarrhea, or prolonged defecation, but also with pregnancy and childbirth (Beck et al., 1998). Common symptoms and signs are rectal bleeding, prolapse, itching, and pain (Lohsiriwat, 2012; Perera et al., 2012; Sakr, 2014).
HD is classified, by virtue of clinical severity, into four grades, according to Goligher, depending on whether there is no prolapse (grade I) or, if there was, whether it reduced spontaneously (grade II) or manually (grade III) or was irreducible (grade IV) (Lohsiriwat, 2012; Yamana, 2017; Davis et al., 2018).
Among these active compounds, there are both natural substances (flavonoids, triterpenes, and saponins, etc.), extracted from plants, and synthetic products, like calcium dobesilate (Perera et al., 2012).
The specific mechanism of action of phlebotonic agents, above all if of natural origin, has not been well established; however, their use is associated with the strengthening of blood vessel walls, increase of venous tone, and increase in lymphatic drainage and normalization of capillary permeability (Quijano and Abalos, 2005; Beck, 2011; Lohsiriwat, 2012; Perera et al., 2012; Martinez-Zapata et al., 2016). Furtherly, they showed antioxidant and anti-inflammatory effects, which contribute to vasoprotective actions (Lohsiriwat, 2012; Godeberge et al., 2021). In addition, recent evidence has shown that flavonoids but also vitamin C are involved in the modulation of the anti-senescence gene Sirtuin 1 and with the regulation of nitric acid and that its suppression is associated with cellular mitosis and apoptosis (hajevand-Khazaei et al., 2018; Wei et al., 2014; Shokri Afra et al., 2019; Iside et al., 2020). Quercin also has an immunomodulatory action by inhibiting TNF production in macrophages (Tang et al., 2019).
Several studies evaluated phlebotonics’ effectiveness in hemorrhoid treatment (Alonso-Coello et al., 2006; Aguilar Peralta et al., 2007; Lohsiriwat, 2012; Perera et al., 2012; Giannini et al., 2015; Zagriadskiĭ et al., 2018; Godeberge et al., 2021).
One of the most studied, diosmin has been shown to have capillarotropic, venotropic, and vasotonic properties and to act as a powerful inhibitor of prostaglandins and thromboxane A2 interfering with the activation of leukocytes and of the inflammatory cascade, causing a strong decrease of capillary permeability (monograph; Diosmin, 2004; Bogucka-Kocka et al., 2013).
Other flavonoids act in synergism with diosmin and are efficient for improving microcirculation and vessel health. For example, hesperidin alone and together with other flavonoids reduces permeability and increases capillary resistance. This role has been attributed to its inhibition activity of the hyaluronidase enzyme. Hesperidin anti-inflammatory activity is linked to inhibition of prostaglandins, thromboxane, and the scavenger action of free radicals (Garg et al., 2001).
Quercetin exerts a protective effect on blood vessels thanks to a reduction in capillary permeability and an increase in the resistance of the vessel walls (Chirumbolo, 2012).
Rutin has a protective effect on the walls of blood vessels by acting in the event of telangiectasias, thanks to its neutralizing action of free radicals (Yang et al., 2008). It prevents platelet aggregation and reduces capillary permeability (Sheu et al., 2004).
Several other evidences have showed that a broad number of natural compounds has phlebotonic activity, including anthocyanins from the red grapevine, showing protective properties on arterioles and capillary endothelium, reducing peroxidation of low-density lipoprotein (LDL), and protecting microcirculation from damage caused by diabetes, smoking, and hypertension (Rabe et al., 2011).
In addition, bilberry extract has been shown to be useful for blood circulation (Mastantuono et al., 2016), along with triterpene fraction of Centella asiatica, which has peculiar modulating properties on the development of connective tissue. This activity is carried out through an action on fibroblasts and on two essential amino acids for the metabolism of collagen: alanine and proline (Chong et al., 2013). It therefore performs a multi-phase and balanced function on the metabolism of the connective tissue, which results in an improved re-epithelialization and normalization of the perivascular connective tissue, which allows an improvement in the tone and elasticity of the venous wall (Chong and Aziz, 2013).
Vitamin C is a well-known antioxidant, involved in collagen synthesis and in many other cellular biochemical activities. In synergy with bioflavonoids and phlebotonic substances, vitamin C is essential in the maintenance of collagen function, in the strengthening of capillary wall, and for its anti-inflammatory and immunomodulating activities (May et al., 2000). Several research showed that vitamin C protects the endothelium both by stimulating the activity of endothelial nitric oxide synthase (eNOS), resulting in an increase in the production of nitric oxide, and by preventing the oxidation of nitric oxide itself. Nitric oxide in turn is responsible for decreasing the tone of rectal sphincter and relieving pain associated with hemorrhoids, along with improving blood flow (Carr and Frei, 2000).
The aim of this study is to evaluate, using a retrospective design, the efficacy and safety of a compound of micronized flavonoids in combination with vitamin C and extracts of C. asiatica, Vaccinium myrtillus, and Vitis vinifera, administered orally, in patients with grade II and grade III HD.
MATERIALS AND METHODS
A retrospective study describing the use of a compound, food supplement, and consisting of micronized flavonoids (diosmin, rutin, quercetin, and hesperidin) in combination with vitamin C and extracts of C. asiatica, V. myrtillus, and V. vinifera, prescribed from 2019 to 2020 in the Hepatogastroenterology Division outpatient unit of the University of Campania “Luigi Vanvitelli” for hemorrhoid disease, was carried out.
Demographic Variables
Patient demographic data were collected from the outpatient unit database: age, gender, level of exercise, mean number of hours spent in the bathroom, comorbidities, and additional pharmacological therapies.
The level of physical activity was assessed using the International Physical Activity Questionnaires (IPAQ). In the event of a score above 2,520, the subject has been defined as physically active, if between 700 and 2,519 as sufficiently active, and if less than 700 as inactive.
Clinical Variables
Clinical data, from the outpatient unit database, at two assessment times, at T0 (baseline) and 7 days later (T7), were collected.
The degree of hemorrhoids was assessed on Goligher’s scale. Hemorrhoids were defined as grade I if there were evident prominent hemorrhoidal vessels without prolapse, grade II if there was prolapse with Valsalva and spontaneous reduction, grade III if there was prolapse with Valsalva requiring manual reduction, and grade IV if they were chronically prolapsed with manual reduction ineffective (Davis et al., 2018).
In addition, data on the degree of hemorrhoid edema, hemorrhoid prolapse, and hemorrhoid thrombosis were collected from the same database.
For all three of the above parameters, the assessment was clinical using a three-level score. The grade of edema, prolapse, and thrombosis was defined as grade 0 if absent, grade 1 if resolving, and grade 2 if present.
Clinical data were also collected on patient symptoms: degree of erythema, pain, burning, pruritus, tenesmus, and bleeding.
For all, except bleeding, a four-level scale was used. Symptoms were defined as grade 0 if absent, grade 1 if mild, grade 2 if moderate, and finally grade 3 if severe.
Level of bleeding was assessed as grade 0 if always absent, grade 1 if less than 50% of the evacuations, grade 2 if more than 50% of the evacuations, and grade 3 if always present.
Inclusion and Exclusion Criteria
A retrospective data collection including patients who met the following criteria was conducted:
1) Clinical diagnosis of HD grade II or III according to Goligher’s scale;
2) Intake for 7 days of a compound in sachets or tablet form already authorized on the market consisting of 450 mg of micronized diosmin, 300 mg of C. asiatica dry extract of which 60 mg is total triterpenes, 270 mg of micronized hesperidin, 200 mg of V. vinifera dry extract of which 190 mg is proanthocyanidins, 160 mg of vitamin C, 160 mg of V. myrtillus dry extract of which 1.6 mg is anthocyanosides, 140 mg of micronized quercetin, and 130 mg of micronized rutin (Flavofort 1500®, Merqurio Pharma S.r.l., Naples, Italy). The dose was one sachet or two tablets a day for 7 days;
3) Patients following a free diet regimen;
4) Availability of clinical variables at both time points (T0, baseline; and T7, 7 days after the start of administration);
5) Over 18 years of age;
6) Not on therapy with other anti-hemorrhoid agents;
7) Patients adhering to treatment. Adherence to treatment is routinely assessed using a questionnaire in Hepatogastroenterology Division operating unit for evaluating whether the patient had forgotten to take a few tablets or had thought about stopping a treatment or had stopped or not followed it for at least 90% of the duration. These data were used for studying if enrolled patients were adherent to treatment.
Patients under 18 years of age, with grade I or IV hemorrhoid disease, or patients with clinically significant organic diseases, patients receiving systemic or topical steroid therapy, patients with a prior diagnosis of inflammatory bowel disease or on specific therapy with mesalazine and rifaximin or an enhanced fiber diet were excluded. Patients in whom partial data were obtained or who did not demonstrate adherence to treatment were also excluded.
Outcomes and Setting
The reduction of at least one grade of HD according to Goligher’s scale was the primary outcome.
Safety was evaluated as an additional primary outcome in relation to the occurrence of patient-reported adverse reactions during and after taking the compound.
Improvement in patient symptoms, as a secondary outcome, was defined as improvement in grade reduction parameters related to erythema, pain, burning, pruritus, tenesmus, bleeding, edema, prolapse, and hemorrhoid thrombosis.
Patients underwent an initial examination in which, by means of an objective examination including rectal exploration, the degree of HD according to Goligher was diagnosed, and clinical symptoms related to anorectal disorders were collected. Patients were prescribed, according to the judgment of the gastroenterologist, different medical therapies, such as a diet rich in fiber and flavonoids, and indication for surgical therapy or the compound object of the study. The same patients were seen again after 7 days in a gastroenterological follow-up visit in which the same procedures were repeated and collected in a clinical database routinely used in the outpatient unit. From the latter, it was possible to extract the data of interest.
Statistical Analysis
Descriptive statistics were used for the presentation of data. Continuous variables were presented as median (interquartile range). Ordinal variables have been presented as numerosity (percentage of the total) for each degree of freedom. The distribution of the data was evaluated for the choice between parametric and nonparametric tests. Differences in the distribution of the variables in the two assessment times were evaluated by the Wilcoxon signed-rank test. Comparison between the values of the ordinal variables in relation to groups was carried out using the Mann–Whitney U-test. The strength of the correlation between continuous or ordinal variables was analyzed using the Kendall Tau-b test.
To assess the association between demographic parameters and achievement of the primary outcome related to the degree of HD, logistic regression models and risk when identified were expressed as odds ratio (OR) with 95% CI also used.
The accepted level of statistical significance was a p-value of less than 0.05 and two-tailed. IBM® SPSS® has been used as software for data analysis. Prism 9® has been used for the processing of graphs.
RESULTS
Patient Characteristics
A total of 69 patients were prescribed a compound with a predominant base of micronized bioflavonoids, in combination with vitamin C and extracts of C. asiatica, V. myrtillus, and V. vinifera, from January 2019 to August 2020. Of these, 15 did not complete the 7-day treatment (or had the second visit later than 7 days), while 5 were lost to follow-up (Figure 1). At the end of the study, 49 patients were enrolled. Of these, 30 (61.22%) had grade II HD, while 19 (38.78%) had grade III HD. Twenty (40.8%) patients were male, and 29 (59.2%) were female. In relation to the level of exercise, 19 (38.8%) showed a low level of exercise and 29 (59.2%) moderate level, and finally, only one patient (2%) showed a high level of exercise. The median hours spent in the bathroom was 5 (IQR = 4–8). None of these parameters were significantly different between the two groups (grade II, grade III) as shown in Table 1.
[image: Figure 1]FIGURE 1 | Flowchart describing the selection of patients for inclusion in the study. The number of patients excluded and the reasons for exclusion from the study are shown.
TABLE 1 | Baseline characteristics of selected patients for the study, divided into two groups according to hemorrhoidal grade (grade II and grade III).
[image: Table 1]A total of 13 patients had comorbidities of whom 4 (8.2%) had arterial hypertension, 2 (4.1%) dyslipidemia, and one patient (2%) either urolithiasis or varicosity of the lower limbs, or heart failure or uterine polyps or diabetes. Four patients (8.2%) were taking beta-blockers, 6 (12.2%) renin–angiotensin system inhibitor, 3 (6.1%) cardioaspirin, and 3 (6.1%) statins.
Outcomes
All 49 patients considered for the study had previously completed the 7-day treatment regimen and assessed parameters at T0 visit and T7 visit.
The primary outcome, reduction of at least one grade of HD according to Goligher’s scale, was achieved by 44 patients (89.8%). Differences in hemorrhoidal grade were, in the range T0–T7, statistically significant (p < 0.001).
Table 2 summarizes all clinical variables assessed over the T0–T7 time interval. A general improvement in all parameters analyzed with statistical significance was also observed (Figure 2).
[image: Figure 2]FIGURE 2 | Improvement in hemorrhoidal symptoms, in terms of grade, at the different evaluation times, at baseline (T0), and after 7 days of treatment with the study compound (T7). Data in the histogram are presented as medians. Differences in the distribution of the symptom variable, in the interval T0–T7, and found to be statistically significant are highlighted with “*”.
TABLE 2 | Presentation of changes in hemorrhoidal symptoms at different times of the study, at baseline (T0) and after 7 days of treatment (T7).
[image: Table 2]In detail, erythema levels were found to be significantly improved at T7 (p < 0.001), and we observed that at T0, the vast majority of patients had severe-grade erythema (45, 91.8%), while at T7, none of the patients presented severe-grade erythema, with the majority of patients (34, 69.4%) having mild-grade erythema and 12 patients (24.5%) having no erythema.
In detail, we observed an improvement in erythema levels at T7 (p < 0.001). At T0, it should be noted that the majority of patients presented with severe erythema (45, 91.8%). On evaluation at T7, however, none of the patients presented with severe erythema, and indeed, the majority of patients (34, 69.4%) presented with mild erythema, while 12 patients (24.5%) had no erythema at all.
Pain also improved substantially (p < 0.001), whereas at T0, the slightly more than majority of patients (25, 51%) had severe pain; at T7, the substantial majority of patients (45, 91.8%) had no pain.
The same can be said for burning (p < 0.001), as the majority of patients at T7 (29,59.2%) had no burning present, starting from a condition at baseline in which 61.2% of patients showed severe burning.
Regarding pruritus, there is again an improvement (p < 0.001), with 39 (79.6%) patients at T7 without pruritus; starting from baseline, 24 (49%), 2 (4.1%), and 3 (6.1%) of patients had severe, moderate, and mild pruritus, respectively.
Although at baseline the majority of patients did not present tenesmus (36, 73.5%) while 10 patients (20.4%) presented severe tenesmus, it was observed that, significantly (p = 0.004), the number of patients with severe tenesmus decreased to 2 (4.1%) at T7 with redistribution in the less severe grades.
A dramatic reduction in the level of bleeding was observed in the range T0–T7 starting from a baseline condition in which 42 patients (85.7%) had bleeding in every fecal bowel. Specifically, at T7, only 2 patients (4.1%) had bleeding after 7 days of treatment (p < 0.001).
Hemorrhoidal edema and prolapse were also parameters that showed improvement at the T0–T7 transition (p < 0.001).
Finally, hemorrhoidal thrombosis in resolution or frankly present at baseline (6, 12.2%) decreased at T7, with no patients with frank hemorrhoidal thrombosis, only one patient (2%) with thrombosis still in resolution, and 98% of patients with absent thrombosis (p = 0.014). However, it should be noted that the majority of patients (43, 87.8%) at baseline were without hemorrhoidal thrombosis.
It was observed that distribution of data with respect to the primary outcome variable (decrease of at least one degree of Goligher’s hemorrhoid disease) was significantly different with respect to the degree of erythema assessed at T7, degree of pain, degree of pruritus assessed at T0, degree of tenesmus, and finally the degree of prolapse assessed at T0–T7. The remaining clinical parameters showed nonsignificant distributions with respect to the achievement of the primary outcome as shown in Table 2.
At the analysis of the bivariate correlation, achievement of the primary endpoint (reduction of at least one degree of the scale for Goligher’s HD) was confirmed to be strongly correlated with the degree of erythema assessed at T7 (p = 0.001), pain assessed at T7 (p < 0.001), pruritus assessed at T0 (p = 0.022) and T7 (p = 0.006), and tenesmus assessed at T0 and T7 (p < 0.001) as well as the degree of edema (p = 0.043) and prolapse (p = 0.001) assessed at T7.
None of the demographic parameters such as age, gender, exercise level, hours spent in the water-closet, medications taken, or comorbidities showed a correlation with outcome attainment as shown in Table 3.
TABLE 3 | Demographic variable frequencies, expressed as numerosity (percentage of total) or median (interquartile range).
[image: Table 3]This result was also confirmed in the logistic regression where none of the demographic parameters were significantly associated with the achievement of the primary outcome related to the reduction of the degree of HD for age (OR = 1.003; 95% CI 0.933–1.077; p = 0.9), gender (OR = 0.97; 95% CI 0.14–6.723; p = 0.9), level of exercise (OR = 1.196; 95% CI 0.168–8.53; p = 0.8), time spent in the bathroom (OR = 0.913; 95% CI 0.622–1.338; p = 0.6), medications taken (OR = 1.458; 95% CI 0.936–2.272; p = 0.096), or comorbidities (OR = 0.496; 95% CI 0.22–1.119; p = 0.091) as shown in Table 3.
By evaluating the visits of patients considered in the study, at time T7, no adverse reaction to the use of the compound had been recorded. In other words, 100% of the patients showed a safe profile of the compound.
All 49 (100%) of the patients included in the study were adherent to the compound for 7 days of therapy. As already mentioned, therapy adherence was assessed by means of a questionnaire. Processing the data from this questionnaire, it was observed that 16 (32.7%) patients expressed difficulty in consistently following the use of one tablet per day of the product, while only 7 (14.3%) patients responded in the questionnaires that they had difficulty remembering how to follow the dosage due to daily commitments. Finally, only 5 (10.2%) patients responded that, while taking the compound, they had thought about stopping it at least once. Ultimately, it was possible to observe that all patients took the compound in full, and generally, the majority of patients took it without difficulty.
DISCUSSION
This study originates from the observation that heterogeneous classes of compounds have been used for relieving hemorrhoidal symptoms both as a single drug and as combination therapy. The use of a mix of micronized flavonoids in combination with vitamin C and extracts of C. asiatica, V. myrtillus, and V. vinifera, orally administered as a single compound in patients with grade II and III HD, was deepened. Interestingly, results showed that after 7 days of treatment, primary outcome related to the reduction of HD grade was achieved by the majority of patients (about 90%). Statistically significant improvements have been reported in all secondary outcomes evaluated, with frequent symptom disappearance or shifting to mild grade (Table 2).
Numerous studies reported the efficacy of flavonoids and micronized purified flavonoid fraction (MPFF) in HD treatment (Sheikh et al., 2020). Several studies have shown results after 7 days of therapy with MPFF, and by comparing these results with those obtained by this study analysis, overlapping results were noted in terms of efficacy. In particular, in one of them (Cospite, 1994), patients with HD, treated with MPFF (3,000 mg/day for 3 days and 2,000 mg/day for 4 days; N = 50) reported pain resolution in 84% of cases and bleeding resolution in 95% of cases. These results are similar to those obtained in this study where pain and bleeding resolution has been achieved in almost 92% of patients.
Another study conducted in patients with HD, treated with MPFF (3,000 mg/day for 4 days and 1,500 mg/day for 3 days; N = 49), shows a high percentage of patients with symptom improvement (absent or mild) on day 7: bleeding 98%, pain 94%, pricking 100%, edema 92%, and prolapse 100% (Jiang and Cao, 2006). In this study, the corresponding percentages of patients with symptoms absent or mild on day 7 are bleeding 92%, pain 94%, pricking 94%, edema 98%, and prolapse 92%.
Misra et al. evaluated bleeding control in patients with acute internal hemorrhoids also with an evaluation after 7 days of treatment with MPFF (3,000 mg/day for 4 days and then 2,000 mg/day for 3 days; N = 50) showing bleeding cessation in 94% of patients, similar to this work (Misra and Parshad, 2002).
Although these studies showed an overlapping trend of the results, there is a substantial difference between the study setting mentioned above and this study, regarding the intervention, that in the literature, reported studies are mainly made up of high dosage of MPFF, starting with attack therapy of 3,000 mg/day for first 3 or 4 days, followed by 4 or 3 days of lower dose therapy from 2,000 to 1,500 mg/day. The compound of this study consisted of a total of 990 mg of micronized flavonoid (diosmin, hesperidin, quercetin, and rutin) in association with natural dry extracts of 300 mg of C. asiatica, 200 mg of V. vinifera, 160 mg of V. myrtillus, with 160 mg of vitamin C, orally administered as a single compound. All these components are active in the improvement of microcirculation and tone and elasticity of the venous wall (May 2000; Chong and Aziz, 2013; Mastantuono et al., 2016), so it was assumed that efficacy results obtained with the dose here reported could be due to a synergic effect between active ingredients.
Further, the compound in the study, administered as one sachet or two tablets a day, showed high compliance for patients, with 100% of patients adherent to the therapy. It may be possible to speculate that the reduced number of administrations in a day could have improved adherence to therapy. Finally, of note, the compound has been well tolerated, and no adverse events have been reported during treatment.
The encouraging and novel results here reported allow us to suppose that similar combinations of active ingredients can expand the medical therapies recommended in international guidelines for the management of HD and can provide a new therapeutic approach that can limit the need to use more invasive and complicated procedures, such as banding, sclerotherapy, and infrared coagulation (IRC), and currently recommended in case of failure of medical treatment (Davis et al., 2018).
This retrospective study represents a preliminary analysis of the interesting results reported by the compound based on a mix of micronized flavonoids (diosmin, hesperidin, quercetin, and rutin) in combination with vitamin C and extracts of C. asiatica, V. myrtillus, and V. vinifera. This study has some limitations. Firstly, it is a retrospective study, and another limitation is the small number of analyzed patients and the lack of a control group.
Although this analysis can be considered a starting point for subsequent evaluations, certainly new evidence is required from randomized controlled trials (RCTs) evaluating this combination therapy as support therapy for more severe HD grades and/or surgical patients.
In conclusion, this study showed the efficacy and the safety of the compound based on a mix of micronized flavonoids (diosmin, hesperidin, quercetin, and rutin) in combination with vitamin C and extracts of C. asiatica, V. myrtillus, and V. vinifera (Flavofort 1500®), evaluated in a retrospective way in patients with grade II and III HD, treated with one sachet or two tablets a day for 7 days.
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Introduction: The world population is ageing, resulting in increased prevalence of age-related comorbidities and healthcare costs. Limited data are available on intestinal health in elderly populations. Structural and functional changes, including altered visceroperception, may lead to altered bowel habits and abdominal symptoms in healthy individuals and irritable bowel syndrome (IBS) patients. Our aim was to explore age-related changes in gastrointestinal symptoms and underlying mechanisms.
Methods: In total, 780 subjects (IBS patients n = 463, healthy subjects n = 317) from two separate studies were included. Subjects were divided into different age groups ranging from young adult to elderly. Demographics and gastrointestinal symptom scores were collected from all participants using validated questionnaires. A subset of 233 IBS patients and 103 controls underwent a rectal barostat procedure to assess visceral hypersensitivity. Sigmoid biopsies were obtained from 10 healthy young adults and 10 healthy elderly. Expression of the visceral pain-associated receptors transient receptor potential (TRP) Ankyrin 1 (TRPA1) and Vanilloid 1 (TRPV1) genes were investigated by quantitative RT-PCR and immunofluorescence.
Results: Both elderly IBS and healthy individuals showed significantly lower scores for abdominal pain (p < 0.001) and indigestion (p < 0.05) as compared to respective young adults. Visceral hypersensitivity was less common in elderly than young IBS patients (p < 0.001). Relative TRPA1 gene transcription, as well as TRPA1 and TRPV1 immunoreactivity were significantly lower in healthy elderly versus healthy young adults (p < 0.05).
Conclusions: Our findings show an age-related decrease in abdominal pain perception. This may in part be related to decreased TRPA1 and/or TRPV1 receptor expression. Further studies are needed to reveal precise underlying mechanisms and the associations with intestinal health.
Keywords: ageing, visceral nociception, TRPV1, TRPA1, mRNA, immunofluorescence microscopy
INTRODUCTION
Ageing affects gut functioning on several levels; for example motility, gut microbiota composition, local immune and inflammatory responses and sensory functions (e.g. gustatory and nociceptive) (Soenen et al., 2016; DeJong et al., 2020) are reported to change with age. Perturbations in these functions can be linked to common gastrointestinal (GI) disorders in the elderly: for example constipation and diverticulitis occur more frequently with ageing (Higgins and Johanson, 2004; Hays and Roberts, 2006). In addition, acute inflammatory gastrointestinal diseases, such as appendicitis and cholecystitis, can be more difficult to diagnose as their presentation in the elderly is more often atypical or silent, in part related to less severe abdominal pain (Lyon and Clark, 2006). On the other hand, decreased nociceptive signaling could be of benefit in disorders of brain-gut interactions that are characterized by chronic recurrent pain, such as irritable bowel syndrome (IBS). Studies using balloon distentions in the esophagus and rectum demonstrated an increased visceral pain threshold in the elderly (Lasch et al., 1997; Lagier et al., 1999), and abdominal pain was shown to be inversely correlated with age during a nutrient challenge in the form of enteral feeding solution (Gururatsakul et al., 2010). The decreased sensitivity to visceral pain appears to translate to lower prevalence rates of IBS, as a meta-analysis showed that the odds of IBS in those aged 50 years and older are significantly lower than in those younger than 50 years (Lovell and Ford, 2012). Moreover, two population-based studies demonstrated the disappearance of abdominal pain with ageing (Choung et al., 2014; Rottenberg et al., 2015).
Currently, little is known about the mechanisms behind the decline in sensory signaling in the gut with increasing age. Elucidating these mechanisms could potentially provide new insights for the development of novel (visceral) pain management strategies, in particular with respect to different therapeutic responses related to age. From a molecular perspective, the responsiveness of visceral afferents to noxious stimuli is determined by the expression and activity of sensory transducer molecules including transient receptor potential (TRP) channels (Beckers et al., 2017). TRP channels constitute a family of nonselective cation channels. Several members of this family, including transient receptor potential vanilloid 1 (TRPV1) and transient receptor potential ankyrin 1 (TRPA1), have been identified to function as transducers of nociceptive signals in both somatic and visceral pain (Beckers et al., 2017). It has therefore been hypothesized that a reduction in functioning or expression of TRPV1 and TRPA1 in visceral afferents is responsible for reduced abdominal pain with age. Significantly decreased responses to the TRPV1 agonist capsaicin in colonic high threshold mechanosensitive afferents was observed in 24-month-old mice when compared to 3-month-old ones, which were unrelated to the expression of TRPV1 in DRG neurons (Keating et al., 2016). Similarly, in human ileal and sigmoid biopsy samples, a decreased baseline firing rate and blunted response to bradykinin were shown in elderly compared to young individuals (with a cut-off of 65 years of age) (Yu et al., 2016).
Given the limited data with regards to alterations in TRP channel expression, signaling and function with ageing and abdominal pain, our aim was to explore age-related changes in gastrointestinal symptoms including nociception, and particularly their relationship with TRPV1 and TRPA1 immunoreactivity and mRNA expression profiles in sigmoid biopsies. In addition to subjective abdominal symptom ratings we studied visceral sensitivity across age groups using rectal balloon distension in IBS patients and healthy controls.
METHODS
The present manuscript is based on data from two separate studies. One study was part of a larger project on the effect of pectin on GI function, hereafter referred to as the ‘biopsy study’ (An et al., 2019; Wilms et al., 2019). This involved a randomized, double-blind, placebo-controlled trial in healthy young adults (18–40 years) and healthy elderly (65–75 years), which had been registered in the US National Library of Medicine (NCT02376270). The second study is part of a larger cohort study on the phenotypic and genotypic characterization of IBS patients, hereafter referred to as the ‘Maastricht IBS (MIBS) cohort’ (Ludidi et al., 2014; Mujagic et al., 2017), which is registered in the US National Library of Medicine (NCT00775060). Subjects aged between 18 and 75 years were included in this primay-tertiary care cohort study. IBS was diagnosed using the Rome III criteria in all patients. Fulfilment of criteria was checked by means of interview by an experienced clinical researcher (medical doctor or last year medical doctor in training). In addition, healthy controls (i.e. no current or past gastrointestinal disorders) were included in this cohort study. Patient characteristics of the Maastricht IBS cohort, including symptom scores, intestinal permeability, serotonin metabolism and visceral hypersensitivity has been previously reported elsewhere (Ludidi et al., 2014; Mujagic et al., 2016; Thijssen et al., 2016; Mujagic et al., 2017; Vork et al., 2018; Weerts et al., 2019). The current exploratory study was specifically aimed at investigating age-related changes. Both studies had been approved by the Maastricht University Medical Center+ (MUMC+) Ethics Committee. All study procedures were performed in compliance with Good Clinical Practice Guidelines and according to the revised Declaration of Helsinki. All subjects gave written informed consent prior to participation. An overview of the obtained data per study and sample sizes is provided in Table 1. Details on the methods are provided below.
TABLE 1 | Overview of available data.
[image: Table 1]Gastrointestinal Symptom Rating Scale Questionnaire
The GSRS was completed by all subjects in both studies. This 15-item questionnaire encompasses a range of gastrointestinal symptoms, including abdominal pain, bloating, flatulence, frequency of bowel movements, stool consistency, urgency, and the feeling of incomplete evacuation (Svedlund et al., 1988). Symptoms are combined into five clusters, which include abdominal pain, reflux, diarrhoea, indigestion and constipation. The intensity of symptoms is scored on a 7-grade Likert scale (1, no symptoms at all; 2, minimal symptoms; 3, mild symptoms; 4, moderate symptoms; 5, rather serious symptoms; 6, serious symptoms; and 7, very severe symptoms).
Sigmoid Biopsies–TRPA1 and TRPV1 Analyses
In the biopsy study, tissue samples were obtained from the sigmoid colon by means of standard flexible sigmoidoscopy and snap frozen in liquid nitrogen upon storage at -80C until further analysis. No bowel preparation was used. Biopsies were obtained after the supplementation period, and only subjects receiving placebo were included for TRP analyses. Note that placebo consisted of the polysaccharide maltodextrin. Maltodextrin is completely digested and absorbed in the small intestine and therefore has no significant effect on the colon (Leemhuis et al., 2014).
TRPV1 and TRPA1 mRNA Expression
Sample homogenisation of biopsy specimen was performed in 1 ml TRI Reagent (Molecular ResearchCentre Inc., Cincinatti, OH, United States) and total RNA was isolated with Direct-Zol RNA MiniPrep isolation kit (Zymo Research, Irvine, CA) following the manufacturer’s protocol. Samples were then measured by NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE) to assess RNA quantity and purity. After treatment with deoxyribonuclease I enzyme (Zymo Research, Irvine,CA) total RNA (100 ng) was reverse transcribed with Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. To amplify trancripts, real-time qPCR was performed on a Stratagene Mx3000P qPCRSystem (Agilent Technologies, Santa Clara, CA) using Luminaris HiGreen LowROX qPCR Master Mix (Thermo Fisher Scientific) (Bohonyi et al., 2017). The following primer pairs were used to amplify the genes of interest: Trpv1 (NM_080706.3) (sense): 5′-CAG​CTC​AAT​TGC​TGT​GCA​GGT​TA-3′ and (antisense): 5′-TGC​CAG​TAT​GGA​TGG​AGT​GGA​A-3'; Trpa1 (NM_007332.2) (sense): 5′-ATG​GAC​AGC​TTG​GTT​ACC​TCC​AC-3′ and (antisense): 5′- CAG​CAC​TCT​GCT​GGT​TTG​TAT​GAA -3'. All reactions were measured in triplicates and the geometric mean of their Ct values were calculated which was normalized to transcripts of the glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (NM_001289746.1) (sense): 5ʹ- CCT​GCA​CCA​CCA​ACT​GCT​TA -3ʹ and (antisense): 5ʹ-TAG​AGG​CAG​GGA​TGA​TGT​TCT​G-3ʹ; used as reference gene. Primers with similar efficiencies were used and melt curve analyses were performed to verify primer specificity. The determination of relative messenger RNA (mRNA) expression levels was performed according to the comparative Ct method.
TRPV1 and TRPA1 Immunofluorescent Staining
Five µm frozen sections of sigmoid biopsies were fixed on Superfrost Plus Microscope Slides (Thermo Fischer Scientific, Waltham, United States) and stained with a 1:100 dilution of guinea pig polyclonal anti-TRPV1 (GP14100, Neuromics, Edina, MN, United States) and 1:200 dilution of rabbit polyclonal anti-TRPA1 (orb86362, Biorbyt, Cambridge, United Kingdom) primary antibodies. Slides were incubated with VECTASTAIN® ABC-Peroxidase Kit- Guinea Pig IgG (PK-4007, BioMarker Ltd., Budapest, Hungary) and HISTOLS peroxidase kit - rabbit IgG (30011.R500 Histopathology Ltd, Pécs, Hungary). The reaction was then visualized by 1:2000 dilution of Tyramide Signal amplification kit with HRP-goat anti-rabbit IgG and Alexa Fluor 594 and 488 tyramide (T20925 and T20922, respectively; Life Technologies, Paisley, UK). Nuclear counterstaining for fluorescent microscopy was performed by Vectashield Mounting Medium with 4′,6-diamidino-2-phenylindole (DAPI) in 1.5 ug/mL concentration (Vector Laboratories, Burlingame, CA, United States). TRPV1 and TRPA1 immunopositivity was quantified by counting TRPA1 and TRPV1 positive nerve fiber-like structures per area of lamina propria performed by an experienced pathologist who was blind to the treatment order (BK). Incubating sigmoid mucosa with Tris-buffered saline instead of the primary antibodies served as negative control, while sections of previously sampled human dorsal root ganglia expressing TRPV1 and TRPA1 abundantly were used as positive control. The antibody specificity has been validated by preabsorption of the respective blocking peptides (P14100 Neuromics, Edina, MN, United States for TRPV1 and AAP35205 Aviva Systems Biology, San Diego, CA, United States) as described previously (Kun et al., 2014).
Rectal Barostat (Balloon Distension)
Participants arrived in the hospital after an overnight fast. Rectal perception was measured using an electronic barostat (Distender II; G&J Electronics, Toronto, ON, Canada, part: C7-CB-R) and a balloon of non-compliant material (Mui Scientific, Missisauga, ON, Canada, part: C7-2CB-R), which was lubricated with KY-gel (Johnsson and Joshnsson, Longhorne, PA, United States). The procedure was executed according to our standardised protocol as described previously (Ludidi et al., 2012). Abdominal pain was scored using a visual analogue scale (VAS) ranging from 0 to 100 mm. For subjects who did not complete the full protocol, VAS-scores for the remaining pressure steps were padded using the highest VAS-score achieved over the protocol thus far. Visceral hypersensitivity was defined as a VAS-score of ≥20 mm at a pressure of 26 mmHg or lower.
Data Visualization and Statistical Analysis
All data plots were created using GraphPad Prism 9. Barcharts with error bars include superimposed individual data points. Tabular data are presented as mean ± standard deviation (SD) for continuous variables and proportions for categorical outcomes. Continuous variables were found to be normally distributed. Statistical analyses were performed in R Statistical Software version 3.6.3 (2020–02–29). Univariate comparisons were performed using an independent samples t-test for continuous variables and χ2 test for dichotomous variables. A two-sided alpha value of 0.05 was used. Given the hypothesis-generating/exploratory nature of the current study, significance level was not corrected for multiple comparisons.
RESULTS
Subject Characteristics
The baseline characteristics of subjects from both studies are displayed in Table 2. In the healthy subject subgroup of the MIBS cohort, young and middle-aged subjects were more often female than elderly subjects. Gender was equally distributed in IBS patients (Maastricht IBS cohort) and healthy subjects from the biopsy study. A significantly higher proportion of healthy young adults and middle-aged subjects in the Maastricht IBS cohort was female, as compared to healthy elderly. The BMI of elderly subjects was significantly higher across all groups, as compared to their younger counterparts. Proton pump inhibitors were more frequently used by elderly subjects in the IBS patient subgroup, as well as in the biopsy study, as compared to the respective young subjects. Selective serotonin reuptake inhibitors were more frequently used by middle-aged IBS patients, as compared to elderly IBS patients.
TABLE 2 | Baseline characteristics of IBS patients (MIBS cohort) and healthy subjects (MIBS cohort and biopsy study).
[image: Table 2]Abdominal Symptoms and Visceral Hypersensitivity
Median and mean GSRS scores are shown in Figure 1; Supplementary Table S1, respectively. Scores for abdominal pain were significantly lower in elderly as compared to young subjects in all groups (in both IBS patients and healthy subjects). In IBS patients, scores for diarrhoea were also lower in elderly as compared to young subjects. In healthy subjects from both the Maastricht IBS cohort and the biopsy study, scores for indigestion were lower among elderly subjects.
[image: Figure 1]FIGURE 1 | Boxplot showing GSRS scores in IBS patients panel (A), healthy subjects from the Maastricht IBS cohort study panel (B) and healthy subjects from the biopsy study panel (C). Plots include median, interquartile range and minimum and maximum values. Independent t-tests were used for comparison of mean GSRS scores per age group. *p < 0.05 ** p < 0.01 *** p < 0.001.
Visceral hypersensitivity was found to be less common among elderly IBS patients as compared to young adults and middle-aged patients (Figure 2). In the youngest age category ranging from 18–39 years, visceral hypersensitivity was found in 63.0% of IBS patients. In middle-aged adult (40–64 years) and elderly (65–75 years) IBS patients, visceral hypersensitivity was found in 40.0 and 25.0%, respectively. A χ2 test on all three age categories indicated a significant difference between at least two age groups (χ2 (1, N = 233) = 17.65, p < 0.001). Post-hoc testing revealed that visceral hypersensitivity was significantly more common in young-adults versus elderly (χ2 (1, N = 128) = 12.75, p < 0.001) and in young-adults versus middle-aged patients (χ2 (1, N = 205) = 10.85, p = 0.001). Overall low percentages of visceral hypersensitivity were found in all age groups of healthy controls (7.1, 4.4 and 10.0% respectively).
[image: Figure 2]FIGURE 2 | Occurrence of visceral hypersensitivity in healthy (control) subjects and IBS patients, based on rectal barostat data (semi-random staircase protocol) from the MIBS cohort. χ2 tests were used for comparing prevalence of visceral hypersensitivity per age group.
TRPA1 and TRPV1 Immunoreactivity and mRNA Expression Profiles in Healthy Subjects
TRPA1, TRPV1 and TRPA1/TRPV1 composite immunoreactivity was significantly lower in elderly subjects (Figure 3A). In addition, TRPA1 and TRPV1 immunoreactivity demonstrated a strong correlation (r = 0.865, p < 0.01, Figure 3B). Relative mRNA expression of TRPA1, but not TRPV1, was significantly lower in elderly subjects (Figure 3C). Representative immunofluorescence slides of TRPA1 and TRPV1 stainings in young adults and elderly are shown in Figure 3D. A moderate correlation was found between TRPA1 and TRPV1 relative mRNA expression levels, though this correlation failed to reached statistical significance (r = 0.442, p = 0.051, Supplementary Figure S1A). Immunoreactivity and relative mRNA expression levels correlated moderately for both TRPA1 (r = 0.530, p = 0.038, Supplementary Figure S1B) and TRPV1 (r = 0.566, p = 0.022, Supplementary Figure S1C. Abdominal pain scores correlated moderately with TRPV1 relative expression (r = 0.502, p = 0.024, Supplementary Figure S2B). No significant correlations were found between abdominal pain scores and TRPA1 relative expression, nor with TRPA1 and TRPV1 immunoreactivities (Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | Panel (A–D). Panel (A): Immunoreactivity values (mean number of stained fibers per mm2 of lamina propria) of TRPA1, TRPV1 and combined (TRPA1/TRPV1 composite) of sigmoid biopsies from healthy young adults and healthy elderly. Panel (B): Correlation of immunoreactivity of TRPA1 and TRPV1 (mean number of stained fibers per mm2 of lamina propria), demonstrating co-expression. Panel (C): TRPA1 and TRPV1 expression (relative to GADPH as reference gene) in young adults and elderly. Panel (D): immunofluorescence images demonstrating abundant staining of TRPV1 and TRPA1 in sigmoid biopsies from young adults, but not in the elderly. Abbreviations: DAPI = 4′,6-diamidino-2-phenylindole (cellular immunofluorescence stain).
DISCUSSION
To the best of our knowledge this is the first study to explore associations between age-related changes in abdominal symptoms and TRPA1 and TRPV1 expression profiles in humans. First, our study corroborates the previously reported finding that abdominal pain decreases with age. Importantly, this decrease was not limited to healthy subjects, as it was also observed in a large group of IBS patients. We have previously reported that a significant proportion of IBS patients demonstrates lower gastrointestinal symptom scores over a follow-up period of 5 years as compared to their baseline values (Weerts et al., 2019). In the current study, we found that other gastrointestinal symptoms, such as diarrhoea and indigestion also decreased with ageing in IBS patients and healthy subjects, respectively. It should be noted that, based on these symptom reports alone, one cannot differentiate between an effect of ageing on visceral nociception and IBS natural disease progression. Hence, in the current study we have attempted to explore potential underlying mechanisms of decreasing abdominal pain scores with ageing in both IBS patients and healthy individuals.
In line with the decreased abdominal pain scores, we observed that visceral hypersensitivity measured by rectal barostat procedure, was significantly less common among elderly IBS patients than younger patients. This reduction was also apparent when comparing young adults and middle-aged IBS patients, pointing to a gradual decline in visceral sensitivity with age. Visceral hypersensitivity was an infrequent finding in healthy volunteers in all age groups, hence no decline with age was observed in this subgroup of healthy controls.
In a subgroup of healthy subjects, we used immunofluorescence to measure TRPA1 and TRPV1 protein expression in sigmoid biopsies of both healthy young adults and elderly subjects. These TRP channels have been implicated to play important roles in the transduction of nociceptive information from the gut and several studies have shown upregulation of TRPV1 in the colonic mucosa of IBS patients (Beckers et al., 2017). TRP channels have therefore been implicated as potential therapeutic targets for the treatment of chronic abdominal pain. Here we found, for the first time in human colonic tissue, that TRPA1 and TRPV1 immunoreactivity was significantly lower in biopsies from healthy elderly subjects compared to their younger counterparts. Given the role of these molecular transducers in visceral nociception, we subsequently explored associations between TRPA1 and TRPV1 immunoreactivity and abdominal pain scores. Only TRPV1 mRNA expression correlated moderately with abdominal pain. No significant correlations were found between abdominal pain scores and TRPA1 mRNA expression, nor with immunoreactivity of TRPA1 or TRPV1. It should be pointed out, however, that abdominal pain scores were rather low in this specific subgroup of healthy subjects, with a maximum pain score of only 3 (on a 7-point Likert scale.
Another important observation is the strong correlation between TRPA1 and TRPV1 immunoreactivity, which is in line with previous findings indicating that TRPA1 is almost exclusively expressed on TRPV1-positive neurons (Beckers et al., 2017).
Using quantitative RT-PCR, we found that TRPA1, but not TRPV1, mRNA expression levels were lower in elderly subjects. The discrepancy between the protein and mRNA expression levels can in part be explained by the fact that PCR encompasses TRP mRNA from all cellular origins, including non-neuronal (e.g. epithelial), whereas for immunofluorescence staining was predominantly quantified for (morphologically defined) neural fibres. Moreover, not all mRNA is converted into protein and this may also be affected by ageing (i.e. mRNA decay). The latter was also found in a mouse study, where TRPV1 protein expression decreased by ageing in dorsal root ganglion (DRG) neurons, but TRPV1 mRNA expression levels were not altered (Wang et al., 2006). In line with these findings, we observed only modest (but statistically significant) correlations between immunoreactivity and expression levels from the same TRP channel (Supplementary Figure S1B,C). Another question is to which extent neural elements are affected by potential mRNA decay. Findings in literature are somewhat incongruent in this respect. Cibert-Goton et al. found decreased afferent responses to capsaicin, but only in multi-unit and not in single-unit recordings (Cibert-Goton et al., 2020). In addition, McGuire et al. found no effect of age on single unit responses to von Frey hair probing, bradykinin or ATP (McGuire et al., 2018). On the other hand, Keating et al. showed that the decreased response to capsaicin was observed in single-unit recordings, which would rather suggest age-related loss in TRPV1 channel function.
It has been postulated that neurodegeneration, in particular of the enteric nervous system, plays a key role in the deterioration of gut functioning with increasing age (Saffrey, 2013; Soenen et al., 2016). Indeed, the ENS regulates most gastrointestinal functions, ranging from absorption and secretion to motility, afferent signaling, and also immune and inflammatory responses. Thus, decreased functioning of the ENS would reflect on all these functions. A limitation of the current study is that we did not obtain specific neural stainings in the biopsy materials. It is therefore unclear whether the decreased TRPV1 and TRPA1 immunoreactivity was due to decreased expression on afferent fibers, or due to neurodegeneration (i.e. lower density of neural fibers). The distinction is particularly difficult to make for gastrointestinal biopsy specimens, as TRPV1 and TRPA1 themselves are not solely involved in nociception, but have been implicated in visceral motility and permeability as well (Beckers et al., 2017). In order to obtain a complete view of the enteric nervous system one would require intestinal resection material instead of mucosal biopsy specimens.
When exploring associations between TRPA1 and TRPV1 expression levels and abdominal pain scores, a moderate correlation was found for TRPV1 expression only. One should realise that pain is a highly complex mechanism, as not only biological factors (e.g. neural density and afferent functioning), but also psychological factors (e.g. cognitions and stress) play a substantial role in the ultimately perceived sensation after an applied stimulus. As a result, there is a non-linear relationship between peripheral nociceptive input and pain sensation. Cognitions about the meaning of pain (and other abdominal symptoms) as well as coping strategies may be particularly important in the context of decreased abdominal symptoms with ageing. Unfortunately, these factors are rather subjective and therefore, difficult to measure, and as such, have not been included in the present study. Although one can only speculate about the importance of altered coping strategies with ageing, our study provides evidence that decreased sensory function of the gut involves biological changes in visceral afferents, as indicated by the decreased TRPA1 and TRPV1 expressions. Changes in abdominal symptoms over long periods of time may however also be related to habituation (Ginzburg et al., 2015), especially since our elderly IBS patients reported a significant longer duration of IBS symptoms compared to the younger patient groups. Nevertheless, such an effect is unlikely to play a role when using the rectal barostat procedure, which was novel to all subjects. We therefore think that further research is warranted for investigating the association between reduced abdominal symptoms and visceral hypersensitivity with age, and changes in neural TRP channel expression profiles. The latter should also account for neural density, as current evidence cannot rule out that the decreased nociceptive sensitivity could be driven by neurodegeneration rather than specific alterations in afferent functions. In this sense, age-related changes in nociceptive signaling can potentially have beneficial effects in patients experiencing chronic pain as a result of nociceptive overdrive or other forms of visceral hypersensitivity.
Another limitation of our paper is that we did not obtain biopsies from IBS patients. Had we done so, we could have assessed whether there are any age-related changes in expression profiles that are specific to IBS. Therefore, we consider our study exploratory in nature and further studies will be warranted to examine exact underlying mechanisms in different (patient) populations. Results presented in the current study need to be interpreted in light of the exploratory nature. This is particularly important with our biopsy results, where sample sizes (and as such statistical power) were limited. Finally, one should keep in mind that data from two separate studies was used, which poses methodological limitations (e.g. variability in subject populations).
Understanding the processes of the age-related decrease of the intensity of abdominal sensations can have important therapeutic repercussions. First, the decreased perception of adverse stimuli is beneficial for patients with chronic abdominal pain, such as in IBS. Given this observation, patients can be reassured that their symptoms are likely to diminish over time. Moreover, insights regarding this natural analgesic effect of ageing could prove valuable for the development of novel (visceral) pain management strategies.
CONCLUSION
An age-related decrease in the reporting of abdominal pain is found in both IBS patients and healthy individuals. Furthermore, the prevalence of visceral hypersensitivity in IBS patients decreases with age. This may be attributed to biological changes, such as decreased TRPA1 and/or TRPV1 receptor expression in the intestinal epithelium. Further studies are needed to specify the underlying mechanisms and the association with intestinal health.
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Background: The role of purinergic P2X7 receptor (P2X7R) is of interest due to its involvement in inflammation and mediating immune cell responses. P2X7R is particularly implicated in the development of inflammatory bowel disease (IBD). However, the extent of the actions of P2X7R in the gastrointestinal (GI) system under physiological and pathophysiological conditions remains to be elucidated. This systematic review aimed to identify, summarize and evaluate the evidence for a critical role of P2X7R in the GI system.
Methods: We searched PubMed, Embase and Scopus with search terms pertained to P2X7R in the GI system in disease or physiological state, including “P2X7 or P2X7 receptor or purinergic signaling” in combination with any of the terms “intestine or colon or gut or gastrointestinal,” “pathology or inflammation or disease or disorder,” and “physiology or expression.” Titles and abstracts were screened for potentially eligible full texts, and animal and human studies published in English were included in this study. Data were extracted from papers meeting inclusion criteria. Meta-analysis was not feasible given the study diversity.
Results: There were 48 papers included in this review. We identified 14 experimental colitis models, three sepsis models and one ischemia-reperfusion injury model. Among them, 11 studies examined P2X7R in GI infections, six studies on immune cell regulation, four studies on GI inflammation, two studies on GI malignancies, three studies involving intestinal injury due to various causes, two studies on ATP-activated P2X7R in the GI system and two studies on metabolic regulation.
Conclusion: Evidence supports P2X7R mediating inflammation and immune cell responses in GI inflammation, infections and injury due to IBD and other challenges to the intestinal wall. P2X7R inhibition by gene knockout or by application of P2X7R antagonists can reduce tissue damage by suppressing inflammation. P2X7R is also implicated in GI malignancies and glucose and lipid homeostasis. P2X7R blockade, however, did not always lead to beneficial outcomes in the various pathological models of study.
Keywords: purinergic P2X7 receptor, gastrointestinal system, inflammation, inflammatory bowel disease, immune cell regulation, infection
INTRODUCTION
Extracellular adenosine triphosphate (ATP) is recognized as an important signaling molecule; it is involved in basic physiological and pathophysiological processes such as tissue homeostasis, wound healing, neurodegeneration, immune and inflammatory responses and cancer (Di Virgilio and Adinolfi, 2016). Despite being a ubiquitous molecule, ATP acts as a co-transmitter in the peripheral and central nervous system (Burnstock, 2012) and it is involved in various cellular responses, including upregulating or inhibiting cell death, regulating growth factors and inflammatory mediators (Di Virgilio and Adinolfi, 2016). ATP is released via a combination of vesicular exocytosis, connexin and pannexin hemichannels (Lazarowski, 2012) in cell death, cell stress, in response to mechanical changes, hypoxia or other agents (Bodin and Burnstock, 2001; Burnstock, 2014). The concentration of extracellular ATP is maintained at low nM levels under normal physiological conditions (Di Virgilio and Adinolfi, 2016; Morciano et al., 2017), but this can drastically increase to a few hundred μM in cell damage or death (Di Virgilio and Adinolfi, 2016).
Short- and long-term purinergic signaling is involved in physiological and pathophysiological processes. Short-term signaling mediates neuromodulation, neurotransmission, secretion, chemotaxis and platelet aggregation (Burnstock, 2014). Long-term signaling involves regulating gene expression, cell proliferation, differentiation and apoptosis (Burnstock, 2012; 2014).
ATP exerts its actions via purinergic P2 receptors. P2 receptors are classified into P2X and P2Y subfamilies. P2X receptors are ligand-gated ion channels, and P2Y receptors are G protein-coupled receptors. They are further classified into seven P2X subtypes and eight P2Y subtypes (Burnstock, 2006; Kolachala et al., 2007). Different cell types usually express multiple purinergic receptor subtypes (Burnstock, 2012).
Among the seven P2X receptors (P2X1-7), the P2X7 receptor (P2X7R) is of particular interest in inflammation, with evidence showing its role in the inflammatory process (Kopp et al., 2019). Extracellular nucleotides, including ATP and their receptors, have been implicated in the pathogenesis of inflammatory bowel disease (IBD) (Burnstock, 2006; Longhi et al., 2017). P2X7R is the only subtype resistant to desensitization–it can be activated for a long duration, resulting in prolonged effects of its activation (North, 2002; Diezmos et al., 2016). P2X7R has a longer C-terminus (240 amino acids) compared to other P2X receptors (29–87 amino acids). This possibly contributes to the physiological and pathophysiological functions of P2X7R, e.g., activation of lipases, kinases, transcription factors, cytokine release, apoptosis and changes in plasma membrane composition and morphology (Kopp et al., 2019), especially under conditions of inflammatory stress and cell damage whereby the increase in extracellular ATP levels lead to P2X7R activation (Longhi et al., 2017).
Apart from IBD, P2X7R has also been implicated in other gastrointestinal (GI) pathologies, especially for its role in aberrant inflammation when activated (Savio et al., 2018). In infections, malignancy, neurodegeneration and neuroinflammation, P2X7R can have differing actions that may have protective effects or contribute towards disease progression (Savio et al., 2018).
The topic of P2X7R in inflammatory diseases has gained growing interest in recent years. To the best of our knowledge, no systematic review concerning this topic has been published. Thus, the aim of this article is to identify, summarize and evaluate the roles and actions of P2X7R in the GI system.
METHODS
Search Strategy
We searched PubMed, Embase and Scopus using the terms “P2X7 or P2X7 receptor or purinergic signaling” in combination with any of the terms “intestine or colon or gut or gastrointestinal,” “pathology or inflammation or disease or disorder,” and “physiology or expression.” There were no date limits, but only studies published in English were included. Titles and abstracts were screened, and full-text articles were obtained for potentially eligible studies.
Inclusion Criteria
Eligible studies were animal or human experimental studies undertaken with a focus on the role of P2X7R. Studies were limited to those involving the GI system. The criteria for methodological rigor of experimental articles included the reporting of species, strain, gender and age of animals (for animal studies), tissue and cell line used, clear description of the experimental protocol with inclusion of proper controls, and reporting the type of statistical analysis undertaken.
Search Results
The search identified a total of 387 records; after eliminating duplicate results, the titles and abstracts of the remaining 265 unique records were screened, of which 78 were selected for full-text review. After a full-text review, 30 did not meet the inclusion criteria and 48 were included in the review. A PRISMA flow chart of the search results is shown in Figure 1.
[image: Figure 1]FIGURE 1 | PRISMA flowchart outlining the protocol used in this systematic review.
RESULTS
There were 48 papers included in this study. We identified 14 experimental colitis models, three sepsis models and one ischemia-reperfusion injury model. Among them, 11 studies examined P2X7R in GI infections, six studies on immune cell regulation, four studies on GI inflammation, two studies on GI malignancies, three studies involving intestinal injury due to various causes, two studies on ATP-activated P2X7R in the GI system and two studies on metabolic regulation.
P2X7R activation has been shown to induce a broad array of cellular responses, including cytokine release, apoptosis, and cell death, which are associated with inflammatory processes. The key actions of P2X7R in the GI system are summarized in Table 1.
TABLE 1 | Table summarizing action of P2X7R in the GI system.
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In the GI system, it is well established that ATP released from neuronal and non-neuronal cells involves purinergic mechanosensory transduction that modulates enteric reflex activities, ion transport, tissue blood flow and pain transmission (Burnstock, 2014). The physiological role of P2X7R in the GI tract is unclear, but its unique feature of forming non-selective large pores on cell membranes in response to cell damage induced sustained increase of extracellular ATP trigger a cascade of events associated with inflammation, leading to ATP-induced recruitment and activation of lymphocytes, macrophages, and dendritic cells to the lesion sites, as well as secretion and maturation of proinflammatory cytokines (North, 2002; Trautmann, 2009). Thus, ATP and P2X7R serve as a key “danger” signal in inflammatory processes. Although P2X7R has become a new target for some chronic inflammatory disorders, to our knowledge, the only clinical trial for P2X7R antagonism was a Phase 2a randomised controlled trial using AZD9056 to treat Crohn’s disease. Even though AZD9056 improved Crohn’s Disease Activity Index scores significantly in terms of pain alleviation and patient well-being, the trial was halted due to insignificant changes in inflammatory biomarkers (Eser et al., 2015).
In the GI system, P2X7R expressed in different cell types has various actions under homeostatic and pathological conditions studied under different experimental models, e.g., colitis model (Gulbransen et al., 2012; Kurashima et al., 2012; Antonioli et al., 2014; Marques et al., 2014; Neves et al., 2014; Hofman et al., 2015; Wan et al., 2016; Figliuolo et al., 2017; Hashimoto-Hill et al., 2017; Ohbori et al., 2017; Diezmos et al., 2018; Souza et al., 2020; Saber et al., 2021), sepsis model via caecal ligation and puncture (CLP) (Wu et al., 2017; Alarcón-Vila et al., 2020), infection models (Keating et al., 2011; Huang et al., 2017; Shimokawa et al., 2017; Liu et al., 2018; Quan et al., 2018; Stark et al., 2018) in both animal and human studies. There were also a few studies (Bourzac et al., 2013; Proietti et al., 2014; Arguin et al., 2017; Perruzza et al., 2017; Perruzza et al., 2019; Proietti et al., 2019).
GI Inflammation
There is strong supporting evidence that P2X7R plays a key role in GI inflammation by upregulating the production of pro-inflammatory mediators.
Eleven experimental colitis models were undertaken in rats and/or mice (Gulbransen et al., 2012; Antonioli et al., 2014; Marques et al., 2014; Hofman et al., 2015; Wan et al., 2016; Figliuolo et al., 2017; Hashimoto-Hill et al., 2017; Ohbori et al., 2017; Delvalle et al., 2018; Souza et al., 2020; Saber et al., 2021), one study involved human colonic tissue culture (Diezmos et al., 2018), and two studies involved both mouse models and colonic tissues from IBD patients (Gulbransen et al., 2012; Kurashima et al., 2012; Neves et al., 2014). To induce colitis, two studies used TNBS–25 mg in 1 ml of solution (Marques et al., 2014), 30 mg/kg in 600 μl of 30% ethanol (Souza et al., 2020). Two studies used TNBS and DSS–100 μl of 2.5% TNBS in 50% ethanol and 3.5% or 2.5% DSS in drinking water ad libitum (Kurashima et al., 2012); 25 mg of TNBS in 0.1 ml solution and 5% DSS in drinking water ad libitum (Neves et al., 2014). One study used 4% DSS in drinking water ad libitum (Saber et al., 2021), one study used 5% DSS in drinking water ad libitum and intraperitoneal (i.p.) azoxymethane (Hofman et al., 2015). One study used various concentrations of TNBS and oxazolone (Figliuolo et al., 2017), two studies used DNBS–5 mg in 0.1 ml of 50% ethanol (Delvalle et al., 2018); 30 mg in 0.25 ml of 50% ethanol (Antonioli et al., 2014). One study used DNBS (5 mg in 0.1 ml of solution), oxazolone (5 mg in 0.1 ml of solution) and DSS (3% in drinking water ad libitum) (Gulbransen et al., 2012). Two studies used DSS–3% (Ohbori et al., 2017) and 4% (Wan et al., 2016) in drinking water ad libitum. One study used pro-inflammatory cytokines (TNF-α and IL-1β, 10 ng/ml each) (Diezmos et al., 2018) and one study used i.p. administration of naïve CD4+ T cells (5 × 105 cells/mouse) (Hashimoto-Hill et al., 2017). Twelve studies involved P2X7R antagonists (Gulbransen et al., 2012; Antonioli et al., 2014; Marques et al., 2014; Neves et al., 2014; Hofman et al., 2015; Wan et al., 2016; Figliuolo et al., 2017; Ohbori et al., 2017; Delvalle et al., 2018; Diezmos et al., 2018; Souza et al., 2020; Saber et al., 2021), four studies involved P2X7R KO mice (Neves et al., 2014; Hofman et al., 2015; Figliuolo et al., 2017; Hashimoto-Hill et al., 2017), two studies used anti-P2X7R antibodies (Kurashima et al., 2012; Neves et al., 2014), and one study used reconstituted P2X7R deficient mast cells (Kurashima et al., 2012).
P2X7R has been shown to play vital roles in intestinal inflammation in IBD and mediating colitis-induced tissue damage. P2X7R upregulated the production of pro-inflammatory cytokines (Kurashima et al., 2012; Marques et al., 2014; Neves et al., 2014; Wan et al., 2016) and mediated immune cell infiltration (Kurashima et al., 2012; Marques et al., 2014; Figliuolo et al., 2017; Ohbori et al., 2017), which propagated inflammation and contributed to microscopic and macroscopic characteristics of colitis. Kurashima et al. (2012) showed in vitro that P2X7R-mediated activation of mast cells played key roles in initiating and exacerbating intestinal inflammation in colitis by promoting the release of TNF-α, IL-6, leukotrienes and chemokines, and neutrophil infiltration into the colon. The work by Figliuolo et al. (2017) also provided evidence that P2X7R downregulated anti-inflammatory cytokines IL-10 and TGF-β-1. Marques et al. (2014) and Neves et al. (2014) found that P2X7R was involved in intestinal epithelial cell apoptosis, while Delvalle et al. (2018) showed that P2X7R activation was involved in the neurodegeneration of enteric neurons during inflammation. Gulbransen et al. (2012) also determined that P2X7R had a role in mediating enteric neuronal death, suggesting the involvement of P2X7R in colonic motor dysfunction in the setting of inflammation. Increased P2X7R expression has been reported in murine models of colitis (Kurashima et al., 2013; Marques et al., 2014; da Silva et al., 2015). In concordance with the study by Gulbransen et al. (2012) and Antonioli et al. (2014) reported that due to increased expression during colitis, P2X7R took a more prominent role in modulating colonic motility and was involved in the tonic inhibitory control on excitatory cholinergic motility. Figliuolo et al. (2017) found that P2X7R triggered the death and retention of Treg cells in the mesenteric lymph nodes (MLN) that suppressed activation and effector functions of other immune cells, thereby preventing immune system tolerance in the GI system.
There were many different variables across these papers, including different chemicals to induce colitis, different methods to inhibit P2X7R, different rat or mouse types, making it difficult to compare the significance of their findings in relation to one another. The study by Figliuolo et al. (2017) is the only paper to report a decrease in anti-inflammatory cytokines due to P2X7R activation in experimental colitis; more studies to determine the reproducibility of their results would further substantiate this action of P2X7R. The chemicals used to induce colitis is arguably the most important distinctive factor. TNBS-induced colitis is similar to human CD and results in mononuclear inflammatory infiltrate in the colon wall (Strober et al., 2002); DSS-induced colitis leads to disruptions in the intestinal epithelial layer, increasing the risk of exposure to micro-organisms in the lumen which would result in activation of mucosal dendritic cells and macrophages and subsequent up-regulation of pro-inflammatory cytokines (Kitajima et al., 1999; Strober et al., 2002). Regardless, both TNBS and DSS induce extensive colitis with intestinal inflammation, diarrhoea and significant weight loss (Neves et al., 2014). Despite the variability, their findings support that P2X7R is involved in the aberrant inflammation, intestinal damage, and subsequent consequences on GI dysmotility in IBD. This also strongly suggests that P2X7R antagonism can have therapeutic benefits.
In the studies involving P2X7R antagonists, Marques et al. (2014) showed that prophylactic systemic administration of P2X7R antagonist, e.g., Brilliant Blue G (BBG, 40 mg/kg) or A740003 (16 mg/kg) 24 h prior to TNBS injection, was highly efficacious in attenuating colitis-induced tissue damage, apoptosis and inflammatory responses. Souza et al. (2020) described improvements in clinical signs of colitis in the BBG-treated group (50 mg/kg administered 1 h following TNBS injection) (Souza et al., 2020). Ohbori et al. (2017) also found that per oral (p.o.) administration of BBG (250 mg/kg; daily from a day before DSS injection) was effective in alleviating the progression of DSS-induced colitis by significantly decreasing the rate of increase in disease activity index (DAI), preventing colon shortening, diminishing microscopic changes due to DSS and reducing mast cell accumulation in the colon. Diezmos et al. (2018) found that the P2X7R antagonist A438079 (100 μM) decreased cytokine-induced crypt damage but was less effective in restoring levels of tight junction protein zonula occludens-1 (ZO-1) and maintaining epithelial cell integrity. Saber et al. (2021) showed that BBG treatment (50 mg/kg, p.o.) significantly increased mRNA levels of tight junction proteins occludin (Ocln) and ZO-1 compared to untreated groups; additionally, combined treatment using BBG and an NLRP3 inflammasome inhibitor OLT1177 (20 mg/kg, p.o.) significantly increased mRNA expression of ZO-1 and Ocln to similar levels of control mice without DSS-induced colitis. Wan et al. (2016) showed that A438079 attenuated chemically-induced colitis by decreasing levels of pro-inflammatory cytokines, improving stool consistency, presence of blood in feces and weight loss, and reducing microscopic tissue damage. Gulbransen et al. (2012) demonstrated that prophylactic inhibition of P2X7R by oxidised-ATP (oATP, 7.5 mg/kg i.p.) reduced inflammation-induced neuronal loss but did not inhibit inflammation-induced macroscopic tissue damage or weight loss. Delvalle et al. (2018) showed that 10 μmol/L of A74003 reduced neuronal loss by 77% when challenged by neurokinin which mediates inflammation in the mucosa in situ. Different P2X7R inhibitors of various concentrations were used in different chemically-induced colitis experiments across these papers. Overall, inhibition of P2X7R rescued colitis-induced intestinal damage, disruption of the epithelial layer, reduced expression of inflammatory cytokine expression and decreased clinical signs of colitis such as diarrhoea or weight loss.
Kurashima et al. (2012) showed that following TNBS-induction, mice reconstituted with P2X7R-/- mast cells had reduced inflammatory responses, including decreased mast cell activation and neutrophil infiltration in the colon compared to mice with P2X7R+/+ mast cells. This implies that P2X7R-mediated activation of mast cells is involved in exacerbated inflammation seen in TNBS-induced colitis (Kurashima et al., 2012). Similar to mice with P2X7R-/- mast cells, there was no increase in inflammatory cytokines, leukotrienes and neutrophil infiltration in vitro in P2X7R blockade using 1F11 mAb (anti-P2X7R mAb) (Kurashima et al., 2012). Figliuolo et al. (2017) showed that P2X7R KO reduced immune cell infiltration, prevented Treg cell death and overall protected against the development of colitis; administration of the P2X7R antagonist A740003 in WT mice also protected against chemically-induced colitis. Neves et al. (2014) found that P2X7R deficiency protected against intestinal damage in chemically-induced colitis with decreased cellular infiltration and microscopic damage, and maintained body weight in P2X7R KO mice compared to WT littermates. The effects of P2X7R KO in chemically-induced colitis are similar to that of P2X7R blockade using antagonists or anti-P2X7R antibodies.
Nevertheless, Hofman et al. (2015) found a link between P2X7R antagonism (using A438079) and colitis-associated cancer. They found that A438079-treated mice had greater numbers of macroscopic polyps and significantly larger tumors than the untreated mice. This was possibly due to increased TGF-β1 secretion in P2X7R blockade, which reportedly increases colonic epithelial cell proliferation (Yan et al., 2002), thus contributing to the development of colonic tumors and malignancy (Cesaro et al., 2010). This was the only paper to study chemically-induced colitis with colitis-associated cancer, which was induced using azoymethane over a duration of 2 months. This was significantly longer than other studies which lasted from 1 (Souza et al., 2020) to 11 days (Ohbori et al., 2017), allowing Hofman et al. (2015) to examine the longer term effects of P2X7R blockade in chemically-induced colitis. The long-term implications seen here are important to consider with the growing interest in using P2X7R blockade to treat IBD.
Other papers on P2X7R in the GI system that do not involve chemically-induced colitis still highlight important roles of P2X7R when activated. de Campos et al. (2012) found that P2X7R, when activated by ATP, upregulated pro-inflammatory mediator IL-1β and resulted in increased permeability in lymphocytes and macrophages in the MLN and colonic epithelial cells. Several papers highlight how P2X7R activation contributes to the loss of IEC barrier integrity through increased permeability of IECs (de Campos et al., 2012), loss of tight junction proteins (Diezmos et al., 2018; Su et al., 2019) and apoptosis of IECs (Souza et al., 2012; Marques et al., 2014). This intestinal barrier dysfunction is important in the pathogenesis of IBD (Coskun, 2014). Interestingly, Hashimoto-Hill et al. (2017) showed that P2X7R activated by nicotinamide adenine dinucleotide (NAD) suppressed colitis, decreased weight loss and inflammation-related colon shortening. They found that P2X7R controls the Th1 and Th17 cell populations by inducing apoptosis, and activation of P2X7R by NAD depleted inflammatory T cells in the small intestines (Hashimoto-Hill et al., 2017). These findings differ from the majority of the papers that show an inflammatory role of P2X7R. This could be attributed to significantly different methods employed in this part of their work where they compared Rag1 deficient mice that do not have mature B or T cells (Mombaerts et al., 1992) to their wild-type (WT) counterparts instead of comparing the severity of inflammation and colitis in P2X7R KO mice versus WT mice in examining the role of NAD-activated P2X7R (Hashimoto-Hill et al., 2017).
Taken together, P2X7R appears to be highly involved in the development of IBD, which makes P2X7R blockade of particular interest for its therapeutic management. However, the areas of concern regarding P2X7R antagonism are the exacerbated inflammation (Hashimoto-Hill et al., 2017) and association with the development of tumors and cancers of the colon (Hofman et al., 2015). Additionally, the findings by Saber et al. (2021) highlights the potential of combined treatment of a P2X7R blocker with other antagonists of molecules involved in the inflammatory process since the combination of BBG and OLT1177, an NLRP3 inhibitor, was more effective at protecting against DSS-induced colitis than their individual administration. Further research on the actions of P2X7R and reproducing the results by Hofman et al. (2015) and Hashimoto-Hill et al. (2017) to confirm their conclusions is essential in our understanding of these differencing actions of P2X7R and the long-term effects of P2X7R antagonism.
Sepsis
One of the severe complications of IBD is sepsis. Two sepsis models using rats and mice were reported (Wu et al., 2017; Alarcón-Vila et al., 2020), one of which also involved human blood samples (Alarcón-Vila et al., 2020). For their in vivo animal studies, the CLP procedure was done by both papers. Wu et al. (2017) ligated the caecum 1.5 cm from the cecal tip, while Alarcón-Vila et al. (2020) ligated 2/3 of the mouse caecum. The greater the distance of the ligature from the cecal tip, the more severe the sepsis, with ligation at 75% of the caecum resulting in high-grade sepsis and 100% mortality (Rittirsch et al., 2009). Thus, Alarcón-Vila et al. (2020) induced a higher grade of sepsis than Wu et al. (2017). The study by Wu et al. (2017) involved the i.p. administration of P2X7R agonist (BzATP) and antagonist (A740003) 24 h after CLP. Alarcón-Vila et al. (2020) included both P2X7R KO mice and P2X7R antagonist (A438079).
Wu et al. (2017) found that P2X7R activation by BzATP resulted in increased pro-inflammatory cytokines, higher histological inflammatory scores, increased intestinal permeability, greater IEC apoptosis and greater bacterial translocation to the MLN, caudal lymph nodes, blood and peritoneal fluid compared to the sham group. The tight junctions in the BzATP-treated group were not visible, paracellular spaces were greater and there were reduced intestinal tight junction proteins (Wu et al., 2017). These results demonstrated that P2X7R promoted inflammation and played a key role in sepsis-induced intestinal damage (Wu et al., 2017). Conversely, Alarcón-Vila et al. (2020) provided evidence that P2X7R is involved in preventing bacterial dissemination during sepsis and decreased mortality. ATP-activated P2X7R on LPS-primed macrophages induced the release of extracellular CD14; evidence suggests that CD14 was essential for decreasing bacterial dissemination and increasing survival rates (Alarcón-Vila et al., 2020).
Wu et al. (2017) showed that in CLP-induced sepsis animals, A740003 treatment significantly decreased IL-6 and TNF-α levels compared to non-treated animals. A740003 also protected against sepsis-induced intestinal barrier disruption; the protective effects of P2X7R antagonism are partially through inhibiting the activation of M1 macrophages via the ERK and NF-κB signaling pathways (Wu et al., 2017). In contrast, Alarcón-Vila et al. (2020) reported a higher level of cytokine production during sepsis in P2X7R KO animals than WT littermates. In addition, P2X7R KO mice and WT mice treated with A437089 had more severe signs of liver, spleen and lung damage than WT littermates (Alarcón-Vila et al., 2020). In the course of sepsis and inflammatory responses, macrophages undergo “adaptation” and develop immunosuppressive features, including reduced levels of pro-inflammatory cytokines (López-Collazo et al., 2014). This could be a contributing factor to the outlier result seen in the study by Alarcón-Vila et al. (2020), where high-grade sepsis was induced and P2X7R appeared to downregulate cytokine production via the increase in extracellular CD14.
The study by Zhang et al. (2018) investigated sepsis-induced intestinal injury through LPS challenge using LPS and dioleoyl-3-trimethylammonium propane in vitro and i.p. 10 mg/kg of LPS from Escherichia coli O111:B4 in vivo. P2X7R was found to be involved in intestinal enterocyte pyroptosis, microscopic intestinal damage, injury to intestinal epithelial lining and villus length, thus contributing to sepsis-induced disruption of intestinal mucosal barrier and epithelial structure (Zhang et al., 2018). These effects were improved in the group treated with P2X7R antagonist (i.p. 80 mg/kg A438079), which also significantly improved survival time and mortality with LPS challenge (Zhang et al., 2018).
The effect of P2X7R activation appears to be conflicting, although this could be due to the difference in the severity of sepsis induced. Overall, further research is needed to investigate the discrepancies in findings if P2X7R is to be considered a therapeutic target in the setting of sepsis.
GI Infection
There were eleven GI infection models undertaken in mice (Heiss et al., 2008; Keating et al., 2011; Coquenlorge et al., 2014; Miller et al., 2015; Huang et al., 2017; Shimokawa et al., 2017; Liu et al., 2018; Stark et al., 2018; Guan et al., 2021; Kataoka et al., 2021), human fetal small intestinal epithelial cells (FHs 74 Int cells) (Quan et al., 2018), human liver and spleen cell samples (Stark et al., 2018), human longitudinal muscle-myenteric plexus (Coquenlorge et al., 2014).
Infective agents used included T. gondii (Miller et al., 2015; Huang et al., 2017; Quan et al., 2018), T. spiralis (Keating et al., 2011; Huang et al., 2017; Guan et al., 2021), Heligmosomoides polygyrus (Hp) (Shimokawa et al., 2017), lymphocytic choriomeningitis (LCMV) (Stark et al., 2018), C. difficile (Liu et al., 2018), C. koseri (Kataoka et al., 2021), L. monocytogenes (Heiss et al., 2008), and LPS from E. coli and Salmonella typhosa (Coquenlorge et al., 2014). Modes of administration included orally (Heiss et al., 2008; Keating et al., 2011; Miller et al., 2015; Huang et al., 2017; Shimokawa et al., 2017; Stark et al., 2018) or intraperitoneally (Stark et al., 2018) for in vivo murine models. These studies involved P2X7R KO mice (Heiss et al., 2008; Keating et al., 2011; Miller et al., 2015; Huang et al., 2017; Stark et al., 2018), pharmacological inhibition of P2X7R (Coquenlorge et al., 2014; Huang et al., 2017; Shimokawa et al., 2017; Liu et al., 2018; Stark et al., 2018; Guan et al., 2021; Kataoka et al., 2021), P2X7R siRNA (Liu et al., 2018; Quan et al., 2018), ARTC2.2-blocking nanobody s+16a (Stark et al., 2018) and anti-P2X7R antibodies (Heiss et al., 2008).
P2X7R has been shown to promote and enhance immune responses in infections and P2X7R blockade or deficiency would have detrimental effects on infection control. There is evidence that P2X7R is essential for the secretion of IL-1β in modulating immune responses in infection (Keating et al., 2011; Liu et al., 2018; Quan et al., 2018). P2X7R was involved in the activation of NLRP3 inflammasome in small intestinal epithelial cells during T. gondii infection (Quan et al., 2018) and in macrophages in T. spiralis infection (Guan et al., 2021); activation of NLRP3 inflammasome increased IL-1β secretion, which was important in limiting the proliferation of infective agents (Quan et al., 2018; Guan et al., 2021). Inhibiting P2X7R significantly reduced NLRP3 inflammasome activation, in turn decreasing IL-1β and increasing intracellular parasite burden (Quan et al., 2018; Guan et al., 2021). Similarly, Liu et al. (2018) showed that P2X7R was essential for the secretion of IL-1β via activating caspase-1 inflammasome. Although they did not study the subsequent effects of C. difficile infection in the setting of P2X7R deficiency, they did find that inhibition of caspase-1 inflammasome activation led to more severe disease progression with greater weight loss, shorter colon length and increased bacterial load in feces and caecum (Liu et al., 2018). Inhibition of P2X7R would likely have similar results due to its role in caspase-1 inflammasome activation.
Huang et al. (2017) determined a key role of P2X7R in immune responses to T. gondii and T. spiralis infection that decreased parasitic burden. They found that P2X7R was involved in dendritic cell infiltration to the site of infection, promoting TNF-α and IL-6 production in IECs, and promoting specific T cell responses during infection (Huang et al., 2017). P2X7R KO mice had impaired chemotaxis, reduced dendritic cell recruitment, reduced specific T cell responses and an overall increased parasitic burden (Huang et al., 2017). Guan et al. (2021) also found that P2X7R KO mice had increased worm burden and intestinal damage in T. spiralis infection. Shimokawa et al. (2017) found that ATP-activated P2X7R on mast cells in IEC damage induced by Hp infection increased IL-33 production. IL-33 is an important damage-associated molecular pattern (DAMP) and is essential for the protection against Hp (Shimokawa et al., 2017). Inhibition of P2X7R using BBG increased the susceptibility of mice to Hp infection, denoted by an increase in Hp eggs in feces (Shimokawa et al., 2017).
Miller et al. (2015) found that T. gondii-infected P2X7R KO mice experienced a more severe infection with greater swelling, angiogenesis, presence of pus, microscopic intestinal damage and disruption of intestinal epithelial structure than infected WT littermates. Interestingly, this was in association with increased secretion of pro-inflammatory cytokines IL-12, interferon-γ, TNF, IL-1β and IL-6 despite impaired NF-κB pathway activation in P2X7R KO mice (Miller et al., 2015). Although Miller et al. (2015) found that P2X7R deficiency led to diminished immune responses in infection and poorer outcomes, their findings also demonstrated a possible anti-inflammatory role of P2X7R. As the paper by Miller et al. (2015) measured the inflammatory response in an infection setting, it could contribute in its conflicting results to the other colitis model papers, which purely examined inflammation in chemically-induced colitis. However, this does not account for the differing results from other infection models showing P2X7R-mediated inflammatory responses in clearing infections (Keating et al., 2011; Liu et al., 2018; Quan et al., 2018).
It is well known that T. gondii is an intracellular protozoan parasite that can evade host immune responses by inhibiting apoptosis and inhibiting the expression of IFN-γ and NF-κB pathways, leading to diminished production of pro-inflammatory cytokines (Lima and Lodoen, 2019). The diminished susceptibility to T. gondii induced ileitis in wild type mice compared to P2X7R KO mice observed by Miller et al. (2015) appears irrelevant to the immune evasion ability of T. gondii, since both groups showed similar efficacy in controlling the parasite. Instead, susceptibility to ileitis in P2X7R KO mice is associated with elevated production of pro-inflammatory cytokines in the ileum. Thus, Miller et al. (2015) concluded that there could be a possible anti-inflammatory role of P2X7R (Miller et al., 2015).
Conversely, there is evidence that P2X7R contributes to diminishing immune responses, and P2X7R blockade could be beneficial in promoting immunity in infections. Stark et al. (2018) found that in the homeostatic control of TRM, T cell receptor mediated activation of TRM reduced its expression of P2X7R, thereby decreasing TRM cell death induced by activation of P2X7R. However, IL-12 upregulated P2X7R expression during infection-induced inflammation, thus sensitizing TRM to apoptosis, while TRM depletion prevented further immune activation (Stark et al., 2018). Similarly, in vitro experiments showed that tissue damage in the liver depletes TRM via P2X7R activation (Stark et al., 2018). Hence, targeting P2X7R and modulating its expression on TRM during infections could ensure the maintenance of specific TRM cells and enhance immune responses. Hashimoto-Hill et al. (2017) found that P2X7R KO mice showed increased Th1 and Th17 cell populations and experienced more severe inflammatory responses to infection by C. rodentium. However, whether the more severe inflammatory response was beneficial in clearing infection or detrimental and induced significant intestinal tissue damage when compared with WT littermates was not explored. The study by Coquenlorge et al. (2014) demonstrated that LPS-induced TNF-α production in the enteric nervous system was inhibited by ATP-activated P2X7R. Their in vitro data suggests a possible role of the enteric nervous system in gastrointestinal inflammatory responses during infectious and inflammatory challenges.
While most papers agree that P2X7R is essential in modulating immune responses in infections and controlling or eliminating infection (Huang et al., 2017; Shimokawa et al., 2017; Quan et al., 2018; Guan et al., 2021), there are still papers with conflicting results, showing that P2X7R may not be important in controlling infection (Heiss et al., 2008) or that P2X7R-activation suppressed immune activation (Stark et al., 2018). Once again, these infection-model papers are extremely variable with different infective agents and different cell types examined. This highlights the need for further research to establish a clear role of P2X7R in mediating immune responses and eliminating infections in animal and human models.
Other Roles of P2X7R in the GI System
Apart from its role in the inflammatory process and modulating immune responses, P2X7R has also been shown to have a role in GI malignancies (Adinolfi et al., 2015; Hofman et al., 2015; Zhang et al., 2021), immune modulation (Proietti et al., 2014; Perruzza et al., 2017; Liu and Kim, 2019; Perruzza et al., 2019; Proietti et al., 2019), metabolic regulation (Bourzac et al., 2013; Arguin et al., 2017; Perruzza et al., 2017; Perruzza et al., 2019), ISR injury (Palombit et al., 2019) and intestinal damage due to long-term morphine use (Bhave et al., 2017), chronic binge alcohol feeding (Su et al., 2019) and NSAID use (Higashimori et al., 2016).
Similar to the findings by Hofman et al. (2015) that showed enhanced colitis-associated cancer tumor development in P2X7R blockade, Adinolfi et al. (2015) found that P2X7R is essential for anti-tumor immune responses to restrict tumor growth and metastasis. P2X7R KO mice reduced activation of dendritic cells in response to tumor cells, resulting in diminished chemotaxis and inflammatory infiltration in tumors and surrounding tissues of P2X7R KO mice compared to WT littermates (Adinolfi et al., 2015). P2X7R blockade led to decreased immune responses; this was associated with larger tumor sizes and increased rate of metastasis in B16 mouse melanoma and CT26 mouse colon carcinoma cells in P2X7R KO mice compared to WT littermates (Adinolfi et al., 2015). Conversely, Zhang et al. (2021) found in vivo and in vitro that P2X7R was implicated in the proliferation and metastasis of CRC cancer. Pharmacological blockade using A438079 (10 μM) and AZD9056 (10 μM) or transfecting CRC cell lines with P2X7R siRNA reduced CRC proliferation by inhibiting P13/Akt/GSK-3-β/β-catenin pathway which is an important signaling pathway in tumor development (Zhang et al., 2021). In concordance with the results by Zhang et al. (2021), studies have found a correlation between higher P2X7R expression and worse prognosis in CRC (Zhang et al., 2019), hepatocellular carcinoma, adenocarcinoma and ampullary carcinoma (Asif et al., 2019). These papers studying the role of P2X7R in GI malignancies involve different cancer cell lines for various durations [21 days (Adinolfi et al., 2015), 1 month (Zhang et al., 2021) and 2 months (Hofman et al., 2015)], making it difficult to weigh the significance of their findings. However, the conflicting results necessitate further studies on the therapeutic potential of P2X7R blockade in dampening tumor progression and the effects of long-term P2X7R blockade in the development of colitis-associated cancer.
P2X7R has been shown to play a role in controlling the microecology of GI bacteria (Proietti et al., 2014; Perruzza et al., 2017; Perruzza et al., 2019; Proietti et al., 2019). ATP from gut bacteria activated P2X7R which limited Tfh cell populations (Proietti et al., 2014; Perruzza et al., 2019; Proietti et al., 2019). This in turn modulated secretory immunoglobulin A (SIgA) activity to build tolerance to commensal bacteria (Perruzza et al., 2019; Proietti et al., 2019). Transient inactivation of P2X7R could be used to enhance SIgA responses and reduce intestinal inflammation in oral vaccinations (Proietti et al., 2019). However, long-term P2X7R deficiency has detrimental effects on immune responses—Proietti et al. (2014) found that P2X7R-deficient Tfh cells led to high-affinity IgA responses that bind to and deplete commensal gut mucosal bacteria. This led to increased susceptibility to polymicrobial sepsis induced by CLP in P2X7R KO mice due to decreased B1 cell stimulation and serum immunoglobulin M (IgM) concentrations (Proietti et al., 2014). Additionally, P2X7R deficiency alters the microecology of gut microbiota (Proietti et al., 2014; Perruzza et al., 2017; Perruzza et al., 2019; Proietti et al., 2019); this was associated with glucose and lipid dysregulation (Perruzza et al., 2017; Perruzza et al., 2019). Perruzza et al. (2019) demonstrated that P2X7R KO mice had altered gut microecology, higher white adipose tissue, body weight, blood glucose, perigonadal fat and decreased glucose clearance than WT littermates. These reported roles of P2X7R on SIgA, composition of gut microbiota and subsequent effects on glucose and lipid homeostasis pose a challenge to using P2X7R antagonists to treat IBD or other GI pathologies. Further studies should examine changes in metabolism and susceptibility to infections in experimental colitis models.
Apart from its role in glucose homeostasis via affecting the composition of gut microbiota (Perruzza et al., 2019), it has been reported that P2X7R activation modulates glucose absorption by downregulating cell surface GLUT2 expression in enterocytes (Bourzac et al., 2013). This resulted in decreased glucose absorption into the blood (Bourzac et al., 2013). The findings from Arguin et al. (2017), built upon the paper by Bourzac et al. (2013), showed that P2X7R KO mice increased apical and basolateral expression of GLUT2 on enterocytes. This was accompanied by increased weight gain, elevated blood glucose levels, triglyceride concentration, cholesterol concentrations and serum insulin levels (Arguin et al., 2017). P2X7R KO mice also developed hepatic steatosis with increased lipid accumulation in hepatocytes but decreased expressions in genes associated with liver lipid metabolism (Arguin et al., 2017). With increasing interest in the therapeutic uses of P2X7R antagonists, it is imperative to consider effects on metabolism in light of evidence showing P2X7R’s role in metabolic regulation.
In a chronic binge alcohol feeding model in mice by Su et al. (2019), 5% (vol/vol) ethanol was used for 10 days and controls were pair-fed. I.p. administration of BBG (25, 50 and 100 mg/kg) or A438079 (100 mg/kg) daily from day 4–10 was used to block P2X7R (Su et al., 2019). They showed that P2X7R was involved in alcohol feeding-induced steatohepatitis and intestinal injury. This was associated with the upregulation of inflammatory cytokines (TNF-α, IL-1β and IL-6) in intestinal and liver tissues, and decreased expression of tight junction proteins ZO-1 and claudin-1 in intestinal tissues (Su et al., 2019). BBG (100 mg/kg) or A438079 reduced alcohol-induced steatohepatitis and intestinal injury by reducing inflammatory cytokine production, reducing neutrophil infiltration in the liver and preventing intestinal barrier disruption. Gut microbiota composition was altered in chronic plus binge alcohol feeding; these alterations were recovered with P2X7R blockage treatment (Su et al., 2019). The findings here are in line with the aforementioned studies that support an inflammatory role for P2X7R and its control over gut micro-ecology. P2X7R antagonism has potential therapeutic benefits for a wide variety of GI pathologies involving inflammation and intestinal damage; however, the adverse effects on the gut bacterial composition, metabolism, and GI malignancies should be examined thoroughly.
Taken together, as summarized in Figure 2, P2X7R plays important roles in gastrointestinal inflammation and infection through upregulating proinflammatory cytokines (TNF-α, IL-1β, IL-6, CCL20, IL-33), downregulating anti-inflammatory cytokines (IL-10, TGF-β1), modulating immune responses, inflammasome activation, and increasing permeability of the cell leading to increased apoptosis. P2X7R has also been implicated in certain GI malignancies, although whether it is positively or negatively involved in tumour progression has yet to be determined in the various cancer cell lines studied (Adinolfi et al., 2015; Hofman et al., 2015; Zhang et al., 2019; Zhang et al., 2021).
[image: Figure 2]FIGURE 2 | Summary of the primary actions of P2X7R in the GI system.
Limitations
A limitation of this systematic review is that it focuses on homeostatic and pathological conditions of the GI system. P2X7R is highly expressed in various tissues and organs, and its role is not limited to the GI only (Burnstock, 2012). Secondly, papers that do not focus on the role of P2X7R were not included. This could have excluded a few findings, but it helped narrow down the scope of papers to analyze for a comprehensive discussion on the role of P2X7R in the GI system. Additionally, papers that did not focus on P2X7R might not provide sufficient evidence to substantiate the role of P2X7R. Finally, the majority of the experimental-colitis studies available were animal models, and a wide variety of chemicals were used to induce colitis. This made it difficult to compare the outcomes of these studies and to postulate the effectiveness of P2X7R blockade in human models.
CONCLUSION
In conclusion, P2X7R is expressed in many cell types and plays important physiological and pathophysiological roles in the GI system. It can regulate immune cell populations under normal conditions, mediate immune responses when challenged by infection, inflammation or other forms of tissue injury. Differing observations on the roles of P2X7R have also been reported. For instance, although the majority of papers agree on its role in upregulating inflammation, there are reports of P2X7R involved in downregulating inflammation and suppressing colitis. P2X7R can enhance or suppress immune responses in GI infections, and suppress or promote tumor development. P2X7R antagonism has potential for therapeutic uses; however, from differing evidence on its role, P2X7R inhibition can have beneficial or detrimental effects in IBD, sepsis, infections and malignancies. The effects on gut microbiota composition and glucose and lipid metabolism are also important considerations in P2X7R blockade. For a more comprehensive understanding of P2X7R’s actions and the effects of its blockade, further research in GI and other systems is crucial, especially in light of conflicting reports on its role.
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GLOSSARY
ATP adenosine triphosphate
BBG Brilliant Blue G;
CCL20 chemokine ligand 20
CD Crohn’s disease
CLP caeca ligation and puncture
DAMP danger-associated molecular pattern;
DNBS 2,4-Dinitrobenzene sulphonic acid
DSS dextran sulphate sodium
EMT epithelial-mesenchymal transition
ERK extracellular signal-regulated kinase
GI gastrointestinal
GLUT2 glucose transporter 2
Hp Heligmosomoides polygyrus
IBD inflammatory bowel disease
IEC intestinal epithelial cell
IL interleukin
IgA immunoglobulin A
IgM immunoglobulin M
iNKT invariant natural killer cells
i.p. intraperitoneal
ISR ischemia reperfusion injury
KO knockout
LCMV lymphocytic choriomeningitis
LPS lipopolysaccharide
mAB monoclonal antibody
MLN mesenteric lymph nodes
NAD nicotinamide adenine dinucleotide
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NSAID non-steroidal anti-inflammatory drug
oATP oxidized ATP
Ocln occluding
P2X7R P2X7 receptor
p.o. per oral
ROS reactive oxygen species
SIgA secretory immunoglobulin A
siRNA small interfering ribonucleic acid
Tfh T follicular helper
TGF transforming growth factor
TNBS 2,4,6-trinitrobenzenesulfonic acid
TNF tumor necrosis factor
Treg regulatory T cells
TRM T
UC ulcerative colitis
WT wild-type
ZO-1 zonula occludens-1
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Mechano-transcription is a process whereby mechanical stress alters gene expression. The gastrointestinal (GI) tract is composed of a series of hollow organs, often encountered by transient or persistent mechanical stress. Recent studies have revealed that persistent mechanical stress is present in obstructive, functional, and inflammatory disorders and alters gene transcription in these conditions. Mechano-transcription of inflammatory molecules, pain mediators, pro-fibrotic and growth factors has been shown to play a key role in the development of motility dysfunction, visceral hypersensitivity, inflammation, and fibrosis in the gut. In particular, mechanical stress-induced cyclooxygenase-2 (COX-2) and certain pro-inflammatory mediators in gut smooth muscle cells are responsible for motility dysfunction and inflammatory process. Mechano-transcription of pain mediators such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) may lead to visceral hypersensitivity. Emerging evidence suggests that mechanical stress in the gut also leads to up-regulation of certain proliferative and pro-fibrotic mediators such as connective tissue growth factor (CTGF) and osteopontin (OPN), which may contribute to fibrostenotic Crohn’s disease. In this review, we will discuss the pathophysiological significance of mechanical stress-induced expression of pro-inflammatory molecules, pain mediators, pro-fibrotic and growth factors in obstructive, inflammatory, and functional bowel disorders. We will also evaluate potential therapeutic targets of mechano-transcription process for the management of these disorders.
Keywords: bowel obstruction, Crohn’s disease, functional bowel disorders, mechanical stress, gut motility, intestinal fibrosis, visceral pain, gene expreesion
INTRODUCTION
The gastrointestinal (GI) tract is subject to mechanical stimuli constantly (Shi, 2017; Sarna and Shi, 2006). Contracting forces generated by gut smooth muscle mechanically digest foods in the lumen and propel the intraluminal contents down through the GI tract (Shi and Sarna, 2005; Murthy, 2006; Karichely and Farrugia, 2007). The intraluminal contents (foods, gas, and fluids) and the movement of the contents present mechanical stress on the gut wall: i.e., pressure and shear stress (Shi, 2017). Shear stress is transient and generated at the mucosa surface tangential to the GI tract. Along with that, intraluminal pressure generates a circumferential mechanical stretch which is perpendicular to the gut wall (Figure 1A). Shear stress primarily affects mucosa and submucosa layers, and its impact on epithelial and enterochromaffin cells has been previously studied in vitro (Gayer and Basson, 2009; Linan-Rico et al., 2016; Beyder, 2019). Circumferential stretch, however, affects the whole gut wall including the muscularis externa, and is most remarkable in pathological conditions such as obstructive, inflammatory, and functional bowel disorders. Pathophysiological significance of mechanical stretch in these gastrointestinal disorders have not been reviewed comprehensively.
[image: Figure 1]FIGURE 1 | Mechanical stress in the gut may originate from the intraluminal contents (A) or from inside the tissues (B). (A) The presence and movement of intraluminal contents create shear stress and intraluminal pressure. While shear stress is a transient force generated at the mucosa surface tangential to the GI tract, intraluminal pressure creates a circumferential mechanical stretch perpendicular to the gut wall. (B) Physical stretch and compression also exist inside the gastrointestinal tissues in pathological conditions such as in inflammation with inflammatory cell infiltrations, edema, extracellular matrix deposition, and deformation.
Under homeostasis, the intraluminal pressure in the gut is about 0 cm H2O (Silen, 2005). Up on blockade of intraluminal contents, as in bowel obstruction, it increases up to 8–10 cm H2O in the proximal segment of obstruction (Shikata et al., 1983; Silen, 2005). The intraluminal pressure may reach up to 30 to 60 cm H2O during peristalsis in the obstructed segment (Shikata et al., 1983; Silen, 2005). In obstruction, overload of luminal contents (food contents, fluids and gas) at proximal segment leads to lumen distention. According to Laplace’s law, the circumferential mechanical stress on the bowel wall, i.e., product of pressure and radius, will be significantly enhanced during obstruction (Russell and Welch, 1990; Shi, 2017). Many GI conditions, i.e., obstructive bowel disorders (OBD), are characterized with lumen distention, and hence mechanical stress (Shi et al., 2011; Lin et al., 2012a). OBDs are a major health concern in both adults and children (Russell and Welch, 1990; Summers, 1999; Silen, 2005). Distension of gut lumen in OBD might be due to either mechanical or functional obstruction (Russell and Welch, 1990; Summers, 1999; Silen, 2005). Functional obstruction is due to neuromuscular dysfunction, such as in achalasia, pyloric stenosis, ileus, Hirschsprung’s disease, and intestinal pseudo-obstruction (Russell and Welch, 1990; Summers, 1999; Nunez et al., 2009; De Giorgio et al., 2011), whereas mechanical obstruction results from extrinsic factors such as adhesions and hernias, or intrinsic factors such as carcinoma and diverticulitis (Shi, 2017). Although circumferential mechanical stretch is most prominent in obstructive bowel disorders, it is also well noticed in functional bowel disorders and inflammatory conditions, i.e., fecal retention, constipation, and stenotic Crohn’s disease (Heredia et al., 2012; Raahave, 2015; Lin et al., 2021b).
Mechanical stress on gut tissues may not only be generated from intraluminal contents as described above, but also from gut tissues themselves (Figure 1B). In gut inflammation, for example, physical stretch and compression exist in the GI tissues, where inflammatory cell infiltrations, tissue deformation, edema, and extracellular matrix deposition (fibrosis) are all considered as mechanical stress (Cox et al., 2008; Gayer and Basson, 2009; Johnson et al., 2013; Levy Nogueira et al., 2015). Furthermore, these changes at the inflammation site may cause partial obstruction (inflammatory stenosis), leading to lumen distention in the bowel segment prior to the site of inflammation (circumferential mechanical stretch) (Katsanos et al., 2010; Shi, 2017). These changes are well represented in transmural inflammation especially stenotic Crohn’s disease, where stenosis is caused not only by inflammation, but also by fibrosis-associated stricture formation (Katsanos et al., 2010; Rieder et al., 2013).
Functional and morphological changes such as dysmotility (Summers et al., 1983; Prihoda et al., 1984), visceral pain (Huang et al., 2005; Lin et al., 2017), muscular hypertrophy and hyperplasia (Gabella, 1975; Gabella, 1990), damages in the enteric nervous system and interstitial cell of Cajal (Chang et al., 2001a; Wedel et al., 2002) have been observed due to excessive mechanical stress. Interestingly, the effect of mechanical stress is very different in different tissues and cells in the gut. For example, mechanical stretch in a rat model of bowel obstruction leads to injury and disruption in enteric nervous system and interstitial cell of Cajal network 7 days after induction of obstruction (Wu et al., 2013; Lin et al., 2014a). The similar stress conditions lead to hyperplasia of gut smooth muscle cells associated with mechanical stress-altered gene transcription, a process referred as “mechano-transcription” (Shi et al., 2011; Li et al., 2012a). Nevertheless, mechanisms underlying mechanical stress-associated dysfunctions and gene expression are not well understood.
To address the pathophysiological mechanisms, prior studies were focused on the dysfunctions several weeks after the initiation of bowel obstruction, a prototype of in vivo mechanical stretch (Gabella, 1975; Gabella, 1990; Chang et al., 2001b; Wedel et al., 2002; Bertoni et al., 2004; Won et al., 2006). Although this strategy may be able to document dramatic changes after obstruction, it might have ruled out some possible early cellular and molecular events, that could have led to the morphological and functional changes recorded later (Shi, 2017). Over the last decade, several investigators along with us have tested a new theory to understand bowel dysfunctions in response to mechanical stress. We hypothesized that mechanical stress regulates expression of mechanosensitive genes in the gut, and in the long run, the mechanical stress-altered gene expression may account for bowel dysfunctions (Shi et al., 2011; Li, et al., 2012a; Wehner et al., 2010). Recent studies found that gut smooth muscle cells are highly sensitive to mechanical stress and contribute greatly to mechano-transcription in the GI tract (Shi et al., 2011; Shi, 2017). The cellular process transducing mechanical signals to the altered gene transcription involves mechanosensors (e.g., integrins and stretch-activated ion channels) in the plasma membrane and complex intracellular signaling pathways involving protein kinases C and D, and mitogen-activated protein kinases (MAPKs) (Li et al., 2012a; Li et al., 2012b). Mounting evidence now suggests that mechano-transcription in the GI tract plays a crucial role in motility dysfunction, visceral hypersensitivity, inflammation, and fibrosis in obstructive, inflammatory, and functional disorders.
In this review, we will discuss the effects of mechanical stress in the gut wall. Major focus will be on the process of mechano-transcription, its signal transduction mechanisms and pathophysiological significance in the gut. Furthermore, we will highlight the potential therapeutic targets of the mechano-transcription process for the treatment of obstructive, inflammatory, and functional disorders.
MECHANO-TRANSCRIPTION IN THE GASTROINTESTINAL TRACT
To gain insights into the mechanisms and significance of mechano-transcription in the gut, several in vitro and in vivo stretch models have been developed (Shi, 2017). Among these, the Flexcell system is possibly the best-established in vitro model to study mechanical stretch in cultured cells (Gayer and Basson, 2009; Wehner et al., 2010; Shi et al., 2011; Li et al., 2015). This system uses a computer-regulated bioreactor to apply finely controlled multi-axial static or cyclic strains through vacuum pressure to cells cultured on flexible membrane plates. It has been used to study mechano-transcription in vitro in gut smooth muscle cells (SMC) (Wehner et al., 2010; Shi et al., 2011), epithelial cells (Gayer and Basson, 2009), and macrophages (Wehner et al., 2010; Docsa et al., 2020). Another in vitro system applies hydrostatic pressure to stretch cells (e.g., intestinal SMC) cultured on silicon membranes (Gutierrez and Perr, 1999). The amount of distension is controlled by volume of fluid added to the chamber beneath the silicon membrane.
To study mechano-transcription in vivo in the GI tract, mechanical stretch (i.e., lumen distention) can be established by an intraluminal balloon to apply a desired pressure in the bowel (Lin et al., 2015) or surgically with an obstruction band around the studied area (esophagus, stomach, small intestine or colon) (Shi et al., 2011; Lin et al., 2012b). As mechanical bowel obstruction (BO) is the prototype obstructive disorder in the GI tract, our lab has used extensively the model of partial colon obstruction to understand mechanical regulation of gene expression and bowel functions in vivo (Shi et al., 2011; Li et al., 2012a; Lin et al., 2012a; Lin et al., 2017). To induce partial colon obstruction in rodents, a 3-mm wide medical grade silicon band is placed around the distal colon at about 3 cm proximal to the anus. The length of the band (20–21 mm for rat; 10 mm for mice) is 1–2 mm longer than the outer circumference of the colon when the colon segment is filled with a fecal pellet, allowing a partial rather than complete obstruction (Shi et al., 2011). This procedure creates a significant colon distention in the segment proximal to obstruction band, and the external circumference is increased from 20 mm in control to 32–34 mm in obstruction in rats (Li et al., 2012a).
Our lab applied the in vivo model of partial colon obstruction to examine the scope of the effect of mechanical stress on gene expression in gut SMC utilizing a comprehensive Affymetrix cDNA array analysis (Shi et al., 2011; Shi, 2017). This study revealed that mechanical stretch dramatically altered the gene expression profile in the distended bowel segment oral to the obstruction site, compared to sham control or the non-stretch aboral segment. There is an at least 2-fold increase in the expression of 309 genes and decrease in the expression of 282 genes in stretched tissues (proximal to obstruction band), comparing to the non-stretch tissues (distal to obstruction). Gene expression of certain pro-inflammatory molecules, pain mediators, growth factors, extracellular matrix proteins, cell signaling molecules is altered by mechanical stretch. (Shi et al., 2011; Shi, 2017). This work demonstrates that mechanical stress substantially alters the gene expression profile in the gut. This altered gene expression may be one of the key mechanisms of bowel dysfunctions in conditions with lumen distention.
Mechano-Transcription of Prostaglandin-Endoperoxide Synthase-2 (COX-2) in Gut Smooth Muscle Cells
One of the upregulated genes detected in the micro-array study of the mechanically distended bowel is prostaglandin-endoperoxide synthase-2 (PTGS-2), also known as cyclooxygenase-2 (COX-2), which has shown a 19-fold increase in expression in the distended colon of BO rats, compared to the non-distended colonic segment aboral to obstruction. This enzyme catalyzes the major rate-limiting step in the synthesis of prostaglandins (PGs), which have profound impacts on gut inflammation, cell proliferation, motility, and visceral pain in the GI tract (Fornai et al., 2005; Krause and DuBois, 2000; Mohajer and Ma, 2000). While COX-1 is expressed constitutively in most of cell types, COX-2 is the inducible form (Krause and DuBois 2000; Mohajer and Ma, 2000). Our corroborative studies found that expression of COX-2 is increased significantly in the muscularis externa of stretched colon segment oral to obstruction, whereas its expression is not changed in the non-stretched segment aboral to obstruction (Figure 2A) (Shi et al., 2011). The expression of COX-1 is not altered either in the oral or aboral segment. Furthermore, immunohistochemical studies confirmed that there is an enhanced COX-2 expression in the smooth muscle cells (circular and longitudinal), but not in mucosa/submucosa, or myenteric plexus (Figures 2B,C). These studies depict that mechano-transcription of COX-2 in bowel obstruction is a phenomenon specific to smooth muscle cells (Shi, 2017). The underlying mechanisms for selective expression of COX-2 in SMC by mechanical stretch are not yet clear. A study by Choudhury et al. (2015) has shown that mechano-transcription of COX-2 in the colon SMC was abrogated by de-polymerization of actin filament network with latrunculin B or swinholide. Mechano-transcription of COX-2 was also markedly attenuated by siRNA silencing of SMC specific α-actin (Acta2). These data indicate that SMC specific α-actin within an intact actin filament network is essential in the process whereby mechanical stress induces up-regulation of COX-2 in the colon SMC (Choudhury et al., 2015). Furthermore, Li et al. (2012a) reported that mechanical stretch potently activates mitogen-activated protein kinase (MAPK) p38 and protein kinase C (PKC), which are crucial intracellular signaling pathways involved in mechano-transcription of COX-2. However, treatments with Acta2 siRNA or latrunculin B or swinholide also restricted stretch-induced activation of p38 and PKC (Choudhury et al., 2015). Thus, an integrated smooth muscle actin network is essential for linking the mechanical signal to activation of MAPK and PKC and, thus, for mechano-transcription of COX-2.
[image: Figure 2]FIGURE 2 | Mechanical stress-induced up-regulation of COX-2 selectively in gut smooth muscle cells. (A) Western blot detected up-regulation of COX-2, but not COX-1, in the colonic muscularis externa in the oral segment, but not aboral segment, in relation to the obstruction band. (B) Western blot did not detect COX-2 expression in the mucosa/submucosa layer in segments either oral or aboral to the obstruction band. (C) Immunohistochemical study of COX-2 expression in segments oral (a, c) and aboral (b, d) colon segments in a sham operated rat (a, b) and a rat with obstruction (c, d) for 3 days. The expression of COX-2 (stained in brown) is detected only in smooth muscle cells in the distended oral segment (c). The results shown here are representative of four independent experiments. Calibration bars represent 50 μm. Some parts of the figure are adapted with permission from Figure 1 of Shi (2017).
Lin et al. (2012a) studied the effect of lumen distension on COX-2 expression in different parts of the GI tract by placing an obstruction band in the lower esophagus, pylorus, ileum, and colon. They depicted a significantly upregulated expression of COX-2 associated with obstruction at all the sites where distention was introduced (Lin et al., 2012a). They also found that COX-2 expression was significantly elevated by lumen distension of the colon with a balloon at a pressure of 40 mmHg for 40 min. Induction of COX-2 gene expression did not occur when the pressure was set 10 mmHg or less, or when the distention period was 20 min or shorter (Lin et al., 2015). Together, these studies demonstrate that distention-induced mechano-transcription of COX-2 in the GI tract is a force- and time-dependent, and smooth muscle specific phenomenon. Furthermore, mechano-transcription is a common process in response to luminal distention throughout the GI tract (Shi, 2017).
Signal Transduction Mechanisms of Mechano-Transcription in the Gut
Mechano-transcription of COX-2 in the gut has important pathophysiological significance in obstructive conditions (Shi et al., 2011; Lin et al., 2017). We then studied the signaling mechanisms whereby mechanical stress induces gene expression of COX-2 in colonic SMC (Li et al., 2012a; Li et al., 2012b). COX-2 gene expression was increased dramatically by static mechanical stretch (18% elongation) of cultured rat colonic SMC. Phosphorylation of MAPKs including extracellular signal-regulated kinases (ERKs, i.e., ERK 1 and ERK2), p38, and c-Jun N-terminal kinases (JNKs) (Li et al., 2012a) was also markedly induced by mechanical stress (Figure 3A). Treatment of the cells with MAPK inhibitors to ERK (PD98059), to p38 (SB203580) or to JNKs (SP600125) all significantly inhibited mechano-transcription of COX-2. These studies demonstrate the critical role of MAPK members in the regulation of mechano-transcription of COX-2 in colonic SMC (Li et al., 2012a; Shi, 2017).
[image: Figure 3]FIGURE 3 | Intracellular signaling mechanisms of mechano-transcription of COX-2 in colonic smooth muscle cells (SMC). (A) Mechanical stretch (18%) induced robust phosphorylation of MAPKs ERK1/2, p38, and JNKs in cultured rat colonic SMC in a time-dependent manner. (B) Mechanical stimulation on gut SMC is sensed by integrins and SAC (stretch-activated ion channels) at the cell membrane level. These mechano-sensors transduce mechanical signals to intracellular signaling pathways involving PKC (i.e., PKCδ), PKD (PKD1), and MAPKs (p38, ERKs, and JNKs), leading to mechano-transcription of COX-2 in colonic SMC. More specifically, PKCδ is linked to MAPKs ERKs, p38, and JNKs, whereas PKD1 is coupled to MAPK p38. Some parts of the figure are adapted with permission from Figure 2 of Shi (2017).
Generally, mechanical stimuli are sensed at the cell membrane level and then get transduced into the cytoplasm and nucleus (Ruwhof and van der Laarse, 2000; Adam et al., 2004; Yamaguchi, 2004; Kanefsky et al., 2006). Among all possible mechano-sensors, integrins and stretch-activated ion channels (SACs) are two main groups which are identified in various types of cells (Hu and Sachs, 1997; Gillespie and Walker 2001; Katsumi et al., 2004; Kraichely and Farrugia, 2007). Our lab investigated whether ανβ3, a major type of integrin in gut smooth muscle cells, is a mechano-sensor involved in mechano-transcription of COX-2 in rat colon SMC (Shi, 2017). Li et al. (2012a) found that stretch-induced expression of COX-2 mRNA and protein was abrogated by ανβ3 inhibitor echistatin, and by neutralizing antibody against rat β3. Further, echistatin treatment has significantly inhibited stretch-induced activation of p38, but not ERKs and JNKs. The downstream pathway of integrin signaling was found to be also important in mechano-transcription of COX-2 in gut SMC, as knockdown of integrin-linked kinase and focal adhesion kinase with specific siRNAs significantly suppressed mechano-transcription of COX-2 in the cells (Li et al., 2012a). Li et al. (2012a) further examined if SACs play a role in mechano-transcription of COX-2 in the colon SMC. General SAC inhibitor gadolinium (Ducret et al., 2010) or specific SAC blocker GsMTx-4 (Suchyna et al., 2000) dramatically attenuated mechanical stretch-induced expression of COX-2 mRNA and protein. Treatments with gadolinium or GsMTx-4 also inhibited stretch-induced phosphorylation of all MAPKs, i.e., ERKs, p38, and JNKs (Li et al., 2012a).
The potential role of protein kinase C (PKC) and protein kinase D (PKD) in mechano-transcription of COX-2 was also investigated. Mechanical stretch leads to robust activation of PKCs and PKDs in colonic SMC (Li et al., 2012b). While blockade of PKC-β or PKC-ζ could not restrict stretch-induced expression of COX-2, rottlerin, a specific PKC-δ inhibitor, almost completely inhibited stretch-induced COX-2 expression. PKD inhibitor CID755673 or siRNA silencing of PKD also significantly inhibited stretch-induced COX-2 expression. Interestingly, Rottlerin treatment attenuated mechanical stretch-induced activation of all MAPKs (ERKs, p38, and JNKs), whereas CID755673 solely restricted activation of p38 (Li et al., 2012b).
Together, recent studies have demonstrated that mechanical stress on gut SMC is sensed by integrins and SAC at the cell membrane level. Then, the mechanical signal is transduced to the cytoplasm via intracellular signaling molecules PKCs, PKD, and MAPKs to induce gene expression of COX-2 in colonic SMCs (Li et al., 2012a; Li et al., 2012b). Further, studies suggest that PKC-δ is linked to MAPKs ERKs, p38, and JNKs, whereas PKD is connected to MAPK p38 (Li et al., 2012a; Li et al., 2012b; Shi, 2017) (Figure 3B).
PATHOGENIC ROLE OF MECHANO-TRANSCRIPTION IN GASTROINTESTINAL DISORDERS
Motility Dysfunction
Motility dysfunction is well documented in obstructive conditions. Motor activity is increased immediately in the distended segment in bowel obstruction, and gradually decreased within hours (Fraser et al., 1980; Summers, 1999; Bertoni et al., 2004; Won et al., 2006). The initial phase of hyper-motility in the distended bowel is considered to be a physiological adaptation to the obstruction of food passage (Summers, 1999). However, the chronic suppression of motor activity is the biggest concern in patients with obstructive disorders, especially in chronic partial obstruction (Ripamonti and Mercadante, 2004), malignant obstruction (Ripamonti et al., 2001; Roeland and von Gunten, 2009), and functional obstruction (Thompson, 2006; Nunez et al., 2009; De Giorgio et al., 2011). The consequences of impaired motor activity include distention, nausea, vomiting, and constipation (Russell and Welch, 1990; Summers, 1999; Shi et al., 2011).
As COX-2 and COX-2-derived prostaglandins profoundly affect motility function (Krause and DuBois, 2000; Fornai et al., 2005), we investigated whether mechanical stress-induced expression of COX-2 and production of prostaglandins play a role in the sustained suppression of motility in obstruction. Our studies have revealed that smooth muscle contractility of the isolated circular muscle strips was suppressed dramatically at 24 h after obstruction, which continued through the 7-days course of obstruction (Shi et al., 2011; Li et al., 2012a). Importantly, pretreatment of the muscle strips isolated from BO rats with COX-2 inhibitor NS-398 restored muscle contractility. Moreover, PGE2 levels were nearly 15-fold higher in the medium of BO strips than that of the sham strips, and NS-398 treatment significantly lowered the PGE2 levels (Shi et al., 2011). Studies also revealed that colon obstruction led to marked induction of COX-2 and decrease of muscle contractility in wild-type mice (Shi et al., 2011). However, smooth muscle contractility was largely unaffected by obstruction in the COX-2 deficient mice (Shi et al., 2011). These studies indicate that stretch-induced expression of COX-2 and associated release of prostaglandins play a prominent role in the suppression of smooth muscle contractility during BO.
Recent reports suggest that induction of several other pro-inflammatory molecules by mechanical stress may also contribute to motility abnormalities (Wehner et al., 2010; Lin et al., 2014b; Docsa et al., 2020). It was discovered that mechanical stress in vitro in cultured gut SMCs or in vivo in the model of obstruction significantly induced gene expression of IL-6, chemokine (C-C motif) ligand 2 (CCL-2), iNOS, and several other pro-inflammatory mediators in the muscle cells. These molecules are known to not only play critical roles in inflammation but also lead to motility dysfunction in the gut (Lin et al., 2014b). Docsa et al. (2020) found that mechanical stress-induced chemokine (C-X-C motif) ligand 1 (CXCL-1) in macrophages suppressed intestinal smooth muscle contractility and may account for motility dysfunction in ileus, a common functional obstruction in post-operative period. Moreover, conditioned media of stretched muscle strips induces NF-κB activation, further increasing production of pro-inflammatory mediators. Thus, mechanical stress-induced pro-inflammatory mediators may contribute significantly to motility dysfunction in obstructive conditions.
Gut motility is subject to control by neurotransmitters and gut hormones. Mechanical stress is well known to alter release of neurotransmitters and gut hormones (Brierley and Blackshaw, 2006; Linan-Rico et al., 2016). However, it is not well known whether mechanical stress is involved in the regulation of synthesis or transcription (i.e., mechano-transcription) of gut hormones and neurotransmitters. Serotonin (5-HT) as a hormone and neurotransmitter in the gut plays an important role in mediating peristalsis in physiological status and motility dysfunction in varies G.I. pathologies (Gershon and Tack, 2007; Linan-Rico et al., 2016). Lumen distention certainly increases release of 5-HT from enterochromaffin (EC) cells in the mucosa layer. The levels of 5-HT in the local gut tissues appear to be increased chronically in gut inflammation and increased 5-HT may contribute to inflammation and motility dysfunction in inflammatory conditions such as Crohn’s disease and ulcerative colitis (Gershon and Tack, 2007; Linan-Rico et al., 2016; Terry and Margolis, 2017). What accounts for the chronic increase of 5-HT in the gut is not well understood. However, a recent study found that cyclic mechanical stretch in vitro increased transcription and activation of tryptophan hydroxylase-1 and vesicular monoamine transporter-1 and enhanced the release of 5-HT in the cultured enterochromaffin cells (Chin et al., 2012). Tryptophan hydroxylase-1 and vesicular monoamine transporter-1 are well involved in the synthesis and transport of 5-HT in the enterochromaffin cells. Given that expression of tryptophan hydroxylase-1 and vesicular monoamine transporter-1 is mechanically responsive and mechanical stress is well present in gut inflammation, it is possible that mechano-transcription may be involved in the increased production of 5-HT in GI pathologies such as inflammation. Further studies are warranted to determine if mechano-transcription plays a role in the production of other gut hormones and neurotransmitters to contribute to motility dysfunction and inflammation.
Abdominal Pain
Abdominal pain is a common complaint in obstructive conditions as well as functional bowel disorders and inflammatory bowel disease (Shi et al., 2018). Mechanical stimulation leads to instant activation of sensory nerves via mechanosensitive channels (Ness et al., 1990; Brierley and Blackshaw, 2006; Lin et al., 2015). This may contribute to the mechanisms involved in transmission of acute pain during early hours of obstructive conditions (Summers, Yanda, 1983; Shi et al., 2018). However, neuronal desensitization may occur upon repetitive or long-term mechanical stimulation (Slugg et al., 2000; Brierley et al., 2004). Nevertheless, chronic abdominal pain is present in obstruction (Ripamonti et al., 2001; Ripamonti and Mercadante, 2004; Roeland and von Gunten, 2009). Reports suggest that more than 90% of patients with advanced malignant obstruction have distention-associated abdominal pain (Baines et al., 1985; Ripamonti and Mercadante, 2004). Studies found that visceral sensitivity is markedly increased in chronic bowel obstruction (Huang et al., 2005; Lin et al., 2017). Visceral hypersensitivity is the main mechanism of chronic abdominal pain (Mayer and Gebhart, 1994; Bielefeldt, 2006; Azpiroz et al., 2007). We demonstrated that sensory neurons in the dorsal root ganglia (DRG) projecting to the obstructed colon in rats exhibited reduced resting membrane potential and rheobase along with increased number of action potentials (Lin et al., 2017). These studies demonstrate a highly sensitized state of the primary sensory afferents in obstruction (Lin et al., 2017). In addition, the withdrawal response to von Frey filament stimulation to the abdomen was found significantly increased in the rats with colon obstruction, suggesting referred visceral hyperalgesia (Lin et al., 2017).
Neurotrophins such as nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) are well-known pain mediators (Bielefeldt, 2006; Pezet and McMahon, 2006). Recent studies found that expression of NGF and BDNF is highly responsive to mechanical stress (Lin et al., 2017; Fu et al., 2018). The expression of NGF mRNA and protein was significantly induced by mechanical stretch in colonic SMC in vitro and in bowel obstruction model (Lin et al., 2017). In the obstructed rats, the cell excitability of colon-projecting DRG neurons was augmented and the referred visceral sensitivity was increased. However, anti-NGF antibody administration largely restored the colon neuron excitability and referred visceral sensitivity in obstructed rats. Lin et al. (2017) observed that tetrodotoxin-resistant (TTX-r) Na+ currents and TTX-r Nav1.8 mRNA expression were significantly increased in colon-projecting DRG neurons in colon obstruction. However, the increased Na+ channel activity and Nav1.8 mRNA expression were attenuated by anti-NGF treatment. Therefore, mechanical stretch-induced NGF in colon SMC contributes significantly to visceral hypersensitivity in BO by sensitizing primary afferents and increasing TTX-r Nav expression and function in the DRG neurons. Similarly, studies have revealed that expression of BDNF was also induced significantly in the colonic smooth muscle cells of the mechanically distended bowel segment in obstruction (Fu et al., 2018). The colon-projecting DRG neurons of the obstructed rats exhibited significantly reduced densities of voltage-gated K+ channel (Kv) and transient A-type (IA) current. These changes contributed to neuronal hyper-excitability. Anti-BDNF antibody treatment blocked these changes in neurons isolated from obstructed rats. Administration of ANA-12, an inhibitor to BDNF receptor Trk B, also blocked the changes of neuronal excitability and Kv activity, and improved referred visceral sensitivity in obstructed rats (Fu et al., 2018). Together, these studies depict the critical contribution of mechano-transcription of NGF and BDNF in gut SMC to visceral hypersensitivity and abdominal pain in obstruction.
Visceral inputs are transduced to primary sensory neurons located in DRG, which further transmit the signals to the second order neurons in the spinal cord to initiate central processing of sensory information for perception (Lin et al., 2017; Shi et al., 2018). There is evidence that mechanical distension in the gut may affect gene expression and function of sensory pathway directly and indirectly. It is found that gene expression of opioid receptors in primary sensory afferents was down-regulated by mechanical stress during bowel obstruction, and down-regulation of the anti-pain system may contribute to visceral hypersensitivity in obstruction (Hegde et al., 2020). Moreover, persistent functional and transcriptional changes may occur in neurons in the DRG and dorsal horn secondary to pro-inflammatory and pain mediators induced by mechano-transcription in the peripheral tissues after lumen distension (Lin et al., 2018 abstract). The membrane excitability of colon-specific DRG neurons remains significantly enhanced 14 days after a 7-days partial colon obstruction. The mRNA expression and channel activity of transient receptor potential cation channel subfamily V member 1 (TRPV1) are increased not only during obstruction, but 14 days after obstruction is released. The long-term change of TRPV1 gene expression may be secondary to the effect of mechanical stress-induced NGF in the obstructed colon, as NGF increases TRPV1 expression in DRG neurons (Winston et al., 2001).
Gut Inflammation
Gut inflammatory milieu involves multiple cellular and molecular processes that are mediated by cytokines, chemokines, and other inflammatory mediators (Papadakis and Targan, 2000; Stadnyk, 2002). Recent studies have shown that mechanical force is a pro-inflammatory stimulus in the gut (Wehner et al., 2010; Lin et al., 2014b; Shi, 2017). Wehner et al. (2010) reported that static mechanical stress significantly induced iNOS, COX-2, and IL-1β gene expression levels in cultured gut SMCs and peritoneal macrophages. Mechanical stimulation also magnified lipopolysaccharide-induced iNOS and IL-1 gene expression in intestinal smooth muscle cells, and similarly COX-2 and IL-6 mRNA expression in macrophages. Lin et al. (2014b) further investigated mechano-sensitive expression of pro-inflammatory mediators in the gut with a comprehensive approach involving in vitro, in vivo, and ex vivo models. In the primary culture of colon smooth muscle cells, they found that static stretch significantly increased mRNA expression of iNOS, COX-2, IL-6, and CCL-2 (Lin et al., 2014b). Mechanical stretch did not have an effect on gene expression of TNF-α, IL-1β, and IL-8. In the in vivo model of partial colon obstruction, the authors found that expression of iNOS, IL-6, and CCL-2 is significantly increased in a time-dependent way in the mechanically distended segment, compared to the non-distended segment of the rats with obstruction or sham control animals. The conditioned media from the stretched colon smooth muscle significantly induced translocation and phosphorylation of pro-inflammatory transcription factor NF-κB p65, leading to increased mRNA expression of more inflammatory mediators in naïve cells. However, treatment with IL-6 neutralizing antibody to the conditioned medium from the mechanically distended muscle showed significant reduction in the activation of NF-κB and gene expression of inflammatory mediators, indicating a critical role of mechanical stress-induced IL-6 in the secondary activation of pro-inflammatory transcription factors (Lin et al., 2014b).
Osteopontin (OPN) is a secreted glycoprotein with many demonstrated roles in the regulation of immune response on multiple levels (Uede, 2011; Rittling and Singh, 2015). Sato et al. (2005) found that active Crohn’s disease (CD) patients demonstrated significantly higher plasma OPN levels than normal or ulcerative colitis (UC) patients, and the elevated plasma OPN levels in CD patients were significantly correlated with disease activity. Further, OPN was found to facilitate production of IL-12 from lamina propria mononuclear cells and is tightly involved in the Th1 immune response in CD (Ashkar et al., 2000; Sato et al., 2005). However, the cellular source and mechanisms of increased plasma OPN in CD are not clear. We found that expression of OPN was dramatically upregulated in the mechanically distended colon in bowel obstruction (Lin and Shi, 2021). OPN level was also increased in the plasma in rats with bowel obstruction. In the rat model of stenotic Crohn’s colitis, OPN expression was found increased not only at the inflammation site, but at the distended pre-inflammation site (Lin and Shi, 2021). Plasma OPN level was significantly increased in stenotic Crohn’s colitis rats. However, prevention of inflammation-associated mechanical distention with liquid diet eliminated OPN expression in the pre-inflammation site and normalized plasma OPN level. These results suggest that OPN expression in Crohn’s colitis is largely mediated by mechanical stress, and the plasma OPN levels in colitis are closely related to the extent of bowel distention.
Intestinal Fibrosis and Smooth Muscle Hyperplasia
Stricture formation due to tissue fibrosis and smooth muscle hyperplasia is the constant challenge in CD (Li and Kuemmerle, 2014; Latella and Rieder, 2017; Rieder et al., 2017). Stricture-associated stenosis leads to bowel obstruction and increases risks of perforation and fistula (Katsanos et al., 2010; Latella and Rieder, 2017). Conventional treatments like anti-inflammatory agents are not much effective to prevent stricture formation in CD. Although surgery provides temporary relief, the previously distended pre-stenotic region may become new sites for recurrent inflammation and fibrosis. In fact, post-surgery endoscopic or histological recurrences are almost 100%, given enough time (Rutgeerts et al., 1991; Olaison et al., 1992; Rieder et al., 2017). Release of mechanical stress by strictureplasty reduces fibrosis (Yamamoto et al., 2007; Latella and Rieder, 2017). These clinical findings indicate that mechanical stress, as an inflammation-independent factor, may play a critical role in fibrosis and stricture formation (Rieder et al., 2017; Tschumperlin et al., 2018).
In fact, there is increasing evidence that mechanical stress induces gene expression of pro-fibrotic and proliferative mediators to contribute to intestinal fibrosis and hyperplasia in the gut (Johnson et al., 2013; Johnson et al., 2014; Lin et al., 2021a). In a rodent model of Crohn’s-like colitis, Lin et al. (2021a) observed that intracolonic instillation of TNBS resulted in induction of localized transmural inflammation in the distal colon (represented as site I), with a distended colon segment (represented as site P) proximal to the inflammation site, and a non-distended segment (represented as site D) distal to the site of inflammation (Figure 4). Based on macroscopic and histological studies, site I comprises inflammation and mechanical stress, site P has mechanical stress but no visible inflammation, and site D has neither inflammation nor mechanical stress. Significant fibrosis and smooth muscle hyperplasia developed 7–21 days after TNBS instillation at sites P and I. Molecular expression analysis revealed that expression of pro-fibrotic and proliferative genes, e.g., connective tissue growth factor (CTGF) and BDNF were markedly up-regulated in both sites P and I. The increased expression of CTGF and BDNF were mainly observed in the muscularis externa. Interestingly, expression of CTGF and BDNF was not significantly upregulated in the non-distended site D, suggesting that expression of CTGF and BDNF expression is stretch-sensitive in the CD-like colitis model. However, if rats were fed exclusively with clear liquid diet, mechanical distention in sites P and I was prevented in the TNBS-treated rats. Moreover, up-regulation of CTGF and BDNF was also prevented in sites P and I. Treatment with clear liquid diet markedly improved inflammation, fibrosis, and muscle hyperplasia in the colitis rats. In the model of partial colon obstruction, where mechanical distention, but no inflammation, was induced by an obstruction band wrapped in the distal colon, the authors found that collagen production, smooth muscle cell numbers and thickness, and expression of CTGF and BDNF were all increased only in the distended segment prior to obstruction, but not in the non-distended distal colon (Lin et al., 2021a). Taken together, these studies suggest that transmural inflammation in CD-like colitis is associated with mechanical stress in the inflammation site and the distended segment proximal to inflammation, which leads to increased expression of pro-fibrotic and proliferative mediators. Mechanical stress-induced up-regulation of pro-fibrotic and proliferative mediators may contribute significantly to the development of fibrosis and muscle hyperplasia in CD.
[image: Figure 4]FIGURE 4 | Diagram of sham and CD-like colons showing different sites. S, sham colon. Site I, the inflammation site, is present with inflammation and mechanical stress. Site P is the mechanically distended colon site proximal to inflammation. It shows no sign of inflammation. Site D, the non-distended site distal to inflammation, presents neither mechanical stress nor inflammation.
TARGETING MECHANO-TRANSCRIPTION PROCESS FOR THERAPEUTIC POTENTIALS IN OBSTRUCTIVE BOWEL DISORDERS
Challenges in the Management of Obstructive Bowel Disorders
Obstructions in the small and large intestines accounts for approximately 15% of hospital admissions for acute abdomen in the U.S. The management strategy for bowel obstruction varies depending on etiology and site of obstruction, and whether patients have a partial, complete or complicated obstruction, and whether they have previous abdominal surgery (Frago et al., 2014; Catena et al., 2019). Recent studies found that only 20% of bowel obstruction cases need acute surgical care, and most of patients with bowel obstruction are treated with non-operative management (Catena et al., 2019). This is particularly true for malignant bowel obstruction (MBO), which is a common complication in patients with bowel or gynecological cancers. Conservative management for BO patients includes nil per os, nasogastric suction, stenting, fluid replacement therapy, and medication treatments for various symptoms related to obstruction (Catena et al., 2019). Nasogastric drainage is generally only a temporary measure. Among medical treatments, opioid analgesics are used for abdominal pain caused by obstruction. Although they may provide certain degree of pain relief, opioid analgesics cause significant gastrointestinal adverse effects such as constipation and fecal retention, which would worsen motility dysfunction in obstruction. Anti-secretory and anti-emetics may be used to control vomiting and abdominal distention (Ripamonti et al., 2001). However, the effect of medical treatments in bowel obstruction is limited as they do not specifically address mechanical stress - the root cause of functional abnormalities such as motility dysfunction and abdominal pain in obstructive disorders.
Currently, surgical treatment for bowel obstruction is to release blockage as in mechanical obstruction or remove constrictions as in Hirschsprung’s disease (HD). In either way, the distended oral segment is kept in the gut (Williams et al., 2005; Heuckeroth, 2018). However, many patients suffer bowel dysfunctions during obstruction and even after the obstruction is surgically resolved (Di Lorenzo et al., 2000; Fevang et al., 2004; Menezes et al., 2006; Catto-Smith et al., 2007; Jarvi et al., 2010). Nearly 70% of the children with a history of HD have long-term gastrointestinal symptoms such as incontinence, constipation, abdominal distention, and enterocolitis by 10 years after pull-through surgery (Di Lorenzo et al., 2000; Catto-Smith et al., 2007). Recent reports revealed that motility dysfunction and constipation continue through adulthood in 30% of patients after surgical release of HD-associated obstruction in childhood (Jarvi et al., 2010). In the upper gut, infantile pyloric stenosis causes gastric outlet obstruction. Gastric sensory and motility functions are affected for a long time even after pyloromyotomy (Sun et al., 2000; Saps and Bonilla, 2011). Dysregulated motility is accountable for symptoms such as bloating, nausea, vomiting, and constipation. However, the reasons for the long-term bowel dysfunction even after the resolution of obstruction is not understood. There are no specific treatments for the long-term dysfunction in such cases.
Targeting Mechano-Transcription of COX-2 and Prostaglandin E Synthase for Motility Dysfunction in Bowel Obstruction and After Obstruction Is Corrected
Given that mechanical stretch induces marked expression of COX-2, and COX-2 derived prostaglandins suppress muscle contractions (Shi et al., 2011; Lin et al., 2012a), Lin et al. (2012b) studied the therapeutic and prophylactic effects of COX-2 inhibitors on smooth muscle function and gut motility in bowel obstruction in rats (Lin et al., 2012b). COX-2 inhibitor NS-398 or vehicle was administered daily pre- and post-induction of obstruction to investigate its prophylactic and therapeutic efficacies, respectively. Obstruction led to significant decrease of muscle contractility and a very slow colonic transit rate. However, prophylactic treatment with NS-398, starting before obstruction is induced, significantly improved colonic transit and muscle contractility, and attenuated fecal retention in the obstructed colon. Even with the treatment of NS-398 starting day 3 post obstruction, the muscle contractility and colonic transit still improved by day 7. The team further investigated whether inhibition of PGE2 is beneficial in improving motility function in obstruction (Lin et al., 2012b). Four PGE2 receptors, EP1 to EP4, were identified in the rat colonic smooth muscle cells. Although treatments with EP1 and EP3 antagonists decreased normal muscle contractility in tissues taken from sham controls, they did not improve muscle contractility in tissues taken from obstructed colon. On the other hand, the EP2 and EP4 antagonists did not significantly affect control tissue, but restored muscle contractility in obstruction (Lin et al., 2012b). These studies demonstrated that PGE2 and its receptors EP2 and EP4 are specifically implicated in motility dysfunction mediated by mechanical stress-induced COX-2 in obstruction. EP2 and EP4 antagonists, along with COX-2 inhibitors, may have therapeutic potential in medical treatment of motility dysfunction in bowel obstruction.
Clinical studies support the pre-clinical findings that selective inhibition of COX-2 has benefits in treating obstructive bowel disorders. Retrospective studies in large cohort of patients and clinical trials found that the use of COX-2 inhibitor celecoxib decreased the paralytic ileus rates and did not result in any significant morbidity (Wattchow et al., 2009; Raju et al., 2015). A multicenter, blinded, and randomized clinical trial study found that selective COX-2 inhibitor firocoxib, but not the nonselective COX inhibitor flunixin meglumine, is beneficial in small intestinal obstruction by strangulation in horses, as it reduced endotoxemia (Ziegler et al., 2019; Ziegler and Blikslager, 2020).
As BO-associated up-regulation of COX-2 and production of PGE2 depend on mechano-transcription process, Li et al. further determined whether inhibition of mechano-transcription signal transduction improves motility function (Li et al., 2012a; Li et al., 2012b). Because stretch-induced expression of COX-2 depends on MAPK p38 activation in colonic SMC, Li et al. (2012a) studied the in vivo effects of p38 inhibitor SB203580 on COX-2 induction and motility dysfunction in obstruction. It was found that SB203580 significantly inhibited induction of COX-2 and improved colon motility in obstruction. This was associated with improvement of colon distension. These studies show that inhibition of the intestinal mechano-transcription process has therapeutic potentials for motility dysfunction in obstructive bowel disorders.
Gut motility is altered not only during BO, but for a long time even after BO is resolved (Di Lorenzo et al., 2000; Fevang et al., 2004; Jarvi et al., 2010). Recent studies suggest that mechanical stress-induced COX-2 as well as COX-2–derived PGE2 in the distended gut SMC not just account for motility dysfunction in obstruction, but exert secondary effects on SMC even after obstruction is resolved (Lin et al., 2018). Lin et al. (2018) showed that COX-2–derived PGE2 during BO may further increase the expression of microsomal prostaglandin E synthase-1 (mPGES-1), an important enzyme involved in the synthesis of PGE2, in an autocrine mode. Studies in vivo showed that increased mPGES-1 contributes to the continuous production of PGE2 and long-term motility dysfunction. Thus, it is crucial to recognize that once the bowel is distended during obstruction, it may never be considered as “normal” because it is the site of mechano-transcription. Comparative studies were performed using COX-2 inhibitor NS-398 and mPGES-1 inhibitor Cay 10,526 during BO and post-BO (after obstruction is corrected). Results of the study suggest that targeting COX-2 and mPGES-1 during obstruction may be an effective therapeutic strategy to treat motility dysfunction during obstruction and a prophylactic strategy to prevent long-term motility dysfunction occurring after obstruction is resolved. However, for long-term motility dysfunction after the obstruction is corrected, inhibition of mPGES-1 rather than COX-2 appears to be a better therapeutic approach (Lin et al., 2018).
Targeting Mechano-Regulation of Nociceptive Mediators and Anti-pain System for Abdominal Pain in Obstructive Bowel Disorders
Abdominal pain is the main reason for hospital visits in patients with bowel obstruction (Cappell and Batke, 2008; Gore et al., 2015). In the acute phase of obstruction (the first 12–24 h), abdominal pain may be colicky (cramping and intermittent) (Summers, 1999; Cartwright and Knudson, 2008; Gore et al., 2015). However, patients with chronic partial obstruction or pseudo-obstruction do experience persistent abdominal pain (Baines et al., 1985; Ripamonti et al., 2001; Ripamonti and Mercadante, 2004; De Giorgio et al., 2011). Currently available treatment for BO-associated pain relies on high doses of opioids (Ripamonti and Mercadante, 2004; Roeland and von Gunten, 2009). However, opioids are notorious in causing further motility dysfunction, constipation and paradoxically visceral hyperalgesia (Grunkemeier et al., 2007; Farmer et al., 2019; Lin et al., 2021b). It is imperative to identify visceral analgesics that are specific for distension-associated pain.
Recent studies have shown that mechanical stress induces marked expression of pain mediators NGF, BDNF, and COX-2 in the gut wall, which may play a crucial role in visceral hypersensitivity in experimental obstruction (Huang et al., 2005; Lin et al., 2015; Lin et al., 2017; Fu et al., 2018). Lin et al. (2017) found that inhibition of mechanical stress induced NGF by administering neutralizing antibody against NGF not only attenuated afferent neuron hyperexcitability, but also significantly improved pain behavior in rats with chronic partial colon obstruction. Fu et al. (2018) reported that BDNF is robustly induced by mechanical stress in distended bowel in obstruction, and blockade of BDNF action by administering Trk B inhibitor in vivo effectively inhibited BO-associated referred pain. These studies have also characterized downstream mechanisms of NGF and BDNF-mediated hyperalgesia and found that altered expression and activity of Nav1.8 and Kv in the afferent nerve may account for NGF and BDNF-mediated peripheral visceral hypersensitivity (Lin et al., 2017; Fu et al., 2018). Therefore, mechanical stress-induced production of NGF and BDNF in the gut tissues and the neurotrophins-mediated Nav and Kv activity in primary afferent nerves represent plausible therapeutic targets for distention-associated abdominal pain.
Peripheral opioid receptors as a part of anti-pain system are thought to be critical in modulating visceral pain. It is found that while mechanical distention led to up-regulation of nociceptive mediators (e.g., NGF and BDNF) in gut SMC, the same distention caused down-regulation of opioid receptors µ, δ, and κ in the sensory afferents in the colon (Hegde et al., 2018). The down-regulation of opioid receptors may contribute to visceral hyperalgesia in obstruction. Interestingly, Hegde et al. (2020) found that the abundance of gut commensal Lactobacillus reuteri was drastically decreased in the obstructed bowel in rats. However, when L. reuteri rat strains were ingested via gavage (1 × 109 colony-forming units/g daily starting 2 days before obstruction), the precision microbial therapy attenuated visceral hyperalgesia. Treatment with L. reuteri also diminished hyperexcitability of the DRG neurons projecting to the distended colon. Importantly, treatment with L. reuteri prevented the down-regulation of opioid receptors. In addition, treatment with peripheral opioid receptor antagonist naloxone methiodide eliminated the analgesic effect of L. reuteri in obstruction. Thus, L. reuteri, via inducing opioid receptors in the gut tissues, may have therapeutic potential in preventing lumen distension-associated visceral hypersalgesia and abdominal pain in obstructive conditions (Hegde et al., 2020).
TARGETING MECHANO-TRANSCRIPTION PROCESS FOR THERAPEUTIC POTENTIALS IN INFLAMMATORY BOWEL DISEASE
Challenges in the Management of Inflammatory Bowel Disease
The pathogenic mechanisms of Crohn’s disease (CD) and ulcerative colitis (UC) remain unknown, and cures are unavailable (Hendrickson et al., 2002; Sartor, 2006). Current therapies for IBD are designed to induce prolonged remission. Among the therapeutic options, 5-aminosalicylates are used mainly for mild active IBD (predominantly for UC), and for maintenance treatment in UC (Domènech, 2006). Corticosteroids are considered the mainstay for induction of remission in moderate to severe active inflammation in both UC and CD (Hendrickson et al., 2002; Domènech, 2006). Immunomodulators such as azathioprine and methotrexate are second-line treatment, mainly because of safety profile and economic costs. They are often used for maintenance therapy in both UC and CD (Domènech, 2006; Wehner et al., 2010; Kansal et al., 2013), or for patients with steroid refractoriness or dependency. The use of biologic agents, such as anti-TNFα chimeric antibody, is increasing. They are now often used as a first line therapy for moderate to severe CD and particularly useful in patients with steroid refractory disease (Ruemmele et al., 2009).
Unfortunately, most of the medical treatment options for IBD have substantial adverse effects. Corticosteroids are known for their frequent and sometimes severe side effects and their limitations include risks of infection, osteoporosis, growth retardation, poor mucosal healing, and early relapses on cessation of therapy (Sidoroff and Kolho, 2012; Cheifetz, 2013). This is especially problematic in pediatric patients, as this population of patients are prone to experience growth retardation and osteoporosis with steroid therapy (Sidoroff and Kolho, 2012). Immunomodulators increase the risk of opportunistic infections and hematologic disorders (Kandiel et al., 2005; Sidoroff and Kolho, 2012). Biologic agents targeting cytokines and adhesion molecules may lose efficacy over time, and are limited with increased vulnerability to infections, development of autoimmune disorders and even malignancy, and decreased immunogenicity of vaccinations (Kandiel et al., 2005). Thus, safe and effective therapies, including diet-based treatments, are much needed for IBD patients (Kansal et al., 2013; Ashton et al., 2019).
Attenuation of Mechano-Transcription Process as a Novel Mechanism Underlying the Benefits of Exclusive Enteral Nutrition in Crohn’s Disease
Although many dietary therapies have been explored for the management of IBD (Domènech, 2006), exclusive enteral nutrition (EEN) is the sole established dietary treatment for IBD, specifically for CD (Kansal et al., 2013; Ashton et al., 2019). EEN involves oral or nasogastric tube feeding of a complete liquid diet with exclusion of normal foods for a defined period (usually 4–8 weeks). Over the last 2 decades, EEN has emerged as a highly effective treatment for the induction of remission in CD (Levine et al., 2018; Ashton et al., 2019). As a low-risk and steroid-sparing treatment, EEN is now the first-line therapy for pediatric CD patients. The reported remission rates with EEN treatment in this population of patients are up to 80% (Swaminath et al., 2017; Levine et al., 2018; Ashton et al., 2019). Consensus guidance from several organizations in Europe and North America (i.e., ECCO, ESPGHAN, ESPEN and NASPGHAN) directs clinicians to use EEN to induce remission in young CD patients wherever possible (Critch et al., 2012; Ruemmele et al., 2014; Forbes et al., 2017). It is suggested that corticosteroids, or early immunosuppressive therapy, should be reserved for the patients where EEN is not an option (Ruemmele et al., 2014; Ashton et al., 2019). There are reports that EEN is also effective in adult CD patients (Mowat et al., 2011; Yang et al., 2017). However, the evidence for the efficacy of EEN in adult patients is weaker than in pediatric population, possibly due to practicalities of its use (compliance, tolerability, etc.) (Ashton et al., 2019). Interestingly, there seems to be no established therapeutic role for EEN in the treatment of UC, an IBD that is without transmural inflammation and stricture formation as seen in CD (Ashton et al., 2019).
With EEN treatment, patients’ disease activity, mucosal healing, bowel symptoms, and nutrition status are all significantly improved (Ashton et al., 2019). Systemic inflammatory markers, such as C-reactive protein and erythrocyte sedimentation rate are normalized, and often corrected before any detectable change in nutrition status (Bannerjee et al., 2004; Grover et al., 2014). However, the exact mechanisms for the therapeutic benefits of EEN on inflammation and gut function in CD are still not well known, though several theories have been tested or postulated. Originally, elemental liquid diet (with amino acids, but no whole proteins) was first tested in CD as a means to provide nutritional support (Voitk et al., 1973). Subsequent open and randomized controlled trials confirmed the benefits of exclusive elemental liquid diet therapy in inducing remission in active CD (Axelsson and Jarnum, 1977; O’Moráin et al., 1984). Some suspected that a reduced chance of allergic reaction with the elemental liquid diet could be a possible reason for the efficacy. However, numerous follow-up studies found that nitrogen sources of enteral feeds are not relevant to their therapeutic efficacy. EEN treatments with either elemental or whole proteins-based polymeric liquid diets are equally effective in inducing remission in active CD (Giaffer et al., 1990; Verma et al., 2000; Zachos et al., 2007).
Many studies have attempted to examine if the EEN efficacy is attributed to improved gut microbiota. (Quince et al., 2015; Ashton et al., 2016; MacLellan et al., 2017). However, as all elemental and non-elemental diets are similarly effective in inducing remission of active CD, they lead to vastly different changes of microbiome in the gut (Ashton et al., 2016; Ashton et al., 2019). With EEN treatment, normal gut commensal bacteria (i.e. Bacteriodes, Prevotella, Enterobacteriaceae, etc.) have been reported to both increase and decrease in relative abundances (Leach et al., 2008; Kaakoush et al., 2015; Dunn et al., 2016). For instance, early studies found that Faecalibacterium prausnitzii, an anti-inflammatory commensal, was increased with EEN (Sokol et al., 2008); however more recent reports have shown a reduction of its abundance over the course of treatment with EEN (Jia et al., 2010). Systemic reviews of the most recent and well-documented studies suggest a paradoxical effect of EEN that it causes a reduction of bacterial diversity and richness and changes on the microbiome usually with a dysbiosis (Gatti et al., 2017; MacLellan et al., 2017). These changes are less likely to account for the benefits of EEN in CD, because reduced bacterial diversity and richness would predispose the gut to more inflammatory changes.
Inflammation in active CD is associated with increased intestinal permeability and damaged barrier function (Levine and Wine, 2013). Whether the increased permeability is the cause, or a consequence of CD is unknown. However, Sanderson et al. (1987) reported that EEN improved the abnormal permeability after 6 weeks of EEN treatment. In vitro studies on enterocytes found that EEN elemental formula components such as glutamine and vitamin D3 attenuated TNF-α-induced production of IL-8 but enhanced nitric oxide production in colonic epithelial cell line HT-29 (Alhagamhmad et al., 2017). However, this effect may not be due to the direct effects of elemental components, as polymeric diet and solid foods contain these components too, especially after they undergo mechanical and chemical digestions in the GI tract. Some studies observed that EEN treatment may directly reduce production of pro-inflammatory cytokines IL-6, IL-8, and TNF-α in the intestine (Heuschkel et al., 2000; Ashton et al., 2019). However, the mechanisms for the improved intestinal permeability and reduced cytokine production are not clear (Levine and Wine, 2013).
As discussed above, mechanical stress is an inevitable pathological change in gut inflammation, especially in CD where transmural inflammation and stenosis are present. Recent studies show that mechanical stress may contribute to the development of gut inflammation and dysfunction in IBD (Wehner et al., 2010; Lin et al., 2014b; Lin and Shi, 2021). We have evidence that the benefits of EEN in CD may be due to its action to reduce mechanical stress and attenuate mechano-transcription of pro-inflammatory mediators in the gut (Lin et al., 2021a; Lin and Shi, 2021). In the rat model of Crohn’s-like colitis induced by intra-colonic instillation of TNBS, EEN treatment with liquid diet (Ensure, Abbott) significantly improved body weight gain and reduced inflammation and disease activity in colitis rats. TNBS instillation induced a localized transmural inflammation with thickened wall and narrowed lumen in the distal colon and caused marked lumen distention with fecal retention in the segment proximal to the inflammation site (Lin et al., 2021a; Lin and Shi, 2021). However, EEN treatment eliminated lumen distention in the inflamed colon. Our study in the control rats with no TNBS instillation found that EEN treatment dramatically reduced fecal mass and pellet size, and increased water content of the fecal pellets. We found in TNBS colitis rats that mRNA expression of pro-inflammatory mediators such as IL-6, MCP-1, OPN and COX-2 was dramatically induced in the inflammation site (site I) and the distended segment proximal to inflammation (site P), but not in the non-distended segment distal to inflammation (site D). Strikingly, EEN treatment almost completely blocked the up-regulation of pro-inflammatory gene expression, suggesting that a mechanical stress-associated mechanism is involved in colitis-associated induction of pro-inflammatory genes (Lin et al., 2021a; Lin and Shi, 2021). Among these mechano-sensitive pro-inflammatory mediators, OPN is found to contribute to the development of IBD, particularly the Th1 immune response in Crohn’s disease (Ashkar et al., 2000; Sato et al., 2005). Other mechano-sensitive pro-inflammatory mediators such as IL-6, MCP-1, and COX-2 in site I and site P all are also involved in the inflammatory process in the gut (Please refer to Section 3). Therefore, mechanical stress in the inflammation site and the distended segment prior to inflammation may play a pathogenic role in inflammation and gut dysfunction independent of the intrinsic inflammatory process. The benefits of EEN in inducing remission of inflammation may largely depend on the effect of EEN to reduce mechanical stress and attenuate the mechano-transcription process in the inflammation site and the site prior to the site of inflammation.
Targeting Mechano-Transcription Process for Fibrosis and Smooth Muscle Hyperplasia in Crohn’s Disease
Stricture formation is a hallmark of severe Crohn’s disease (CD), a B2 phenotype of CD in Montreal classification (Satsangi et al., 2006). The two main pathological changes involved in stricture formation are intestinal fibrosis and smooth muscle hyperplasia (Li and Kuemmerle, 2014; Latella and Rieder, 2017; Rieder et al., 2017). Currently, there is no effective medical treatment for the debilitating complication. Although anti-inflammatory treatments may be effective for active inflammation in CD, they do not appear to be effective in preventing or treating intestinal fibrosis and muscle hypertrophy.
Increasing evidence suggests that mechanical stress induces expression of pro-fibrotic mediators and extracellular matrix (ECM) proteins in gut smooth muscle cells. Gutierrez and Perr reported that static mechanical stretch significantly enhanced expression of transforming growth factor beta-1 (TGF-β1) mRNA and protein in intestinal smooth muscle cells. Expression of type 1 collagen mRNA and protein was also increased by mechanical stretch in these cells (Gutierrez and Perr, 1999). Recent in vivo studies in our lab have shown that mechanical stretch not only increases production of collagen expression and ECM deposition, but also induces robust expression of pro-fibrotic mediators such as CTGF in the colon (Lin et al., 2021a). Expression of CTGF is increased not only at the site of inflammation, but also in the distended site proximal to inflammation in TNBS-induced CD-like colitis. CTGF has long been recognized to have potent effect on cell proliferation and production of ECM proteins such as collagens. CTGF expression was found increased in CD and UC not only in the inflammation area, but also in areas of little inflammation but severe fibrosis (Dammeier et al., 1998; Di Mola et al., 2004). Our recent studies in rats have revealed that mechanical stress induced CTGF in gut SMC, which may contribute significantly to fibrosis. We inhibited CTGF by administering anti-CTGF antibody (FibroGen, San Francisco, CA). Comparing to IgG control, anti-CTGF treatment significantly attenuated fibrosis in the site of inflammation and site proximal to inflammation (Lin and Shi, unpublished observation). Our study suggests that mechanical stress-induced pro-fibrotic mediators such as CTGF may represent a potential therapeutic target in battling fibrosis in Crohn’s.
While fibrosis is a well-recognized change in stricture formation in CD, recent comprehensive histopathological analysis suggests that smooth muscle hyperplasia may be the most prominent histological change in fibrostenotic stricture in CD (Chen et al., 2017; Rieder et al., 2017). Mechanisms for smooth muscle hyperplasia in CD are not well understood. BDNF is known for its neurotrophic and nociceptive effects on neurons (Boesmans et al., 2008; Al-Qudah et al., 2014; Fu et al., 2018). However, most recent studies found that BDNF potently promotes SMC proliferation (Kwapiszewska et al., 2012; Freeman et al., 2017). Clinical studies found that BDNF expression is up-regulated in IBD tissues (Li et al., 2011; Steinkamp et al., 2012). We found that BDNF expression is highly responsive to mechanical stress in gut SMC (Fu et al., 2018), and BDNF is markedly induced in the inflammation site and pre-stenotic site in the CD rats (Lin et al., 2021a), as well as in the distended bowel in mechanical obstruction (Fu et al., 2018). Exogenous BDNF leads to robust proliferation of rat colon SMC. Anti-BDNF treatment or antagonist of BDNF receptor Trk B significantly reduces gut SMC proliferation (Lin and Shi, unpublished observation). These studies suggest that mechanical stress induced BDNF plays a key role in SMC hyperplasia in a preclinical model of CD and may be considered a potential therapeutic target for prevention or treatment of SMC hyperplasia and hypertrophy in fibro stenotic CD.
TARGETING MECHANO-TRANSCRIPTION PROCESS FOR THERAPEUTIC POTENTIALS IN FUNCTIONAL BOWEL DISORDERS
Mechano-Transcription and Irritable Bowel Syndrome
Irritable bowel syndrome (IBS) is the most common and best described type of functional bowel disorders, affecting nearly 11% of the general population in the US (Lovell and Ford, 2012; Camilleri, 2014). Along with visceral pain, abdominal distention and bloating are major complaints among IBS patients (Chang et al., 2001a; Zar et al., 2002; Azpiroz and Malagelada, 2005; Shim et al., 2010). It is reported that 76% of IBS patients have abdominal bloating and 57% have abdominal distention (Chang et al., 2001b). The exact reasons of abdominal distention are not well understood. However, current evidence suggests that it may be ascribed to excessive gas accumulation and impaired gas transit in the gut (Koide et al., 2000; Serra et al., 2001; Hernando-Harder et al., 2010). Intraluminal retention of fluid and solid contents and altered gut microflora are also considered possible reasons for bloating and abdominal distention (Chang et al., 2001a; Agrawal et al., 2009; Sweetser et al., 2012). Some investigators found that ineffective evacuation, resulting in fecal retention in the colon and rectum, may well contribute to abdominal distention in IBS patients (Sweetser et al., 2012; Camilleri, 2014; Raahave and Jensen, 2021). Thus, abdominal distention in IBS is largely due to luminal retention of gas, liquid, or solid contents in the GI tract. The luminal retention of gas, liquid, and solid contents clearly represent mechanical stress to the gut wall [Lin et al., 2015).
As abdominal pain and distention are co-present in nearly 70% of IBS patients (Chang et al., 2001b), several groups have tried to determine whether distention contributes to abdominal pain. Earlier studies have focused on the immediate effect of repetitive distensions in the distal colon to noxious pressure levels (Ness et al., 1990; Gschossmann et al., 2001; Million et al., 2006). In general, a pressure is considered noxious when it is greater than 40 mmHg (Ness et al., 1990). In both humans and rats, repetitive colonic tonic distention (i.e., 60 mmHg for 10 min) resulted in visceral hypersensitivity (Ness et al., 1990; Gschossmann et al., 2001; Million et al., 2006). Moreover, luminal distention at noxious pressure (60 mmHg) induced changes in neuropeptide expression and ERK 1/2 activation in the dorsal horn (Lu et al., 2005; Million et al., 2006). These data suggest that colon distention at noxious pressure may induce acute visceral hypersensitivity via a central sensitization mechanism (Munakata et al., 1997; Lin et al., 2015; Shi et al., 2018).
Further studies found that colon distention may also contribute to chronic visceral hypersensitivity (Al-Chaer et al., 2000; Lin et al., 2015). Al-Chaer found that repetitive colon distention (60 mmHg) with a balloon in rats during neonatal stage led to visceral hypersensitivity detectable in adult stage and suggested that peripheral sensitization may be involved (Al-Chaer et al., 2000). Lin et al. (2015) tested colon distention in adult rats and found that tonic distention of the distal colon with a balloon at sub-noxious levels (20–40 mmHg) for 40 min led to significantly increased visceral sensitivity. The state of visceral hypersensitivity remained for at least 3 days. Electrophysiological studies showed that excitability of colon projecting sensory neurons in the dorsal root ganglia was significantly enhanced. Interestingly, they found that the sub-noxious mechanical distention induced expression of COX-2 and increased release of PGE2 in colonic muscularis externae, but not in the mucosa layer (Lin et al., 2015). Importantly, treatment with COX-2 inhibitor NS-398 abolished distention-induced production of PGE2, and significantly attenuated visceral hypersensitivity. These reports demonstrate that mechanical distention-induced production of inflammatory mediators, e.g., PGE2, contributes to visceral hypersensitivity in “functional” bowel disorders with lumen distention. PGE2 is found significantly increased in diarrhea-dominant IBS patients in the mucosa samples obtained by biopsy (Grabauskas et al., 2015), and is found to be the main cause of visceral hypersensitivity in IBS patients and animal models (Grabauskas et al., 2020). It is not known whether PGE2 is increased in IBS patients in the smooth muscle layer, which is the very site for mechanical stress-induced increase of COX-2 and PGE2. This is mainly because the smooth muscle layer is not accessible with a conventional biopsy. Nevertheless, COX-2 expression and PGE2 production were found significantly increased in smooth muscle layer of the colon obtained in surgery in patients with chronic constipation (Cong et al., 2007).
Several other mechanosensitive pain mediators like NGF and BDNF were found to be substantially increased in the bowel tissues of IBS patients compared to normal subjects (Yu et al., 2012; Dothel et al., 2015). These mediators are known to contribute to visceral hypersensitivity and abdominal pain in IBS (Dothel et al., 2015; Coelho et al., 2019). These studies did not specify the cause(s) for the increased expression of NGF and BDNF in the IBS tissues. However, mounting evidence suggests that expression of NGF and BDNF in the gut is highly inducible by mechanical stress, i.e., lumen distention (Lin et al., 2017; Fu et al., 2018). Thus, targeting mechano-transcription of inflammatory and pain mediators may have great therapeutic potentials for IBS (Shi et al., 2018).
Mechano-Transcription and Other Functional Bowel Disorders
Among other functional bowel disorders, chronic constipation and fecal retention may present the most significant mechanical stress in the distal colon and rectum (Bharucha et al., 2006; Heredia et al., 2012; Raahave, 2015; Lin et al., 2021b). In chronic functional constipation, slowed colonic transit and decreased frequency of bowel movement directly lead to fecal accumulation or impaction in the distal bowel (Heredia et al., 2012; Lin et al., 2021b). As a separate entity of functional bowel disorders, fecal retention may be functional (voluntary withholding of stool) or due to obstructed defecation (Raahave, 2015; Raahave and Jensen, 2021). In either of the conditions, increased fecal accumulation in the distal bowel imposes apparent mechanical stretch to the bowel tissues, and thus may lead to mechano-transcription of select bioactive mediators (Lin et al., 2021b). A Gastroenterology study found that COX-2 expression and PGE2 production were significantly increased in the colonic muscularis externa tissues in patients with slow transit constipation (Cong et al., 2007). COX-2 expression was also found to be significantly up-regulated in the distended colon in slow transit constipation generated experimentally by outlet obstruction (Heredia et al., 2012), or by opioid-induced constipation (Lin et al., 2021b). Increased inhibitory prostaglandins such as PGE2 were found to be responsible for the diminished contractility in slow transit constipation in human (Liu et al., 2009) and in animal models (Heredia et al., 2012; Lin et al., 2021b). In fact, administration of COX-2 inhibitor NS-398 was found to be effective to improve bowel movement in constipation in chronic morphine treatment (Lin et al., 2021b). Fecal retention in the rodent model of opioid-induced bowel dysfunction also leads to significant increase of pain mediator NGF. Interventional studies suggest that the mechanical stress-induced pain mediators such as NGF may account for paradoxical hyperalgesia and narcotic bowel syndrome in chronic morphine treatment (Lin et al., 2021b).
Mechanical stress is also present in functional bowel disorders in the upper GI tract. In gastroparesis, for instance, slowed gastric emptying rate leads to increased retention of foods in the stomach as demonstrated in gastroparesis patients (Azpiroz et al., 2014; Steinsvik et al., 2021). When full thickness gastric tissues were available for studies, several groups reported that COX-2 expression was increased in the gastric tissues in animal models of gastroparesis induced by glucagon (Chen et al., 2017), lipopolysaccharide (West et al., 2006), or stress (Li et al., 2016). Partial obstruction of the gastric outlet leads to marked gastric retention and distention in the stomach, which is associated with dramatic induction of COX-2 (Lin et al., 2012a). Moreover, in vivo administration of COX-2 inhibitors improved gastric motor function in gastroparesis models (Lin et al., 2012a; Chen et al., 2017).
These studies suggest that mechanical stress-induced expression of COX-2 and production of prostaglandins may represent common potential targets for “functional” disorders with luminal distention such as constipation, fecal retention, and gastroparesis. Currently available medical treatments for these disorders rely on prokinetics or secretagogues to arbitrarily stimulate smooth muscle contractions or increase mucosal secretion (Bharucha et al., 2006; Sharma and Rao, 2017). Long term efficacy of these treatments has been compromised. However, inhibition of mechano-transcription process represents a promising therapeutic strategy, as it targets mechanical stress—perhaps the root cause of bowel dysfunctions in these disorders.
CONCLUSION
Mechanical stress, i.e., shear, stretch, and compression, is a common phenomenon encountered in the GI tract. Excessive mechanical stress is the root cause of obstructive conditions and is constitutively present in inflammatory conditions and some functional bowel disorders. Different tissues and cells in the GI tract respond differently to mechanical stress. In this review, we have focused on the recent discoveries of mechanical stress-altered gene expression, i.e., mechano-transcription, in the gut. Numerous in vitro and in vivo studies have demonstrated that mechanical stress profoundly alters gene expression in the GI tract especially smooth muscle cells. Mechano-transcription of pro-inflammatory molecules, pain mediators, fibrogenic and growth factors plays a critical role in motility dysfunction, abdominal pain, inflammation, fibrosis, and hyperplasia in various gastrointestinal disorders (Figure 5). We have shown pre-clinical and clinical evidence that mechanical stress-induced COX-2 and other pro-inflammatory mediators in gut smooth muscle cells account for motility dysfunction and inflammatory process in obstructive, inflammatory and some functional disorders. Mechanical stress-induced up-regulation of pain mediators such as nerve growth factor and brain-derived neurotrophic factor, and down-regulation of opioid receptors in the peripheral tissues may lead to visceral hypersensitivity. Emerging evidence suggests that mechanical stress in the gut also leads to up-regulation of certain genes encoding pro-fibrotic and proliferative mediators such as connective tissue growth factor and osteopontin, which may contribute to fibrostenotic Crohn’s disease. It is yet to determine whether the mechano-transcription process is involved in secretion, permeability, and other pathophysiological changes in the GI tract. Taken together, the studies over the last decade suggest that the mechano-transcription process may represent novel therapeutic targets for the management of obstructive, inflammatory, and functional bowel disorders. The strategy to target mechano-transcription process has a unique advantage, as it addresses one of the root causes (mechanical stress) of these disorders. Further studies of these targets are warranted before therapeutics can be developed for clinical use.
[image: Figure 5]FIGURE 5 | Diagram summarizing the gene products and pathophysiological roles of the mechano-transcription process in the gastrointestinal tract. Studies up to date have shown that mechanical stress-induced gene expression of pro-inflammatory molecules, chemokines, cytokines and their receptors, pain mediators, pro-fibrotic and growth factors play a critical role in pathogenesis of motility dysfunction, inflammatory response, visceral pain, intestinal fibrosis and cell proliferation in the gut. It is yet to determine if the mechano-transcription process is involved in secretion, permeability, and other functions and dysfunctions in the gut.
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Programmed cell death protein 1 (PD-1)/PD-ligand (L)1, the immune checkpoint inhibitors have emerged as a promising strategy for the treatment of various diseases including chronic liver diseases (CLDs) such as hepatitis, liver injury and hepatocellular carcinoma (HCC). The role of PD-1/PD-L1 has been widely inspected in the treatment of viral hepatitis and HCC. PD-1 is known to play a crucial role in inhibiting immunological responses and stimulates self-tolerance by regulating the T-cell activity. Further, it promotes apoptosis of antigen-specific T-cells while preventing apoptosis of Treg cells. PD-L1 is a trans-membrane protein which is recognized as a co-inhibitory factor of immunological responses. Both, PD-1 and PD-L1 function together to downregulate the proliferation of PD-1 positive cells, suppress the expression of cytokines and stimulate apoptosis. Owing to the importance of PD-1/PD-L1 signaling, this review aims to summarize the potential of PD-1/PD-L1 inhibitors in CLDs along with toxicities associated with them. We have enlisted some of the important roles of PD-1/PD-L1 in CLDs, the clinically approved products and the pipelines of drugs under clinical evaluation.
Keywords: programmed cell death protein 1, chronic liver diseases, hepatocellular carcinoma, T-cells, immunotherapy, monoclonal antibodies
1 INTRODUCTION
Programmed cell death protein 1 (PD-1) is an immune checkpoint molecule whose function is to reduce the T-cell activity for preventing autoimmune damage during immune responses. In case of chronic infections, prolonged antigen exposure results in permanent expression of PD-1 which can limit immune-mediated clearance of pathogens (Ishida et al., 1992). It is mainly an immune checkpoint inhibitory receptor expressed on immune cells which are involved in activating immunosuppressive signaling cascade. PD-1 functions by binding to its ligands namely; PD-L1 and PD-L2 and thereby prevents stimulatory signals from T-cell receptors (TCR) (Butte et al., 2008). This immune suppressive PD-1 works as brakes for regulating the acquired immunity. PD-1 is present in T-cells, B-cells, antigen presenting cells (APCs) and in few other non-lymphoid tissues. The association of ligands with PD-1 on the T-cell promote immune suppression (Butte et al., 2007). Moreover, PD-1 expression is also seen in pancreatic islets, cardiac endothelium and placenta depicting its possible functioning in immunological tolerance. PD-1 is present in its monomeric form as a surface glycoprotein and can also be placed on TCR signalosome when TCR binds with MHC complexes (Wu et al., 2009). The inducible expression of PD-1 can be seen in T-cells (CD4+ and CD8+), B-cells, macrophages, natural killer cells (NK), dendritic cells (DCs). The PD-1 expression can be stimulated on T-cells by T-cell receptor signaling and cytokines like IL-2, IL-7 and some of the interferons. The PD-1 expression is remarkably enhanced on stimulated T-cells and within 24 h, the expression can be increased depending upon the concentration of mentioned stimuli (Calderaro et al., 2016). Hence, PD-1 can also function as a marker of active T-cell. There is difference in kinetics of expression pattern of PD-1 in acute and chronic infections. For instance, in case of acute infections, the expression of PD-1 is transitory while a sustained expression is seen in cases of chronic infection (Watanabe et al., 2010). This prolonged expression in chronic infection can head up to T-cell dysfunction and make T-cells exhausted (Zhou et al., 2019). The immunosuppressive potential of PD-1 is regulated mainly by involvement with its ligands namely PD-L1 and PD-L2. The PD-L2 expression is inducible on DCs, mast cells and macrophages, while PD-L1 is constitutively expressed on B-cells, T-cells, macrophages, DCs, mast cells and mesenchymal stem cells (MSCs) (Mataki et al., 2007). Moreover, PD-1 is also seen on several non-hematopoietic cells like epithelial cells, hepatocytes, myocytes, pancreatic islet cells, vascular endothelial cells and astrocytes. Studies have shown that PD-L1 and PD-L2 mediated expression of PD-1 are independent of each other in regulating T-cell response (Iwai et al., 2003). PD-L2 is mainly known to regulate proliferation of CD8+T-cells while PD-L1 generally regulates peripheral Treg cells. PD-1 regulates and stimulates T-cell activity by various mechanisms (Iwai et al., 2003). The involvement of PD-1 with PD-1 ligands leads to prevention of T-cell signaling and related downstream responses. When PD-1 ligands bind with PD-1, the phosphorylation of tyrosine of the cytoplasmic tail of PD-1 takes place which is followed by placement of Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2 (SHP-2), which is a protein tyrosine phosphatase (PTP) (Riella et al., 2012). This functions by dephosphorylating kinases and in turn leads to inhibition of downstream signaling leading to the activation of T-cell receptors and CD28. Moreover, SHP2 can also inhibit T-cell receptor signaling by dephosphorylating the Zap70/CD3ε signalosome. The PD-1 signaling leading to immunosuppression include inhibition of extracellular-signal regulated kinase (ERK), phosphoinositide 3-kinase (PI3K), AKT, phospholipase C-γ (PLCγ) and control cell cycle resulting into reduced IFN-γ/IL-2 generation, decreased proliferative ability and enhanced apoptosis (Schönrich and Raftery, 2019). Moreover, PD-1 signaling modulates T-cell functioning by preventing glycolysis and favors lipid degradation and β-oxidation (Li et al., 2020).
Inhibitory signaling by PD-1 ligands regulates and maintains the induction and tolerance to self-antigen via PD-1 pathway. One of the mechanisms opted by PD-1 to control autoreactivity is by inducing the Treg cells in peripheral circulation (Jubel et al., 2020). It is in disparity to natural Treg cells, that are originated from thymic selection and express transcriptional regulator of the Treg cell phenotype namely forkhead box P3 (FoxP3) (Han et al., 2020). FoxP3 is expressed by naive CD4+T-cells by expressing the T-cell receptor and PD-1 on its surface. Both, the induced and natural Treg are known to downregulate the immune response by generating various immunomodulatory molecules namely anti-inflammatory cytokines, IL-10 and transforming growth factor-β (TGF-β) (Zak et al., 2015). PD-1 is mainly seen in activated Treg cells which in turn regulates the Treg cell activity. Additionally, the blocking of PD-1 results in reduction in suppression of Treg cells in vivo (Dong et al., 1999). The activation of peripheral Treg cells leads to decline the stimulation and effector activity of self-reactive CD4+ and CD8+T-cells (Yamazaki et al., 2002). Together, these data highlight the complexity of PD-1 association and the distinctive roles of PD-1 pathway in relation to infection and autoimmunity. Thus, it has been postulated that PD-1 signaling mainly works to decrease the functioning of self-reactive T-cells and also enhances the activation and effector activity of antigen-specific T-cells. Conclusively, PD-1 is crucial in regulating autoimmunity and infection as PD-1 signaling via T cells restricts immune-mediated tissue damage during infections (Selenko-Gebauer et al., 2003; Jubel et al., 2020). This review summarizes the physiological and functional role of PD-1 and its importance in CLDs.
2 PD-1/PD-L1 PHYSIOLOGY AND FUNCTIONAL RELEVANCE
2.1 PD-1
The receptor PD-1 is a protein having 288 amino acids with a N-terminal IgV-like domain. It is also known as CD279 and was first observed in IL-3 lacking LyD9 (murine hematopoietic progenitor) and 2B4-11 (murine T-cell hybridoma) cell lines (Ishida et al., 1992). It shares 13% sequence similarity with induced T-cell co-stimulator, 15% homology with CD28 and 20% similarity with CTLA4. The constitutive expression of PD-1 is present in immature thymocytes, activated CD4+and CD8+T-cells, B-cells, DCs, NK cells (Carreno and Collins, 2002). The expression of PD-1 is induced on APCs, monocytes and DCs via transcription factors namely NOTCH, Forkhead box protein (FOXO1), interferon regulatory factor (IRFs) and nuclear factor of activated T-cells (NFAT) (Ahmadzadeh et al., 2009). Additionally, IL-10 and TGF-β could stimulate the PD-1 expression in chronic infections. The increased expression of PD-1 is a marked feature of exhausted T-cells (Staron et al., 2014).
For the expression of PD-1 gene, the conserved upstream regulatory regions namely CR-B and COR-C are crucial. In the CR-C region, there is a binding site which is connected to the NFATc1 (NFAT2) in TCD4 and TCD8 units (Li et al., 2015). Additionally, in the CR-B region, c-FOS is associated leading to increased expression of PD-1. When NFATc is stimulated, it binds to the pdcd1promoter leading to expression (Youngblood et al., 2011). Moreover, IFN-α in association with IRF9 results into the expression of PD-1 by binding to the pdcd1 promoter leading to impairment of T-cells. In case of chronic infections, PD-1 is known to express in T-CD8 cells which are exhausted and is followed by binding of FOXO1 transcription factor to PD-1 promoter for increasing its expression (Xiao et al., 2012). In cancer cells as well, the tumor cell leakage enhances the expression of c-FOS subunit of AP-1, which in turn, enhances the PD-1 expression. However, PD-1 can act in two different ways i.e., it can be harmful and beneficial both (Salmaninejad et al., 2018). It plays a protective role in decreasing the regulation of harmful immune responses or acts as an immunosuppressor and regulates immune tolerance. On the other hand, it can also lead to the dilation of cancer cells by interfering with the protective immune response (Han et al., 2020).
2.2 PD-L1 and PD-L2
PD-L1 is a ligand of co-inhibitory receptor PD-1 and is coded by chromosome 9p24.1 located on the CD274gene. It is also called as B7 homolog 1 due to its homology with B7-1, B7-2, and CD274 (Sanmamed and Chen, 2014). Under physiological conditions, constitutive PD-L1 expression takes place in several tissues, mainly in the MSCs, activated T-cells, B-cells, monocytes, DCs, bone marrow derived mast cells and several immune privileged organs (Sharpe et al., 2007). Additionally, PD-L1 expression can be stimulated by γ-chain cytokines and IL-21 in T-cells and CD19+B cells respectively. Lipopolysaccharide (LPS) or B-cell receptor activation in B-cells is also known to stimulate PD-L1 expression. IFN-γ in monocytes and non-lymphoid cells like endothelial cells can also stimulate the expression (Ohaegbulam et al., 2015). PD-L1 is extremely conserved evolutionarily which reveals its functional importance. The PD-L1 is often seen at the site of inflammation and on tumor cells of distinctive origin which suggests the wide disposition of PD-L1 in various cellular localizations (Ji et al., 2015). These involve membranous PD-L1 (mPD-L1), nuclear PD-L1 (nPD-L1), serum PD-L1 (sPD-L1), cytoplasmic PD-L1 (cPD-L1) and exosomal PD-L1. It is present as an acquired immune mechanism in cancer cells to skip anti-tumor responses. It is linked with immune surroundings rich in CD8 T-cells, Th1 cytokines, chemokines, and interferons. Studies revealed that IFN-γ results into increased expression of PD-L1 in acute myeloid leukemia via MEK/ERK and MYD88/TRAF6 pathways (Bellucci et al., 2015). IFN-γ activates protein kinase D isoform 2 (PKD2), which is crucial for regulating PD-L1. The inhibition of PKD2 prevents PD-L1 expression and induces an antitumor immune response. NK cells secrete IFN-γ via Janus kinase (JAK) and by activating signal transducer and activator of transcription 1 (STAT1) transcription pathways resulting into enhanced PD-L1 expression (Bellucci et al., 2015). Additionally, PD-L1 expression is regulated by IFN-γ released by T-cells via JAK/STAT/IRF1 pathway. PD-L1 is the protein receptor encoded by the CD274 gene, and is located on chromosome 9 in humans. The mRNA expression of PD-L1 takes place by the production of two alternative transcripts of CD274 followed by translation of PD-L1 protein receptor. The longer transcript contains seven exons having a coding sequence of 800 bp and codes for a 33-kDa protein. PD-L1 is a membrane bound glycoprotein with a big extracellular region having immunoglobulin (Ig)-like domains, a small cytoplasmic domain of 30 amino acids and a hydrophobic transmembrane domain (Garcia-Diaz et al., 2017; Khurana et al., 2021). Exon 1 encodes for the 5′-UTR while exon seven codes for the 3′UTR and an intracellular domain. Another transcript is produced through alternative splicing and lack of third exon produces a small 160 amino acid isoform of PD-L1 without having IgV-like domain. Moreover, the promoter region of PD-L1 contains CpG methylation sites alongwith a 220-bp region of epigenetic regulation. The 3′-UTR region of PD-L1 is longer and involves several cis acting elements, which are associated with mRNA decay (Han et al., 2020). Furthermore, PD-L2 is another ligand of PD-1 which shares around 60% sequence homology with PD-L1 in humans (Latchman et al., 2001). As compared to PD-L1, the expression of PD-L2 is limited up to activated DCs, macrophages, bone-marrow derived mast cells and B-cells (Zhong et al., 2007). The expression of PD-L2 could be stimulated by LPS and B-cell receptors in B-cells, and granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-4 on DCs. Both the PD-1 ligands are present in tumor cells and in chronic infection, but the expression of PD-L2 is lower as compared to PD-L1 (Ohigashi et al., 2005).
2.3 PD-1/PD-L1-Mediated Signaling
The association of PD-1 with its ligands are crucial for regulating a balance among autoimmunity and immune tolerance, alters anti-viral and anti-tumor immune response (Sun et al., 2018). PD-1 transmits signals when it is linked to B-cell receptor (BCR) or TCR and hence, results in the formation of co-inhibitory microclusters with TCR and CD28 (Yearley et al., 2017). It is followed by the inhibition of various processes like preventing cytokine formation, glucose consumption and proliferation of T-lymphocytes. Furthermore, it prevents the expression of transcription factors linked with effector function such as GATA-3, Eomes and T-bet (Nurieva et al., 2006). The ligation of PD-1 results in decreased phosphorylation of protein kinase C, CD3 and ZAP70 (Sheppard et al., 2004). It also prevents the induction of ERK in T-cells and B-cells, and inhibits the phosphorylation of PLC-γ2, Syk, Igβ and calcium mobilization (Freeman et al., 2000). Hence, PD-1 ligation blocks signaling regulated by TCR and hampers the functioning of PI3K-Akt, Hedge-hog, Wnt and Ras/MEK/ERK pathway as shown in Figure 1 (Okazaki et al., 2001).
[image: Figure 1]FIGURE 1 | Regulation of PD-1/PD-L1 expression by several pathways. The figure were adapted and reproduced from reference (Wang et al., 2018b) under the Creative Commons Attribution License (CCBY).
PD-1 prevents the induction of PI3K-Akt pathway by maintaining the PTEN kinase and phosphatase activity, which results into inhibition of Cdk2 and Skp2 expression as well as an enhancement in p27kip1. The binding outcome of PD-1 with PD-L1 varies depending upon the cell type (Parry et al., 2005). In the case of T-cells, PD-1 inhibits its functioning by inhibiting several processes such as disturbing the cell cycle progression and preventing the formation, proliferation and survival of cytokines (Patsoukis et al., 2012). Moreover, PD-1 is linked with TGF-β regulated Tregs signaling resulting into their proliferation (Butte et al., 2007). Furthermore, Ras PD-1 controls SWAT3 and gives enhanced effect along with TGF-β. PD-1 ligation also fluctuates the metabolic environment of T-cells and in turn produces an oxidative environment (Tkachev et al., 2015). PD-1 signaling is extensively studied and reviewed in literature. However, our understanding of PD-1 signaling in CLDs is still limited (Dermani et al., 2019). PD-1/PD-L1 blockade based anti-tumor therapy is widely used in various types of cancers. Depending upon the type of cancer, the expression and signaling of PD-1/PD-L1 varies. For instance, in HCC patients, the expression of PD-1 is upregulated in CD8+ T cells and an increased number of circulating and tumor-infiltrating PD-1+/CD8+ T cells are seen which are associated with progression of HCC (Shi et al., 2011; Jubel et al., 2020). In breast cancer, PD-L1 expression is linked to epithelium-to-mesenchymal transition (EMT) in human breast cancer stem cells (BCSCs). It has been reported that the expression of PD-L1 is higher in estrogen receptor (ER)α-negative breast cancer, while a subsequently low expression is seen in ERα-positive breast cancer cell lines. In pancreatic ductal adenocarcinoma (PDAC), enhanced expression of PD-1 was seen in peripheral CD8+ T cells, while in bladder cancer it has been reported that autophagy related 7 (ATG7) protein regulates the expression of PD-L1 protein and overexpression of ATG7 results in increased PD-L1 protein levels by stimulating autophagy-dependent degradation of FOXO3A. Additionally, in colorectal cancer (CRC), expression of PD-L1 is generally common in metastatic CRC. PD-L1 expression promotes tumor cells skipping the surveillance of the immune system and increases functioning of Treg in CRC, thus promoting metastasis (Dong et al., 2017; Li et al., 2020).
3 ROLE OF PD-1 IN CHRONIC LIVER DISEASES AND ITS RELEVANCE AS A THERAPEUTIC TARGET
CLDs can be induced mainly by hepatitis and non-alcoholic fatty liver disease (NAFLD) (Kuol et al., 2018). PD-1 inhibitory pathway aids in regulating T-cell response in acute and chronic liver inflammation and also takes part in expanding inflammation in liver diseases. To understand the functioning of PD-1 and its ligands, their expression profiles are monitored during CLDs in normal and diseased patients (Topalian et al., 2015). It has been observed that patients having CLDs consist of high PD-1 expressing lymphocytes than normal patients. PD-1 ligation on lymphocytes prevent their activation, cytokine production and proliferation (Guan et al., 2017). Normal leukocytes and endothelial cells express a relatively less number of PD-1 ligands while the inducible expression is promoted by inflammatory cytokines like IFN-γ, which can remarkably increase PD-L1 and PD-L2 expression. Chronic liver infection offers various means for modulating the lymphocyte activity through PD-1 ligation (Mandai, 2016).
3.1. PD-1/PD-L1 in Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is considered a very common neoplasia of the liver. It is placed in the second position for causing cancer associated mortality and occupies the 16th position as a common cause of death globally. Based on intensive research in oncology, it is considered that immunotherapy is by far the most effective therapy for HCC. Immunotherapy is effective for HCC as liver is an immune privileged organ in which every immunotherapy based drug has its individual pharmacokinetic profile. Additionally, liver can tolerate to immune response to antigens which is maintained by naive T-cell activation and also by several other immunosuppressive processes. Moreover, HCC is a type of cancer which is linked with inflammation. Immune response takes place by coordination among the stimulatory and inhibitory signals. Among inhibitory signals, PD-1 and PD-1 ligands are considered as most effective and have gained wide attention (Cristescu et al., 2018). In physiological conditions, PD-1/PD-L1 is expressed for regulating self-tolerance and inhibits immune stimulation by T-cell activation. However, cancer cells also show PD-1 resulting into immune escape. Indeed, drugs targeting PD-1 and PD-1 ligands are known to stimulate attentive antitumor effects in HCC as shown in Figure 2. It has become one of the most successful mechanisms in treating HCC in the past few years (Ringelhan et al., 2018). Targeting PD-1 and its ligands is promising due to the possibility of PD-1/PD-L1 staining in HCC patients after surgical resection with prognostic implications (Elsegood et al., 2017). Moreover, serum PD-1 can also be used as a means to monitor prior reoccurrences and to recognize the treatment outcomes. The PD-1/PD-L1 can also be able to serve individual specific treatment for HCC (Wang et al., 2011).
[image: Figure 2]FIGURE 2 | Inhibitory signaling of PD-1 and PD-L1 inhibitors. PD-1 is present on T-cells, antigen presenting cells, macrophages, and regulatory T-cells (Tregs). Linkage of PD-1 with its ligands results in downregulation of proliferation and immune response of T-cells. Inhibiting the PD-1 or PD-L1 pathway reverses this action and upregulates immune activity. The figure was created with BioRender.com.
HCC generally takes place due to the occurrence of chronic liver disease (chronic hepatitis infection), metabolic disbalancing or alcoholism. All these promotes exhaustiveness of T-cell consumption and immunosuppressive condition of liver (Shrestha et al., 2018). In tumor growth and progression, immune checkpoints namely PD-1/PD-L1 are highly involved. Studies have shown that HCC patients show high expression of PD-1 in CD8+ T-cells and display increased circulating and tumor-infiltrating PD-1+/CD8+ T-cells, which can be used for disease prediction and to assess postoperative recurrence (Shi et al., 2011). The interaction between activated PD-1 on T-cells and PD-L1 regulates the downstream signaling of T-cell receptor and CD28 co-stimulator signals by adding phosphoryl group to the cytosolic immune receptor tyrosine dependent switch motif resulting into the placement of src homology region 2 domain having phosphatases 1 and 2 (SHP1/2) and slam associated protein (Gao et al., 2009). Additionally, SHP1/2 removes phosphate groups from the TCR and CD28 signaling molecules such as ZAP70 and PI3K, preventing activation of T-cells, increases production of cytokine, promote the expression of pro-apoptotic molecules, and finally lead to apoptosis or anergy of T-cells (Jung et al., 2017). The expression of PD-L1 in cancers headed to exhaustion and unresponsiveness in T-cells, offer immune escapism and progression of tumor. The abrogation of PD-L1 on tumor cells can also increase the sensitivity towards T-cell mediated killing. Intrinsic signaling of PD-L1 is not explored as PD-1, but the treating macrophage with anti-PD-L1 antibodies showed the enhancement in the activity of mTOR pathway and analysis of RNA-seq showed an enhancement in multiple macrophage inflammatory pathways (Kudo, 2019). The immunotherapies focusing on PD-1/PD-L1 showed significant anti-tumor results with very less side effects in patients in advanced stages of cancer. These are reported to enhance the multiplication of tumor-infiltrating lymphocytes and generate a more clonal TCR population in the T-cell population which work against the cancer cells (Nishida and Kudo, 2018).
PD-1 and PD-L1 are largely studied and clinically proven immune checkpoint (Table 1). Studies revealed that PD-L1 prevents tumor cells from direct attack of cytotoxic T-cells. The association of PD-1 present on the cancer cell surface and PD-1 present over CD8+T-cells leads to apoptosis and energy in CD8+T-cells (Xu-Monette et al., 2017). The expression of the high-mobility group box (TOX) DNA-binding factor in thymocyte selection overlap with the expression of PD-1 and can promote the phenotype and longevity of the exhaustive T-cells. Additionally, PD-L1 can also act as an anti-apoptotic in cancer cells as this may lead to the development of resistance in cancer cells. The inhibitory immune checkpoint expression could be dysregulated in the tumor region, which results into the progression of T-cell mediated immune response via cancer immunotherapy. It has been found that PD-1 pathway downregulates the activation of T-cells in peripheral tissues in the later stages. It suggests that blocking this pathway could be useful in getting possible results. The Food and Drug Administration (FDA) approved anti-PD-1 and anti-PD-L1 antibodies for commercial usage (Gong et al., 2018).
TABLE 1 | The expression of PD-1 immune checkpoints in liver cancer.
[image: Table 1]The intrinsic PD-L1 pathway is abnormally stimulated in many cancers. There are various factors which regulate PD-L1 in cancerous cells such as epigenetic regulation, genetic modifications, oncogenic and tumor suppressor pathways, inflammatory cytokines and various other factors.
3.2 Hepatitis
When chronic viral infection takes place, a prolonged persistence of viral antigen is observed. As a result of which there is continuous activation of antigen specific T-cells which induces the entry of antigen specific T-cells into a stage known as T-cell exhaustion (Wang et al., 2011). The impaired T-cells lose various effector activities such as decreased amount of cytokine production specifically IL-2, and decrease in their cytotoxicity and proliferative potential. Moreover, exhaustion of T-cells can lead to increase in the expression of co-inhibitory receptors (Mataki et al., 2007). The expression of PD-1/PD-L1 on antigen specific T-cells and exhaustion of T-cells is studied in various chronic and acute viral infections including hepatitis. Every year around 257 million people are chronically infected with hepatitis B virus (HBV) and an estimate of around 800,000 people die every year because of liver cancer and cirrhosis (Cho et al., 2017). However, the infection with HBV can be prevented via vaccination. Nevertheless, in some cases, the infection is resistant to the treatment. In HBV infection, the PD-1 expression is enhanced in HBV-specific T-cells. The expression of PD-1 is negatively associated with T-cell responses. It has also been studied that PD-1 expression on HBV specific cells in earlier stages of infection is associated with increased serum ALT concentration, hence, pointing that early expression of PD-1 may serve as a biomarker of liver injury (Yao et al., 2007). Recent studies also depicted same outcomes when analysis of PD-1 expression on HBV-specific CD4+T-cells were carried out. The blockage of PD-1 pathway is considered as crucial in treating the infectious disease. The outcome and efficiency of PD-1 blocking differ significantly in various studies and among pathogens. In chronic HBV infection, the blocking of PD-1 enhances the proliferation of T-cells and increases the generation of cytokines such as IFN-γ and IL-2 by HBV specific T-cells taken from the liver of patients and peripheral blood region with chronic infection of hepatitis B (Urbani et al., 2008). Tang et al., reported that PD-1 blocking can considerably alter the functioning of CD4+T-cell as compared to CD8+T-cell function. The PD-1/PD-L1 pathways were earlier reported to downregulate the functioning of HBV specific T-cell function in a transgenic mice model. In this study, the T-cells generated IFN-c which later decreased inspite of the antigen presence in the liver followed by an increment in the expression of PD-1 (Hofmeyer et al., 2011). Blocking of this pathway could delay the downregulation of virus-specific T-cells. Moreover, the occurrence of virus specific T-cells in peripheral blood of patients showed enhanced PD-1 expression and were functionally exhausted while the recovered patient showed lower expression of PD-1. The exhaustion stage of T-cells is reversible i.e., after the blocking of PD-1/PD-L1 pathway, the impaired T-cells are recovered completely (Jin et al., 2010). Similar pattern is observed in case of HCV infection i.e., they also exhibit enhanced expression of PD-1 with decreased effector functions however, by blocking the PD-1/PD-L1 pathway, the situation is restored. Apart from enhanced PD-1 expression, the PD-L1 expression is also increased in hepatic APCs which are responsible for hypo-responsiveness of T-cells in chronic hepatitis infection (Wang et al., 2011). Moreover, along with enhanced PD-1 expression, the dysfunctional HBV/HCV specific CD8+ T-cells in the liver exhibit decreased expression of CD28 and CD127, revealing much severe condition (Gehring et al., 2009; Hsu et al., 2010; Li et al., 2020). In contrary, the peripheral dysfunctional T-cell displayed a good expression of CD127, which possibly suggests a lower functional exhaustion (Okazaki and Honjo, 2007). The HBV/HCV infection in liver resulted in exhausted T-cell but the blocking of PD-1/PD-L1 generated different responses in both types of infection. Studies showed that the liver resident HBV specific T-cells are recovered much easily functionally after PD-1/PD-L1 blockade as compared to T-cells which are present at the periphery (Nakamoto et al., 2008). However, no functional restoration of HCV specific T-cell was monitored after PD-1/PD-L1 blockade. These contradictory results signify the specificity of virus specific T-cells in different stages of disease. As discussed earlier, chronic hepatitis viral infection leads to increased PD-1 expression which is linked with dysregulation of T-cells and persistent load of viral antigen thereby favoring chronic hepatitis infection while limiting the immunopathogenesis (Dai et al., 2014). Studies also revealed that chronic HBV infected patients when provided with PD-1 inhibitors, an increment in HBV specific CD8+ T-cell is observed (Jin et al., 2010). Immune checkpoint mediated immune restoration can also be associated with severe liver injury and inflammation, liver failure and chances of HCC. The immunosuppressive molecule, PD-1, is associated with the course of HCC and HBV infection. It has been documented that HBV infection stimulates immunosuppression and as the infection progresses, it promotes peripheral immune tolerance which results in oncogenesis, because of impaired surveillance of immune system. Tregs plays a major immunosuppressive role as they secrete cytokines namely TGF-β, IL-10, and IL-35, and also inhibit the activity of Th1 or Th2. It has also been reported that in HBV+ HCC, the number of Tregs were more as compared to HBV− HCC patients. The increased expression of genes associated with IL-10 pathway, FOXP3, and the immunosuppressive molecules namely cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and lymphocyte-activation gene 3 (LAG3) were seen in HBV-infected HCC. Additionally, resident memory T cells and myeloid-derived suppressor cells were also enriched in HBV-infected HCC. All these cells promote continuous immune suppressive effects in HBV which finally progresses into the development and progression of HCC. Additionally, the genome of virus is integrated in the DNA of hepatocytes and produces viral proteins. Hepatocytes expressing viral protein can be targeted by nonspecific and uncontrolled immune response. However, the immune checkpoint inhibitor mediated toxicity can be managed by treatment with corticosteroids (Cho et al., 2017).
3.3 Acute Liver Injury
PD-1 co-inhibitory receptor aids in immunoregulation by decreasing the initial activation of T-cell, hampers T-cell effector functions and differentiation (Dyck and Mills, 2017). It has been well documented that signaling of PD-1 through T-cells restricts the immune mediated tissue injury during the course of infection. Additionally, PD-1 also restricts the activation of self-reactive T-cells (Sage et al., 2018). The immunoregulation of PD-1during inflammation allows foreign microorganisms to escape the immune defense mechanisms of the host. Increase in the expression of PD-1 is noticed in acute liver infections caused by viruses (i.e., HBV and HCV), and bacterial infections (Sharpe et al., 2007). During acute liver injury, specific T-cells get activated with upregulation of various cell types via pattern recognition receptor signaling or indirectly by allowing the release of inflammatory cytokines. The function of PD-1 in acute infection revealed that PD-1 is associated with proving protection against lethal immunopathology (Dong et al., 2019; Allawadhi et al., 2021). However, PD-1 is not much explored in acute liver injury, and few studies suggest that the expression of PD-1 acts as a crucial biomarker for predicting the outcomes of associated diseases (Erickson et al., 2012). By utilizing the expression of PD-1 as a marker of activation or dysfunction of immune cells in acute injury may offer several benefits when considering the treatment strategies to follow.
4 CLINICAL DEVELOPMENT OF PD-1/PD-L1 INHIBITORS/ANTIBODIES FOR LIVER DISEASES
The inhibition of association among PD-1 and PD-L1 results into promising and reliable anti-tumor therapy against several different types of tumors. Drugs or inhibitors targeting PD-1/PD-L1 have the potential to bring revolution in treating HCC. From the past few years, there has been a remarkable progress in the field of oncology and various immune checkpoints inhibitors have been studied with immense potential in the prognosis of cancer (Hamanishi et al., 2016). The PD-1 and PD-L1/PD-L2 inhibitors are recognized as clinically useful inhibitors. Some of the FDA approved drugs against these immune checkpoints are already available in the market (Xu-Monette et al., 2017). Moreover, several trials are in progress for investigating the blockage of immune checkpoints in liver cancer and fortunately, promising early signs have also been reported as enlisted in Table 2.
TABLE 2 | Clinical trials with PD-1/PD-L1 therapy against liver cancer.
[image: Table 2]Reports suggest that PD-L1 is mainly pro-tumorigenic in a variety of cancers, but functions as a tumor suppressor gene in lung cancer. Similarly, PD-1 also shows differential function in different cancers which needs further investigation (Cottrell and Taube, 2018). Though, presently, there are few reports which show how these immunotherapeutic drugs alter these intrinsic pathways. It has been shown that blocking of PD-1 on CTLs in a mouse model has the capacity to stimulate the PD-L1-NLR family pyrin domain containing 3 (NLRP3) inflammasome signaling pathway which in turn induces the placement of myeloid-derived suppressor cells (MDSCs) and promotes infiltration in the tumor cells (Mahoney et al., 2015). MDSCs have the potential to inhibit T-cell function and thereby, can decrease the immune response and promote development of resistance against anti-PD-1 therapies. Additionally, investigation of the immunotherapeutic drugs namely Atezolizumab was done on breast cancer cells i.e., MDA-MB-231 (Zhao et al., 2020). For monitoring the gene expression after drug administration, RNA-seq was used and it has been revealed that the expression of genes responsible for migration, EMT, metastasis, hypoxia and proliferation were reduced (Wang et al., 2018a). This outcome depicted that Atezolizumab has the potential to alter the gene expression in PD-L1 signaling in cancer cells. Moreover, the anti-PD-L1 antibodies namely Pembrolizumab, Nivolumaband and Atezolizumab on different cell lines were monitored (Jiang et al., 2020). These were reported to upregulate the cell proliferation in comparison to isotype control in vitro. Similarly, treatment with monoclonal antibodies for inhibiting PD-1/PD-L1 mediated activation of phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways by adding a phosphoryl group to AKT and ERK1/2, respectively, promoting cancer cell proliferation in vivo (Zheng and Zhou, 2015). These studies demonstrate that immunotherapeutic antibodies have the potential to alter the functioning of PD-L1/PD-1 and may induce other pathways through which tumor cells generate resistance against targeted PD-1/PD-L1 therapy (Hamanishi et al., 2016).
4.1 Inhibitors of PD-1/PD-L1
The inhibitors targeting PD-1/PD-L1 have been known to play considerable role in cancers. Herein, we have discussed some of the important inhibitors with potent activity.
4.1.1 Nivolumab
It is available as human monoclonal antibody which prevents the association of PD-1 with its ligand PD-L1. Treatment of advanced liver cancer with Nivolumab resulted in partial remission (Han et al., 2020). Increase in aminotransferases was observed during treatment which suggests that drug administration in combination should be given after risk monitoring. It has been approved for patients who failed to respond to platinum based immunotherapy. However, immunotherapy after few chemotherapy sessions worked with durable treatment benefits (Zhao et al., 2019).
4.1.2 Pembrolizumab
It is one of the approved anti-PD-1 inhibitors and this immunotherapeutic inhibitor has shown improved tumor response (Joseph et al., 2018). For instance, pembrolizumab has been studied in phase Ib KEYNOTE-012 and single-arm phase-II KEYNOTE-055 trials and it showed 18% response rate and an average survival of 6–8 months in treated, recurrent, and metastatic patients. Moreover, the combinational therapy i.e., administration of Pembrolizumab with Trastuzumab has been utilized in cancer patients with PD-L1-positive and resistant to other treatments (Pelster et al., 2020).
4.1.3 JQ1
The therapeutic effects of JQ1 have been monitored at gene level i.e., the expression of PD-L1 mRNA and protein in different cancer cell lines including the liver cell line. It was reported that JQ1 works in a dose dependent manner and can prevent cell proliferation in a dose dependent manner. PD-1 is downregulated in the primary culture of liver cancer cell lines when treated with JQ1 (Liu et al., 2019). Moreover, reduction in PD-L2 expression has been seen in cells treated with JQ1 which revealed that JQ1 regulates PD-1/PD-L1 pathways (Han et al., 2020).
4.1.4 Atezolizumab
It is a human anti-PD-L1 monoclonal antibody which functions by preventing the association of PD-1 with its ligands i.e., PD-L1/PD-L2, and in turn promotes T-cell mediated immunity. It has been administered in combination with Bevacizumab (an anti-VEGF antibody) and the efficacy was compared with Sunitinib. Results indicated that Atezolizumab/Bevacizumab combination showed improved outcomes with ≥1% PD-L1 expression of tumor-infiltrating immune cells when monitored via immunohistochemistry (Crist and Balar, 2017).
4.1.5 Avelumab
It is a PD-L1 inhibitor human IgG1 monoclonal antibody. The administration of this inhibitor in phase 1b trial in metastatic or recurrent cancer patients showed that the expression of PD-L1 was downregulated in immune and tumor cells. It has also been studied that a combination of Avelumab and Axitinib can result in a positive response in 58% of the patients and the rate of cancer relapse was controlled upto 78% in a group study of 55 patients (Han et al., 2020).
4.1.6 Cemiplimab
Cemiplimab functions by binding to PD-1 and prevents its association with its ligands and acts as human PD-1 monoclonal antibody (Han et al., 2020). Phase I studies suggests that various human IgG4 monoclonal antibodies functions by inhibiting PD-1 and PD-L2 in later stages of cancer and resulted into the FDA approval of first PD-1 inhibitors namely Pembrolizumab and Nivolumab. Additionally, inhibitors of the immune checkpoints have also been approved for the treatment of malignant cancer. After the approval of first immune checkpoint inhibitor i.e., Pembrolizumab for treating advanced cancers, which opened the doors for developing potent immune checkpoint inhibitors. Currently, there are many FDA approved PD-1 and PD-L1 inhibitors used for the therapy of nine different types of cancer (Macek Jilkova et al., 2019). We have enlisted the PD-1/PD-L1 inhibitors in Table 3 and Table 4. Additionally we have enlisted different cells expressing PD-1 and its ligands and their signaling mediators in Table 5.
TABLE 3 | Pre-clinical studies with PD-1 immune checkpoints.
[image: Table 3]TABLE 4 | List of clinically approved PD-1/PD-L1 inhibitors.
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[image: Table 5]5 TOXICOLOGICAL ISSUES OF PD-1/PD-L1 INHIBITORS/ANTIBODIES
Generally, there are very limited reports of toxicities caused by anti-PD-1/PD-L1 monoclonal antibodies. Further, the toxicities that exist are generally not very severe. In the following section, we have discussed some of the toxicological issues of anti-PD-1/PD-L1 inhibitors in patients administering as a single agent or in combination with other standard agents such as targeted therapy, chemotherapy and other immunotherapeutic drugs (Naidoo et al., 2015). Some of the commonly associated toxicities of anti-PD-1/PD-L1 therapy are discussed below.
5.1 Fatigue
Fatigue is considered the most common side effect of anti-PD-1/PD-L1 agents. It has been revealed that Nivolumab administration resulted in fatigue in 16–24% of patients. Additionally, it has been observed that anti-PD-1 agents showed 16–37% chances of fatigue while anti-PD-L1 agents showed 12–24% incidence (Brahmer et al., 2015). However, the incidence of fatigue was increased and range from 21 to 71% when anti-PD-1/PD-L1 agents were administered with other chemotherapeutic drugs, anti-angiogenic agents and targeted therapies. Fatigue associated with combinational therapy can also generate other systemic manifestations like illness and cytokine release (Bendell et al., 2015). The mechanism of associated fatigue is unknown, however, it is suggested that it is not dose dependent (Weber et al., 2015a).
5.2 Fever and Chills
Fever and chills are generally associated with other immunotherapeutic agents also including vaccines, immune modulating antibodies or targeted therapies. The basic mechanism behind these toxicities is the release of cytokines and non-specific stimulation of the immune system and related response. However, these are managed easily by providing antipyretics and non-steroidal anti-inflammatory drugs (Weber et al., 2015a).
5.3 Organ Specific Toxicities
5.3.1 Dermatological Toxicity
The most commonly immune checkpoint monoclonal antibody associated toxicity is skin rash and it takes place after the second phase of clinical practice. The skin rash can be of any type such as maculopapular, urticarial dermatitis, follicular, papulopustular, or Sweet’s syndrome. It has been observed that administration of Pembrolizumab and Nivolumab resulted in the development of rashes in 39 and 34% of patients, respectively (Postow, 2015). A study revealed that the combination of Pembrolizumab with Ipilimumab developed more chances of vitiligo in patients i.e., in 10% while only 2% when administered with single Ipilimumab (Weber et al., 2015b; Robert et al., 2015). The dermatological toxicity may be due to the blockage of some common antigens which is co-expressed in tumor cells of patients and on dermal-epidermal junction or any other layer of the skin. Other mucosal associated toxicities are oral mucositis, sicca syndrome and gingivitis. However, these can be managed with symptomatic medication. These dermal toxicities can be easily managed by prescribing corticosteroids or antipruritic drugs such as antihistamines, NK-1 receptor inhibitors and GABA agonists (Postow, 2015). However, before the initiation of the treatment, dermatological examination should be followed which involves standard clinical evaluation and monitoring the serum levels. Histological examination is also recommended for dermatitis. It has been revealed that in less than 5% cases, discontinuation of treatment occurs with dermatological toxicity.
5.3.2 Endocrine Toxicities
Immune checkpoint inhibitors can also affect the functioning of endocrine glands. The evaluation of endocrine dysfunction is critical as they are non-specifically associated with other symptoms like headache and fatigue (Ryder et al., 2014). Before the clinical administration of drugs, hypophysitis should be evaluated by evaluation of the levels of prolactin, T4, TSH, LH, FSH, ACTH, and cortisol and pituitary inflammation. The chances of hypophysitis are only 1–6% with alone anti-PD-1/PD-L1 monoclonal antibody and a higher incidence of 2–10% is observed in some of the combinational therapies. The endocrinal toxicity is thought to be developed due to the generation of humoral immune response against pituitary along with the association of compliment system (Postow, 2015).
5.3.3 Hepatic Toxicity
Hepatic toxicities associated with blocking of immune checkpoints involve an asymptomatic increase in aspartate transaminase (AST) and alanine aminotransferase levels (ALT) (Postow, 2015). The increased elevation in AST/ALT ratio has been shown in HCC with∼20% elevation with anti-PD-1 inhibitors. Ipilimumab has been reported to be linked with immune checkpoint induced hepatitis therefore, it is not used in hepatitis induced injury (El-Khoueiry et al., 2015).
5.3.4 Pneumonia
It is generally the inflammation in the parenchyma of lungs and has been documented with anti-PD-1/PD-L1 inhibitors in 10% of the treated patients singly or in combination with other drugs. Though the incidence of pneumonia related toxicities increases when combinational anti-PD-1/PD-L1 monoclonal antibodies are administered (Postow, 2015). The arousal of pneumonitis symptoms varies considerably from 7.4 to 24.3 months after starting the therapy. Patients are known to experience cough, pain, fever, chills and shortness of breath. However, this toxicity can be managed by rational evaluation and giving corticosteroids and other immune suppressors such as infliximab or cyclophosphamide (Naidoo et al., 2015).
5.4 Rare Toxicities
5.4.1 Neurological Toxicities
It has been reported that the combination of anti-PD-1/PD-L1 monoclonal antibody with anti-CTLA-4 monoclonal antibody may result in the incidence of myasthenia gravis. The administration of Ipilimumab singly is linked with several neurological syndromes like transverse myelitis, aseptic meningitis, enteric neuropathy and Guillain-Barre syndrome. This toxicity can be managed by corticosteroids and other neurological evaluations (Postow, 2015).
5.4.2 Ocular Toxicity
Studies revealed that the administration of anti-PD-1 therapy either alone or along with other therapies can develop uveitis (Robert et al., 2015). Additionally, the single use of Ipilimumab has been reported to develop uveitis. However, it can be managed by oral or topical corticosteroid solution in consultation with a specialist (Postow, 2015).
5.4.3 Renal Toxicity
The administration of anti-PD-1 therapy has also been reported to cause intestinal nephritis. Moreover, the combinational therapy of Nivolumab and Ipilimumab can also cause intestinal nephritis (Hamid et al., 2013). The symptoms are not clearly visible as a result of toxicity caused by anti-PD-1/PD-L1 monoclonal antibody. The reports of renal failure have also been seen when Nivolumab is given in combination with platinum mediated chemotherapy. However, the use of corticosteroids is usually helpful in improving the situation (Wolchok et al., 2013).
5.4.4 Pancreatic Toxicity
The use of anti-PD-1/PD-L1 monoclonal antibody can cause upregulation in the lipase levels. However, the cases of pancreatitis are very low and the clinical evaluation of pancreatitis requires regular assessment of lipase and amylase. Routine evaluation of these enzymes should be followed in asymptomatic patients also (El-Khoueiry et al., 2015).
6 CONCLUSION
Conclusively, PD-1/PD-L1 plays a crucial role in various liver diseases including HCC, making it a potential therapeutic strategy for the treatment of CLDs. Immunotherapy is considered as a revolutionizing therapy providing survival benefits to a large number of patients. A large number of hepatocellular cancer cells and hepatitis infected cells exhibit increased expression of PD-1/PD-L1, which makes PD-1/PD-L1-targeted inhibitors as the promising treatment strategy. Immunotherapy based on PD-1/PD-L1 inhibitors has the potential to become the next logical step in the treatment of CLDs. However, along with the opportunities, there are various challenges associated with PD-1/PD-L1 blockade therapy such as dosage standardization, safety measures, half-life, and of course efficacy. Further studies are required which may aid in overcoming the challenges associated with PD-1/PD-L1 inhibitors and to promote their wider therapeutic applications.
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Introduction: Up to 40% of patients with Crohn’s disease do not respond to treatment with anti-TNF or lose response after the initial benefit. Low drug concentrations have been proposed as the main predictor of treatment failure. Our aim was to study the immunological profile and clinical evolution of patients with Crohn’s disease according to the anti-TNF dose and serum trough levels.
Methods: Crohn’s disease patients in remission treated with infliximab or adalimumab at stable doses for at least for 3 months were included. Serum levels of anti-TNF, TNF-α, interferon-γ, and interleukin IL-12, IL-10, and IL-26 were determined in blood samples taken just before drug administration. Patients were classified according to anti-TNF levels below, within, or above the target level range and the use of intensified doses. Clinical evolution at 6 months was analyzed.
Results: A total of 62 patients treated with infliximab (8 on intensified schedule) and 49 treated with adalimumab (7 on intensified schedule) were included. All infliximab-treated patients showed levels within the recommended range, but half of adalimumab-treated patients were below the recommended range. A significant negative relationship between body weight and adalimumab levels was observed, especially in patients treated with intensified doses. Patients with infliximab levels over 8 µg/ml presented higher median IL-10 than patients with in-range levels (84.0 pg/ml, interquartile range [IQR] 77.0–84.8 vs. 26.2 pg/mL, IQR 22.6–38.0; p < 0.001), along with lower values of interferon-γ (312.9 pg/ml, IQR 282.7–350.4 vs. 405.6 pg/ml, IQR 352.2–526.6; p = 0.005). Patients receiving intensified versus non-intensified doses of infliximab showed significantly higher IL-26 levels (91.8 pg/ml, IQR 75.6–109.5 vs. 20.5 pg/ml, IQR 16.2–32.2; p = 0.012), irrespective of serum drug levels. Patients with in-range levels of adalimumab showed higher values of IL-10 than patients with below-range levels (43.3 pg/ml, IQR 35.3–54.0 vs. 26.3 pg/ml, IQR 21.6–33.2; p = 0.001). Patients treated with intensified vs regular doses of adalimumab had increased levels of IL-12 (612.3 pg/ml, IQR 570.2–1353.7 vs. 516.4 pg/mL, IQR 474.5–591.2; p = 0.023). Four patients with low adalimumab levels (19%) and four treated with intensified doses were admitted to a hospital during a follow-up compared to none of the patients with levels within the range.
Conclusion: Patients with Crohn’s disease treated with infliximab and adalimumab exhibit differences in serum levels of cytokines depending on the drug, dose intensification, and steady state trough serum levels.
Keywords: crohn’s disease, anti-TNF, cytokines, pharmacokinetics, trough serum levels
INTRODUCTION
Crohn’s disease (CD) is an immunologically mediated inflammatory disease of the gastrointestinal tract. Biologic drugs, especially antitumor necrosis factor-alpha (anti-TNF), are widely used in the induction and maintenance of disease remission. Two mechanisms of action of anti-TNF have been proposed: the induction of T-cell apoptosis and the Fc-receptor–dependent promotion of reparative wound-healing macrophages to explain both anti-inflammatory and promotion of mucosal healing effects showed by these drugs (Levin et al., 2016).
In experimental models of colitis, pathogenic T-cell responses are driven by IL-12 and IL-23 production by mononuclear phagocytes and deficits in IL-10 and TGF-β pathways (Arnold et al., 2016), suggesting first, the involvement of the cytokine network in either promoting or suppressing inflammation (Friedrich et al., 2019) and, second, a possible interference by the anti-TNF mechanism of action. Infliximab therapy in patients with Crohn’s disease has been associated with reduced lymphocyte populations in intestinal mucosa and a lower ability of these cells to produce IL6 and IL10 “in vitro” (Cornillie et al., 2001).
Infliximab and adalimumab are the main anti-TNF drugs used in the treatment of CD. Numerous observational studies have associated a higher risk of loss of clinical response with the presence of antibodies against adalimumab or infliximab whereas high trough levels of drugs have been associated with greater clinical response rates (Kennedy et al., 2019).
Although, the use of anti-TNF has significantly improved the results of CD treatment, up to 40% of patients do not respond or lose response after the initial benefit (Katsanos et al., 2019). Low drug concentrations, in part by the presence of antibodies against the drug, have been described as the main predictor of anti-TNF treatment failure in anti-TNF–naive patients with active luminal CD (Kennedy et al., 2019). Antibodies against the drug are thought to promote drug clearance, and they correlate with higher markers of inflammation such as C-reactive protein (CRP) (Nguyen et al., 2015). Previously, our group has described the relationship between serum levels of anti-TNF and IL-10 in patients without anti-drug antibodies, suggesting a link between the systemic immune activation status and anti-TNF concentrations in CD patients (Zapater et al., 2019). Previous studies have not considered whether anti-TNF serum trough levels are in the recommended doses when investigating their interactions with the inflammatory response in this setting. This is in part due to collection of single blood samples, precluding estimation of the pharmacokinetic parameters of the drug in individual patients. The aim of this study was to identify anti-TNF–treated CD patients, without anti-drug antibodies and unexpected anti-TNF serum trough levels, comparing their immunological profiles and clinical evolution in patients with expected anti-TNF pharmacokinetics.
MATERIALS AND METHODS
Consecutive CD patients diagnosed and controlled in the area of Alicante, Spain, were included in this prospective observational study. The diagnosis of CD was established according to standard clinical, endoscopic, histological, and radiographic criteria. Patients were included if they were treated for at least three months with stable doses of infliximab (5 mg/kg 8-weekly) or adalimumab (40 mg every other week); or if they received anti-TNF intensified therapy, defined as either an increased dose or shortened dosing interval (infliximab 5 mg/kg 6-weekly or 10 mg/kg 8-weekly, adalimumab 40 mg each week or every 10 days). Patients treated with antibiotics in the previous 4 weeks, those with signs of active infection, and those who refused to sign informed consent to participate in the study were excluded. The Ethics Committee from Hospital General Universitario de Alicante approved the study protocol.
The usual clinical and analytical variables in the management of CD patients, including fecal calprotectin, were recorded in all patients at baseline and at 6 months of follow-up. The number of disease flares and the need for hospitalization or surgery during the 6-month follow-up period were also collected.
At inclusion, blood samples taken just before anti-TNF administrations were used for hematological, biochemical, and immunological studies and for infliximab and adalimumab trough serum level determination.
Estimation of Pharmacokinetic Parameter
Pharmacokinetics models for infliximab and adalimumab were built using published population pharmacokinetic parameters (clearance, volume of distribution, intercompartmental clearances, and absorption rate constant) (Fasanmade et al., 2011; Ternant et al., 2015; Berends et al., 2018) and from the official information on drugs available on the websites of regulatory agencies (EMA and FDA). Simulations of ordinary differential equation models were built using R software RxODE (Wang et al., 2016). Specifically, these models were used to simulate populations of 10,000 patients treated with standard doses of adalimumab or infliximab to obtain the trough levels of the drug that would be reached in a steady-state situation. These populations were used as references to identify the percentile corresponding to the trough levels measured in our patients.
Target steady-state trough levels appropriate to achieving clinical remission in luminal IBD were 3–8 μg/ml for infliximab and 5–12 μg/ml for adalimumab according to published consensus (Mitrev et al., 2017; Papamichael et al., 2019).
Detection of Serum Cytokine and Free Anti-TNF-α Levels
The presence of anti-drug antibodies and serum levels of TNF-α, interferon-γ, and interleukin (IL)-12p40, IL-10, and IL-26 were determined by enzyme-linked immunosorbent assays (ELISAs) using Human Quantikine kits from R&D Systems (Minneapolis, MN, United States). ELISAs were also carried out to measure free infliximab and adalimumab levels and to detect anti-drug antibodies (Matriks Biotek, Ankara, Turkey), according to the manufacturer’s instructions. All samples were tested in triplicates and read in a Sunrise microplate reader (Tecan, Männedorf, Switzerland). The detection limit for each cytokine assay varied between 2 and 5 pg/ml and between 0.1 and 0.3 μg/ml in the case of free anti–TNF-α kits. Standard curves were generated for every plate, and the average z standard optical densities were subtracted from the rest of the standards and samples to obtain a corrected concentration for all parameters. The presence of anti-drug antibodies was evaluated by a cutoff value estimated by multiplying the optical density (OD) of the zero standard by 3, as indicated by the manufacturers. Samples were considered positive when the ratio sample OD/0 standard OD was higher than 3.
Statistical Analysis
Descriptive statistics were expressed as means and standard deviations for continuous variables following a normal distribution or medians and interquartile ranges (IQRs) for noncontinuous variables. Categorical variables were described by frequencies and percentages. Percentile values for theoretical steady state trough levels of anti-TNF (calculated from pharmacokinetics models of infliximab and adalimumab built using population pharmacokinetic parameters) were calculated and categorized as low (<P25), low-medium (P25–P50), medium (P50–P75), and high levels (>P75), and the steady state trough levels measured in patients were classified into one of these categories.
Comparisons between groups were carried out using the chi-square test for categorical variables and the t test or the Mann–Whitney U test for quantitative variables, depending on the normality of the distribution of data. Normality was evaluated with the Shapiro–Wilk test. A univariable linear regression analysis was conducted to assess the association of clinical and experimental variables with trough drug levels. Variables achieving statistical significance (p < 0.05) were considered in a multivariable linear regression model. The fit of the linear regression models was determined by the coefficient of determination (R2). The Kolmogorov–Smirnov test, probability–probability plot, and the scatter plot of residuals vs predicted values were performed to check that parametric assumptions of the linear regression model could be assumed.
All tests for significance were conducted using a 2-sided approach with a 5% significance level. The Bonferroni correction was performed for multiple comparisons. All statistical analyses were performed using SPSS software (IBM Corp. Released 2020. IBM SPSS Statistics for Windows, Version 27.0. Armonk, NY: IBM Corp).
RESULTS
A total of 62 patients treated with infliximab and 49 treated with adalimumab were included. Clinical and demographic characteristics of patients between groups were similar (Table 1). Previous surgery was more frequent in patients on adalimumab whereas concomitant use of azathioprine was more frequent in patients on infliximab.
TABLE 1 | Characteristics of Crohn’s disease patients included in the study.
[image: Table 1]Patients treated with non-intensified infliximab showed higher drug levels than expected according to published pharmacokinetic parameters while patients treated with non-intensified adalimumab showed serum drug levels similar to those predicted (Figure 1). The built models of infliximab and adalimumab pharmacokinetics are summarized in Supplementary Figures S1, S2. Practically, all patients treated with infliximab showed steady-state trough levels considered as appropriate to achieve clinical remission in luminal IBD according to clinical consensus (3–8 μg/ml). However, half the patients treated with adalimumab were below the recommended range (5–12 μg/ml), although this condition was expected based on the pharmacokinetic parameters of the drug (Figure 1). Eight and seven patients were on intensified infliximab or adalimumab schedules, respectively. The distribution of trough values was similar to that observed in patients on non-intensified schedules (Figure 1).
[image: Figure 1]FIGURE 1 | Percentiles 5, 25, 50, 75, and 95 of steady-state trough levels of infliximab and adalimumab in patients compared with the percentile distribution of expected levels.
Characteristics of Patients Treated With Infliximab According to Categories of Steady-State Trough Levels of Anti-TNF
All patients treated with non-intensified infliximab were distributed in medium (P50-P75) and high (>P75) level categories predicted by pharmacokinetic parameters of the drug. Predicted medium levels (2.93–8.23 μg/ml) exactly match the recommended range of infliximab levels according to clinical consensus (3–8 μg/ml). Eight patients had levels above the recommended range (>8 μg/ml). These patients with high concentrations of infliximab showed similar characteristics to patients with in-range levels except for gender distribution as all patients with high levels were male (Supplementary Table S1). Similarly, patients treated with intensified doses of infliximab showed the same characteristics as patients with levels in the recommended range (Supplementary Table S1). None of the clinical and demographic variables or dosing showed a significant association with infliximab concentrations in the linear regression analysis.
Values of Cytokine Concentrations Observed in Patients Treated With Infliximab According to Categories of Steady-State Trough Levels of Anti-TNF
Infliximab levels were significantly associated with TNF-α (β = −0.023; p = 0.0078), IL-10 (β = 0.044; p = 0.00001), IL-12 (β = −0.0025; p = 0.0018), and interferon-γ (β = −0.0049; p = 0.0003) in univariable linear regression analyses. Only IL-10 maintained the significance in multivariate analysis (β = 0.033; p = 0.0028). Patients with trough levels of infliximab higher than 8 μg/ml had either increased values of IL-10 or decreased values of interferon-γ compared with patients with levels in the recommended range (Figure 2). IL-26 levels were significantly higher in patients on intensified vs non-intensified schedule, irrespective of infliximab trough levels (Figure 2). TNF-α and IL-12 showed no significant differences between the three groups (Supplementary Table S2).
[image: Figure 2]FIGURE 2 | Cytokine profile of patients treated with infliximab.
Results on Infliximab-Treated Patients at a 6-month Follow-Up
Of the 47 patients (19.1%), nine patients with infliximab levels in the recommended range showed an active disease (CDAI >150) at 6 months, a similar percentage to that in patients above the range (1 out of 7 patients; 14.3%; p = 0.9318) and in those treated with intensified doses (3 out of 8 patients; 37.5%; p = 0.4847). Three patients in the recommended range were admitted to hospital during the follow-up, compared to none above the range and 3 in the intensified-dose group. No patient underwent surgery.
Characteristics of Patients Treated With Adalimumab According to Categories of Steady-State Trough Levels of Anti-TNF
Fifty percent of patients treated with non-intensified adalimumab showed serum concentrations below the recommended range in clinical consensus (<5 μg/ml). These patients showed similar characteristics to those in patients with in-range levels (5–12 μg/ml) (Supplementary Table S3) and with patients treated with intensified doses (Supplementary Table S3). Only the body weight showed a significant association with adalimumab concentrations in the linear regression analysis (β = -0.0303; p = 0.0397). This association was highly significant in patients treated with intensified doses of adalimumab (β = −0.1474; p = 0.0062) but weak and non-significant in patients treated with non-intensified doses (β = −0.0193; p = 0.1973) as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Relationship between weight and adalimumab levels according to dose intensification regimen.
Values of Cytokine Concentrations Observed in Patients Treated With Adalimumab According to Categories of Steady-State Trough Levels of Anti-TNF
Adalimumab levels were significantly associated with IL-10 (β = 0.031; p = 0.0173) and IL-12 (β = −0.0018; p = 0.0252) in the univariable linear regression analysis. These associations were weak, and the two variables lost their significance in the multivariate analysis. Patients with recommended trough levels of adalimumab showed higher values of IL-10 than patients below the recommended range (Figure 4). Patients treated with intensified doses of adalimumab had increased levels of IL-12 (Figure 4). There were no significant differences in the levels of TNF-α and IL-26 between the three groups (Supplementary Table S4).
[image: Figure 4]FIGURE 4 | Cytokines profile of patients treated with adalimumab.
Results in Adalimumab-Treated Patients at a 6-month follow-up
Seven of the 21 patients with adalimumab levels of less than 5 μg/ml (33%) and 8 of the 21 patients with levels in the recommended range (38%) showed an active disease (CDAI >150) at 6 months. The presence of an active disease was observed in four patients treated with intensified doses of adalimumab (57%). Four patients with low adalimumab levels (19%) were admitted to a hospital during the follow-up compared with none of the patients with levels of 5 and 12 μg/ml (0%; p = 0.115). The 57% of patients treated with intensified doses were admitted to hospital (4 out of 7 patients; p = 0.002 versus patients with levels into the recommended range). One patient in each group underwent surgery.
DISCUSSION
Anti-TNF therapy has been shown to be effective in CD patients in clinical trials, but only one-third of patients remain in clinical remission at 1 year. A possible explanation for this loss of response is the high intra- and inter-variability of pharmacokinetics of anti-TNF influenced by factors such as dose, route of administration, serum proteins, gender, body weight, systemic inflammation, and the development of immunogenicity (Nguyen et al., 2015). Consequently, numerous studies have been carried out to determine anti-TNF levels that can serve as a guide to identify patients who may become non-responders or may lose response over time. The result of these studies has been translated into ranges of the trough concentrations of anti-TNF (3–8 μg/mL for infliximab and 5–12 μg/mL for adalimumab) associated with a greater probability of maintaining remission. These consensus ranges are based on the results of numerous studies, many of them retrospective (Mitrev et al., 2017; Papamichael et al., 2019), and their amplitude reflects a great variability.
We prospectively analyzed the serum concentrations of anti-TNF in trough samples at a steady state of 62 patients treated with infliximab and 49 treated with adalimumab. Only patients without the presence of anti-TNF antibodies were included in the study to avoid the main known factor associated with alterations in the values of anti-TNF trough concentrations. Initially, we modeled, using known pharmacokinetic parameters, the steady-state trough concentrations of infliximab and adalimumab that would be expected in a population of 10,000 patients with CD.
In the case of infliximab, 95% of the patients in our study had concentrations above the 50th percentile of the expected concentrations according to the published pharmacokinetic parameters. Several factors associated with an increased clearance of the drug and lower concentrations have been identified in population pharmacokinetic studies of infliximab, such as body weight, the presence of anti-infliximab antibodies, albumin concentrations (Matsuoka et al., 2020; Hanzel et al., 2021), the concomitant use of immunosuppressants, and the degree of systemic inflammation (Hemperly and Vande Casteele, 2018). We cannot rule out a selection bias due to an early switch to other treatments in patients that did not achieve a response with infliximab and were not included, as maintenance of a stable dose for at least 3 months was required for inclusion. On the other hand, the exclusion of patients with immunogenicity and the administration of infliximab doses adjusted by weight, and the presence of normal albumin and CRP values ​​suggests that patients treated with infliximab in our study had a low pharmacokinetic variability.
Eight patients treated with infliximab had concentrations above the recommended therapeutic range with no clinical or analytical differences with the in-range group other than gender, which we consider an incidental finding. Infliximab levels were negatively associated with serum concentrations of TNF-α, IL-12, and interferon-γ and positively with IL-10. These results are consistent with those previously observed by our group (Piñero et al., 2017; Zapater et al., 2019).
Higher IL-10 concentrations and lower IFN-γ concentrations were observed in patients with infliximab concentrations above the recommended therapeutic range and higher IL-26 in patients on intensified infliximab schedules. Increased IL-10 concentrations in the serum (Zapater et al., 2019), reduced production of interferon-γ at the cellular level in the intestinal mucosa (Agnholt and Kaltoft, 2001), and an increased production of IL-26 in the inflamed intestinal mucosa (Dambacher et al., 2009; Fujii et al., 2017) have been described in patients treated with infliximab, but our results show that this increase at the systemic level occurs according to drug concentrations and doses. The significance of this finding is yet to be determined.
Clinically, the evolution of the patients in the 6-month follow-up was similar in all patients, which is consistent with the observation that all patients had infliximab concentrations above the minimum concentrations associated with efficacy (Mitrev et al., 2017; Papamichael et al., 2019).
In case of adalimumab, the distribution of drug concentrations in the cohort of patients adjusted very well to that expected from the pharmacokinetic models. Up to 50% of the patients had serum drug concentrations below the recommended range. Other studies have described 30% of patients with subtherapeutic levels of adalimumab, although the concentration ranges may vary between studies (Carlsen et al., 2018; Reinhold et al., 2020) due to the present uncertainty regarding the consideration of “therapeutic concentration”.
In our study, body weight was the only clinical parameter that was significantly associated with trough concentrations of adalimumab. This is in agreement with previous studies that have associated the weight and the subcutaneous administration of adalimumab with the interindividual variability of adalimumab levels (Vande Casteele et al., 2019). Of special interest is the observation that this relationship is very strong in patients on intensified doses. Whether the administration of higher doses in obese patients with thicker subcutaneous fatty tissue alters the subcutaneous absorption of adalimumab is yet to be analyzed in specific drug absorption studies.
Similarly to infliximab, patients treated with adalimumab showed different changes in serum cytokines according to drug levels or doses. Patients who did not reach the adalimumab recommended levels had lower concentrations of IL-10 according to previous studies (Piñero et al., 2017; Zapater et al., 2019). Patients on intensified doses showed a significant increase in IL-12 levels, an important cytokine in the regulation of intestinal inflammation (Friedrich et al., 2019). It remains to be clarified whether the high levels of IL-12 are a consequence of poor disease control or a direct effect of high doses of adalimumab.
Our study has several limitations to consider. First, the risk of selection bias, arising from the decision to treat a particular patient with infliximab or adalimumab cannot be ruled out. That is why, the results of each drug have been presented separately. In addition, only one serum sample per patient was available, and there may have been changes in drug and cytokine levels at 6 months of follow-up. Secondly, classifying patients according to whether they are in a predefined range of concentrations may modify the results depending on the chosen ranges. Given this risk, we decided to choose the ranges established in the most recent consensus.
In conclusion, CD patients treated with infliximab and adalimumab exhibit different systemic concentrations of cytokines depending on the drug, dose intensification, and concentrations reached in the serum. These differences could be associated with clinical differences as shown by a higher number of hospitalization in patients treated with adalimumab who do not reach concentrations in the range (up to 50% of patients) or requiring intensified doses. These data support the need to consider the drugs and doses administered and the drug concentrations achieved in any future study that analyzes immune and clinical responses in CD patients.
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Background: Nonselective beta-blockers (NSBBs) can reduce the incidence or mortality of certain types of cancers, and NSBBs exert a protective effect on hepatocellular carcinoma (HCC) in patients with cirrhosis. However, the potential preventive effect of NSBBs has not yet been investigated in patients with chronic hepatitis B (CHB) who have a high HCC risk regardless of the presence of underlying cirrhosis.
Aim: This study evaluated the association between NSBB use and HCC incidence in patients with CHB without cirrhosis and decompensation.
Methods: From the 2000 Longitudinal Generation Tracking Database, we enrolled patients who were newly diagnosed as having CHB from January 2001 to December 2011 and then followed them up for at least 5 years. To estimate the causal effect of NSBBs on the time-to-event outcomes of HCC, a marginal Cox proportional hazards model was used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs).
Results: After adjustment, no significant benefit of HCC risk reduction was observed between the NSBB users and nonusers (adjusted HR, 0.82; 95% CI, 0.52–1.31). The cumulative defined daily dose (cDDD) analysis revealed no significant dose correlation among the three groups [adjusted HR (95% CI): 1.08, (0.56–2.05), 0.54 (0.17–1.77), and 0.76 (0.40–1.42) in the <90 cDDD, 90 to <180 cDDD, and ≥180 cDDD groups, respectively]. Duration-dependent associations were not observed. Multivariable stratified analysis results demonstrated that HCC risk markedly decreased in the patients aged >55 years (adjusted HR, 0.49; 95% CI, 0.25–0.96; p = 0.04).
Conclusion: NSBB did not significantly prevent HCC in the patients with CHB infection without cirrhosis and decompensation. This study provided one of valuable results that it is not clinically required to use NSBBs as recommended chemoprevention for HCC in high-risk patients who have CHB.
Keywords: nonselective beta-blockers, hepatocellular carcinoma, chronic hepatitis B, hepatitis B infection, propranolol, carvedilol, liver cancer
1 INTRODUCTION
Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide, accounting for >80% of primary liver malignancies (Yang et al., 2019). The incidence and mortality of HCC remain high, and HCC is estimated to cause >1 million deaths in 2030 (Villanueva, 2019). Hepatitis B virus (HBV) infection is a crucial risk factor for HCC (Thiele et al., 2014). Although HBV vaccination can reduce the risk of chronic hepatitis B (CHB), numerous unvaccinated individuals and HBV carriers still have a risk of HCC (Villanueva, 2019). In addition, patients who exhibit HBV surface antigen (HBsAg) clearance after receiving nucleotide analogue (NA) therapy still have a risk of HCC (Kim et al., 2015; Papatheodoridis et al., 2015). HCC is mostly diagnosed at a late stage, thus resulting in limited treatment options and poor prognosis. Hence, effective strategies must be developed to prevent HCC in patients with CHB.
Trends in drug repurposing have led to an increase in the number of studies exploring the efficacy of chemopreventive drugs in various cancers. Clinical and human studies have reported that nonselective beta-blockers (NSBBs) reduced the incidence or mortality of the cancers of the upper gastrointestinal tract and other types of solid cancers (Chang et al., 2015; Lin et al., 2015; Pantziarka et al., 2016) The anticancer effects of NSBBs were demonstrated by the finding that a long treatment with propranolol, an NSBB, reduced mortality in patients with unresectable and metastatic HCC in a duration-dependent manner (Chang et al., 2019). In human liver cancer cell lines, propranolol inhibited cancer cell proliferation by inducing apoptosis and S-phase arrest (Wang et al., 2018). This effect of propranolol may be attributable to the inhibition of beta-2 adrenergic receptors, reduction of bacterial translocation, and inhibition of fibrosis or angiogenesis through the downregulation of the vascular endothelial growth factor (Hamdy and El-Demerdash, 2012; Kassahun et al., 2012; Zhang et al., 2012; Moriya and Minamino, 2017). For patients with cirrhosis and oesophageal varices, NSBBs are recommended for the primary and secondary prevention of variceal bleeding (Tripathi, 2012; Garcia-Tsao et al., 2017). Some clinical studies have reported that NSBBs exert pleiotropic effects such as reducing the risk of HCC in patients with liver cirrhosis (Nkontchou et al., 2012; Thiele et al., 2015; Herrera et al., 2016; Wijarnpreecha et al., 2021).
Clinical studies have reported controversial findings regarding the role of NSBBs in HCC prevention, and most studies have recruited only patients with cirrhosis as the study population (Kim et al., 2012; Hagberg et al., 2016; Yeh et al., 2019; Wijarnpreecha et al., 2021). No study has examined the association between NSBBs and the incidence of HCC in patients with CHB who may develop HCC without cirrhosis and have a lower risk of HCC than do patients with existing cirrhosis. In addition, most studies have recruited a Western population, whose aetiology of HCC and responses to NSBBs differ from those of the East Asian population (Zhou et al., 1989; Hu et al., 2007). Therefore, this study investigated the association between NSBB use and the incidence of HCC in patients with CHB in the absence of liver cirrhosis and decompensation.
2 METHODS
2.1 Data Source
Taiwan’s National Health Insurance (NHI) program covers 99.99% of Taiwan’s population. The claims data of NHI beneficiaries are collected and added to databases by the Health and Welfare Data Science Center (HWDC) of the Ministry of Health and Welfare. We used data from the 2000 Longitudinal Generation Tracking Database (LGTD 2000), which contains the information of 2 million beneficiaries randomly sampled from the NHI database. This subset contains comprehensive information regarding patients’ demographic variables such as age, sex, outpatient visits, and hospitalisations; disease diagnoses; procedure codes; prescription details; and healthcare item costs (Lin et al., 2018). This study also used the Registry for Catastrophic Illness Patients Database. To deduct certain NHI payments and copayments, patients with malignancies are required to apply for the catastrophic illness certification. All patient applications include complete histopathological or imaging confirmation from physicians and are formally reviewed by experts (Hsieh et al., 2019). Therefore, cancer diagnoses in the Registry for Catastrophic Illness Patients Database are highly accurate and can be used for validation.
Datasets released by the HWDC are anonymised and encrypted to protect patients’ privacy; thus, researchers cannot identify individuals. This study was approved by the Joint Institutional Review Board and Ethics Committee (JIRB) of Taipei Medical University, Taipei, Taiwan (TMU-JIRB No. 201909025). The requirement for patients’ informed consent was waived.
2.2 Study Design and Population
In this population-based retrospective cohort study, we enrolled patients who were newly diagnosed as having CHB [International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes: 070.2, 070.3, and V02.61] recorded at least three times in outpatient clinics or once during hospitalization from January 1, 2001, to December 31, 2011. The index date was the first prescription date of an NSBB in the NSBB use cohort and the matched date in the nonuse cohort (Supplementary Figure S1). The washout period for examining baseline characteristics was 1 year before the index date. To ensure the inclusion of the exposure time window and reduce immortal time bias, we included a follow-up period from the 180th day of the index date until HCC diagnosis, liver transplantation, death, or the end of the study period, whichever occurred first.
Figure 1 depicts the selection process of the study population. Patients aged <20 years were excluded. We also excluded individuals with a history of specific HCC-related diseases such as liver cirrhosis, liver decompensation, hepatitis C virus infection, other viral hepatitis, human immunodeficiency virus infection, alcoholic liver disease, haemochromatosis, biliary cirrhosis, Wilson’s disease, and alpha-1 antitrypsin deficiency. To apply a new user design, patients who were prescribed with NSBBs more than once before the CHB diagnosis were excluded. In addition, we excluded those who irregularly used NSBBs and nonusers who initiated NSBB treatment during the exposure time window. We excluded patients who had HCC before the index date, patients who met an endpoint (HCC, liver transplantation, or death) within the 180-days exposure period, and patients with missing medication records. A 1:2 propensity score matching was employed to ensure the comparability of the two study groups and reduce selection and confounding biases (Sturmer et al., 2014). Each NSBB user was randomly propensity score–matched at a ratio of 1:2 with NSBB nonusers on the basis of several sociodemographic variables related to the likelihood of NSBB treatment, namely age, sex, calendar year of the index date, hypertension, diabetes, mental disorders, cardiac diseases, asthma, and chronic obstructive pulmonary disease.
[image: Figure 1]FIGURE 1 | Flow chart of study population selection. HWDC, Health and Welfare Data Science Center; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; HIV, human immunodeficiency virus; NSBB, nonselective beta blocker; CHB, chronic hepatitis B; COPD, chronic obstructive pulmonary disease.
2.3 Definition of Exposure
Patients who received NSBBs were identified from the database by using Anatomical Therapeutic Chemical (ATC) codes for nonselective beta-blocking agents (C07AA) and alpha- and beta-blocking agents (C07AG). Regular NSBB users were defined as those who received at least two prescriptions of NSBBs in the outpatient clinic and consumed the medication for >90 days during the 180-days exposure time window since the index date. Irregular users were defined as those who did not meet both the above-mentioned criteria. Patients who never received NSBBs during the enrolment period were included in the nonuser cohort. Alpha- and beta-blocking agents exert nitric oxide–generating and antioxidative effects that may be more beneficial to treating cancer than beta-blocking agents alone (Fonseca, 2010; Hickok and Thomas, 2010; Thyagarajan and Sahu, 2018). On the basis of pharmacological mechanisms, NSBBs were classified into only beta-blocking agents (alprenolol, bupranolol, carteolol, nadolol, oxprenolol, pindolol, propranolol, sotalol, and timolol) and alpha- and beta-blocking agents (carvedilol and labetalol). In terms of chemical properties, carvedilol has a longer half-life and lower lipophilicity than does propranolol. Because of variations in the properties of individual NSBBs, we performed another subgroup analysis based on the use of specific NSBBs (propranolol and carvedilol). Patients who received monotherapy with a certain drug throughout the enrolment period were included in the subgroups.
2.4 Covariates and Confounding Factors
Covariates related to HCC were comorbidities, lifestyle exposure, metabolic factors, and medication use. We identified the following comorbidities at the index date: hypertension, hyperlipidaemia, diabetes, and nonalcoholic liver diseases. In addition, some potential chemopreventive agents with robust evidence, namely antiviral therapy (NAs and interferons), aspirin, statin, and metformin, were considered covariates. Lifestyle factors, namely tobacco use, alcohol use, and obesity, were assessed and defined on the basis of physicians’ diagnoses in the databases. Diagnoses of these coexisting diseases for adjustment were considered if recorded more than two times during outpatient visits and once during hospitalization. Except for antiviral therapy, medication use was identified on the basis of a 28-days prescription within 1 year before the index date. The users of antiviral agents were defined as those who received antiviral agents for >1 week. In accordance with the reimbursement criteria of NAs and interferons in Taiwan, patients must reach a certain CHB severity level to be eligible for the reimbursement; for example, they must have an elevated alanine aminotransferase level of at least two times the two-fold upper limit of the normal level in combination with ≥2,000 copies/ml of HBV DNA. The prescription of these two drugs may reflect the disease severity of patients with CHB. Hence, the prescriptions of NAs and interferon were used as a surrogate variable for the adjustment of disease severity. To identify differences in covariates between the NSBB users and nonusers, the standardised mean difference (SMD) was used to balance diagnostics after propensity score matching (Austin, 2009). An absolute value of SMD greater than 0.10 (small effect size) indicated meaningful imbalance. Imbalanced variables were adjusted in the Cox regression model (Nguyen et al., 2017).
2.5 Outcome Measurement
2.5.1 Primary Outcome
The primary outcome was incident HCC. The diagnosis of HCC obtained from outpatient and inpatient records was identified on the basis of ICD-9-CM code 155 and International Classification of Diseases, Tenth Revision, Clinical Modification (ICD-10-CM) code C22. Patients with a diagnosis of HCC were also identified using the Registry for Catastrophic Illness Patient Database. Censored events in this study included liver transplantation and death. Liver transplantation was confirmed on the basis of the diagnosis of liver transplant status (ICD-9-CM code V42.7 and ICD-10-CM code Z94.4) or liver transplant surgery (procedure codes 505, 75020A, or 75020B). The Cause of Death Database, which contains information regarding the cause and date of death, was used to confirm deaths in the study population.
2.5.2 Secondary Outcome
Secondary outcomes included dose- and duration-dependent associations between NSBB use and HCC incidence, effect of pharmacological classes and individual NSBBs, and subgroups by baseline characteristics. We used the ATC and defined daily dose (DDD) to explore drug use in the population. The DDD of each NSBB in this study was based on the treatment of mild-to-moderate hypertension. In the subgroup analysis, the NSBB use group was categorised by their cumulative DDDs (cDDDs) into <90, 90–180, and ≥180 cDDD groups. The duration of medication use in the NSBB users was determined through the summation of all the intervals of NSBB use during the follow-up period. On the basis of pharmacological mechanism, NSBBs were classified as beta-blocking agents or alpha- and beta-blocking agents in the subgroup analysis. Because of variations in the properties of individual NSBBs, we examined propranolol and carvedilol use in one subgroup analysis.
2.6 Statistical Analysis
Baseline continuous variables are reported as the mean ± standard deviation. Categorical variables are reported as the percentage. The survival curves of cumulative HCC incidence were plotted using the Kaplan–Meier method. Differences between the two curves were examined using the log-rank test. To determine the causal effect of NSBBs on the time-to-event outcomes of HCC incidence, a marginal Cox proportional hazard model was used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) (Chen et al., 2010; Austin, 2014). In the marginal Cox proportional hazard model, a robust sandwich covariance matrix estimator was used to account for clustering and produce unbiased HRs, which have a precise standard error. Univariable analysis was performed to examine potential risk factors for HCC in this population. Multivariable analysis was performed to determine the effect of NSBBs on HCC. Different variables were adjusted in the regression models: 1) age and sex; 2) age, sex, and comorbidities (namely hypertension, hyperlipidaemia, diabetes, and nonalcoholic liver diseases); 3) age, sex, comorbidities, and medication use (namely antiviral therapy, statin, metformin, and aspirin); 4) age, sex, comorbidities, medication use, and lifestyle (namely alcohol use, tobacco use, and obesity); and 5) imbalanced baseline variables that were tested on the basis of the SMD (Nguyen et al., 2017). To examine the subgroups of patients classified by baseline characteristics, we performed multivariable stratified analysis. To investigate the effect of pharmacological classes and individual NSBBs, the classified users were compared with their paired controls, and HRs were adjusted for unbalanced variables. To test the proportional hazards assumption, we determined the significance of the time-dependent explanatory variable and observed no violation of the proportional hazards assumption (Kleinbaum and Klein, 2012).
In the sensitivity analysis, we divided the study into three parts to evaluate the rigidity of the results. First, to reduce immortal time bias (from CHB diagnosis to NSBB prescription), we assigned the NSBB nonusers index dates by matching them on the basis of year of CHB diagnosis. Second, we excluded patients with prior selective beta-blocker use. Lastly, because the effect of NSBBs on HCC prevention may not persist for >10 years, we followed up with every participant for 10 years from their index dates. All data analyses were performed using SAS (version 9.4, SAS Institute Inc., Cary, NC, United States). Statistical significance was defined as a two-tailed p value of <0.05.
3 RESULTS
3.1 Demographic Characteristics of the Study Population
Figure 1 presents the study population. We identified 1,062 patients with NSBB use and 32,491 patients without NSBB use between January 1, 2001, and December 31, 2011. After the propensity score matching of the 3,171 patients recruited in this study, we determined that the mean age of the patients was 51.35 (±13.36) years, and 1,878 (57.41%) of them were men. In total, 1,057 patients who used NSBBs were included in the NSBB use group, and 2,114 patients who did not use NSBBs were included in the non–NSBB use group. Table 1 lists the demographic characteristics of the participants. Overall, 83 (2.62%) patients received a diagnosis of HCC [25 (2.37%) and 58 (2.74%) in the NSBB user and nonuser cohorts, respectively]. The follow-up durations of the two groups were similar during a median follow-up period of 8.18 years (median, 8.18 years; range, 6.30–10.60 years). Most of the patients were followed until the end of the study period (2,826 cases, 89.12%), with few censored owing to death (262 cases, 8.26%). No patient was censored because of liver transplantation.
TABLE 1 | Demographic characteristics of participants.
[image: Table 1]3.2 Primary Outcome
Figure 2 presents the cumulative incidence of HCC. No significant difference was observed in the Kaplan–Meier curves between the two groups (p = 0.49). The 5-years cumulative incidence of HCC was 1.36% (95% CI, 0.81–2.29) and 1.37% (95% CI, 0.95–1.99) among the NSBB users and nonusers, respectively. The 10-years cumulative incidence of HCC was 3.55% (95% CI, 2.28–5.51) and 3.61% (95% CI, 2.71–4.79) among the NSBB users and nonusers, respectively.
[image: Figure 2]FIGURE 2 | Cumulative incidence of hepatocellular carcinoma. HCC, hepatocellular carcinoma; NSBB, nonselective beta blocker.
Potential risk factors for HCC were identified on the basis of the results of univariable analysis (Table 2). Old age (HR, 1.04; 95% CI, 1.02–1.05; p < 0.01), male sex (HR, 2.00; 95% CI, 1.20–3.34; p < 0.01), hypertension (HR, 1.88; 95% CI, 1.18–3.00; p < 0.01), diabetes (HR, 2.52; 95% CI, 1.56–4.06; p < 0.01), and metformin use (HR, 3.00; 95% CI, 1.80–5.00; p < 0.01) were associated with a high risk of HCC. After adjustment for covariates, old age and male sex remained independent risk factors.
TABLE 2 | Univariable and multivariable Cox regression model analysis for HCC risk.
[image: Table 2]We assessed the association between NSBB use and incident HCC by performing multivariable analysis. No significant reduction in HCC risk was observed in the NSBB users compared with the NSBB nonusers, although the risk of HCC appeared to decrease (model 4, HR, 0.85; 95% CI, 0.52–1.38; p = 0.50; Table 2). We calculated HRs in different models as follows: Multivariable HRs were 0.80 (95% CI, 0.49–1.28; p = 0.35) in model 1, 0.80 (95% CI, 0.50–1.29; p = 0.36) in model 2, 0.84 (95% CI, 0.52–1.36; p = 0.48) in model 3, and 0.79 (95% CI, 0.50–1.27; p = 0.34) in model 5. Additional details regarding statistical analysis are provided in the Supplementary Appendix.
3.3 Secondary Outcome
The dose- and duration-dependent associations were not observed between NSBB use and HCC risk (Table 3). The 90–180 cDDD group had a lower adjusted HR (HR, 0.54; 95% CI, 0.17–1.77) than did the <90 cDDD group (HR, 1.08; 95% CI, 0.56–2.05) and ≥180 cDDD group (HR, 0.76; 95% CI, 0.40–1.42). No change in HCC risk was observed among the three groups. The median duration of NSBB use was 1.46 years (interquartile range, 0.61–4.55 years). In terms of duration, HCC risk in the NSBB users was similar to that in the NSBB nonusers (HR, 1.04; 95% CI, 0.54–1.99) among the short-term users (<1 year). Although the adjusted HR considerably decreased in the patients who used NSBBs for ≥5 years, no significant difference was observed between the users and nonusers (HR, 0.50; 95% CI, 0.19–1.37).
TABLE 3 | Dose and duration of NSBB use and risk of HCC.
[image: Table 3]3.4 Pharmacological Classes and Effect of Individual NSBBs
Properties such as pharmacological classes or effects of individual NSBBs did not affect HCC prevention (Table 4). The patients prescribed beta-blocking agents alone exhibited similar HCC risk to that of the nonusers (HR, 0.90; 95% CI, 0.49–1.67). Among those prescribed alpha- and beta-blocking agents, HCC risk did not significantly decrease, although their adjusted HR was lower than that of their matched counterparts (HR, 0.53; 95% CI, 0.21–1.36). In another subgroup analysis, we investigated the effect of major drugs, namely propranolol (n = 640, 60.6%) and carvedilol (n = 346, 32.7%). The risk of HCC incidence was similar between the propranolol users and their matched nonusers (HR, 0.88; 95% CI, 0.47–1.67). Similarly, the carvedilol users did not have a significantly lower incidence of HCC than did the nonusers (HR, 0.53; 95% CI, 0.19–1.53).
TABLE 4 | Pharmacological classes of NSBBs and risk of HCC.
[image: Table 4]3.5 Multivariable Stratified Analysis for Aspirin Therapy
In the multivariable stratified analysis, we stratified patients by several baseline characteristics that affect HCC development (Table 5). Most of the values were consistently <1.0 and did not reach statistical significance. The NSBB users had a 51% lower risk of HCC than did the nonusers among the patients aged >55 years (HR, 0.49; 95% CI, 0.25–0.96; p = 0.04). However, by contrast with the other subgroups, the NSBB users without hypertension had a slightly higher but not significant risk of HCC than that of the nonusers without hypertension (HR, 1.05; 95% CI, 0.50–2.20).
TABLE 5 | Multivariate stratified analyses of the association between NSBB use and risk of HCC.
[image: Table 5]3.6 Sensitivity Analysis
In our main analysis, although we began the follow-up from the 180th day from the index date to eliminate partial immortal time bias, the time between CHB diagnosis and the first NSBB use was suspected to be the immortal period. The results of sensitivity analysis revealed consistency in the findings even when we reduced immortal time bias by assigning matched dates to the NSBB nonusers on the basis of year of CHB diagnosis (Supplementary Table S1, HR, 0.85; 95% CI, 0.52–1.38). The patients who used selective beta-blockers were excluded because they might have been a potential confounder. The results are in accordance with our earlier observations indicating that HCC risk was not significantly reduced in the NSBB users (HR, 0.67; 95% CI, 0.37–1.20). Lastly, we repeated our analysis with 10 years of follow-up on the basis of the hypothesis that the effects of NSBBs would not last for >10 years. This analysis demonstrated that NSBB use did not reduce the risk of HCC even within 10 years (HR, 0.81; 95% CI, 0.50–1.32).
4 DISCUSSION
This nationwide cohort study determined whether the protective effect of NSBBs can affect the risk of HCC in patients with CHB but without advanced liver diseases. Our cohort consisted of patients with CHB but without progress to cirrhosis and decompensation, with the crude HCC incidence rate being 0.31 per 100 person-years; this finding is consistent with that of a study of patients with CHB but not underlying cirrhosis (Do et al., 2014). The results of this study did not reveal an association between NSBB use and a significantly decreased HCC incidence in the patients with CHB.
Studies have indicated a significant association between NSBB use and a significantly lower risk of HCC in patients with cirrhosis (Nkontchou et al., 2012; Herrera et al., 2016; Wijarnpreecha et al., 2021). However, patients with cirrhosis who cannot use NSBBs may have more advanced liver diseases and thus a higher risk of HCC. Therefore, the higher HCC incidence observed in patients with cirrhosis in the non-NSBB group may be associated with severe advanced liver conditions (Huang et al., 2021). This confounding by different disease severity was lower in our study because we included only patients newly diagnosed as having CHB and excluded those with cirrhosis and liver compensation. Patients with cirrhosis had a higher risk of HCC than did those without cirrhosis (Thiele et al., 2014). The haemodynamic-related benefits of NSBBs, such as the reduction in portal hypertension, strongly affect patients with cirrhosis. Therefore, nonhaemodynamic effects, such as HCC prevention, are more prevalent in those with cirrhosis than in those with only CHB (Kim et al., 2012; Hagberg et al., 2016). The results of this study indicated that haemodynamic-related effects might mainly contribute to the protective effects of NSBBs against hepatocarcinogenesis.
Regarding the effect of the dose and duration on the enhancement of causality, only one study analysed the doses of NSBBs and indicated that the protective effect of NSBBs on HCC prevention was observed only in patients receiving a dose of >90 cDDD and not in low-cDDD groups (Yeh et al., 2019). Our findings revealed that the effects of NSBB use on HCC prevention cannot be extrapolated to patients with CHB even under high cumulative doses and increased durations. The results of the subgroup analysis revealed that the carvedilol monotherapy group did not have a significantly lower incidence of HCC than did the nonusers, although the adjusted HR for the carvedilol group was lower than that for the propranolol group. A study demonstrated a significantly lower risk of HCC in patients with cirrhosis by using carvedilol, propranolol, and nadolol (Wijarnpreecha et al., 2021). This finding differs from that of this study possibly because of differences in disease severity between the two studies.
The aetiology in our study population was HBV infection. The process of HCC manifestation in patients with HBV infection differs from that in patients with HCV infection, who mostly develop cirrhosis before HCC (Villanueva, 2019). Studies have reported a more significant protective effect on HCC incidence in patients with HCV- or alcohol-related cirrhosis than in those with HBV-related cirrhosis (Kim et al., 2012; Nkontchou et al., 2012; Herrera et al., 2016; Yeh et al., 2019). The results of our study are consistent with those of a stratified analysis of patients with HBV-associated cirrhosis (Wijarnpreecha et al., 2021). Tolerant doses to NSBBs in different ethnic groups may have resulted in no remarkable effect on HCC prevention in this study. Because the Asian population requires lower doses of NSBBs to reach the target blood pressure and heart rate than does the Caucasian population, the dose used on each day in this study was lower than that used in studies of the Caucasian population (Zhou et al., 1989; Hu et al., 2007). NSBB use appeared to benefit HCC prevention in the Caucasian population more than in the Asian population (Kim et al., 2012; Nkontchou et al., 2012; Herrera et al., 2016; Yeh et al., 2019; Wijarnpreecha et al., 2021).
The results of the multivariable stratified analysis indicated that HCC risk did not significantly decrease regardless of sex, underlying comorbidities, and baseline medication use. However, the patients aged ≥55 years and those using NSBBs had a substantially (51%) lower risk of HCC than did those who did not use NSBBs. By contrast, the patients aged <55 years exhibited no significant difference in HCC risk. This result is in accordance with that of a study conducted in the United States that reported that NSBB use exerted more significant protective effects for HCC in older patients (Wijarnpreecha et al., 2021) Aging is a crucial risk factor for HCC (Yip et al., 2017; Mittal et al., 2018). Thus, this result might be related to mechanisms underlying the effects of NSBB on HCC prevention, including the inhibition of angiogenesis and the beta-adrenergic signaling process, thus resulting in inflammation regulation. The inhibition of angiogenesis and inflammation exerted stronger effects on older patients whose immune system and angiogenic growth were less active than those in younger patients (Moriya and Minamino, 2017). Therefore, a significant reduction in HCC risk might be observed in older patients.
One study reported that nonselective beta blockers may inhibit hepatocarcinogenesis by inhibiting proliferation and inducing apoptosis and S-phase arrest in human liver cancer cell lines (Wang et al., 2018). In vivo and in vitro studies have demonstrated that beta-adrenergic signaling is associated with inflammation, angiogenesis, apoptosis, cellular replication, DNA damage repair, and cellular immune responses (Ming et al., 1995; Pantziarka et al., 2016; Wang et al., 2018). However, its protective effect was not observed in this study. The differences between this real-world study and experimental studies can be explained by the fact that the doses of NSBBs used in an animal or a cell line in these biological studies are not compatible with those used in humans. The optimal in vitro dose of propranolol for anticarcinogenesis in liver cells was 80 μmol/L (80 nmol/ml), which is considerably higher than the 5.3–300 ng/ml (0.02–1.16 nmol/ml) observed in human plasma (Wong et al., 1979; Wang et al., 2018). Therefore, the antitumor effect of NSBBs on liver cancer remains unclear in humans. Numerous pathogenic mechanisms are involved in HBV-associated HCC (Arzumanyan et al., 2013). Hepatocarcinogenesis is not only related to angiogenesis and inflammation, which are the main pathways of anti-HCC effects exerted by NSBBs. Although these processes are inhibited by NSBBs, other mechanisms may lead to the growth of cancer cells, such as the alteration of host gene expression (Nagaya et al., 1987; Tokino et al., 1991).
To the best of our knowledge, this is the first study to comprehensively investigate the effect of NSBBs on HCC prevention in patients with CHB but without cirrhosis and liver decompensation. The confounding by indication bias for advanced liver diseases was reduced in our study. This strong confounder was not allocated appropriately in studies on patients with cirrhosis who had a higher probability of receiving NSBBs for the prevention of oesophageal varices. In addition to avoiding cirrhosis as a confounding factor in our study, we used propensity score matching to ensure the comparability of the indications of NSBBs between the two cohorts. Another strength of this study is that the follow-up period was longer than that of other studies. Because hepatocarcinogenesis gradually advances, a short-term follow-up might not be sufficient for clinical applications. In addition, the LGTD 2000 used as the data source in this study consisted of updated records regarding prescriptions and diagnoses. Thus, we adjusted covariates for medication use, which had been ignored in some studies. Furthermore, our analyses included potentially chemopreventive drugs such as statins, aspirin, metformin, NA, and interferons. Lastly, we used an exposure window to minimise misclassification and ensure new user design. Several sensitivity analyses were performed to eliminate the epidemiological bias related to immortal time, potential confounding by selective beta-blockers, and unclear duration of the effect of NSBBs on cancer prevention.
This study has several limitations that should be addressed. First, this study was limited by the lack of information regarding laboratory data such as serological markers (e.g., HBV DNA levels, HBeAg, and HBsAg) and the genotype of HBV. However, we adjusted for antiviral therapy, which can serve as a surrogate variable for viral load. In addition, we adjusted for alcohol use, tobacco use, and obesity on the basis of related diagnoses; however, patients who were not hospitalised or did not consult a doctor for these problems were not identified. Nevertheless, patients with these diagnoses were considered to have more severe diseases than did those without related diagnoses. Regarding lifestyle factors, information regarding coffee consumption and aflatoxin exposure was lacking. Other information such as patients’ background and behaviour was not recorded, for example, family history and actual adherence to medication and screening. Lastly, the generalizability of these results is subject to certain limitations because most controls were not included in our studies after propensity score matching. However, the similarity of HCC incidence between the overall population in our studies and that in other studies partly supports generalizability.
In conclusion, this study revealed that NSBB use was not associated with decreased HCC occurrence in a nationwide population of patients with CHB. Our findings suggested that the effect of NSBBs on HCC chemoprevention cannot be extrapolated to patients with CHB, although the benefits were observed in patients with cirrhosis in some studies. The remarkable protective effect was only noted in the subgroup of patients aged >55 years. This study provided one of valuable results that it is not clinically required to use NSBBs as recommended chemoprevention for HCC in high-risk patients who have CHB. To evaluate the benefits of NSBBs for HCC prevention, additional studies should be conducted to investigate the anti-HCC effects of NSBBs on high-risk patients.
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Cigarette smoking (CS) is the cause of several organ and apparatus diseases. The effects of smoke in the gut are partially known. Accumulating evidence has shown a relationship between smoking and inflammatory bowel disease, prompting us to investigate the mechanisms of action of smoking in animal models. Despite the role played by neuropeptides in gut inflammation, there are no reports on their role in animal models of smoking exposure. The hormone relaxin has shown anti-inflammatory properties in the intestine, and it might represent a putative therapy to prevent gut damage caused by smoking. Presently, we investigate the effects of chronic smoke exposure on inflammation, mucosal secretion, and vasoactive intestinal peptide (VIP) and substance P (SP) expressions in the ileum and colon of guinea pigs. We also verify the ability of relaxin to counter the smoke-induced effects. Smoke impacted plasma carbon monoxide (CO). In the ileum, it induced inflammatory infiltrates, fibrosis, and acidic mucin production; reduced the blood vessel area; decreased c-kit-positive mast cells and VIP-positive neurons; and increased the SP-positive nerve fibers. In the colon, it reduced the blood vessel area and the goblet cell area and decreased c-kit-positive mast cells, VIP-positive neurons, and SP-positive nerve fibers. Relaxin prevented most of the smoking-induced changes in the ileum, while it was less effective in the colon. This study shows the diverse sensitivity to CS between the ileum and the colon and demonstrates that both VIP and SP are affected by smoking. The efficacy of relaxin proposes this hormone as a potential anti-inflammatory therapeutic to counteract gut damage in humans affected by inflammatory bowel diseases.
Keywords: mucins, blood vessels, inflammation, substance P, vasoactive intestinal peptide, mast cells, relaxin hormone
INTRODUCTION
Thirty years of scientific research have proven cigarette smoking (CS) as the main cause of lung cancer (Schwartz and Cote, 2016), as a promoter of pathologies of the respiratory and cardiovascular systems (Rigotti and Clair, 2013) and as one of the major risk factors for neuro-inflammatory and neurovascular disorders by supporting oxidative stress and inflammation (Aseervatham et al., 2017). Furthermore, CS is involved in several malignancies and intestinal inflammatory disorders such as Crohn’s disease (CD) (Verschuere et al., 2012a).
Nevertheless, investigation on the role played by CS in the gastrointestinal (GI) tract is limited. The experimental data available are often hardly comparable, mainly because of the different modalities of smoke exposure applied (active/passive smoking), the different smoke components studied [nicotine, carbon monoxide (CO), or whole cigarette], and the diverse administration methods used (oral, intraperitoneal, or subcutaneous). However, a region-specific modulation of the gut immune system has been reported after exposure to smoke. In the murine ileum, chronic smoke exposure caused an increase in apoptosis of the follicle-associated epithelium (Verschuere et al., 2012b; Allais et al., 2016; Allais et al., 2017), an increase in pro-inflammatory cytokines (Eliakim and Karmeli, 2003), and an excessive nitric oxide (NO) production (Allais et al., 2017). At variance with the ileum, the colon seems less sensitive to smoke irritants, as demonstrated by the failure of inflammatory cell recruitment in rats (Eliakim and Karmeli, 2003), the reduction of pro-inflammatory cytokines (Benson and Shepherd, 2011; Allais et al., 2017), and the changes in the CD4/CD8 ratio in mice (Daniluk et al., 2017).
This dual pattern of the responses of the small and large bowels to smoke was also observed in animal models of colitis (Galeazzi et al., 1999; Eliakim et al., 2001; Guo et al., 2001; Benson and Shepherd, 2011) and in human inflammatory bowel diseases (IBDs) (Berkowitz et al., 2018; Ananthakrishnan, 2013; Ananthakrishnan, 2015; Papoutsopoulou et al., 2020).
Interestingly, although vasoactive intestinal peptide (VIP) and substance P (SP) play a major role in the modulation of intestinal inflammation (Collins et al., 1999; Margolis and Gershon, 2009; El-Salhy et al., 2017), these two neuropeptides have never been studied in animal models of smoke exposure.
In this background, the hormone relaxin (RLX) emerges as an interesting putative therapy to preventing intestinal alterations caused by exposure to smoke. In fact, the human relaxin-2 (RLX-2) or serelaxin (Hossain and Wade, 2014) has shown anti-inflammatory and anti-apoptotic properties in both in vitro and in vivo animal models (Samuel et al., 2007). Moreover, RLX-2 has been shown to be protective in a guinea pig model of chronic exposure to CS, limiting vascular damage, lung inflammation, and fibrosis (Pini et al., 2016a; Pini et al., 2016b). In the gut, in vitro exposure to porcine RLX and in vivo porcine RLX chronic treatment caused muscle relaxation due to a region-specific modulation of the expressions of different NO synthase isoforms (Baccari et al., 2007; Vannucchi et al., 2011; Baccari et al., 2012). No data are available on the effect of RLX in the gut exposed to smoking.
On these premises, we designed the present study to investigate the effects of chronic exposure of guinea pig to CS on inflammatory response, mucosal secretion, and VIP and SP expressions in the terminal ileum and ascending colon by means of morphological and biomolecular methodologies. Contemporarily and as a novelty, we evaluated whether RLX-2, delivered continuously by subcutaneous osmotic pumps, was able to counteract CS-induced tissue damage.
MATERIALS AND METHODS
Reagents
Clinical grade recombinant human RLX-2 (serelaxin) was kindly provided by the RRCA Relaxin Foundation (Florence, Italy). Kentucky Reference Cigarettes 3R4F, each containing 11 mg of total particulate matter, 9.4 mg of tar, and 0.73 mg of nicotine, were obtained from the Kentucky Tobacco Research Council (Lexington, KY).
Animal Exposure to Cigarette Smoke
Male Hartley albino guinea pigs, weighing 300–350 g, were used for the experiments (Harlan, Correzzana, Italy). The use of male guinea pigs only had the aim of avoiding any interference with the endogenous relaxin produced during the post-ovulatory phase in females. Animal handling and use complied with the European Community Guidelines for Animal Care (2010/63/EU) and were approved and authorized by the Italian Minister of Health (code: 646/2015). The animals were housed on a 12-h light/dark cycle under standardized conditions of temperature and humidity with free access to food and water. The experiments were planned so as to minimize pain and the number of animals used.
The animals were divided into the following experimental groups (n = 5/group): controls, untreated animals (group 1); CS group, animals exposed daily to CS for 8 weeks (group 2); and CS+RLX-2 group, animals exposed daily to CS for 8 weeks and treated with RLX-2 (1 μg/day, s.c.) (group 3).
RLX-2 was administered by continuous subcutaneous infusion using osmotic mini pumps (Alzet; DURECT Corporation, Cupertino, CA, USA). The pumps were implanted on the back upon anesthesia [i.p. injection of 100 mg/kg body weight (b.w.) ketamine hydrochloride and 15 mg/kg b.w. xylazine] 1 day before starting exposure to CS and filled to deliver a daily dose of 1 μg for the whole duration of CS exposure. The RLX-2 dose of 1 μg/day was chosen according to the literature (Baccari et al., 2007; Bonacchi et al., 2009; Baccari et al., 2012; Pini et al., 2016a; Pini et al., 2016b).
Animals were subjected to CS exposure in a smoke chamber in accordance with Das et al. (2012), with minor modifications. The smoke chamber (2.5 L) was a vacuum desiccator equipped with an open tube for cigarette positioning at one end and a vacuum-connected tube and stopcock at the opposite end. To each group of CS-exposed animals, five 3R4F reference cigarettes were administered daily. Each cigarette was fitted into the inlet tube and lit; then, a puff of CS was introduced into the chamber containing the animals by applying a mild suction of 4 cm water for 20 s. The animals were exposed to the accumulated smoke for a further 40 s, for a total duration of CS exposure of 60 s. After a pause of 60 s, during which the chamber was opened and ventilated with fresh air, a second puff was administered with the same procedure. The gap between each of the 5 cigarettes/day was 1 h. At the end of the treatment, the animals were anesthetized with an i.p. injection of ketamine hydrochloride (100 mg/kg b.w.) and xylazine (15 mg/kg b.w.) for blood sampling from the left ventricle and killed by decapitation for tissue sample collection.
Detection of Free Carbon Monoxide in Plasma
Free CO was measured in the plasma of the animals in the different experimental groups as an index of the degree of exposure to CS (Chang et al., 2017). The amount of free CO in plasma was measured with a gaseous CO detector (RGA3, Reduction Gas Analyzer; SAES Getters, Milan, Italy) as previously described (Vreman et al., 1984). Measurements were obtained by comparing with a standard CO curve prepared immediately before analysis and expressed as parts per million (ppm).
Determination of Serum RLX-2 Levels
Circulating RLX-2 levels were determined in guinea pig serum with enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.
Tissue Sampling
Full-thickness samples of the ileum and the ascending colon (starting 1 cm far from the ileo-cecal junction) were taken from each animal, fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4) overnight (ON) at 4°C, dehydrated in graded ethanol series (2 h in 50% ethanol, 2 h in 75% ethanol, ON in 96% ethanol, and 2 h in 100% ethanol), cleared in xylene (1 h), and embedded in paraffin. Histological transverse (full-thickness) sections 5 μm thick were cut using a rotary microtome (MR2, Boeckeler Instruments Inc., Tucson, AZ, USA) and collected on normal or positively charged slides, as appropriate.
After excision, some specimens were cleaned of digestive material, and whole-tissue laminae containing the submucosa plus the circular muscle layer were obtained. The laminae were fixed in 2% paraformaldehyde in 0.1 M PBS with 0.2% picric acid (Zamboni’s fixative) for 2 h at 4°C. Subsequently, they were washed 3 times for 10 min each with dimethyl sulfoxide (DMSO) and 3 times for 10 min each with 0.1 M PBS and then stored in an anti-freeze solution (30% of ethylene glycol and 30% of glycerol in 0.1 M PBS) at −20°C.
Histology and Histochemistry
Full-thickness sections were deparaffinized in xylene (2 steps, 5 min each) and rehydrated in a descending ethanol series (100%, 96%, 75%, and 50% ethanol, 2 min each step) to distilled water (5 min). Some sections were stained with hematoxylin–eosin (H&E) to evaluate the tissue architecture and to quantify the mean blood vessel area. Other sections were stained with periodic acid–Schiff (PAS) or toluidine blue (TB) to evaluate the quantity and quality of mucous secretion, respectively. PAS staining was performed according to the manufacturer’s instructions (Bio-Optica, Milan, Italy). For TB staining, the sections were soaked for 10 min in pre-filtered 0.1% TB in 30% ethanol. Other sections were stained with van Gieson (VG) to assess the submucosal collagen component. The sections were soaked for 30 s in van Gieson’s dye (0.1% acidic fuchsine in saturated picric acid solution) added with 2% acetic acid, then for additional few seconds in 50% van Gieson’s dye in water. All the stained sections were washed in distilled water, dehydrated in an ascending ethanol series, and mounted in synthetic resin.
Immunohistochemistry
The sections were deparaffinized and rehydrated as usual, boiled 10 min in sodium citrate buffer (10 mM, pH 6.0; Bio-Optica) for antigen retrieval, and cooled at room temperature (RT). The sections were then rinsed in 0.1 M PBS and blocked for 20 min at RT with 1.5% bovine serum albumin (BSA; Sigma-Aldrich, Milan, Italy) in 0.1 M PBS. The primary antibodies, diluted in 1.5% BSA in 0.1 M PBS, were applied ON at 4°C. The day after, the slides were washed in 0.1 M PBS and incubated for 2 h at RT in the dark with appropriate fluorochrome-conjugated (Alexa Fluor 488 or 568) secondary antibodies diluted 1:333 in 0.1 M PBS. Tissue sections were thoroughly washed in 0.1 M PBS and mounted in an aqueous medium (Permafluor mountant; Thermo Fisher Scientific, Rockford, IL, USA). The primary antibodies used were as follows: rabbit polyclonal anti-c-kit antibody diluted 1:300 (Dako, Glostrup, Denmark); rat monoclonal anti-SP antibody diluted 1:100 (Santa Cruz Biotechnology, Santa Cruz, CA, USA); and rabbit polyclonal anti-VIP antibody diluted 1:50 (Santa Cruz Biotechnology). The secondary antibodies used were goat anti-rabbit (Jackson ImmunoReasearch Laboratories, West Grove, PA, USA) and goat anti-rat (Invitrogen, San Diego, CA, USA). To exclude nonspecific immunofluorescence staining, negative controls were performed by omitting the primary antibody. Immune reaction was observed under an epifluorescence Zeiss Axioskop microscope (Mannheim, Germany) using 488 or 568 nm excitation wavelengths and reading the fluorescence emission at 519 nm for the green label and at 603 nm for the red label. The fluorescence images were captured using a Leica DFC310 FX 1.4-megapixel digital camera, equipped with the Leica software application suite LAS V3.8 (Leica Microsystems, Mannheim, Germany).
Morphometric Analysis
Histology and Histochemistry
The plasma cells and eosinophils in the mucosa were counted in the entire transversal sections of the ileum and colon (3 sections/animal, 5 animals/group).
PAS- and TB-stained goblet cells in the ileum and PAS- and TB-stained structures in the colon were evaluated in the entire transverse sections (2 sections/animal, 5 animals/group). Digital images were acquired with a video camera-equipped microscope (Eclipse 200; Nikon Instruments, Tokyo, Japan) with ×10 objective, paying attention not to overlap the microscopic fields. Quantitation was made using ImageJ software (NIH, Bethesda, MD, USA), as described. In the colon, PAS staining was commuted in 8-bit gray (Gy) images; then, a threshold of 135 in the specific window of the ImageJ software grayscale was settled and the area of the staining was calculated. The TB-positive area in the colon was selected using the color threshold window of ImageJ software, setting the following values: hue, 170; saturation, 60; and brightness, 180. Then, the area was quantified.
The blood vessel area (in square micrometers) was quantified in the submucosa and mucosa of the ileum and colon. A series of images covering the entire section of the ileum or colon (1 section/animal, 5 animals/group) stained with H&E was acquired with a ×40 objective and the reconstruction of the entire section made. The area was calculated with ImageJ software (NIH), drawing a circular line corresponding to the endothelial lining of the blood vessels. Only the vessels with a well-defined histological structure and containing red blood cells were included.
Images of VG-stained whole sections of the submucosa of the ileum and colon were acquired with a ×20 objective (1 section/animal, 5 animals/group). Quantitation of the red stained area, corresponding to collagen fibers, was made with ImageJ software as described: the red areas in the images of the ileum and colon were selected using the color threshold window of ImageJ software, setting the following values: hue, 190; saturation, 50; and brightness, 200. Then, each selected area was quantified.
Immunohistochemistry
The numbers of c-kit-positive mast cells (MCs) in the mucosa and the VIP-positive neurons in the submucosa were counted in the entire transverse sections of the ileum and colon (3 sections/animal, 5 animals/group).
SP-positive structures were quantified in the mucosa and submucosa of the ileum and colon. Images covering the entire section (1 section/animal, 5 animals/group) were acquired with a ×40 objective, paying attention not to overlap the microscopic fields. The photos were commuted in 8-bit Gy images and analyzed using ImageJ software upon setting a proper threshold value to only include SP-positive structures. Thresholds of 29 for the ileum and 24 for the colon were settled and the integrated density above the two thresholds calculated.
Statistical Analysis
All quantitative analyses were performed double blind by two trained observers (CT and MGV) and the values averaged. The result of each quantitation was expressed as the mean value per experimental group ± SEM. Statistical differences between values were calculated using one-way ANOVA followed by Newman–Keuls posttest. A p-value ≤0.05 was considered significant.
RESULTS
General Effects
Observation of the guinea pigs exposed to CS did not point out any general signs of suffering (hair loss, aggressive behavior, or social isolation). Moreover, the animals were weighed at the beginning (control group, 361.8 ± 11.09 g; CS group, 339.5 ± 4.99 g; and CS+PLX-2 group, 335.2 ± 5.58 g) and at the end (control group, 891.3 ± 38.40 g; CS group, 873.8 ± 46.37 g; and CS+RLX-2 group, 798.8 ± 20.62 g) of the exposition, and statistical evaluation of the data showed no significant difference (p > 0.10).
CO Levels in the Plasma
To check the effectiveness of the animal model, the levels of free CO in plasma were measured as an index of exposure to CS. All the animals exposed to chronic CS, independently of the RLX-2 treatment, had significantly elevated CO levels (CS group, 37.9 ± 3.2 ppm; CS+RLX-2 group, 32.1 ± 3.1 ppm) compared with the control group (6.4 ± 0.8 ppm: p < 0.001 versus the other groups). The absence of any difference between the two CS-exposed groups suggests that all animals underwent the same degree of CS-induced toxicity.
RLX-2 Levels in the Serum
The level of RLX-2 in serum evaluated at the end of the experiment was 30 ± 4.4 pg/ml upon 1-μg daily doses. The values measured in the control and in CS-exposed animals not given RLX-2 were below the detection threshold.
Ileum
Histology and Histochemistry
H&E staining showed substantial integrity of the enteric wall in all groups of animals (Figure 1A). However, in the mucosa of the animals in the CS group, a slight inflammatory infiltrate, made up of plasma cells and eosinophilic granulocytes, was observed around the glandular fundus and in the surrounding connective tissue (Figures 1B, C). Quantitation of the plasma cells and eosinophils confirmed an increase in the CS group with respect to the control group; however, while the plasma cell counts gave a difference that did not reach statistical significance (p = 0.08; data not shown), the eosinophil counts reached significance: control group, 17.25 ± 2.7; CS group, 30.80 ± 4.1*; and CS+RLX group, 19.33 ± 3.1 (*p < 0.05). Numerous blood vessels were appreciable in the mucosa and submucosa (Figures 2A, B). Quantitative analysis of the mean blood vessel area revealed a significant reduction in animals in the CS group (208.8 ± 25.8 μm2) with respect to the controls (352.3 ± 49.9 μm2) and CS-exposed animals treated with RLX-2 (340.8 ± 33.0 μm2) (Figure 2C). Morphometric analysis of the red channel in the digital RGB images of VG staining showed a significant increase in the collagen fibers in the CS group compared with the other groups (Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Hematoxylin–eosin (H&E) and Toluidine blue (TB) staining and cell infiltrates. (A–C) Ileum. (A) Full-thickness section showing the integrity of the enteric wall. (B) Numerous eosinophil granulocytes (arrows) in the mucosa. (C) TB staining pointing out several plasma cells (arrows) in the mucosa. (D) Colon. Full-thickness section showing the integrity of the enteric wall. Bars, 100 μm (A,D) and 25 μm (B,C).
[image: Figure 2]FIGURE 2 | Hematoxylin–eosin (H&E) staining and blood vessel area changes. (A,B) Ileum. (D,E) Colon. Representative images of the submucosa and the mucosa of control (A,D) and cigarette smoke (CS)-exposed (B, E) guinea pigs showing several blood vessels containing erythrocytes (arrows). Quantitation of the blood vessel area in the ileum (C) and colon (F) demonstrated a significant decrease in CS-exposed animals. Relaxin-2 (RLX-2), chronically administered in CS-exposed animals, prevented this decrease (C,F). Bar, 25 μm (A,B,D,E). *p < 0.05.
The counts of PAS-positive goblet cells showed no differences among the experimental groups (control group, 443.0 ± 55.6; CS group, 465.0 ± 21.8; and CS+RLX, 441.1 ± 36.5) (Figures 3A–D). At variance, the number of cells stained with TB dye was significantly increased in CS-exposed animals (223.4 ± 16.8) with respect to control animals (161.5 ± 9.2) and CS-exposed animals treated with RLX-2 (104.8 ± 16.3) (Figures 3E–H).
[image: Figure 3]FIGURE 3 | Periodic acid–Schiff (PAS) reaction and Toluidine blue (TB) staining and mucin changes in the cigarette smoke (CS) group. (A–H) Ileum. Representative images of the mucosa stained with PAS (A–C) and TB (E–G). Both dyes stained the goblet cells. Quantitation of the stained cells showed no differences among the groups of animals using the PAS reaction (D), whereas a significant increase in the number of goblet cells stained with TB was detected in CS-exposed animals (H). This increase was prevented by relaxin-2 (RLX-2) treatment (H). (I–P) Colon. Representative images of the mucosa stained with PAS (I–K) and TB (M–O). Quantitation of the stained areas, with each dye showing a significant decrease in CS-exposed animals (L, P). RLX-2 did not prevent the decreases (L, P). Bar, 50 μm (A–C, E–G, I–K, M–O). *p < 0.05; ***p < 0.0001.
Immunohistochemistry
c-Kit Immunoreactivity
MCs showing c-kit immunoreactivity (IR) were detected in the mucosa of all groups of animals (Figures 4A–C). Quantitation of the number of these cells showed a significant decrease in the CS group (38 ± 4.2) compared with control animals (72.7 ± 5.7) and CS-exposed animals treated with RLX-2 (63.82 ± 3.9) (Figure 4E). Figure 4D shows a mucosal image obtained in the absence of the primary antibody.
[image: Figure 4]FIGURE 4 | c-Kit-positive mast cells decreased in the cigarette smoke (CS) group. (A–C) Ileum. c-Kit-positive cells corresponding to mast cells are present in the mucosa surrounding the glandular fundus. (E) Quantitation of the number of c-kit-positive mast cells showed a significant decrease in CS-exposed animals. (D) Negative control. This decrease was prevented by relaxin-2 (RLX-2). Bar, 25 μm (A–D). *p < 0.05.
Vasoactive Intestinal Peptide Immunoreactivity
In the submucosal plexus of the full-thickness sections, the VIP antibody labeled exclusively the neuronal cell bodies and, in some cases, the initial tract of the processes (Figures 5A–C). Quantitation of the VIP-IR neurons demonstrated a significant decrease in number in the CS group (9.9 ± 1.0) compared with the control group (15.6 ± 1.0) (Figure 5E, black and white columns, respectively). Chronic administration of RLX-2 in CS-exposed animals prevented this decrease (18.5 ± 1.4) (Figure 5E, gray column). Figure 5D is a submucosal image obtained in the absence of the primary antibody.
[image: Figure 5]FIGURE 5 | A–I Vasoactive intestinal peptide (VIP)-immunoreactive (IR) submucosal neurons in the ileum (A–D) and colon (F–I) of the cigarette smoke (CS) group and effects of relaxin-2 (RLX-2). Full-thickness sections. In both regions and in all groups of animals, labeling was detected only inside the ganglia. IR had a granular aspect and was located in the somata and in the first tracts of the processes. (E) In the ileum, the number of VIP-IR neurons was significantly decreased in CS-exposed animals, and RLX-2 administration prevented this decrease. (D,I): negative controls. (J) In the colon, the number of VIP-IR neurons was significantly decreased in CS-exposed animals, but RLX-2 did not prevent this decrease. CML, circular muscle layer; SM, submucosa; MM, muscularis mucosae; GF, glandular fundus. Bar, 25 μm (A–D; F–I). *p < 0.05; **p < 0.005.
Substance P Immunoreactivity
In the submucosal laminae, SP-IR was detected in numerous nerve fibers located along the nerve strands, in the nerve bundles (Figures 6A, C), and in the ganglia, surrounding negative neuronal bodies (data not shown). In the mucosa of full-thickness sections, the SR-IR nerve fibers followed the villus profile (Figures 6B, D). The labeling was granular, likely corresponding to the nerve varicosities (Figure 6). Quantitative analysis showed a significant increase in SP-IR nerve fibers, expressed as integrate density, in the CS group (1,626 ± 86.3) with respect to the control group (1,140 ± 152.3) both in the mucosa and submucosa (Figure 6F, black and white columns, respectively). RLX-2 was ineffective in preventing this increase in CS-exposed animals (1,524 ± 68.9) (Figure 6F, gray column). Figure 6E shows a mucosal image obtained in the absence of the primary antibody.
[image: Figure 6]FIGURE 6 | Increase in substance P (SP)-immunoreactive (IR) nerve fibers in the submucosa and the mucosa in the ileum of the cigarette smoke (CS) group and effects of relaxin-2 (RLX-2). (A, C) Laminae, submucosa. SP-IR was located in numerous nerve fibers forming nerve bundles (NB) and in the nerve strands (NS). (B–E) Full-thickness section, mucosa. Thin SP-IR nerve fibers ran along the axes of the villi (V) mostly lining the epithelium (E). (E) Negative control. (F) SP-IR nerve fibers significantly increased in the mucosa and submucosa of CS-exposed animals. This increase was insensitive to RLX-2 treatment. CML, circular muscle layer; LP, lamina propria. Bar, 50 μm (A–E). *p < 0.05.
Colon
Histology and Histochemistry
H&E staining showed substantial integrity of the colonic wall in all groups of animals, and no relevant signs of inflammation were visible (Figure 1D). As reported in the ileum, quantitative analysis of the mean vessel area in the colonic mucosa and submucosa showed a significant reduction in the CS group (191.6 ± 20.0 μm2) compared with the control group (325.4 ± 39.0 μm2) (Figures 2D–F), and RLX-2 prevented this reduction (335.5 ± 40.9 μm2) (Figure 2F). Morphometric analysis of the red channel in the digital RGB images of VG staining showed no differences among the groups (Supplementary Figure S1).
Quantitation of the PAS-positive (Figures 3I–K) and TB-stained (Figures 3M–O) areas showed a significant decrease in the CS group (4,689 ± 154.8 and 6,371 ± 213.4 μm2) compared with the control group (6,347 ± 441.7 and 8,817 ± 548.9 μm2) and the CS+RLX group (5,003 ± 209.4 and 6,635 ± 280.1 μm2) (Figures 3L, P).
Immunohistochemistry
The counts of MCs with c-kit IR showed a significant decrease in the mucosa of the CS group compared with the control group; this reduction was prevented by RLX-2 treatment (control group, 60 ± 4; CS group, 27 ± 3.4; and CS+RLX group, 44.4 ± 6.4).
VIP-IR was detected in the neuronal bodies of the submucosal ganglia only (Figures 5F–H), where it showed a granular pattern. Quantitation of the number of VIP-IR neurons showed a significant decrease in the CS group (12.6 ± 1.2) compared with the control group (19.9 ± 2.1) (Figure 5J, black and white columns, respectively). RLX-2 was ineffective in preventing this reduction (13.1 ± 1.6) (Figure 5J, gray column). Figure 5I is a submucosal image obtained in the absence of the primary antibody.
SP-IR was identified in the nerve fibers of the submucosa and mucosa and has a punctate distribution. In the submucosal laminae, SP-IR was detected in the nerve fibers located along the nerve strands and nerve bundles (Figures 7A, B) and in the ganglia, surrounding negative neuronal bodies (data not shown). In the mucosa, SP-IR nerve fibers were few, scattered and located close to the epithelium (data not shown). Quantitation of SP-positive nerve fibers, expressed as integrate density, showed a significant decrease in the CS group (3,342 ± 274.7) with respect to the control group (5,285 ± 310.3), both in the mucosa and submucosa (Figure 7C, black and white columns, respectively). RLX-2 was ineffective in preventing this decrease (3,716 ± 298.1) (Figure 7C, gray column).
[image: Figure 7]FIGURE 7 | Decrease in substance P (SP)-immunoreactive (IR) nerve fibers in the submucosa in the colon of the cigarette smoke (CS) group and effects of relaxin-2 (RLX-2). (A,B) Laminae, submucosa. SP-IR was located in numerous nerve fibers that formed nerve bundles (NB) and in the nerve strands (NS). (C) The SP-IR nerve fibers significantly increased in CS-exposed animals. This increase was insensitive to RLX-2 treatment. Bar, 50 μm (A,B). **p < 0.005.
DISCUSSION
The present study demonstrated that chronic exposure to CS impacts on many of the investigated parameters, both in the ileum and in the colon. As a novelty, this study showed that chronic RLX-2 treatment prevented most CS-induced changes in the ileum, while it was less effective in the colon.
Mild inflammatory infiltrates, consisting mainly of acidophilic granulocytes and plasma cells, moderate degree of fibrosis, an increase in acidic muciparous goblet cells, vasoconstriction, a decrease in c-kit-positive MCs, VIP-positive neurons, and an increase in SP-positive fibers, were all detected in the ileum of CS-exposed guinea pigs. RLX-2, at a dose of 1 μg, was capable of preventing all these changes, except for the increase in SP-IR.
In the colon, CS induced vasoconstriction and significant reductions in mucin content, c-kit-positive MCs, SP-positive nerve fibers, and VIP-positive neurons. Unlike that in the ileum, in the colon, 1 μg RLX-2 only prevented vasoconstriction and reduction in MCs.
CS is the main cause of several pathologies (Rigotti and Clair, 2013; Schwartz and Cote, 2016; Aseervatham et al., 2017), and numerous molecules present in cigarettes or generated by their combustion produce cell damage through different mechanisms. Over the past decade, evidence of a close relationship between CS and IBDs has accumulated, prompting us to investigate the mechanisms of action of smoking by means of animal models. Due to the wide variety of these models and their results, we limited the discussion to those studies performed with models comparable to ours.
In general, animals chronically exposed to CS exhibited a more intense inflammatory reaction in the small intestine than in the large intestine (Verschuere et al., 2011; Wang et al., 2012; Zuo et al., 2014; Allais et al., 2016; Allais et al., 2017; Liu et al., 2020). Accordingly, we observed cell infiltrates and low-grade fibrosis in the ileum, but not in the colon. In both regions, however, we found a decrease in c-kit-positive MCs compared with the control specimens and a significant reduction in the blood vessel diameter. A reduced number of c-kit-positive MCs has been reported in bowel inflammatory disease and interpreted as a self-defense mechanism (internalization of the c-kit receptor) in the presence of noxious stimuli (Farhadi et al., 2007). Therefore, in our experimental conditions, the reduced expression of the surface c-kit receptor in MCs might have been dependent on the irritative activity of CS. We might wonder whether a decreased expression of c-kit labeling also corresponds to loss of MCs.
Based on the observations that, in the guinea pig lung, CS caused MC degranulation (Pini et al., 2016a) with an increase in vascular resistance and permeability (Sun et al., 2021), we interpreted the reduced number of c-kit-positive MCs as the consequence of cell degranulation rather than an actual loss. In favor of this possibility are the presence of vasoconstriction and the effects of RLX-2. In fact, in the guinea pigs exposed to CS and treated with RLX-2, the number of c-kit-positive MCs and the caliber of the blood vessels were comparable to those of the control group, indicating that the two phenomena are related and likely dependent on the ability of RLX-2 to inhibit ileal MC degranulation. Indeed, several reports in tissues and organs (Masini et al., 1994; Masini et al., 1995; Nistri et al., 2008; Pini et al., 2016a) have proven that RLX-2 prevents the degranulation of MCs. Finally, the maintenance of the number of MCs in RLX-2-treated CS-exposed guinea pigs supported the above-mentioned interpretation.
Chronic exposure to CS also caused changes in mucosal secretion. The capacity of CS to alter mucin production was reported in human lungs affected by chronic obstructive pulmonary disease (COPD) (Di et al., 2012; Kim, 2012) and in guinea pig airways (Pini et al., 2016b). The important role of mucins in maintaining intestinal homeostasis has been amply described (Snyder and Walker, 1987; Rhodes, 1997; Liu et al., 2020). Changes in the composition or quantity of mucins are common in inflammatory and neoplastic gut diseases (Rhodes, 1997; Shirazi et al., 2000; Al-Khayal et al., 2016; Allais et al., 2016), as well as in conditions of dysbiosis (alteration of the microbiota). Very few data are available on the effects of CS on mucin production in the gut. In mice exposed for 24 weeks to CS, Allais et al. (2016) showed an increase in the expression of mRNA encoding for secretory MUC2 and cell surface MUC3 in the ileum, as well as for cell surface MUC4 in the distal colon, without changes in the quantity and quality of goblet cells. At variance with these findings, we observed a significant shift toward an acidification of mucins in the ileum and a significant decrease in mucin content in the colon. The discrepancies between the results of Allais and coworkers and our results are likely related to differences in the time of CS exposition and the animal species used. However, the diverse patterns of mucin secretion following CS exposure in the two intestinal regions were in agreement with literature data (Allais et al., 2016; Allais et al., 2017). Presently, the shift toward more sulfated mucins in the ileum was interpretable as an attempt at defense against CS-mediated mucosal aggression. In fact, sulfation increased the anionic charge of mucus, making the carbohydrate side chains more resistant to bacterial enzymes and boosting the resistance of the epithelium to microbial invasion (Rhodes, 1997). In the colon, instead, the decrease in mucin content might have been dependent on the CS-induced dysbiosis. In fact, Allais et al. (2016; 2017), in the colon of mice chronically exposed to CS, reported the presence of dysbiosis characterized by an impairment in mucin-producing bacteria. Accordingly, in mice exposed for 10 weeks to CS, Zuo et al. (2014) reported the presence of inflammation in the ileum, but not in the colon, and attributed these different CS effects to the intrinsic properties of the two enteric regions; among these properties, the richness and variety in colonic microbiota might have played a main role (Zuo et al., 2014). Interestingly, a different sensitivity to CS was also reported in humans for recurrent IBD, i.e., CD and ulcerative colitis (UC). In fact, CS exacerbated the clinical course of CD, whereas ex-smokers affected by UC showed an increased frequency of disease relapse or worsening (Ananthakrishnan, 2013; Ananthakrishnan, 2015; Allais et al., 2017).
RLX-2 administration to CS-exposed animals prevented the changes in mucin quality in the ileum, but had no effect in the colon. These results might be due to the different origins of mucin alterations in the two regions. In the ileum, where the mucin changes likely have an inflammatory origin, RLX-2 was effective because of its anti-inflammatory properties (Nistri et al., 2003; Nistri et al., 2008; Ng et al., 2019). Conversely, in the colon, where the decrease in mucin content was chiefly of bacterial origin (Allais et al., 2016), RLX-2 had no effect.
In the current study, we investigated, for the first time, the distribution of SP and VIP immunoreactivity in the ileum and colon of animals chronically exposed to CS. SP and VIP are the two main mediators for the local regulation of sensation, secretion, vasomotor, and neuro-inflammation. In a pathophysiological context, SP and VIP are considered as natural pro- and anti-inflammatory neuropeptides, respectively (Margolis and Gershon, 2009; Pelayo et al., 2014; Allais et al., 2017; El-Salhy et al., 2017; Patel et al., 2020). In the guinea pig ileum and colon, SP nerve fibers are mainly concentrated in the mucosa and submucosa (Portbury et al., 1996; Lomax et al., 1998; Harrington et al., 2005), while VIP-positive neurons are more numerous in the myenteric than in the submucosal plexus; in both plexuses, the majority of VIP-positive neurons also express neuronal nitric oxide synthase (nNOS) (Chino et al., 2002).
To date, the possibility that CS could affect intestinal neuropeptides has only been investigated in patients suffering from IBD or in IBD animal models. In CD and UD, a significant increase of SP expression in the mucosa and submucosa was described to be positively correlated with the degree of inflammation (Weinstock, 2015; Allais et al., 2017; Allais et al., 2020; Patel et al., 2020). However, divergent findings have also been reported (Margolis and Gershon, 2009). Studies on VIP expression in patients with IBD have produced even more conflicting results (Margolis and Gershon, 2009; El-Salhy et al., 2017). These apparently contradictory data conceivably are due to several reasons, i.e., the use of small, limited endoscopic specimens; the regions investigated, mainly the rectum and final tract of the distal colon; the concurrent drug therapy; and the stage of the disease (Margolis and Gershon, 2009; El-Salhy et al., 2017). On the contrary, the more standardized studies on IBD-like animal models have shown a constant increase in SP and a decrease in VIP expression during the active phases of the diseases (O’Connor et al., 2004; Gonzalez-Rey et al., 2006; Margolis and Gershon, 2009; El-Salhy et al., 2017). Taken together, these reports highlighted the close relationship between abnormalities in the neuronal expression of VIP and SP and mucosal dysfunction in the presence of chronic inflammation.
Under the present experimental conditions, CS significantly influenced the expressions of both neuropeptides with important differences between the ileum and colon. In the ileum, similarly to those reported in animal models of chronic inflammation, CS decreased VIP and increased SP expression. The SP increase might depend on the ability of CS to activate the extrinsic capsaicin-sensitive sensory neurons (Price and Flores, 2007; Allais et al., 2017), which, as reported (Allais et al., 2017; Allais et al., 2020), synthesized and released SP. This neuropeptide binds with high affinity to the NK1 receptor, which, in the ileal guinea pig mucosa, is expressed by secretomotor cholinergic neurons (Lomax et al., 1998) and by several immune cells (Margolis and Gershon, 2009; El-Salhy et al., 2017; Patel et al., 2020). An increased activation of these targets mediated by SP might generate/potentiate a local inflammatory reaction. The decrease of VIP neurons observed in our experiments is in agreement with literature data on IBD, although the involved mechanism remains undefined (O’Connor et al., 2004; Gonzalez-Rey et al., 2006; Margolis and Gershon, 2009; El-Salhy et al., 2017). The finding that RLX-2 treatment prevented the VIP decrease, but not the SP increase, suggests that the modifications of the two neuropeptides followed two parallel but distinct pathways. RLX has shown tissue protection, reducing the inflammatory infiltrates and tissue oxidative stress and regulating the endogenous production of nitric oxide through modulation of the different NO synthases (Masini et al., 1994; Masini et al., 1995; Nistri et al., 2008; Baccari et al., 2012; Pini et al., 2016a; Pini et al., 2016b; Bani, 2020). In the guinea pig submucosal ganglia, the vast majority of the VIP-IR neurons co-expressed nNOS, and at variance with the myenteric ones, none of them expressed tachykinin receptors (Portbury et al., 1996; Lomax et al., 1998; Harrington et al., 2005; Pelayo et al., 2014). This latter finding excludes that the SP increase might directly interact with the VIP/nNOS-IR neurons. On the contrary, the activation of MCs, as suggested by the present findings, and the recruitment of inflammatory cells able to produce NO at high concentrations (Eliakim et al., 2001; Verschuere et al., 2011; Wang et al., 2012; Zuo et al., 2014; Allais et al., 2016; Allais et al., 2017; Liu et al., 2020) might interfere with the activity of the VIP/nNOS-IR neurons (Colasanti and Suzuki, 2000; Traini et al., 2021). In this scenario, RLX-2, by preventing the activation of MCs and inhibiting the recruitment of inflammatory cells, would ensure the normal activity of VIP/nNOS-IR neurons, which in turn may potentiate the anti-inflammatory effects of RLX-2 (Margolis and Gershon, 2009; Pelayo et al., 2014:; El-Salhy et al., 2017; Allais et al., 2017; Patel et al., 2020).
In the colon of CS-exposed guinea pigs, the expressions of SP and VIP were significantly decreased. These results are quite surprising, unless framed in the general behavior of the colon in the presence of CS. As reported, Allais et al. (2016, 2017) found significant changes, in both quantity and quality, of the colonic microbiome upon CS exposition, and they attributed this effect to the far higher bacterial load in the colon compared with that in the ileum. Among these microbiota changes, the authors also reported an increased activity of Lachnospiraceae sp., which are butyrate producers. Because of the anti-inflammatory properties of butyrate, an increase in its production might explain the scarce inflammatory reaction commonly observed in the colon compared with the ileum (Verschuere et al., 2012a; Verschuere et al., 2012b; Allais et al., 2016; Allais et al., 2017). Based on their own data and those from the literature, the authors concluded that the responses of the microbiota to CS are double-faced: if the loss of some species might compromise mucin production, thus lowering the mucosal barrier defense, the increase of butyrate-producing species hampers local inflammation and potentiates the epithelial barrier (Wang et al., 2012; Allais et al., 2016; Allais et al., 2017).
In summary, taking our data and those from the literature together, it might be hypothesized that the lower sensibility and the limited damage caused by CS in the colon depended on a downward readjustment of the organ functions and that the microbiota played a key role in this readjustment. Intriguing and significant are the data from the CS-exposed animals treated with RLX-2. Indeed, this hormone showed the ability to counteract almost all the changes caused by CS in the ileum, as well as the activation of MCs and the vasoconstriction in the colon. These newly identified properties of RLX-2 (available as a pharmaceutical form under the name serelaxin) extended its panel of protective effects on the intestine exposed to irritative noxae and suggested that it could be tested as a potential new anti-inflammatory therapeutic to counteract the gut damage in smokers and in those affected by IBD.
The present research, using mainly morphological techniques, has allowed demonstrating the presence of significant and never before reported findings, such as the involvement of submucosal neurotransmission following exposure to CS and the human hormone RLX-2, administered at physiological doses, protecting the intestinal mucosa from CS damage. It will be useful to complete the study by extending the investigation to the muscle wall and myenteric neurons. Indeed, although changes in gut motility are present in smokers and, mostly, in people affected by IBDs, this topic is very little investigated. In this regard, an interesting experimental paper has been recently published (Balasuriya et al., 2020). In perspective, we could apply our methodology to investigate whether RLX-2 is able to prevent the increase in cell infiltrates consisting of eosinophils and the decrease in SP and VIP expressions reported in the colon of animal models (Traini et al., 2017; Traini et al., 2021) that mimic the most common intestinal morpho-functional disease, irritable bowel syndrome.
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Background: Hydrogen sulfide (H2S) is a new type of gas neurotransmitter discovered in recent years. It plays an important role in various physiological activities. The hypothalamus paraventricular nucleus (PVN) is an important nucleus that regulates gastric function. This study aimed to clarify the role of H2S in the paraventricular nucleus of the hypothalamus on the gastric function of rats.
Methods: An immunofluorescence histochemistry double-labelling technique was used to determine whether cystathionine-beta-synthase (CBS) and c-Fos neurons are involved in PVN stress. Through microinjection of different concentrations of NaHS, physiological saline (PS), D-2-Amino-5-phosphonovaleric acid (D-AP5), and pyrrolidine dithiocarbamate (PDTC), we observed gastric motility and gastric acid secretion.
Results: c-Fos and CBS co-expressed the most positive neurons after 1 h of restraint and immersion, followed by 3 h, and the least was at 0 h. After injection of different concentrations of NaHS into the PVN, gastric motility and gastric acid secretion in rats were significantly inhibited and promoted, respectively (p < 0.01); however, injection of normal saline, D-AP5, and PDTC did not cause any significant change (p > 0.05). The suppressive effect of NaHS on gastrointestinal motility and the promotional effect of NaHS on gastric acid secretion could be prevented by D-AP5, a specific N-methyl-D-aspartic acid (NMDA) receptor antagonist, and PDTC, an NF-κB inhibitor.
Conclusion: There are neurons co-expressing CBS and c-Fos in the PVN, and the injection of NaHS into the PVN can inhibit gastric motility and promote gastric acid secretion in rats. This effect may be mediated by NMDA receptors and the NF-κB signalling pathway.
Keywords: hypothalamic paraventricular nucleus (PVN), hydrogen sulfide, CBS (cystathionine β-lyase), gastric acid secretion, gastric motility
1 INTRODUCTION
Hydrogen sulfide (H2S) is a colourless and harmful gas that has the smell of rotten egg. Several studies on H2S have been performed in the past Beauchamp et al. (1984), owing to its toxicity. Studies have shown that endogenous H2S concentration in the brain is relatively high (50–160 μM) Cheung et al. (2007), indicating that it may have physiological effects. Being the third gaseous signal molecule discovered after NO and CO Łowicka and Bełowski (2007) and since the first report of the physiological role of endogenous H2S in mammals, literature on its various biological effects has increased Szabó (2007). Recent studies have revealed that hydrogen sulfide plays an important physiological role in digestive, nervous, and circulatory systems Urszula et al. (2020); Salvatore et al. (2020).
Endogenous H2S is mainly synthesised in three ways: first is the catalysed synthesis by cystathionine-beta-synthase (CBS) Kabil et al. (2011); second is the catalysed synthesis by cystathionine-gamma-lyase (CSE) Singh et al. (2009); Whiteman et al. (2009); and third is the catalysed synthesis by 3-mercaptopyruvate sulfurtransferase (3-MPST) Nagahara et al. (1998); Shibuya et al. (2009), which catalyses L-cysteine synthesis of H2S. Studies have shown that when CBS inhibitors are injected, CBS levels in the central nervous system decrease Abe and Kimura (1996). CSE is mainly found in the intestines, viscera, muscle epithelial cells, and blood vessels. Since CSE is not found in the brain, the main source of endogenous H2S in the central nervous system is the CBS Jimenez (2010).
The hypothalamus is an important part of the diencephalon, which plays an important role in the regulation of food intake, water balance, body temperature, mood, and neuroendocrine Bolborea et al. (2021). Hypothalamic paraventricular nucleus (PVN) is an important neuroendocrine nucleus, and stress response is largely controlled by PVN. PVN plays an important role in coping with digestive diseases and chronic stress Herman et al. (2008). Micromolar amounts of gastrin-17 injected into the PVN of rats can increase the secretion of gastric acid Ohtake and Sakaguchi (1990), and microinjection of thyroid stimulating hormone in the PVN can promote gastric motility and exert its effect through the vagus nerve pathway Morrow et al. (1994). Studies have shown that H2S can regulate the release of hypothalamic corticotropin-releasing hormone through the hypothalamus-pituitary-adrenal axis Dello Russo et al. (2000) and plays an important role in regulating gastric function.
N-methyl-D-aspartate receptor (NMDAR) is an ionotropic glutamate receptor. H2S and NMDA receptors play a role in reducing the generation of disulfide bonds so that sulfur binds to the sulfhydryl groups of NMDA receptors Aizenman et al. (1989); Greiner et al. (2013). Exogenous injection of glutamate can promote the synthesis of hydrogen sulfide by CBS through the NMDA receptor. NMDA receptor also plays an important role in the neural circuit. In previous experiments, we injected sodium L-glutamate into the suspicious nucleus and dorsal vagus nucleus of rats and found that it inhibited gastric motility and promoted gastric acid secretion in rats. In addition, injection of NaHS also inhibited gastric motility and promoted gastric acid secretion in rats, indicating that it may exert the same effect and may act by stimulating NMDA receptors Sun et al. (2014, 2012). It has been reported for neurons that H2S can enhance the activity of NMDA receptors activated by glutamate and promote long-term hippocampal enhancement mediated by NMDA receptors. In addition, H2S may cascade regulate NMDA receptors through adenylate cyclase (AC) and develop a dose-dependent trend at an appropriate physiological concentration (10–130 μM) Moshal et al. (2008), indicating that NaHS may regulate gastric function through NMDA receptors.
Nuclear factor kappa-B (NF-κB) is a nuclear transcription factor that controls many inflammation-related genes. Studies have shown that hydrogen sulfide in glial cells is mainly produced by CBS. Inflammatory activation of astrocytes and microglia reduces the expression of CBS, resulting in a reduction in H2S production Lee et al. (2009). Injection of NaHS into the lateral ventricle and injection of the NF-κB blocker D-AP5 can reduce neuroinflammation, cognitive impairment, and neuronal damage in rats Gong et al. (2010). By inhibiting the NF-κB signalling pathway, it exerts anti-inflammatory and antioxidant effects to protect gastric mucosa, increase gastric mucosal blood flow Guo et al. (2014), and regulate the expression of cytokines to reduce gastrointestinal inflammation Chen and Liu (2016); Magierowski et al. (2016). Studies have shown that H2S may downregulate the NF-κB pathway by reducing the hydrolysis of the disulfide bond of the p65 protein, and the nuclear translocation of p65 protein and NF-κB can cause inflammation Sen et al. (2012), indicating that NaHS may regulate gastric function via NF-κB. This study aimed to clarify the role of exogenous H2S in the PVN on gastric function and whether it is regulated by the NMDA receptor and the NF-κB pathway.
2 MATERIALS AND METHODS
2.1 Subjects
Male Wistar rats (body weight 270–290 g) were supplied by the Experimental Animal Centre of Shandong University. The rats were raised in an indoor cage with natural rhythm light, 12 h of light every day, and 12 h of darkness. The room temperature was maintained at approximately 25°C, and they were free to eat and drink. After 1 week of rearing to adapt to the environment, the experiment started. Twenty-four hours before the experiment, the rats were starved of feed and water overnight, and other environmental factors remained unchanged. Before the experiment, intraperitoneal injection of 4% chloral hydrate (100 mg/kg body weight) was used for anaesthetisation, and when the whole body muscles were relaxed, the corneal reflex dull, and the breathing slow and uniform, the experiment was conducted. This experiment was approved by the Experimental Animal Ethics Committee of Qilu Normal University, and all experimental protocols were carried out in accordance with the guidelines of the International Pain Research Association, and all procedures were performed according to the guidelines of the International Association for the Study of Pain Zimmermann (1986).
2.2 Chemicals
NaHS (2, 4, and 8 nmol), PDTC (2 nmol), D-AP5 (2 nmol), and pontamine sky blue were all purchased from Sigma-Aldrich (St. Louis, MO, United States). NaHS was dissolved in 0.9% normal saline, while the other chemicals were dissolved in dimethyl sulfoxide. Goat serum, anti-CBS rabbit pAb, FITC-conjugated goat anti-rabbit IgG, Cy3 conjugated Goat anti-mouse IgG, and anti-c-Fos mouse pAb were purchased from Servicebio.
2.3 CBS and c-Fos Immunohistochemical Fluorescence Double Labelling
The experimental rat was placed in an ether anaesthetised glass bottle, after which, the rat was dizzy and quickly removed from the bottle. A thick rope was used to tie the limbs and teeth of the rat on a homemade wooden board. We choose the restraint water immersion stress RWIS model to activate glial cells Murison and Overmier (1993); Landeira-Fernandez (2004); Glavin et al. (1994); Pare and Glavin (1986). After the rats were awake, they were immersed in a bucket of cold water (21 ± 1°C) prepared in advance, because the xiphoid process of the sternum was required to be flush with the level of cold water. The same time point for each replicate of the experiment was chosen to reduce experimental error. The rats were randomly divided into three groups (n = 6) according to different time periods (RWIS 0, 1, 3 h), using 500 ml of 0.01 mol/L phosphate-buffered saline (PBS) and 4% 0.1 mol/L paraformaldehyde (PFA), which were injected into two glass bottles. The RWIS rat was removed and 4% chloral hydrate (100 mg/kg body weight) was injected into the intraperitoneal cavity, and cardiac perfusion was performed. First, the needle of the infusion set was inserted into the aorta from the left ventricle, and then the rat right atrial appendage was cut. The glass bottle containing PBS was immediately opened to wash off the blood in the rat body. After the perfusion was completed, the glass bottle containing PFA was opened. After completion, the rat brain was removed, placed in a container containing PFA solution for fixation, and stored at 4°C for 12 h. Thereafter, the fixed mouse brain was transferred to a 0.1 mol/L 30% sucrose solution for dehydration, and then the hypothalamic area was cut into 30 μm thick coronal sections with a cryostat and stored in 0.01 mol/L PBS.
Multi-well plate was taken and 500 μL PBS was added to each well in advance to wash away the embedding agent and other impurities remaining on the brain slice. Then, the prepared 3% H2O2 methanol solution was added for 30 min to block endogenous peroxidase activity. Subsequently, the prepared goat serum blocking solution was added for 1 h to increase the permeability of the cell membrane. Next, 500 μL was added to each of the prepared primary antibody working solution (prepared in blocking solution, mouse anti-c-fos with a dilution ratio of 1:750, rabbit anti-CBS with a dilution ratio of 1:500) and incubated overnight (12 h) at 4°C. Thereafter, they were washed with PBST three times the next day for 15 min each time. Finally, 500 μL of the prepared fluorescent secondary antibody working solution was added and reacted for 1 h, followed by washing with PBST three times for 10 min each time to wash off the remaining fluorescent secondary antibody and protect them from light throughout the experiment. The slides were treated with chromium vanadium-gelatin in advance, and the brain slices were attached to the slides and air-dried naturally. Anti-fluorescence quencher was dropped onto a glass slide, covered with a cover glass, and air bubbles were drained in the glass slide. Finally, the sealed fluorescent glass slide was placed under an Olympus Fluorescence confocal microscopy to observe and compare the brain atlas to determine the position of the hypothalamic paraventricular nucleus, observe the CBS and c-Fos-positive neurons number, and take pictures. The expression of c-FOS and CBS in the PVN was counted using Image pro-Plus 6.0 software (Number/0.01 mm2).
2.4 Studies on the Physiological Functions of NaHS
2.4.1 Experiment Grouping
A series of experiments were performed to confirm the effects of H2S on gastrointestinal motility regulation and mechanisms in the PVN. 1) Microinjection of NaHS (0.1 μL, 2 nmol) (n = 6) into the PVN on gastric motility; 2) Microinjection of NaHS (0.1 μL, 4 nmol) (n = 6) into the PVN on gastric motility; 3) Microinjection of NaHS (0.1 μL, 8 nmol) (n = 6) into the PVN on gastric motility; 4) Microinjection of physiological saline (0.1 μL) (n = 6) into the PVN on gastric motility as control group; 5) Microinjection of NaHS (0.1 μL, 2 nmol) + PDTC (0.1 μL, 2 nmol) (n = 6) into the PVN on gastric motility; 6) Microinjection of NaHS (0.1 μL, 2 nmol) + D-AP5 (0.1 μL, 2 nmol) (n = 6) into the PVN on gastric motility; 7) Microinjection of NaHS (0.1 μL, 2 nmol) (n = 6) into the PVN on gastric acid secretion; 8) Microinjection of NaHS (0.1 μL, 4 nmol) (n = 6) into the PVN on gastric acid secretion; 9) Microinjection of NaHS (0.1 μL, 8 nmol) (n = 6) into the PVN on gastric acid secretion; (10) Microinjection of physiological saline (0.1 μL) (n = 6) into the PVN on gastric acid secretion; 11) Microinjection of NaHS (0.1 μL, 2 nmol)+PDTC (0.1 μL, 2 nmol) (n = 6), influence on gastric acid secretion; 12) Microinjection of NaHS (0.1 μL, 2 nmol)+D-AP5 (0.1 μL, 2 nmol) (n = 6), influence on gastric acid secretion.
2.4.2 Microinjection
The head of the rat was fixed on a stereotaxic device (Stoelting 68 ,002, Shenzhen Ruiwode Company, China). According to the provisions of the stereotactic map of the rat brain Buttner-Ennever (1997), two inner ear holes and the incisors of the animal were used for fixation. The height of the dental tray was adjusted at the same time; the height was 3.3 ± 0.4 mm lower than the two ear rods; the bregma and the fontanelle was kept at the same level; and we ensured that error did not exceed 0.3 mm.
The tissue of the head of the rat was removed and the skull was exposed to determine the position of the bregma and posterior bregma, using the three-dimensional coordinates of the bregma as the zero point, according to the PVN centre point in the map (Bregma 1.7 mm backward along the midline, 0.2 mm on both sides, 8.4 mm deep) and rill a small hole with a diameter of about 2 mm into the skull using an electric skull drill. A tip of about 30 μm glass microelectrode was inserted into the brain according to the coordinates. During the experiment, a heating lamp was used to maintain the body temperature of the rats at 37°C.
2.4.3 Recording Gastric Motility
The abdomen of the rat was turned up, a small bite was cut at the fundus of the stomach, and a 5 mm diameter balloon filled with warm water was inserted into the pylorus of the gastric antrum. The airbag was connected to a pressure transducer and BL-420 (Biological Function Experimental System; Chengdu Taimeng Company, China) and record gastric motility.
2.4.4 Collecting Gastric Acid
The oesophageal perfusion method was used to collect the gastric juice. An intubation tube (inner diameter of 2.5 mm) was inserted into the trachea to keep breathing smooth, and then a polyethylene tube (inner diameter of 2 mm) was used for oesophageal intubation with perfuse warm (37°C) normal saline at 2.0 ml/min. In the stomach of the rat, a small opening was made via cut at the junction of the pylorus and duodenum, where there were few blood vessels. Thereafter, a polyethylene tube (inner diameter 3 mm) was inserted into the stomach from the opening, and a dry Petri dish was used to receive gastric juice. The pH value of the gastric juice was compared for three consecutive 10 min before the microinjection to evaluate the changes in gastric acid secretion. The amount of titratable H+ was determined by back titration to pH 7.0 using 0.01 N NaOH.
2.4.5 Histological Identification of the Microinjection Site
At the end of each group of the experiments, 2% pontamine sky blue (0.1 μL) was microinjected into the same part of the brain. The rats were then sacrificed by intravenous injection of sodium pentobarbital (80 mg/kg). Subsequently, the blue spot was cut into 16 μm-thick coronal sections with a cryostat and stained with neutral red to confirm that the injection site was located in the PVN (Figure 1). A microscope (Nikon Optiphot, Nikon, Shanghai, China) and a digital camera (Magnafire; Optronics, Goleta, CA, United States) were connected to a computer to take pictures and observe.
[image: Figure 1]FIGURE 1 | Histological identification of microinjection, the location of the PVN in the brain. (A) A brain section stained with neutral red. The blue dot represents injection into the PVN. (B) The position of the PVN in the brain atlas.
2.4.6 Statistical Analysis
Statistics were taken before and after 5 min of microinjection of the average amplitude and average duration of gastric contraction waves. Average gastric motility index (AGMI) is the product of the average amplitude and duration. To determine the changes in gastric motility before and after injection, the inhibition rate was calculated as follows: Inhibition rate (%) = (pre-injection value - post-injection value) × 100%/pre-injection value.
SPSS v25.0 (IBM SPSS Inc, Chicago, Illinois, United States) was used to analyse the results. Student’s t-test or one-way ANOVA was used, followed by the Student-Newman-Keuls test for post-hoc testing. All data are presented as the mean ± standard error. Statistical significance was set at p < 0.05.
3 RESULTS
3.1 CBS and c-Fos Expression in the PVN
In this experiment, immunohistochemical fluorescence double labelling revealed co-expressions of CBS and c-Fos in the PVN (n = 6, Figure 2) at 1 and 3 h compared with those of the control group at 0 h, and the expression of c-Fos protein in the PVN showed an increasing trend and different amplitude changes (Table 1).
[image: Figure 2]FIGURE 2 | The expression of CBS (green) and c-Fos (red) neurons at different time periods of RWIS. (A) The expression of CBS and c-Fos at 0 h of RWIS. (B) Enlarged picture of PVN of RWIS for 0 h. (C) Expression of CBS and c-Fos for 1 h of RWIS. (D) Enlarged picture of PVN of RWIS for 1 h. (E) Expression of CBS and c-Fos of restrained immersion for 3 h. (F) Enlarged picture of PVN of RWIS for 3 h.
TABLE 1 | Number of neurons co-expressed by CBS and c-Fos in the PVN (Number/0.01 mm2, n = 6).
[image: Table 1]3.2 Effects of NaHS on Gastric Motility
Microinjection of NaHS (2 nmol, 4 nmol, and 8 nmol, 0.1 μL, n = 6) into the rat PVN significantly inhibited gastric motility in rats (Figures 3A–C). Microinjection under the same conditions of physiological saline (0.1 μL, n = 6) had no effect on gastric motility in rats (Figure 3D).
[image: Figure 3]FIGURE 3 | The effect of microinjection of drugs in the PVN on gastric motility in rats. (A) The curve of rat gastric movement recorded under the dose of PVN microinjection of 2 nmol NaHS. (B) The curve of rat gastric movement recorded under the dose of PVN microinjection of 4 nmol NaHS. (C) The curve of rat gastric movement recorded under microinjection of 8 nmol NaHS. (D) The curve of rat gastric movement recorded under PVN microinjection of physiological saline.
We also measured, analysed, and compared the data before microinjection and 5 min after microinjection. At the dose of 2 nmol NaHS for PVN microinjection, the average amplitude of contraction waves (AACW) decreased from 42.95 ± 1.14 mm 5 min−1 to 22.23 ± 1.23 mm 5 min−1 (p < 0.01); the average duration of contraction wave (ADCW) decreased from 19.62 ± 0.38 s 5 min−1 to 13.74 ± 0.61 s 5 min−1 (p < 0.01); and the AGMI decreased from 842.51 ± 27.21 to 307.97 ± 29.39 (p < 0.01). At the dose of 4 nmol NaHS for PVN microinjection, the AACW decreased from 50.42 ± 1.07 mm 5 min-1 to 32.78 ± 1.17 mm 5 min−1 (p < 0.01); the ADCW decreased from 22.93 ± 0.63 s 5 min−1 to 17.84 ± 0.59 s 5 min−1 (p < 0.01); and the AGMI decreased from 1,154.85 ± 33.09 to 587.36 ± 37.41(p < 0.01). At the dose of 8 nmol NaHS for PVN microinjection, the AACW decreased from 36.60 ± 0.71 mm 5 min−1 to 29.21 ± 0.83 mm 5 min−1 (p < 0.01); and the ADCW decreased from 23.88 ± 0.52 s 5 min−1 to 19.92 ± 0.68 s 5 min−1 (p < 0.01); and the AGMI decreased from 874.55 ± 29.31 to 582.25 ± 27.65 (p < 0.01) (Figures 4A–C).
[image: Figure 4]FIGURE 4 | Gastric motility data before and after microinjection of NaHS (2, 4, and 8 nmol) or saline (PS) into the PVN. (A) AACW, average amplitude contraction wave. (B) ADCW, average duration contraction wave. (C) Average gastric motility index. (D) Inhibition rate of AACW, ADCW, and average gastric motility index. **p < 0.01, after injection compared with before microinjection.
As displayed in Figure 4D, we compared the inhibitory rates of AACW in the 2, 4, and 8 nmol NaHS groups to 48.17%, 35.00%, and 20.33%, respectively. The inhibition rates of the ADCW in the 2, 4, and 8 nmol NaHS groups were 29.83%, 21.67%, and 16.33%, respectively. The inhibition rates of AGMI in the 2, 4, and 8 nmol NaHS groups were 63.17%, 49.17%, and 33.00%, respectively. We found that the inhibition rate of AACW, ADCW, and AGMI of the 8 nmol NaHS group was lower than that of the 4 nmol NaHS group and that of the 2 nmol NaHS group. The results show that the injection of NaHS into the PVN may decrease the inhibitory effect on gastric motility as the dose increases.
3.3 PDTC Eliminates the Inhibitory Effect of NaHS on Gastric Motility
Microinjection of PDTC and NaHS in the PVN eliminated the inhibitory effect of NaHS on gastric motility (Figure 5A, n = 6). As shown in Figures 5B–D, the AACW after the injection of PDTC and NaHS changed from 45.49 ± 0.71 mm 5 min−1 to 45.50 ± 0.86 mm 5 min−1 (p > 0.05). The ADCW changed from 21.29 ± 0.30 s 5 min−1 to 21.59 ± 0.61 s 5 min−1 (p > 0.05), and the AGMI changed from 967.92 ± 12.07 to 982.02 ± 32.96 (p > 0.05). These results indicate that NaHS can regulate gastric motility through the NF-κB signalling pathway.
[image: Figure 5]FIGURE 5 | The effect of microinjection of 2 nmol NaHS and 2 nmol NaHS + PDTC into the PVN on gastric motility in rats. (A) Curve of gastric motility recorded in rats with 2 nmol NaHS + PDTC microinjection in PVN (B) Data of AACW. (C) Data of ADCW. (D) Data of mean gastric motility index. **p < 0.01, after injection compared with before microinjection.
3.4 D-AP5 Eliminates the Inhibitory Effect of NaHS on Gastric Motility
Microinjection of D-AP5 and NaHS in the PVN eliminated the inhibitory effect of NaHS on gastric motility (Figure 6A, n = 6). As shown in Figures 6B–D, the AACW after the injection of PDTC and NaHS changed from 55.95 ± 0.71 mm 5 min−1 to 55.74 ± 0.85 mm 5 min−1 (p > 0.05). The ADCW was changed from 23.11 ± 0.3 s 5 min−1 to 22.91 ± 0.39 s 5 min−1 (p > 0.05), and the AGMI changed from 1,293.34 ± 26.22 to 1,277.79 ± 37.08 (p > 0.05). These results indicate that NaHS can regulate gastric motility by acting on NMDA receptors.
[image: Figure 6]FIGURE 6 | The effect of microinjection of 2 nmol NaHS and 2 nmol NaHS + D-AP5 into the PVN on gastric motility in rats. (A) Curve of gastric motility recorded in rats with 2 nmol NaHS + D-AP5 microinjection in PVN (B) Data of AACW. (C) Data of ADCW. (D) Data of mean gastric motility index. **p < 0.01, after injection compared with before microinjection.
3.5 The Effect of NaHS on Gastric Acid Secretion
After microinjection of NaHS (2 nmol, 4 nmol, and 8 nmol, 0.1 μL, n = 6) into the PVN, it was revealed that the secretion of gastric acid in the rat was significantly promoted. Under the same conditions, microinjection of PS (0.1 μL, n = 6) had no effect on gastric acid secretion in rats (Figure 7A).
[image: Figure 7]FIGURE 7 | (A) The effect of PVN microinjection of 2, 4, 8 nmol NaHS and normal saline on gastric acid secretion. (B) The promotion rate of 2, 4, 8 nmol NaHS and PS on gastric acid secretion **p < 0.01, after injection compared with before microinjection.
The data of 30 min before and after microinjection were analysed and compared. At the dose of 2 nmol NaHS microinjection in PVN, the pH value of gastric acid decreased from 5.88 ± 0.06 to 4.59 ± 0.13 (p < 0.01); at the dose of 4 nmol NaHS microinjection in PVN, the pH value of gastric acid decreased from 5.46 ± 0.08 to 3.91 ± 0.13 (p < 0.01); and at the dose of 8 nmol NaHS microinjection in PVN, the pH value of gastric acid decreased from 5.62 ± 0.12 to 3.52 ± 0.12 (p < 0.01).
As shown in Figure 7B, the promotion rate of gastric acid secretion in the 2, 4, and 8 nmol NaHS groups was 21.83%, 28.00%, and 37.17%, respectively. We found that the promotion rate of gastric acid secretion in the 2 nmol NaHS group was lower than that in the 4 nmol NaHS group and that in the 8 nmol NaHS group. These results indicate that the injection of NaHS into the PVN may enhance the promotion of gastric acid secretion as the dose increases.
3.6 PDTC Eliminates the Promoting Effect of NaHS on Gastric Acid Secretion
Microinjection of PDTC (an NF-κB inhibitor) and NaHS in PVN eliminated the promoting effect of NaHS on gastric acid secretion (Figure 8, n = 6). After injection of PDTC and NaHS, the pH value of gastric acid changed from 5.75 ± 0.09 to 5.81 ± 0.12 (p > 0.05). The pH value of gastric acid did not change significantly after PVN microinjection of PDTC + NaHS, indicating that NaHS may regulate the secretion of gastric acid through the NF-κB signalling pathway.
[image: Figure 8]FIGURE 8 | The effect of microinjection of 2 nmol NaHS and 2 nmol NaHS + PDTC into the PVN on gastric acid secretion in rats. **p < 0.01, after injection compared with before microinjection.
3.7 D-AP5 Eliminates the Promoting Effect of NaHS on Gastric Acid Secretion
Microinjection of D-AP5 and NaHS in the PVN eliminated the promoting effect of NaHS on gastric acid secretion (Figure 9, n = 6). After injection of D-AP5 and NaHS, the pH value of gastric acid changed from 5.40 ± 0.06 to 5.42 ± 0.09 (p > 0.05). There was no significant change in the pH value of gastric acid after PVN microinjection of D-AP5 + NaHS, indicating that NaHS may regulate the secretion of gastric acid by acting on NMDA receptors.
[image: Figure 9]FIGURE 9 | The effect of microinjection of 2 nmol NaHS and 2 nmol NaHS + D-AP5 into the PVN on gastric acid secretion in rats. **p < 0.01, after injection compared with before microinjection.
4 DISCUSSION
NaHS aqueous solution can be used as a water-soluble donor for quickly production of large amount of H2S to simulate the concentration of H2S in the physiological environment of cells Sparatore et al. (2011); Lee et al. (2010); Gu and Zhu (2011). H2S is a lipophilic molecule that can diffuse freely across the cell membrane Mathai et al. (2009). Therefore, we used NaHS as the H2S donor in our experiments.
In this experiment, we first investigated whether there are neurons co-expression of CBS and c-Fos in the PVN. The results showed that in RWIS 1 h rat PVN, CBS and c-Fos co-expressed the most neurons, followed by 3 h, and then 0 h, which was the least. The presence of CBS in PVN indicates that H2S in PVN has physiological functions. The experimental results show that exogenous H2S in the PVN participates in the regulation of gastric motility and gastric acid secretion in rats under anaesthesia.
Endogenous H2S in the hypothalamus can release corticotropin-releasing hormone, induce long-term hippocampal enhancement, and regulate blood pressure and heart rate through K+-ATP channels Dawe et al. (2008). Studies have shown that low concentrations of H2S may have a protective effect, while high concentrations of H2S can damage cells and destroy cell membranes Hegde and Bhatia (2011); Yuan et al. (2016). Determining the appropriate dose of H2S is crucial for exploring the development of the therapeutic effect of H2S Zheng et al. (2018). Studies have revealed that endogenous H2S cooperates with NO. This indicates that endogenous H2S acts as a neuromodulator in the brain and can act on smooth muscle cells of the ileum, causing smooth muscle relaxation through an unclear mechanism Kimura (2000); Kimura (2010). These experiment results show that low concentrations of H2S significantly increased vasodilation and smooth muscle relaxation induced by the NO donor sodium nitroprusside and inhibited gastric motility. At the same time, H2S can also increase the level of glutathione to eliminate oxygen free radicals to resist oxidation and fight inflammation and anti-apoptosis Kimura (2014). Recent studies have also identified that H2S may act through the p38-MAPK, PKA/cAMP signalling pathwayPanthi et al. (2018).
In this experiment, we found that after injection of different concentrations of NaHS into the PVN in rats, the AACW, ADCW, and AGMI of the rats were significantly lower than those in the control group. Compared with the control group, the injection of different concentrations of NaHS significantly reduced the pH value of the rat gastric juice and promoted the secretion of gastric acid in rats. KATOH also reported that injection of oxytocin into the PVN inhibited gastric acid secretion in rats and the effect was blocked by vagotomy and atropine Katoh and Ohtake (1991). Miinnikes et al. injected CRF into the paraventricular nucleus of the hypothalamus and found a dose-dependent inhibition of gastric motility, and vagotomy and atropine could eliminate the inhibitory effect of gastric motility Mönnikes et al. (1992). DMV plays an important role in regulating gastric function (such as gastric acid secretion and gastric motility) Shapiro and Miselis (1985); Berthoud et al. (1991). The vagus nerve complex (DMV) can transmit information through the vagus nerve to the stomach, and there is no direct connection between the PVN and the stomach; therefore, we hypothesised that the neurons in the PVN are projected to the DMV and are related to cholinergic neurons innervating the gastric smooth muscle in DMV Lu et al. (2011). We believe that the inhibition of gastric motility may be caused by the inhibitory neurotransmitter VIP or NO released by the vagus nerve to inhibit gastric motility in rats. H2S plays a regulatory role in the gastrointestinal tract through its excitatory effect on gastrointestinal nervesv Matsunami et al. (2012); Ise et al. (2011) and regulates intestinal contractility Teague et al. (2002). At physiological concentrations, H2S can induce relaxation of the respiratory tract, blood vessels, intestines, and bladder smooth muscle relaxation, which may be mediated by the hyperpolarisation of the membrane potential Zhao et al. (2009). In addition, after the gastric nervous system is stimulated, acetylcholine may be released to bind to receptors in parietal cells, pump out H+, and promote gastric acid secretion. This study also revealed that oral administration of NaHS in rats inhibited the contraction of jejunum and ileum smooth muscle and showed a dose-dependent inhibition Nagao et al. (2011), indicating that H2S can reversibly inhibit the contraction of ileum spontaneous and cholinergic smooth muscle of rat and can through cholinergic agonists cause changes in the contraction frequency.
In addition, this experiment reveals that the first injection of NMDA receptor blocker D-AP5 and then injection of NaHS eliminated the regulation of gastric function by NaHS. In the central nervous system, H2S has been proven to be produced by CBS and acts as a modulator of the long-term potentiation of NMDA receptors. The activity of NMDA receptors increases with a decrease in disulfide bonds, and H2S may also enhance the activation of NMDA receptors by reducing cysteine sulfur hydration Zhang and Bian (2014). H2S in the spinal cord can also cause hyperalgesia through NMDA receptors, indicating that painful stimulation could also activate NMDA receptors Zhao et al. (2016). Studies have revealed that H2S can activate NMDA receptors in the amygdala of rats, and blocking the NMDA receptors in the amygdala eliminates the effect of H2S to enhance the long-term potentiation of the amygdala, showing that H2S can promote the amygdala to contain glutamate functions as an The L-cys required by astrocytes to synthesise glutathione needs to be synthesised by CBS and is related to NMDA receptor-mediated response regulation McBean (2012, 2017); Huang and Moore (2015). NMDA receptor to regulate emotional memory Wang et al. (2015). H2S can also reduce oxidative stress in the body by activating NMDA receptors, avoiding damage from oxygen free radicals and reducing neuronal damage Kamat et al. (2015).
NaHS injection can reduce the symptoms of hepatitis in rats through NMDA receptor anti-inflammatory and antioxidant effects Kwon et al. (2019). PVN regulates blood pressure and heart rate in rats through NMDA receptors Sharma et al. (2021). Excessive H2S increases the concentration of glutamate beyond the normal physiological concentration range and causes neurotoxicity García-Bereguiaín et al. (2008). Therefore, we believe that H2S can regulate gastric function by reducing oxidative stress through NMDA receptors, but it should be within the normal physiological concentration range.
Furthermore, this experiment revealed that the first injection of the NF-κB blocker PDTC and the subsequent injection of NaHS eliminated the regulation of gastric function by NaHS. Inflammation is a complex process that is coordinated by pro-inflammatory and anti-inflammatory processes. Several evidence show that H2S plays a role in inflammatory process Kabil et al. (2014); Zhi et al. (2007); Li et al. (2005); Collin et al. (2005). When inflammation occurs, microglia and astrocytes are activated. Inflammatory stimulation by microglia and astrocytes reduces the expression of CBS. The lack of H2S synthesis can lead to some gastrointestinal diseases, and H2S can treat neuroinflammation by downregulating the NF-κB pathway Hu et al. (2011); Mrak (2009); Gong et al. (2011). In the present experiment, it was shown that the injection of S-diclofenac and HS-NAP (the donor of hydrogen sulfide) inhibited the NF-κB pathway and reduced the expression of c-Fos in the brain by reducing the nuclear translocation of NF-κB and reducing NF–κB DNA bindings to inhibit the activity of the NF-κB pathway Li et al. (2007); Ravinder et al. (2015). Studies have shown that NaHS has anti-inflammatory properties. Low-dose NaHS reduces NF-κB activity, while high-dose NaHS increases the synthesis of pro-inflammatory factors and NF-κB activity Whiteman et al. (2010); Jeddi et al. (2020); Yin et al. (2013). The anti-inflammatory properties of H2S are mediated by improving the protective effect of gastric mucosa and controlling gastric acid secretion, reducing the adhesion of white blood cells to the capillary endothelium of gastric mucosa, and inhibiting the synthesis of pro-inflammatory cytokines Aboubakr et al. (2013). The anti-inflammatory effect of H2S is limited to the central nervous system (CNS)-derived glial cells, downregulating a series of inflammatory responses triggered by the activation of primary neurons and subsequent release of inflammatory neuropeptides. The H2S donor significantly reduced the inflammatory response of the colon and rectum and relaxed the smooth muscle of the intestine, which significantly reduced the symptoms of hyperalgesia Wallace (2010). Our study showed that H2S may be a potential method for the treatment of stress gastric ulcers. In short, we hypothesise that different concentrations of H2S will produce outcomes that are the opposite of these experimental results and the influence of H2S on the inflammatory mechanism also depends to a large extent on the choice of H2S donor. Physiological concentrations of H2S can regulate the inflammatory process through the NF-κB pathway and accelerate the healing of gastric mucosa by downregulating the inflammatory response.
In summary, our experiments revealed that CBS neurons in the PVN affect gastric function and exogenous hydrogen sulfide in the PVN significantly inhibit gastric motility and promote gastric acid secretion in rats. This may be due to NMDA receptors and downregulation of the NF-κB signalling pathway (Figure 10). This is the first time that hydrogen sulfide in the PVN may regulate gastric function. Corresponding receptor (or channel) blockers can be designed for use as clinical therapeutic agents, or drug complexes can be synthesised to modulate the release of H2S to reduce or prevent stress-related gastric mucosal damage.
[image: Figure 10]FIGURE 10 | Relationship between H2S and NMDA receptor/NF-κB pathway.
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Background: Acetaminophen (APAP) overdose results in the production of reactive oxygen species (ROS), induces hepatocyte necrosis, and leads to acute liver failure. Atractylenolide I (AO-I), a phytochemical found in Atractylodes macrocephala Koidz, is known to exhibit antioxidant activity. However, its clinical benefits against drug-induced liver injury remain largely unclear.
Purpose: This study aimed at evaluating the protective effects of AO-I against APAP-induced acute liver injury.
Methods: C57BL/6 mice were administered 500 mg/kg APAP to induce hepatotoxicity. AO-Ⅰ (60 and 120 mg/kg) was intragastrically administered 2 h before APAP dosing. Liver histopathological changes, oxidative stress and hepatic inflammation markers from each group were observed.
Results: We observed that AO-I treatment significantly reversed APAP-induced liver injury, as evidenced by improved plasma alanine transaminase (ALT) level, aspartate aminotransferase (AST) and liver H&E stain. APAP treatment increased liver malondialdehyde (MDA) content and reduced catalase (CAT) and glutathione (GSH) level; however, these effects were alleviated by AO-I intervention. Moreover, AO-I treatment significantly inhibited APAP-induced activation of pro-inflammatory factors, such as IL-1β, IL-6, and TNF-α, at both the mRNA and protein levels. Mechanistic studies revealed that AO-I attenuated APAP-induced activation of TLR4, NF-κB and MAPKs (including JNK and p38).
Conclusion: AO-I mediates protective effects against APAP-induced hepatotoxicity via the TLR4/MAPKs/NF-κB pathways. Thus, AO-I is a candidate therapeutic compound for APAP-induced hepatotoxicity.
Keywords: atractylenolide I, acetaminophen, liver injury, TLR4/MAPKs/NF-κB, inflammation
INTRODUCTION
Acetaminophen (APAP) is one of the most popular antipyretic and analgesic (Lee 2017). The conventional treatment dose is relatively safe for use in humans, but long-term or excessive use of APAP can cause acute liver injury and may lead to death (McGill and Jaeschke 2021). APAP overdose results in the overproduction of reactive free radicals and n-acetyl-p-benzoquinoneimine (NAPQI) (Masubuchi et al., 2005). NAPQI rapidly consumes GSH inside cells and forms complexes with bioactive molecules, which can induce oxidative stress, cause mitochondrial damage, and eventually lead to liver cell damage (Yan et al., 2018).
The therapeutic options for treating APAP-induced hepatotoxicity are currently limited. In recent years, some traditional Chinese medicines and medical herb extracts have been identified to be effective for the prevention and treatment of APAP overdose (Lv et al., 2020; Yang et al., 2020). Thus, It is necessary to explore and develop traditional Chinese medicines in China, in order to obtain safer and effective therapeutic products for the prevention and treatment of APAP-induced acute hepatic injury. Atractylenolide I (AO-I) is a phytochemical found in Atractylodes macrocephala Koidz (Fu et al., 2018). AO-I exhibits several pharmacological activities, such as hepatoprotective effects against immunological liver injury, gastrointestinal mucosal injury, and improvement of kidney and lung function (Guo et al., 2021; Song et al., 2017; Wang et al., 2012; Zhang et al., 2015). However, the efficacy of AO-I for treating APAP remains unknown. Therefore, in the present study, we evaluated the protective activity of AO-I on APAP-induced liver injury in mice and explored the potential underlying mechanisms.
MATERIALS AND METHODS
Chemicals
AO-Ⅰ was purchased from Chengdu Ruifensi Biotechnology Co., Ltd. (Chengdu, China, CAS: 73069-13-3). APAP was purchased from Shanghai Wanjiang Biotechnology Co., Ltd. (Shanghai, China, CAS: 103-90-2). NAC was obtained from Sigma-Aldrich (St. Louis, MO, United States, CAS: A7250).
Animals Experiments
Animal care and experiments complied with National Institutes of Animal Health guidelines on animal research. Male C57BL/6 mice were purchased from Shanghai SLAC laboratory animal Co., Ltd. (Beijing, China). Mice (8 weeks old) were housed at 22 ± 2°C in a 12-h h light/dark cycle in an animal research center at Zhejiang Chinese Medical University (Hangzhou, China). Animals were allocated into the following groups (3–6 mice each): APAP alone treated, APAP and 60 mg/kg AO-I treated, APAP and 120 mg/kg AO-I treated, and APAP and 120 mg/kg NAC treated. The mice were fasted for 12 h with free access to water, and subsequently, intraperitoneally injected with APAP (500 mg/kg) to induce hepatotoxicity. AO-Ⅰ (60 or 120 mg/kg) or NAC (120 mg/kg) was intragastrically administered 2 h before APAP administration. The mice were sacrificed at 8 h and their livers and serum samples were pooled. A portion of the liver was fixed in 4% formaldehyde, and the remaining liver tissue was flash frozen in liquid nitrogen and stored at −80°C until subsequent analyses.
Measurement of Plasma ALT and AST Levels
Blood samples were collected from the inferior vena cava and centrifuged at 3,000 rpm for 10 min. The plasma was collected as the supernatant and subjected to ALT and AST analysis on an automatic biochemical analyzer using commercial kits (Ningbo MedicalSystem BioTech. Co. Ltd., Ningbo, China).
Histology
Liver tissues were fixed in 4% formaldehyde, embedded in paraffin, sectioned (5 µm), and subjected to hematoxylin and eosin (H&E) staining (Pi et al., 2021). Sections were examined and imaged using a digital pathology scanner (model: VS120-S6-W, OLYMPUS, Japan). Histological severity of the liver damage was graded using Suzuki’s score criteria on a scale from 0 to 4 (Suzuki et al., 1993).
Measurement of Liver MDA, CAT, and GSH Levels
For biochemical analysis, approximately 10–20 mg liver tissue was homogenized in 1:9 (w/v) cold physiological saline. The MDA, CAT and GSH levels were determined using commercial kits (Nanjing Jiancheng BioTech. Co. Ltd., Nanjing, China) according to the manufacturer’s instructions.
RNA Extraction and Real-Time Quantitative PCR
Total RNA was extracted from the liver tissues using Trizol reagent (Sangon Biotech Co., Ltd., Shanghai, China) according to the manufacturer’s instructions. The RNA quality was determined using NanoDrop (Thermo Fisher Scientific, Waltham, MA, United States). Real time PCR was performed using the iQ-SYBR Green PCR Supermix (Bio-Rad, Hercules, CA, United States) on a StepOnePlus real-time PCR system (Thermo Fisher Scientific, Waltham, MA, United States). The primer sequences are listed in Table 1. Relative gene expression was calculated using the 2−(△△CT) analytical method with 18S as the internal reference gene.
TABLE 1 | Primer sequence for quantitative real-time PCR.
[image: Table 1]Western Blotting
Western blotting was performed as described previously (Li et al., 2014) using the following antibodies: anti-TLR4 (Santa Cruz Biotechnology, Dallas, TX, United States); anti-NF-κB, anti-Lamin B, anti-MyD88, anti-JNK, anti-phospho-JNK, anti-p38, anti-phospho-p38, anti-NRF2, anti-HO-1 (Cell Signaling Technology, Danvers, MA, United States); anti-TNFα and anti-IL-1β (Abcam, Cambridge, United Kingdom); anti-IL-6 (Proteintech, Rosemont, IL, United States); anti-GAPDH (Boster Biological Technology, Pleasanton, CA, United States). GAPDH and Lamin B were used as loading controls. Blots were developed using the appropriate HRP-conjugated secondary antibody and ECL kit (Nanjing Vazyme Biotech Co. Ltd., Nanjing, China).
Statistical Analysis
Statistical analysis was performed using the SPSS statistical software (SPSS V.22.0, SPSS Inc., Chicago, Illinois, United States). One-way ANOVA followed by the least significant difference (LSD) post hoc test was used. Differences between groups were considered statistically significant at p < 0.05.
RESULTS
AO-I Protects Against APAP-Induced Liver Injury
To determine whether AO-I attenuates APAP-mediated damage in vivo, C57BL/6 mice were administered a single dose of APAP (500 mg/kg). Liver injury was determined by measuring plasma ALT levels and observing histological features after 8 h. There was a significant increase in plasma ALT and AST levels 8 h after APAP administration (p < 0.05). Moreover, centrilobular hepatocellular necrosis was observed in livers of mice administered with APAP, as demonstrated by histopathological analysis of H&E-stained liver sections and Suzuki’s scores. In contrast, intragastric administration of AO-I (60 and 120 mg/kg) significantly attenuated the increase in plasma ALT and AST levels, and alleviated APAP-induced hepatotoxicity (Figures 1A–C). These results suggest that AO-I potentially protects against APAP-induced acute hepatic injury.
[image: Figure 1]FIGURE 1 | AO-I protects against APAP-induced liver injury. Mice were given AO-I (60 and 120 mg/kg) or NAC (120 mg/kg) via intragastric administration 2 h before intraperitoneal APAP administration (500 mg/kg) (n = 4–6 in each group). (A,D) Plasma ALT level. (B,E) Plasma AST level. (C) Liver H&E staining (left panel) and Suzuki score (right panel). All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
Current treatment for APAP intoxication is administration of NAC (Yin et al., 2010). We compared protected effect between AO-I and NAC, and observed that AO-I (120 mg/kg, intragastric administration) pretreatment could reduce 76% APAP-induced ALT increase, while the same dose of NAC treatment could reduce 90% APAP-induced ALT increase (Figures 1D,E). Those results indicated that NAC has slightly better protective effect than AO-I. However, AO-I may still be an alternative drug to prevent APAP induced liver injury, especially for people with adverse reactions after taking NAC (18% of patients receiving IV NAC reported anaphylactic reactions, including rash, hypotension, wheezing, and shortness of breath) (Yarema et al., 2018).
AO-I Ameliorates APAP-Induced Oxidative Injury
Oxidative damage is one of the main characteristics of APAP-induced acute hepatic injury (Wang et al., 2016). Therefore, we investigated whether AO-I protected against oxidative stress-induced hepatotoxicity. We measured MDA and GSH levels, and CAT activity in liver tissues. Our results suggest that APAP administration significantly promoted MDA synthesis, increased GSH levels, and reduced CAT activity in mice livers (p < 0.05). In contrast, pretreatment with AO-I markedly blocked these effects (Table 2), and a high dose of AO-I (120 mg/kg) was more efficacious.
TABLE 2 | AO-I ameliorates APAP-induced oxidative injury.
[image: Table 2]AO-I Inhibits the Expression of Inflammatory Factors Induced by APAP Treatment
Since APAP-induced hepatotoxicity is associated with increased inflammation (Liu et al., 2004), we analyzed APAP-induced inflammatory response by assessing the expression of IL-1B, IL-6, and TNFA in the livers of APAP-administrated mice treated with or without AO-I. We found that the mRNA expression of pro-inflammatory cytokines IL-1B, IL-6, and TNFA significantly increased in the APAP-only treated group (p < 0.05). In contrast, AO-I treatment reduced the expression of these pro-inflammatory factors (Figures 2A–C).
[image: Figure 2]FIGURE 2 | AO-I inhibits APAP-induced gene expression of inflammatory factors. Gene expression level of (A) IL-1B, (B) IL-6 and (C) TNFA. All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
AO-I Regulates the NF-κB Signaling Pathway
We measured the protein expression of the abovementioned pro-inflammatory factors, and the results were consistent with those of the mRNA expression (Figures 3A,B). In addition, we analyzed the expression of NF-κB, a master transcription factor involved in immune system functioning (Luo et al., 2005). APAP administration induced NF-κB expression in the nuclei of treated cells. However, AO-I treatment (60 and 120 mg/kg) significantly inhibited the nuclear translocation of NF- κB (p < 0.05). Taken together, these results suggest that AO-I attenuates APAP-induced liver inflammation by regulating NF-κB.
[image: Figure 3]FIGURE 3 | AO-I inhibits APAP-induced NF-κB signaling pathway. (A) Effect of AO-I on APAP-induced nuclear translocation of NF-κB, IL-1β, IL-6, and TNF-α in the liver. (B) Quantitative map of NF-κB, IL-1β, IL-6, and TNF-α protein expression. All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
AO-I Regulates the TLR4 Signaling Pathway
Activation of TLR4 is closely associated with the expression of inflammatory factors involved in mediating liver injury in APAP-treated mice (Xu et al., 2020). MyD88 is a key molecule acting downstream of TLR4 (Płóciennikowska et al., 2015). Our data demonstrated that APAP administration increased TLR4 and MYD88 expression; however, AO-I pretreatment (60 and 120 mg/kg) significantly reversed these effects (p < 0.05, Figures 4A,B), indicating that AO-I prevents APAP-induced inflammatory reaction partly via inhibiting the NF-κB pathway.
[image: Figure 4]FIGURE 4 | AO-I inhibits APAP-induced TLR4 signaling pathway. (A) Effects of AO-I on APAP-induced TLR4 and MYD88 expression in the liver. (B) Quantitative map of TLR4 and MYD88 protein expression. All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
AO-I Regulates the MAPK Signaling Pathway
We measured the expression of proteins involved in the mitogen-activated protein kinase (MAPK) signaling pathway in our study to explore whether AO-I regulates MAPK pathway to alleviate APAP-induced liver injury. Western blot analysis for evaluating the expression of JNK, phosphorylated (p)-JNK, p38 and p-p38 proteins indicated that APAP treatment increased the activation of JNK and p38, i.e., the expression of p-JNK and p-p38, respectively. Compared with APAP-alone treated mice, AO-I treated mice exhibited reduced expression of p-JNK and p-p38 (Figures 5A,B). These findings illustrate that MAPK signaling is involved in exerting the protective effects of AO-I in APAP-induced liver injury.
[image: Figure 5]FIGURE 5 | AO-I inhibits APAP-induced MAPK signaling pathway. (A) Effects of AO-I on APAP-induced p-JNK and p-p38 expression in the liver. (B) Quantitative map of p-JNK and p-p38 protein expression. All data are presented as the mean ± SEM. Bars with different characters present statistically significant results, p < 0.05.
DISCUSSION
In the present study, we have shown that AO-I, a phytochemical found in A. macrocephala Koidz., protects against APAP-induced hepatotoxicity in acute hepatic injury. We also provide evidence that these beneficial effects partly through the NF-κB and MAPK signaling pathways.
Natural products have made significant contributions to drug discovery as they offer several potential advantages over conventional chemical-based drugs. Several studies have reported that plant extracts or pure compounds can reduce APAP-induced hepatic injury (Leng et al., 2018; Zai et al., 2018; Lv et al., 2020; Yang et al., 2020). AO-I, extracted from A. macrocephala Koidz., has been reported to exert protective effects against liver diseases (Wang et al., 2012). AO-I is widely used in various fields and has various prospective useful applications (Tang et al., 2017; Wang et al., 2019a; Zhu et al., 2020). The anti-inflammatory and antioxidant effects of AO-I are well-documented (Li et al., 2007; Zhang et al., 2015). Thus, in this study, we sought to investigate the potential role of AO-I in alleviating APAP-induced acute hepatic injury in vivo, which remain largely unknown. We administered different doses of AO-I before APAP administration, and analyzed liver histology, and plasma ALT and AST levels to determine hepatocellular toxicity following APAP injection. We found that hepatocytes are extremely sensitive to APAP stimulation, as evidenced by high plasma ALT and AST levels and pathological changes observed in the livers of APAP-treated mice. Thus, our results showed that AO-I could significantly reduce APAP-induced acute hepatic injury in mice in a dose-dependent manner.
APAP overdose-induced hepatotoxicity is the most common cause of acute-liver failure worldwide (Larson 2007). The APAP overdose-induced fatal hepatotoxicity is characterized by multiple indicators of cell damage activated by oxidative stress and endoplasmic reticulum stress (Zhang et al., 2016). Excessive oxidative stress leads to cell death and lipid peroxidation and destroys cellular components (Li et al., 2015). MDA, an aldehyde produced in the process of free radical-induced lipid peroxidation, can reflect the degree of lipid peroxidation in the body and is a marker of oxidative stress (Yamada et al., 2020; Zheng et al., 2019). CAT is a vital oxidoreductase, which catalyzes the decomposition of hydrogen peroxide into oxygen and water (Zhao et al., 2019). Thus, CAT protects cells from oxidative stress. Hepatic GSH is one of the key enzymes involved in the detoxification of NAPQI, the metabolic product of APAP (He et al., 2017). Our results demonstrate that APAP administration significantly reduced CAT and GSH levels, and increased MDA levels. Thus, APAP dysregulates redox balance and promotes reactive oxygen species (ROS) production, leading to lipid peroxidation (Zhong et al., 2021). However, after pretreatment with AO-I, the MDA levels were normalized, and the CAT and GSH levels were restored in the liver. These results suggest that AO-I intervention reduces ROS production to protect against APAP-induced hepatotoxicity.
APAP-induced acute liver injury induces the expression of proinflammatory factors (such as IL-1β, IL-6, and TNF-α), which can then exacerbate organ damage, especially cause hepatocyte injury to damage the liver (Chen et al., 2020; Raevens et al., 2020; Saad et al., 2020; Chen et al., 2021). Therefore, inflammatory response is considered one of the basic mechanisms of APAP-induced liver injury (Huang et al., 2013). Furthermore, NF-κB induces the expressions of various proinflammatory factors that play important pathological roles in the liver (Wang et al., 2019b). APAP-induced hepatotoxicity may result in the nuclear translocation of NF-κB (p65). Activation of NF-κB induces the transcription of some inflammatory genes, including IL-1B, IL-6, and TNFA (Kawai and Akira 2007). Our results showed that the mRNA expression level of IL-1B, IL-6, and TNFA was significantly increased in the liver, and the results of protein expression level were consistent with these findings. In contrast, AO-I pretreatment inhibited the release of these proinflammatory cytokines following APAP administration. Moreover, AO-I prevented APAP-induced nuclear translocation of NF-κB. It, therefore, seems that the inhibitory effect on the expression of the NF-κB pathway may be the result of the anti-inflammatory effects of AO-1.
TLR4 activation can induce innate immune response and activate the NF-κB signaling pathway, thereby leading to the release of various proinflammatory cytokines and a systemic inflammatory response (Lawrence 2009; Takeda and Akira 2004). To further elucidate the molecular mechanism underlying the protective effects of AO-I against APAP-induced hepatotoxicity, we examined the TLR4 signaling pathway and the expression of its downstream protein factor MYD88. We found that AO-I significantly down-regulated the expression of TLR4 and MYD88. MYD88 dependent pathway is one of the main branches of the TLR4 signaling pathway. The subsequent TLR4 signaling cascade can be summarized as follows: TLR4 binds explicitly to the MYD88 adaptor molecule, triggering a series of interlocking reactions, resulting in the activation of downstream tumor necrosis factor receptor-related factor (TRAF6) (Cha et al., 2018), which in turn can induce two different signal transduction pathways: MAPK and NF-κB signaling pathway. MAPKs (including p38, ERK, and JNK) play an essential role in liver injury, oxidative stress, and apoptosis. Activation of JNK and p38 leads to mitochondrial dysfunction, which in turn induces hepatocyte apoptosis in APAP-induced liver injury (Tashiro et al., 2021). We found similar findings in the present study; APAP significantly increased the phosphorylation of JNK and p38. After AO-I intervention, phosphorylation levels of JNK and p38 were significantly downregulated. Taken together, these data suggest that the protective effect of AO-I in suppressing APAP-induced liver injury may be mediated via regulation of the TLR4/MAPK/NF-κB signaling pathways.
In summary, the present study demonstrated that AO-I exerts a potential therapeutic effect against APAP-induced acute liver injury, which can be attributed to its anti-inflammatory and anti-oxidative properties. The therapeutic efficacy of AO-I against APAP-induced liver injury may be due to the regulation of the TLR4/MAPK/NF-κB pathways. Our study outcomes provide essential insights into the mechanisms by which AO-I treatment confers protection against hepatotoxicity. Moreover, our findings suggest that AO-I may be as a potential therapeutic agent for APAP-induced acute liver injury.
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Functional gastrointestinal disorders (FGIDs) have been re-named as disorders of gut-brain interactions. These conditions are not only common in clinical practice, but also in the community. In reference to the Rome IV criteria, the most common FGIDs, include functional dyspepsia (FD) and irritable bowel syndrome (IBS). Additionally, there is substantial overlap of these disorders and other specific gastrointestinal motility disorders, such as gastroparesis. These disorders are heterogeneous and are intertwined with several proposed pathophysiological mechanisms, such as altered gut motility, intestinal barrier dysfunction, gut immune dysfunction, visceral hypersensitivity, altered GI secretion, presence and degree of bile acid malabsorption, microbial dysbiosis, and alterations to the gut-brain axis. The treatment options currently available include lifestyle modifications, dietary and gut microbiota manipulation interventions including fecal microbiota transplantation, prokinetics, antispasmodics, laxatives, and centrally and peripherally acting neuromodulators. However, treatment that targets the pathophysiological mechanisms underlying the symptoms are scanty. Pharmacological agents that are developed based on the cellular and molecular mechanisms underlying pathologies of these disorders might provide the best avenue for future pharmaceutical development. The currently available therapies lack long-term effectiveness and safety for their use to treat motility disorders and FGIDs. Furthermore, the fundamental challenges in treating these disorders should be defined; for instance, 1. Cause and effect cannot be disentangled between symptoms and pathophysiological mechanisms due to current therapies that entail the off-label use of medications to treat symptoms. 2. Despite the knowledge that the microbiota in our gut plays an essential part in maintaining gut health, their exact functions in gut homeostasis are still unclear. What constitutes a healthy microbiome and further, the precise definition of gut microbial dysbiosis is lacking. More comprehensive, large-scale, and longitudinal studies utilizing multi-omics data are needed to dissect the exact contribution of gut microbial alterations in disease pathogenesis. Accordingly, we review the current treatment options, clinical insight on pathophysiology, therapeutic modalities, current challenges, and therapeutic clues for the clinical care and management of functional dyspepsia, gastroparesis, irritable bowel syndrome, functional constipation, and functional diarrhea.
Keywords: gastroparesis, functional dyspepsia, irritable bowel syndrome, visceral hypersensitivity, impaired barrier function, prucalopride, relamorelin, fecal microbiota transplantation
INTRODUCTION
Functional gastrointestinal disorders (FGIDs) have been described as disorders of gut-brain interactions and are not only common in clinical practice, but also in the community (Black et al., 2020b; Sperber et al., 2021a). Recently, it has been estimated that the prevalence of FGIDs worldwide is 40% based on Rome IV criteria (Sperber et al., 2021b). However, of the 22 FGIDs as per Rome IV criteria, only a few are very common. In reference to the Rome IV criteria, the most common FGIDs are functional dyspepsia (FD) and irritable bowel syndrome (IBS) (Sperber et al., 2021a). Rome IV criteria defines FD as the presence of one or more upper abdominal symptoms: epigastric pain, epigastric burning, postprandial fullness, and early satiation and symptoms should have been active in the past 3 months, with onset at least 6 months before diagnosis; however, there should be no signs of structural disease (evaluated using upper endoscopy) that could account for these symptoms (Drossman, 2016). Additionally, FD has been divided into two sub-groups: epigastric pain syndrome (EPS) and postprandial distress syndrome (PDS) (Drossman, 2016). When symptoms (epigastric pain and burning) arise with no correlation to meal timing, it is classified as EPS, whereas when symptoms (epigastric pain, early satiation and postprandial fullness) arise or are aggravated following a meal, it is classified as PDS. Notably, there is substantial overlap between EPS and PDS subgroups. Further, as per the Rome IV criteria, IBS has been defined as altered stool frequency or form associated with abdominal pain and has occurred for a minimum of 6 months (Drossman, 2016). Further subdivision of patients occurs based on the main stool form observed using the Bristol Stool Form Scale: constipation-predominant IBS (IBS-C), diarrhea-predominant IBS (IBS-D), IBS with a mixture of stool patterns (IBS-M), and IBS with the stool pattern unclassified (IBS-U) (Drossman, 2016).
Additionally, there is substantial co-occurrence of FD and IBS (Ghoshal and Singh, 2017; Black and Ford, 2020; Ghoshal, 2020; Sperber et al., 2021b). Also, some specific GI motility disorders overlap with FD and IBS; for instance, gastroparesis overlaps with FD-PDS, similarly functional constipation has significant overlap with IBS-C and functional diarrhea with IBS-D (Parkman et al., 2011; Zikos et al., 2019). Gastroparesis is characterized by upper GI symptoms, including early satiety, vomiting, bloating, nausea, upper abdominal pain, postprandial fullness, along with delayed gastric emptying of solids without any mechanical obstruction (Grover et al., 2019; Camilleri and Sanders, 2021). Functional constipation is comprised within the clinical spectrum of IBS-C, and defecatory disorders and can be caused by colonic myopathies or motor disorders, which typically correlate with low-amplitude contractions that result in colonic stasis and impaired propulsion (Sharma et al., 2021). These altered colonic functions increase the reabsorption of water and hardening of stool, which is typically associated with a reduction in the sensation of the need to defecate. Moreover, gut motility disorders are often mistaken as FGIDs due to the subtle symptoms and the clinical and pathophysiological features it presents with.
GI motility disorders and FGIDs are diverse in nature and are intertwined with multiple pathophysiological mechanisms, such as altered gut dysmotility, intestinal barrier dysfunction, gut immune dysfunction, visceral hypersensitivity, altered GI secretion, presence and degree of bile acid (BA) malabsorption, gut microbiota dysbiosis, and altered gut-brain axis (Ghoshal and Singh, 2014; Enck et al., 2016; Enck et al., 2017; Camilleri et al., 2018; Grover et al., 2019). In these disorders, delayed or accelerated GI transit is associated with abnormal gut muscular movements (Shin et al., 2019; Singh et al., 2021b). IBS-C and functional constipation patients often have delayed GI transit, while IBS-D and functional diarrhea have accelerated GI transit (Shin et al., 2019). The underlying mechanism behind the development of FD-EPS and IBS-D is proposed to be visceral hypersensitivity while impaired fundus accommodation and delayed gastric emptying are the underlying mechanisms for FD-PDS and gastroparesis (Enck et al., 2017; Masuy et al., 2019b). Gut microbial dysbiosis leads to the activation of the gut immune response and causes epithelial barrier dysfunction, which then induces gut dysmotility and visceral hypersensitivity (Barbara et al., 2016b; Singh et al., 2021d). These findings reinforce the idea of impaired intestinal barrier function being a core pathophysiological mechanism behind FGIDs. Further, psychological comorbidities, including anxiety, depression, and stress, are often correlated with FGIDs and likely contribute to the altered pathophysiology of gut-brain interactions (Ghoshal, 2020). Understanding cellular and molecular mechanisms of underlying pathogenesis behind the gut motility disorders and FGIDs has substantially evolved during recent years. Synchronization of the enteric, parasympathetic, and sympathetic nervous system is necessary for normal control of gut function, which relies on specific GI cell types such as enteric neurons, immune cells (resident macrophages and mast cells), interstitial cells of Cajal (ICCs), enteroendocrine cells, and smooth muscle cells (SMCs) (Sanders et al., 2012; Yoo and Mazmanian, 2017). Through established animal models and human studies, the functional defects in these cells have been evidenced in the pathogenesis of these disorders (Cipriani et al., 2016; Grover et al., 2019; Mazzone et al., 2020; Singh et al., 2021a; Wei et al., 2021a). Further, these studies energized a new treatment paradigm with pharmacological agents targeting cellular and molecular defects seen in these disorders.
The treatment of FGIDs and gut motility disorders has undergone a substantial paradigm shift in recent years from symptomatic treatment to subtyping of the condition and the underlying pathophysiology. Prokinetics, antispasmodics, centrally acting neuromodulators, fecal microbiota transplantation (FMT), and modified lifestyle (dietary, probiotic, and/or antibiotic interventions), are currently available treatment options for these disorders. Current proposed pharmacological agents modulating pathophysiological mechanisms include prokinetic agents (5-HT4R agonists, 5-HT3R antagonists, 5-HT1AR agonists, ghrelin receptor agonists, dopamine-2 receptor antagonists, and muscarinic receptor antagonists) for altered gut motility, mast cell stabilizer for gut immune dysfunction, acid suppression therapy and histamine receptor-1 (HRH1) antagonists for impaired duodenal clearance of gastric acid and visceral hypersensitivity, μ-Opioid receptor (μ-OR) ligands and cannabinoid type 2 receptor (CB2R) agonist for visceral pain, chloride channel 2 (CCL2) and guanylate cyclase-C (GC-C) receptor agonists for altered GI secretion, farnesoid X receptor (FXR) agonist and ileal bile acid transporter (IBAT) antagonist for altered BA secretion, central and visceral neuromodulators [tricyclic anti-depressant (TCA), tetracyclic anti-depressants (TeCA), serotonin noradrenaline reuptake inhibitors (SNRIs), and selective serotonin reuptake inhibitors (SSRIs)] for altered gut-brain axis (Drossman et al., 2018; Simren and Tack, 2018; Grover et al., 2019; Masuy et al., 2019b; Black et al., 2020b; Ghoshal, 2020; Camilleri, 2021; Sharma et al., 2021) (Figure 1). However, it is of utmost importance to unearth alternative treatment options that target the pathophysiological mechanisms underlying these conditions. Furthermore, the cause and effect cannot be disentangled among symptoms and underlying pathophysiological mechanisms due to the fact that current therapies entail the off-label use of medications to treat symptoms. More comprehensive, large-scale, and longitudinal studies utilizing multi-omics data are needed to elucidate the exact contributors in disease pathogenesis, particularly those that could be actionable with pharmacologic agents. However, it should be noted that the general lack of biomarkers, both in diagnosing FGIDs as well as for use as predictors of the patient’s response to specific treatment strategies, will likely cause further challenges for the use of “multi-omics” based longitudinal studies. Owing to the fact that a majority of current treatment options are based on symptomology, pathophysiology-based treatment might serve as a more beneficial foundation for future treatments of motility disorders and FGIDs. Accordingly, this review aims to deliberate the clinical insight on pathophysiology-directed therapeutic modalities, current challenges, and therapeutic clues, while emphasizing current gaps in knowledge as well as future directions for enhanced clinical care of motility disorders and FGIDs. In this review, we discuss FD, gastroparesis, IBS, functional constipation, and functional diarrhea. The rationale for the inclusion of only a few of these disorders is based on the recent findings such as; i. FD and IBS are the most common among all FGIDs (Sperber et al., 2021a), ii. Several reports noted FD and IBS have substantial overlap of clinical symptoms and pathophysiological mechanisms (Black and Ford, 2020), iii. FD patients (particularly FD-PDS) often overlap (90%) with gastroparesis and further, gastroparesis has clinical overlap with functional constipation (66%) (Parkman et al., 2011; Zikos et al., 2019; Ghoshal et al., 2021), iv. A recent study showed that FD and gastroparesis’s clinical features and pathological mechanisms are very similar, and the question arose if they should even be categorized as two separate conditions (Pasricha et al., 2021), and, v. Further, the management of IBS-C and functional constipation is the same. Similarly, the management of IBS-D and functional diarrhea are the same; therefore, we also covered functional constipation and functional diarrhea. For this review, literature searches were performed using PubMed from June 2021 through November 2021 to identify publications reporting on the pathophysiology, diagnostic criteria, and treatments options for FD, gastroparesis, IBS, functional constipation, and functional diarrhea. We selected 184 references for inclusion in this review due to their relevance in regard to the scope of this manuscript and based on the authors’ insight, research experience, and clinical practices in managing these disorders.
[image: Figure 1]FIGURE 1 | Pathophysiology-directed therapeutic approach for gastrointestinal dysmotility and functional gastrointestinal disorders. (A). Currently available pharmacological agents based on pathophysiological mechanisms (B). Proper gut functioning relies on a coordinated communication between intestinal epithelial cells, enteric neurons, gastrointestinal pacemaking cells, and immune cells. This allows for essential crosstalk between the gut microbiota, gut, and brain. Abbreviations: CCL2: chloride channel 2, CB2R: cannabinoid type 2 receptor, CLDN1: claudin 1, TCAs: tricyclic anti-depressants, TeCAs: tetracyclic anti-depressants, SSRIs: selective serotonin reuptake inhibitors, IBAT: ileal bile acid transporter, HO-1: heme oxygenase-1, 5-HT1AR: serotonin 1A receptor, NK1: neurokinin 1, FMT: fecal microbiota transplantation, FXR: farnesoid X receptor, HRH1: histamine receptor-1, µ-OR: μ-opioid receptor, GC-C: guanylate cyclase-C, ICC: interstitial cells of Cajal, EC: enterochromaffin, ZO-1: zonula occludens-1, SNRIs: serotonin noradrenaline reuptake inhibitors, SMC: smooth muscle cell.
PATHOPHYSIOLOGICAL MECHANISMS OF MOTILITY DISORDERS AND FGIDS
Gut motility disorders and FGIDs are extremely diverse conditions. Therefore, understanding the molecular and cellular mechanisms underlying the pathology of these conditions is essential for the more effective treatment of these disorders. Multiple pathophysiological mechanisms are involved in the development of these disorders.
Altered Gut Motility
Proper propulsion of food through the gut relies on peristaltic movements (Sanders et al., 2012). ICCs, enterochromaffin (EC) cells, the enteric nervous system (ENS), and GI smooth muscle cells are some of the most important factors regulating peristalsis of both longitudinal and circular smooth muscle (Grover et al., 2011; Mazzone et al., 2020; Spencer and Hu, 2020; Jin et al., 2021; Singh et al., 2021a; Singh et al., 2021b; Singh et al., 2021c; Wei et al., 2021a; Zheng et al., 2021). Further, functional defects of particular GI cells, for instance, ICCs, SMCs, EC cells, enteric neurons, and immune cells can hamper gut peristalsis (Figure 1). Gut dysmotility caused by impaired peristalsis is a key pathophysiological mechanism of these disorders (Shin et al., 2019; Spencer and Hu, 2020).
Gut Microbial Dysbiosis
Gut microbial dysbiosis is highly overrepresented in FGIDs, particularly in IBS and FD. (Barbara et al., 2016b; Wei et al., 2021b; Singh et al., 2021d). Moreover, gut immune dysfunction, altered gut-brain axis, visceral hypersensitivity, impaired gut epithelial barrier function, altered gut motility, along with other pathophysiological mechanisms, have been demonstrated in gut microbial dysbiosis (Backhed et al., 2005; Barbara et al., 2016b; Cani, 2017; Shin et al., 2019; El-Salhy et al., 2021). Increased understanding of host-microbe interactions has shed light on the key pathophysiological role that microbes play in developing FGIDs (Schroeder and Backhed, 2016). Activation of the mucosal immune response via disruption of the gut microbial composition leads to gut barrier dysfunction, also known as the leaky gut. The development of a leaky gut also causes gut dysmotility and visceral hypersensitivity, which are pathophysiological characteristics of FGIDs (Barbara et al., 2016b; Singh et al., 2021d). While many studies have highlighted the possibility that altered gut microbial composition may trigger the development of FGIDs, it is not currently clear if this connection is more than merely a correlation (Malinen et al., 2005; Shukla et al., 2015; Ghoshal et al., 2018; Mars et al., 2020). It should be noted that disease progression can also be affected by the host diet, immune response, and host environment. Additionally, the interactions between the host and the gut microbiota or microbial-produced metabolites modulate the gut-brain physiology.
Metabolites generated by the gut microbiota continually signal to the hosts’ organs and regulate pathophysiological mechanisms during both health and disease (Sekirov et al., 2010; Schroeder and Backhed, 2016). Short-chain fatty acids (SCFAs) are key fermentation products produced by the microbiota in our gut. IBS-C patients have decreased SCFAs (propionate and butyrate), and patients with IBS-D have increased butyrate levels compared to healthy controls (HCs), emphasizing the significant role of SCFAs in regulating gut motility (Sun et al., 2019). Further, microbiota-produced SCFAs interact with EC cells and enhance the expression of tryptophan hydroxylase 1 (Tph1), which finally increases the production of serotonin in the gut of both mice and humans (Reigstad et al., 2015). Moreover, tryptamine (a monoamine, like serotonin, that is derived from tryptophan) has been shown to improve gut motility acting through 5-HT4 receptors located on colonic epithelial cells in mice (Williams et al., 2014; Bhattarai et al., 2018). Moreover, microbial dysbiosis-induced BA pool alternations might be a key pathological mechanism of FGIDs. Gut dysmotility and visceral pain are associated with elevated BA levels in IBS-D patients (Mars et al., 2020). Taken together, host physiology is greatly impacted by microbe-derived metabolites and may be targets of future therapeutic options for patients with FGIDs.
Gut Immune Dysfunction
A subset of FGID patients have been shown to have dysfunction of their gut immune response (Muller et al., 2014; Grover et al., 2018; Black et al., 2020b; Gottfried-Blackmore et al., 2021; Ji et al., 2021). For example, an increase in the amount of immune cells in the gut (such as mast cells, T cells, macrophages, and eosinophils) of FGID patients has been reported in multiple studies (Barbara et al., 2011; Matricon et al., 2012; Barbara et al., 2016b; Singh et al., 2017). Activated mast cells release cytokines, histamines, prostaglandins, and tryptase, which are associated with intestinal barrier dysfunction and altered nociceptive pathways in FGIDs (Barbara et al., 2004; Barbara et al., 2007; Dothel et al., 2015; Aguilera-Lizarraga et al., 2021). Intestinal barrier dysfunction leads to the permeation of pathogens and food antigens, which causes a heightened immune response in the gut and greatly impacts the severity of symptoms experienced by patients with FGIDs (Camilleri et al., 2012; Wouters et al., 2016b).
Intestinal Barrier Dysfunction
The gut luminal-mucosal interface contains food particles along with many other molecules that can induce immunogenic responses creating a constant challenge for the gut immune system (Ghoshal, 2020). As a core pathophysiological mechanism, dysfunction of the intestinal barrier activates the gut immune response, which can hamper gut function and increase the symptom severity in patients with FGIDs (Barbara et al., 2016b; Wouters et al., 2016b). The gut epithelium is an astounding barrier that allows for the selective absorption of essential nutrients, water, and electrolytes, while preventing harmful toxins, metabolites, and pathogens from penetrating the gut epithelium (Camilleri, 2019). Epithelial tight junction proteins help to maintain this selective barrier to prevent harmful molecules from penetrating the epithelium while allowing for the passage of essential nutrients (Camilleri, 2019; Motta et al., 2021). Decreased expression of these tight junction proteins, caused by genetic, pathogenic, or other factors, leads to intestinal barrier dysfunction (Bischoff et al., 2014; Desai et al., 2016; Martinez et al., 2017; Aguilera-Lizarraga et al., 2021). Several studies have shown the decreased expression of zonula occludens-1, occludin, and adhesion proteins, as well as decreased transepithelial resistance in duodenal biopsies from FGIDs patients compared to HCs, suggesting impaired intestinal barrier function in a subset of these disorders (Bertiaux-Vandaele et al., 2011; Turcotte et al., 2013; Fritscher-Ravens et al., 2014; Lee et al., 2020). Thus, healthy gut barrier integrity is critical for host defense, pathogen colonization resistance, and, more importantly, gut homeostasis.
Visceral Hypersensitivity
Gut bacteria and their derived molecules, along with food particles are recognized and transduced through interaction with receptors on neuroimmune cells and enteroendocrine cells (Sternini et al., 2008). Visceral sensitivity is affected by the gut immune response in a manner relative to the proximity of neurons to immune cells as well as the propagation level of inflammatory reactions (Barbara et al., 2004; Aguilera-Lizarraga et al., 2021). More importantly, visceral hypersensitivity is a key pathophysiological mechanism leading to the development of FGIDs (Singh et al., 2016; Black et al., 2020b; Grover et al., 2021). Visceral hypersensitivity can be explained by an increased perception of gut mechano-chemical stimulation, which typically manifests in an aggravated feeling of pain and burning (Farzaei et al., 2016; Bellono et al., 2017). Activation of transient receptor potential vanilloid subtype 1 (TRPV1) is triggered by nerve growth factor (NGF), thermal stimulus, capsaicin, prostaglandins, acidic pH, and inflammatory mediators, which further release neuropeptides that aid in visceral pain sensation. (Farzaei et al., 2016). Furthermore, upregulation of TRPV1 has been associated with abdominal pain in IBS patients in a plethora of studies (Akbar et al., 2008; Grover et al., 2021).
Altered Gut-Brain Interactions
Gut function is heavily influenced by the coordinated communication between the gut and brain (Quigley, 2017). This bi-directional interaction is essential for normal gut motility, visceral sensation, intestinal barrier integrity, gastric secretions, and immune response (Rhee et al., 2009). Just as the brain has a fundamental role in the maintenance of normal gut functions, the gut also has a vital role in modulating brain function. The gut-brain axis also aids in indirect signaling between the host and gut microbiota; for instance, gut microbial-induced epithelial barrier dysfunction alters this bi-directional interaction (Carabotti et al., 2015). The emotional motor system enables the perception of gut stimuli and modulates several gut functions (Needham et al., 2020). Consequently, alterations to the gut microbiota may regulate neurotransmitter synthesis or consumption, leading to emotional state and behavior alterations (Van Oudenhove et al., 2016). Many patients with FGIDs also experience psychological conditions such as stress, anxiety, and depression, indicating these conditions play a significant part in the development of FGIDs (Drossman et al., 2018). In addition, patients with FGIDs have been shown to have both abnormal structure and functional networks in parts of the brain that process information such as the visceral motor system and vagovagal reflux, as evidenced by functional brain MRI studies (Enck et al., 2017; Guleria et al., 2017; Ford et al., 2020). Taken together, it is clear that impaired brain function can lead to altered gut physiology, such as gut dysmotility and heightened visceral sensitivity, underpinning the symptoms of FGIDs. Further, dysregulated gut homeostasis can also lead to physiological changes in the brain, significantly hampering psychological health.
PATHOPHYSIOLOGY-DIRECTED THERAPEUTIC APPROACH FOR MOTILITY DISORDERS AND FGIDS
New therapeutics that focus on treating the underlying pathophysiological mechanisms contributing to the development of motility disorders and FGIDs are necessary to treat these patients better. FGIDs have substantial clinical overlap with specific gut motility disorders (Black and Ford, 2020; Ghoshal, 2020). Further, a multinational study conducted in 26 countries demonstrated substantial negative ramifications on the quality of life and increased psychological comorbidity for the patients who experienced multiple FGIDs (Sperber et al., 2021b). Common pathophysiological mechanisms between different FGIDs lead to the significant overlap of these conditions and is an excellent area for therapeutic development, as it would help to treat all associated underlying conditions instead of simply treating the symptoms of the conditions. Additionally, given the burden of FGIDs on the health care system, treatment options focused on the underlying pathophysiological mechanisms of FGIDs might significantly lessen the cost of patient care. In Table 1, we have summarized the mode of action and clinical outcome of current pharmacological agents based on pathophysiological mechanisms of motility disorders and FGIDs.
TABLE 1 | Pathophysiology based pharmacological agents modulating peripheral and central factors for gastrointestinal dysmotility and functional gastrointestinal disorders.
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Prokinetic medications can amplify muscular contractions in the gut to help enhance peristaltic movements of the gut; therefore, accelerating transit of intra-luminal contents (Acosta and Camilleri, 2015). Prokinetic medications can act in a generalized fashion, affecting multiple regions of the gut, or in a more specific manner, only affecting certain areas of the gut based on the location of the receptor targets (Camilleri and Atieh, 2021). 5-HT4R agonists, 5-HT3R antagonists, 5-HT1AR agonists, ghrelin receptor agonists, dopamine-2 receptor antagonists, and muscarinic receptor antagonists are all prokinetic agents that have been demonstrated to restore altered gut motility in patients with gut motility disorders and FGIDs (Simren and Tack, 2018; Grover et al., 2019; Ghoshal, 2020; Camilleri and Atieh, 2021).
Pharmacological Agents Modulating Gut Microbial Dysbiosis
Probiotics, antibiotics, and FMT are therapeutic approaches to modulate gut microbial dysbiosis. The effectiveness of probiotic treatment for symptom improvement for FGIDs has been well documented; however, there is a lack of consistency between the current studies. Several studies have indicated improved symptom severity in patients with IBS treated with specific probiotic strains, including Bifidobacterium lactis DN-173 and Bifidobacterium animalis DN-173010154 (Aragon et al., 2010). One study observed that Lactobacillus gasseri OLL2716 was capable of shifting the gut microbiota community in the stomach of FD patients to comparable levels as HCs (Koga et al., 2019). Another study showed restoration of altered gut transit with symptoms improvement in IBS-C patients following probiotic treatment composed of Bifidobacterium lactis (Aragon et al., 2010).
Antibiotic use has also been demonstrated to improve symptom severity in patients with microbial dysbiosis-associated gut motility disorders and FGIDs (Pimentel et al., 2006; Ghoshal et al., 2011b; Ghoshal et al., 2018). For example, interventional studies reported that IBS-C and functional constipation patients have decreased breath CH4 following treatment with rifaximin alone or a combination of rifaximin and neomycin, which improved the constipation phenotype (Pimentel et al., 2006; Ghoshal et al., 2018). Further, FD patients treated with rifaximin demonstrated improved dyspeptic symptoms, including belching and abdominal bloating/fullness in randomized controlled trials (Iovino et al., 2014). Moreover, meta-analysis and systematic reviews have demonstrated the efficacy of rifaximin and other antibiotics in treating small intestinal bacterial overgrowth (SIBO) (Gatta and Scarpignato, 2017).
In patients with FD, there is frequently the presence of Helicobacter pylori (H. pylori) infection (40–70%) (Ghoshal et al., 2011a; Naz et al., 2013; Kim et al., 2017; Rahman et al., 2021). The exact role of H. pylori infection in the development of FD symptoms remains controversial and it is not clear if it is an association and/or causation (Masuy et al., 2019b). Randomized controlled trials reported substantial symptom improvement after H. pylori eradication therapy (McColl et al., 1998; Bruley Des Varannes et al., 2001; Malfertheiner et al., 2003; Mazzoleni et al., 2011; Kim et al., 2013; Du et al., 2016). In contrast, several studies failed to confirm convincing results for the superiority of H. pylori eradication therapy over placebo groups to improve FD symptoms (Talley et al., 1999a; Talley et al., 1999b; Miwa et al., 2000; Veldhuyzen van Zanten et al., 2003; Zhao et al., 2013). However, owing to the improvement of symptoms in a subset of patients with FD, eradication of H. pylori is recommended as a first-line therapy in H. pylori associated-FD patients (Camilleri and Stanghellini, 2013; Suzuki and Moayyedi, 2013; Talley and Ford, 2015; Enck et al., 2017; Suzuki, 2017).
Along with probiotics and antibiotics, FMT has been shown to restore a balanced microbiota and is a potential treatment option for gut microbial dysbiosis (Khoruts and Sadowsky, 2016). However, it is still unclear whether FMT treatment for patients with FGIDs actually helps them or merely causes a placebo effect (Pulipati et al., 2020; Shanahan et al., 2021). Further, IBS patients’ symptoms were not significantly improved following FMT treatment when compared to the placebo group in a recent meta-analysis (Ianiro et al., 2019). In contrast, IBS patients’ symptom severity was significantly improved following treatment with FMT when compared to placebo (El-Salhy et al., 2020). Therefore, larger, more meticulous, and multicentric studies are warranted to accurately assess the benefit of FMT.
Pharmacological Agents Modulating Gut Immune Dysfunction
Increased mast cell number, pro-inflammatory M1 macrophages, and lymphocytes are characteristics of gut immune dysfunction and might be involved in the pathophysiology of gut motility disorders and FGIDs (Matricon et al., 2012). Additionally, ketotifen [A clinical trial (registration number NTR39, ISRCTN22504486) in the Netherlands], a mast cell stabilizer, was shown to increase the discomfort thresholds to rectal distension, improving abdominal pain in a subset of IBS patients (Klooker et al., 2010). However, mesalazine [ClinicalTrials.gov: NCT00626288 (phase 3)], an anti-inflammatory drug, failed to show any benefit in controlled trials on IBS (Barbara et al., 2016a). In a gastroparesis animal model, one study demonstrated that oxidative stress and damage of the pacemaker cells or enteric nerves was caused by depletion of resident M2 anti-inflammatory macrophages that express heme oxygenase-1 (HO-1) (Choi et al., 2010; Bharucha et al., 2016). However, gastric emptying was not significantly improved in a randomized-controlled trial following treatment with hemin, a HO-1-inhibitor in humans (Bharucha et al., 2016). Furthermore, patients with FD showed reduced number of mast cells and duodenal eosinophils, as well as reduced intestinal permeability and symptom severity when treated with proton pump inhibitors (Wauters et al., 2021). Further, the reduction of eosinophils was associated with clinical efficacy in these patients.
Pharmacological Agents Modulating Visceral Hypersensitivity
A murine model of visceral hypersensitivity, along with a subset of IBS patients, demonstrated HRH1 activation, which leads to increased submucosal neuronal responses to the TRPV1-agonist, capsaicin (Wouters et al., 2016a). Ebastine [ClinicalTrials.gov: NCT01908465 (phase 4)], the HRH1-antagonist, was found to reduce abdominal pain in a state-of-the-art study on IBS patients (Wouters et al., 2016a). Visceral analgesics, such as biased μ-OR ligands and CB2R agonists have proven to improve symptoms in patients with IBS (Camilleri, 2021). G protein-mediated pathways and beta-arrestin recruitment are activated by μ-OR-agonists that induce analgesia while mediating receptor internalization and desensitization, triggering the activation of μ-ORs in endosomes, and inhibiting gut motility (Raehal et al., 2011). The μ-OR-agonist, oliceridine, has been shown to help manage moderate or severe acute pain in patients who have not seen symptom improvement while taking other treatments (excluding opioids) (Markham, 2020). Furthermore, an animal model of visceral hypersensitivity had reduced visceromotor response to colorectal distension when treated with olorinab [ClinicalTrials.gov: NCT04655599 (phase 1)], a CB2R agonist (Castro et al., 2021). More importantly, olorinab may have exceptional efficacy in IBS patients, likely due to its potential analgesic effects; however, to confirm these results, more robust studies are needed. Neuromodulators are also used for the treatment of visceral hypersensitivity in patients with FGIDs (Drossman et al., 2018; Simren and Tack, 2018). Studies have demonstrated that TCAs, particularly amitriptyline, reduce visceral hypersensitivity in patients with IBS (Poitras et al., 2002; Morgan et al., 2005; Thoua et al., 2009). Dysregulated gut-brain interaction is a major pathophysiological mechanism in patients with FGIDs. This further reinforces that central neuron degeneration might be involved in the development of abdominal pain (Tornblom and Drossman, 2015; Drossman et al., 2018).
Pharmacological Agents Modulating Altered GI Secretion
Modulation of altered GI secretion in chronic constipation and IBS-C patients via pharmacological agents for GC-C receptors and chloride channels on intestinal epithelium cells has been well studied (Pannemans and Tack, 2018). The maintenance of bowel function through fluid and electrolyte regulation is modulated by the gut GC-C receptors expressed by intestinal epithelial cells. The activation of GC-C receptors leads to the development of an ion gradient between the gut lumen and intestinal epithelium, which stimulates water movement in the lumen through the concurrent inhibition of sodium/hydrogen exchanger isoform three channels and activation of cystic fibrosis transmembrane conductance regulator (CFTR) channels (Brancale et al., 2017). Treatment with Linaclotide (approved in most parts of the world for treating IBS-C and chronic constipation), a GC-C receptor agonist, accelerated colonic transit and softened stool in patients with IBS-C (Chey et al., 2012; Rao et al., 2012; Black et al., 2018; Islam et al., 2018).
Fluid secretion and gut motility are regulated by intestinal epithelial cells’ chloride channels (Jiang et al., 2015). Chloride ions are released into the lumen of the intestine via activation of type-2 chloride channels. This results in an ion gradient, which promotes the release of water and sodium into the gut lumen and therefore increases stool volume and accelerates gut motility. The locally acting selective type-2 chloride channel agonist Lubiprostone [United States Food and Drug Administration (U.S. FDA) approved medicine for treating patients with IBS-C and chronic constipation and is also approved for the treatment of IBS-C and chronic constipation in many other countries)] has been shown to improve the frequency and consistency of stool, which leads to reduced constipation, bloating, and straining in patients with IBS-C and functional constipation (Johanson et al., 2008; Drossman et al., 2009; Black et al., 2018).
Pharmacological Agents Modulating Altered Bile Acid Secretion
IBAT inhibitor and FXR agonists have been proposed to modulate altered BA secretion in chronic constipation, IBS-C, and IBS-D patients (Vijayvargiya et al., 2018; Vijayvargiya and Camilleri, 2019; Khanna and Camilleri, 2021). Elobixibat [ClinicalTrials.gov: NCT01007123 (phase 2)] is an IBAT inhibitor that hinders the reabsorption of BA in the gut (Khanna and Camilleri, 2021). This results in increased concentrations of BA in the colon, promotes fluid secretion, and rescues colonic dysmotility. Treatment with Elobixibat leads to improved symptoms associated with constipation, including straining, constipation severity, stool consistency, stool frequency, and abdominal bloating in patients with IBS-C and functional constipation (Khanna and Camilleri, 2021). In contrast, since FXR agonists, obeticholic acid (US. FDA approved medicine) and tropifexor [ClinicalTrails.gov: NCT02713243 (phase 2)], inhibit hepatocyte BA synthesis, that further leads to a reduction in BA concentration in the colon’s lumen, which rescues diarrhea symptoms (Walters et al., 2015; Camilleri et al., 2020b).
Pharmacological Agents Modulating an Altered Gut-Brain Axis
Neuromodulators TCA, TeCA, SNRIs, and SSRIs are frequently used as a second-line treatment options for patients with FGIDs, particularly IBS (Drossman et al., 2018). TCAs inhibit the reuptake of noradrenaline (NA) and 5-HT and have demonstrated potential for their anti-depressant and analgesic effects (Tornblom and Drossman, 2015). In contrast, TeCAs block presynaptic α2-noradrenergic receptors on NA and 5-HT neurons resulting in increased NA and 5-HT neurotransmission (Tornblom and Drossman, 2015). SSRIs boost the neurotransmission of 5-HT by blocking the presynaptic 5-HT transporter. However, the effect of these drugs is more beneficial in the treatment of psychological disorders than chronic pain syndromes. Finally, SNRIs block the reuptake of both the 5-HT and NA, boosting their neurotransmission and modulating pain sensation (Tornblom and Drossman, 2015).
These findings suggest that pathophysiology-directed therapeutic modalities could provide precise clinical outcomes in FGIDs as there is significant clinical overlap among FGIDs.
CURRENT TREATMENT OPTIONS FOR MOTILITY DISORDERS AND FGIDS
The best treatment approach for motility disorders and FGIDs would be to fix the cellular and molecular defects linked with the pathophysiological mechanisms, which would also improve cardinal GI symptoms. However, GI symptoms in motility disorders and FGIDs may not always reflect the underlying pathophysiological mechanisms. Further, without knowing the exact pathologies, the treatment approach might be ineffective and result in higher healthcare expenditure and poor patient quality of life, suggesting that pathophysiology-directed therapeutic strategies might be a better therapeutic approach. Here, we have discussed available treatment options and pathophysiology-based therapeutic options for gastroduodenal motility disorders (FD and gastroparesis) and bowel disorders (IBS-C/functional constipation and IBS-D/functional diarrhea). Some medications discussed in this review for motility disorders and FGIDs are not FDA approved but are approved and available for clinical use in Europe, Asia, and/or Latin America.
Candidate Drugs for Gastroduodenal Motility Disorders
In Table 2, we have summarized the candidate drugs for gastroparesis and FD.
TABLE 2 | Currently available pharmacological agents for gastroduodenal motility disorders.
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Based on previous clinical trials and meta-analyses, prokinetics have been recommended to treat gastroparesis, FD, IBS-C, and chronic constipation (Simren and Tack, 2018; Carbone et al., 2019; Grover et al., 2019; Camilleri and Atieh, 2021; Sharma et al., 2021). The pharmacological classes of prokinetics include serotonin 5-HT4R agonists, 5-HT1AR agonists, ghrelin receptor agonists, dopamine-2 receptor antagonists, and muscarinic receptor antagonists.
5-HT4R Agonists
Prucalopride [ClinicalTrials.gov: NCT02031081 (phase 2), NCT02510976 (phase 4)], a 5-HT4R agonist, exerts both gastro- and enterokinetic effects, which improves GI symptoms when assessed by the gastroparesis cardinal symptom index (GCSI) (Carbone et al., 2019). Felcisetrag [ClinicalTrials.gov: NCT03281577 (phase 2)] and Velusetrag [ClinicalTrials.gov: NCT01718938 (phase 2)] are additional selective 5-HT4R agonists that have gut prokinetic effects (Chedid et al., 2021; Kuo et al., 2021). They were shown to induce symptom relief and accelerate GI transit in idiopathic or diabetic gastroparesis patients (Chedid et al., 2021; Kuo et al., 2021). Defects in gut motility, including impaired fundus accommodation and delayed gastric emptying, have been shown in a subset of patients with FD (Asano et al., 2017; Enck et al., 2017). Further, treatment with prokinetic agents typically restores impaired gastric-duodenal motility in patients with FD-PDS (Masuy et al., 2019b).
5-HT1AR Agonists
Buspirone [ClinicalTrials.gov: NCT03587142 (phase 2)], a 5-HT1AR agonist, improves gastric accommodation and postprandial symptoms in patients with FD (Tack et al., 2012). Another 5-HT1AR agonist, Tandospirone, has shown significant resolution in FD symptoms compared to the placebo-treated group in a multicenter study (Miwa et al., 2009). Mirtazapine [ClinicalTrials.gov: NCT01240096 (phase 4)]), a TeCA with 5-HT1AR agonist activity on central and peripheral 5-HT1AR, leads to gastric fundus relaxation with improved nutrient volume tolerance, global dyspeptic symptoms, and early satiation nausea in patients with FD (Tack et al., 2016). Further, recent reports noted that mirtazapine improves nausea, vomiting, and loss of appetite in patients with gastroparesis (Malamood et al., 2017; Marella et al., 2019).
Ghrelin Receptor Agonists
Relamorelin (US. FDA approved medicine), a ghrelin receptor agonist, stimulates nodose afferents and dorsal motor nucleus of the vagus neurons, while accelerating gastric emptying and improving pain, nausea, bloating, and fullness in diabetic gastroparesis patients (Chedid and Camilleri, 2017; Camilleri et al., 2020a).
Dopamine-2 Receptor Antagonists
Metoclopramide (US. FDA approved medicine), domperidone (not approved in United States , but can be used through an FDA IND, due to concerns over its cardiac side effects. In Europe, domperidone has long been available over the counter; however, based on recent concerns over risk for prolongation of the QT-interval and increased risk of ventricular arrhythmia, it has only limited availability in Europe on a prescription basis, and only short-term use is recommended), and itopride [ClinicalTrials.gov: NCT00110968 (phase 3)], available mainly in Asia and to some extent in Eastern Europe are D2-receptor antagonists that exert both prokinetic and antiemetic effects in patients with gastroparesis and FD (Patterson et al., 1999; Dumitrascu and Weinbeck, 2000; Masuy et al., 2019b). Treatment with metoclopramide may result in adverse reactions, including a very serious condition called tardive dyskinesia. Additionally, there is an FDA black box warning for long-term use of metoclopramide (Rao and Camilleri, 2010).
Muscarinic Receptor Antagonists
Acotiamide [ClinicalTrials.gov: NCT03402984 (phase 2)], a muscarinic receptor antagonist (acetylcholinesterase inhibitor), antagonizes the presynaptic muscarinic receptors and has a prokinetic effect throughout the gut (Altan et al., 2012; Masuy et al., 2019a) and has been developed and approved in Japan and India for the treatment of FD. Studies have shown its efficacy in improving impaired gastric accommodation in patients with FD (Altan et al., 2012; Matsueda et al., 2012).
SELECTIVE NK1 RECEPTOR ANTAGONISTS
There is extraordinary potential for neurokinin-1 (NK1) or tachykinin receptor antagonists since they are effective both as antiemetics and gastrokinetics (Carlin et al., 2021). As antiemetic agents, they reduce the onset of emesis by affecting regions of the brain that cause vomiting and nausea through competition for NK1 receptors on vagal afferents or inhibition of significant effects of substance P on key emetic pathways. As gastrokinetics, they stimulate smooth muscle contractions in the stomach (Jacob et al., 2017). Tradipitant [ClinicalTrials.gov: NCT04028492 (phase 3)], a NK1 receptor antagonist, has been tested in patients with gastroparesis, and it showed improvement in GCSI, particularly nausea and vomiting scores (Jacob et al., 2017; Carlin et al., 2021).
ACID SUPPRESSIVE THERAPY
Patients with FD have duodenal hypersensitivity to gastric acid as well as impaired duodenal clearance of gastric acid, which highlights acid suppression therapy as a possible treatment for FD (Moayyedi et al., 2004). Acid suppression therapy is approved worldwide for acid-related disorders (peptic ulcer, reflux esophagitis, reflux disease, H. pylori eradication and Zollinger-Ellison syndrome). The first-line therapy for FD patients is acid suppression with proton pump inhibitors (PPIs), for instance lansoprazole, rabeprazole, pantoprazole, and omeprazole, although this may be the most commonly effective for the groups that have both EPS-FD and FD-GERD (Masuy et al., 2019b). Furthermore, a proof-of-concept study showed that pantoprazole [ClinicalTrials.gov: NCT03545243 (phase 4)] reduced duodenal eosinophils, mast cells, and intestinal permeability, which were correlated with a better clinical outcome in FD patients (Wauters et al., 2021).
Candidate Drugs for Bowel Disorders
In Table 3, we have summarized the candidate drugs for IBS, functional constipation, and functional diarrhea.
TABLE 3 | Currently available pharmacological agents for bowel disorders.
[image: Table 3]PROKINETICS
5-HT4R Agonists
5-HT4R agonists accelerate gut transit (Simren and Tack, 2018; Ghoshal, 2020). Gut motility was substantially improved in IBS-C patients treated with Tegaserod when compared to the placebo-treated patients (Black et al., 2020a) (Johanson et al., 2004). This drug led to a slight increase in cardiovascular and cerebrovascular ischaemic events, and therefore use was discontinued. The US. FDA approved reintroduction of tegaserod in 2019 for female patients with IBS that had no history of cardiovascular disease and were younger than 65 years old (Shah et al., 2021). Further, there were no significant cardiovascular events related to tegaserod observed in patients with ≤1 cardiac risk factor in this study. Prucalopride (approved for chronic constipation in most parts of the world) is another 5-HT4R agonist that demonstrated significantly improved chronic-constipation symptoms when compared to the placebo-treated group; however, IBS-C studies lack randomized controlled trials (Camilleri et al., 2008).
5-HT3R Antagonists
Alosetron (FDA approved medicine), ramosetron [ClinicalTrials.gov: NCT01225237 (phase 4)], and ondansetron [ClinicalTrails.gov: NCT03555188 (phase 3)], 5-HT3R antagonists, have been demonstrated to effectively treat IBS-D patients (Simren and Tack, 2018). Among 18 randomized controlled trials 5-HT3R antagonists were the best at improving stool consistency and symptoms of IBS-D, such as abdominal pain (Rokkas et al., 2021).
PROBIOTICS AND ANTIBIOTICS
Rifaximin (approved in most parts of the world for the treatment of IBS) was studied in randomized trials involving 1,260 patients with IBS (Pimentel et al., 2011). It was demonstrated to improve overall symptoms and bloating when compared to the placebo group. A study on FD patients also showed the efficacy of rifaximin, which was tolerated well and provided adequate relief of dyspeptic symptoms when compared to placebo treated patients (Tan et al., 2017).
Adults experiencing upper GI symptoms who ingested fermented milk with or without Bifidobacterium bifidum YIT10347 daily had improved abdominal discomfort and epigastric pain (Gomi et al., 2018). Another interventional study with Lactobacillus gasseri OLL2716 or placebo on FD patients showed symptom improvement in the treated group (Koga et al., 2019). Bifidobacterium infantis 35,624 has been found to normalize bowel movements and improve overall symptoms in all IBS subtypes (Charbonneau et al., 2013). Bifidobacterium lactis DN-173010 and VSL#3 probiotics are effective in treating flatulence, distention, and bloating (Aragon et al., 2010; Connell et al., 2018).
BILE ACID SEQUESTRANTS
Adults with symptoms characteristic of IBS-D and functional diarrhea were shown to have an overrepresentation of increased fecal BA excretion (Vijayvargiya and Camilleri, 2019; Mars et al., 2020). Obeticholic acid stimulates fibroblast growth factor 19 and results in a reduction of colonic BA concentration, therefore rescuing diarrhea (Walters et al., 2015). Moreover, Tropifexor slowed colonic emptying and improved the stool index of patients with BA-associated diarrhea (Camilleri et al., 2020b). Finally, an additional FXR agonist, obeticholic acid got US. FDA approval for treating primary biliary cholangitis (Walters et al., 2015; Camilleri et al., 2020b; Bowlus et al., 2020).
BILE ACID TRANSPORTER INHIBITOR
Elobixibat, an IBAT inhibitor, improves colonic motility in patients with IBS-C and functional constipation (Chey et al., 2011; Vijayvargiya et al., 2018; Khanna and Camilleri, 2021).
ANTI-INFLAMMATORY AGENTS
The occurrence of visceral hypersensitivity in some patients with IBS and has been associated with the release of tryptase and histamine, mucosal mast cell activation (Matricon et al., 2012; Aguilera-Lizarraga et al., 2021) Ketotifen improved the visceral pain threshold and reduced abdominal pain in IBS patients with visceral hypersensitivity (Klooker et al., 2010). Another study showed that the HRH1 antagonist, ebastine, reduced visceral hypersensitivity, and further, patients also experience symptom relief when compared to the placebo group (Wouters et al., 2016a).
INTESTINAL SECRETAGOGUES
Intestinal secretagogues, Lubiprostone and linaclotide (approved medicine for treating patients with IBS-C and chronic constipation and is also approved for the treatment of IBS-C and chronic constipation in many other countries) demonstrated exceptional efficacy in patients with IBS-C and functional constipation (Pannemans and Tack, 2018). Lubiprostone increases the amount of fluid secretion into the gut through bicarbonate and chloride secretion by acting on intestinal enterocytes ClC2, which leads to accelerated gut transit and improved stool consistency (Johanson et al., 2008; Drossman et al., 2009; Black et al., 2018). Linaclotide accelerates gut transit and inhibits visceral hypersensitivity by acting on the GC-C receptor on enterocytes (Chey et al., 2012; Rao et al., 2012; Black et al., 2018).
VISCERAL ANALGESICS
The GI tract contains a plethora of opioid receptors, and drugs target these receptors to reduce the perception of pain and slow gut transit (Raehal et al., 2011). Analgesia is induced through G protein-mediated pathway activation or ß-arrestin activation when opioids bind to μ-opioid receptors, which depresses central nervous system functions (e.g., respiration and cognition) and delays gut motility (Raehal et al., 2011). Biased μ-opioid receptor ligands can improve gut function and analgesia by solely activating the G protein pathway (Camilleri, 2021). The biased μ-opioid receptor ligand, oliceridine, has comparable analgesic effects to morphine, although human studies are necessary to test the efficacy for visceral pain management (Singla et al., 2019; Markham, 2020). Olorinab is a CB2 agonist that alters immune function and visceral sensation in a rodent model of colitis and might modulate gut motility in patients with IBS (Castro et al., 2021). In the future, human studies are warranted to test these medications in treating visceral pain in patients with FGIDs and gut motility disorders.
CENTRAL NEUROMODULATORS
Central neuromodulators are increasingly used for the treatment of FGIDs (Drossman et al., 2018). One study on patients with FD showed amitriptyline [ClinicalTrilas.gov: NCT00248651 (phase 2)], a TCA, improved GI symptoms and modestly improved sleep quality (Mertz et al., 1998; Herrick et al., 2018). TCAs were more efficacious in 11 randomized trials involving 744 patients with chronic constipation and IBS-C when compared to the placebo group (Ford et al., 2014). TCAs are first-line central neuromodulators that can be used to treat IBS, particularly IBS-D. Further, poor sleep and diarrhea were improved following treatment with the TCAs (imipramine and amitriptyline) (Rahimi et al., 2009). The SSRI [Citalopram, ClinicalTrials.gov: NCT00477165 (phase 2)] and SNRI [duloxetine, ClinicalTrials.gov: NCT00401258 (phase 4); or milnacipran, Clinicaltrials. gov: NCT01471379 (phase 2)] class of medications can reduce pain in patients with IBS (Brennan et al., 2009; Tornblom and Drossman, 2018). In addition, they have fewer side effects than TCAs; however, more robust studies are warranted to elucidate the effects of these medications in patients with IBS.
CONCLUSION AND FUTURE DIRECTIONS
An enhanced understanding of the physiological and pathophysiological mechanisms underlying functional and motility GI disorders has ushered in the development of novel treatment approaches in the clinical care of patients. Pharmacological agents that are developed based on the cellular and molecular mechanisms underlying pathologies of these disorders provide the best avenue for future pharmaceutical development. Additionally, currently available therapies lack long-term effectiveness and safety and have poorly understood mechanisms of action for their use to treat motility disorders and FGIDs. The heterogeneous nature, the poor correlation between improved gut functions and symptoms, and the absence of a single unifying target mechanism are hurdles to developing new therapeutic options.
The collaborative work between gastroenterologists, microbiologists, neurologists, epidemiologists, and bioinformaticians may lead to thrilling discoveries in the field of FGIDs. Further, the enhanced understanding of host-gut microbial crosstalk will allow better diagnostics and treatment options for patients with these disorders. Due to substantial clinical overlap between these disorders and the sharing of symptoms and pathophysiological mechanisms between different anatomical GI regions, a combination of symptoms along with testing for the underlying cellular and molecular pathologies might help physicians stratify subsets of patients that can be more effectively treated using specific medications.
An innovative approach that uses longitudinal and multicentric studies aims to fill current knowledge gaps and characterize the patients precisely based on multi-omics data profiling from the host epigenome, transcriptome, dietary profiles, metabolome, and gut microbiome, allowing for more effective treatment of these patients. More targeted approaches will help to relieve symptoms and restore gut-brain homeostasis in patients while enhancing the stratification of therapeutic modalities for gut motility disorders and FGIDs.
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Background and Aims: There is conflicting evidence regarding the association between proton pump inhibitors (PPI) and the risk of acquisition and severity of acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.
Aim: To evaluate the association between PPI exposure and infection and development of severe disease in patients infected with SARS-CoV2in a large population-based historical cohort.
Methods: Data were extracted from a health maintenance organization database in Israel that insures over 1,200,000 individuals from across the country. All patients who underwent SARS-CoV-2 testing between March and November 2020 were included. Logistic regression and matched analyses were used to compare patients prescribed and exposed to PPIs to those not prescribed PPIs regarding SARS-CoV-2 positivity. In addition, among SARS-CoV-2 positive patients (n = 44,397) the likelihood of developing severe disease, defined by a composite endpoint of death, ICU admission and prolonged hospitalization, was compared in those exposed and not exposed to PPIs.
Results: Among 255,355 adult patients who underwent SARS-CoV-2 testing by PCR, 44,397 (17.4%) were positive for SARS-CoV-2 and 12,066 (4.7%) patients were prescribed PPIs in the 3 months before testing. In a multivariable logistic regression model controlling for age, gender, smoking status, BMI, diabetes mellitus, hypertension, COPD, history of ischemic heart disease and fasting blood glucose (FBG) levels, no significant association was found between PPIs and SARS-CoV-2 positivity (p = 0.09 aOR 0.94, 95% CI – 0.88–1.01). Among SARS-CoV-2 positive patients, 910 (2%) had a severe infection. Multivariate logistic regression controlling for the abovementioned confounders, showed no such association between PPIs and severe COVID-19 (p = 0.28). Elevated FBG levels were significantly associated with both PPI exposure (p < 0.001) and severe COVID-19 infection (p < 0.001). These results were reinforced by a matched analysis (n = 655 pairs).
Conclusion: PPIs are spuriously associated with severe COVID-19 due to the presence of elevated FBG as a confounder. Our study accounted for the FBG levels of patients and known risk factors for severe COVID-19 infection, which may be the reason for the discrepancy in prior studies. These results may aid in understanding potential confounders when evaluating potential associations of PPIs with other respiratory or viral diseases.
Keywords: COVID - 19, SARS-CoV-2, hyperglycaemia, proton pump inhibitor, impaired fasting blood glucose
INTRODUCTION
The COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to worldwide morbidity and mortality (Grasselli et al., 2020). Several risk factors have been associated with worse outcomes among patients infected with SARS-CoV-2, including advanced age, obesity, and diabetes mellitus (DM) (Grasselli et al., 2020). In addition, studies have attempted to evaluate the association of several medications with both the risk of increased susceptibility to SARS-CoV-2 and the risk of more severe outcomes once infected (Fang et al., 2020). (Meng and Liang, 2021). Proton pump inhibitors (PPIs) are used extensively worldwide and can be purchased over the counter depending on the geographic location (Forgacs and Loganayagam, 2008; Katz et al., 2013). Numerous studies have proposed associations between PPIs and various adverse events (Dharmarajan, 2021). While many of these associations were not confirmed via randomized controlled trials (RCT), a RCT and a meta-analysis only confirmed the association between PPIs and enteric infections (D'Silva et al., 2021; Moayyedi et al., 2019).
PPIs inhibit hydrogen-potassium adenosine triphosphatase in gastric parietal cells, thereby decreasing gastric acidity (Engevik et al., 2020). Decreased gastric acidity is thought to cause an increased risk of enteric infections (Ray et al., 2020). At the same time, PPIs also may exert an anti-inflammatory effect, which may potentially be protective against SARS-CoV-2 (Ray et al., 2020; Conrad, 2021). Due to the widespread use of PPIs, their potential impact on SARS-CoV-2 should be carefully examined.
Studies evaluating the association between PPIs and SARS-CoV-2 positivity and COVID-19 disease severity based on self-reported patient surveys and health insurance claims databases showed conflicting results (Almario et al., 2020; Lee et al., 2020). PPIs were associated with more severe COVID-19 outcomes in a nationwide cohort from Korea, but there was no association between PPIs and SARS-CoV-2 positivity (Lee et al., 2020). A post-hoc analysis of this study showed a dose-dependent relationship between higher doses of PPIs and severe COVID-19 (Lee et al., 2021). A national health survey in the United States showed increased self-reported SARS-CoV-2 positivity among those who self-reported PPI use (Almario et al., 2020). A meta-analysis comprising highly heterogeneous studies showed a nonsignificant increased risk of SARS-CoV-2 but also a statistically significant increased risk of more severe COVID-19 outcomes among PPI users (Li et al., 2020). Another meta-analysis showed an increased risk of severe COVID-19 and the development of secondary infection in patients with prior PPI use (Kow and Hasan, 2021). A nationwide study from Denmark showed that current PPI use was associated with a moderately increased odds ratio for SARS-CoV-2 infection of 1.08 (95% CI, 1.03–1.13). Among SARS-CoV-2 cases, PPI use was associated with an increased risk of hospital admission but not with other severe COVID-19 related outcomes (Israelsen et al., 2013). On the other hand, a study of the UK Biobank found no increased risk of SARS-CoV-2 infection or death among PPI users, and an accompanying meta-analysis found no increased SARS-CoV-2 susceptibility with the use of PPIs or H-2 receptor blockers (Fan et al., 2021). Another large study from the UK Biobank, showed no association between PPI use and COVID-19-related mortality after adjusting for overall health status (He et al., 1430). These conflicting results call for additional well-designed studies to clarify the association of PPIs and COVID-19 severity (Lv et al., 2021).
Multiple risk factors for severe COVID-19 have been described, such as advanced age, male gender, cardiovascular disease, increased BMI, and respiratory disease (McGurnaghan et al., 2021; Wolff et al., 2021). A significant confounder when assessing SARS-CoV-2 positivity and COVID-19 severity is abnormal glucose levels in addition to diabetes mellitus (DM) (Zhang et al., 2020; Zhu et al., 2020). Recently, data from our health care maintenance organization (HMO) showed that impaired fasting glucose and dysglycemia among patients with diabetes (hypo or hyperglycemia in FBG tests) are associated with an increased risk for severe COVID-19 (Shauly-Aharonov et al., 2021). Prospectively collected data from a comprehensive electronic medical record that includes specific laboratory values and documentation of diagnoses and past medical history enables the assessment of the association between medication exposure and SARS-Cov2 infection and severity while evaluating the role of potential confounding factors.
METHODS
Meuhedet HMO is one of the four HMOs in Israel. It is Israel’s third-largest healthcare provider, serving over 1,200,000 individuals. Meuhedet’s computerized database includes real-time input from all physician visits, medical diagnoses, laboratory results, hospitalizations (including SARS-CoV-2 testing from all locations), and dispensing data on prescription and over-the-counter medications. Health data from the electronic medical records (EMR) of all insured individuals aged 18 and above who underwent a SARS-COV-2 polymerase chain reaction (PCR) test from 1 March 2020 to 30 November 2020, were extracted. Laboratory confirmation of SARS-COV-2 was defined as a positive result of a real-time PCR assay from nasal and pharyngeal swabs according to World Health Organization guidelines (World Health, 2020). If patients underwent multiple tests during this period, the first positive test was considered the index test. If all tests were negative, the first SARS-CoV-2 test was considered the index test.
Three sectors of Israeli society can be loosely identified based on the clinic’s location. These are the Arab, ultra-orthodox Jewish, and orthodox/secular Jewish. Recent studies showed differences in SARS-CoV-2 prevalence between these groups, and therefore, this variable was included as a potential risk factor (Dagan et al., 2021). Additional data extracted from patient EMRs included age, gender, body mass index (BMI), and significant medical diagnoses documented at any point before SARS-CoV-2 testing [e.g., ischemic heart disease (IHD), hypertension, DM, hyperlipidemia, hypothyroidism, chronic obstructive pulmonary disease (COPD)]. Prescriptions for omeprazole, esomeprazole, lansoprazole, and pantoprazole prescribed to patients in the 3 months before SARS-CoV-2 index test were also retrieved. In addition, we included results of the most recent FBG tests and glycosylated hemoglobin (HbA1C) performed within 1–12 months prior to SARS-CoV-2 testing.
COVID-19 outcomes were recorded, and the severity of outcomes was assessed. Severe infection was defined as any one of the following events: (1) death, (2) intensive care unit (ICU) admission, or (3) hospitalization of 10 days or more following the test.
This research was conducted in accordance with the Declaration of Helsinki and approved by the research ethics committee and internal review board of Meuhedet HMO (02-24-08-20).
STATISTICAL ANALYSIS
For descriptive analysis, we used counts and percentages for categorical variables. Continuous variables were summarized as means and standard deviations (SD). Bivariate analysis was performed using the Chi-squared test to compare categorical variables and t-test to compare means of continuous variables. Logistic regression was performed to evaluate the association between PPIs and SARS-CoV-2 positivity and the association between PPIs and severe COVID-19 infection. Odds ratios (OR) and corresponding 95% confidence intervals (CI) were reported. A multivariate logistic regression model was constructed to control for confounders previously found to be associated with increased risk for severe COVID-19. To further assess the associations between PPIs and SARS-CoV-2, 1:1 matching was performed to equate the distribution of covariates in the treated (i.e., PPI users) and control group. Two closeness measures - propensity score (Rosenbaum and Rubin, 1983) and Mahalanobis distance (Mahalanobis, 1936; Rubin, 1980)—were chosen, and a greedy (i.e., nearest neighbor) algorithm was applied. For propensity score matching, a caliper of 0.2 was used (Austin, 2011). A p-value of less than 0.05 was considered statistically significant in all analyses. Paired data were analyzed using the McNemar test. Statistical analysis was performed using R software (R Core Team, 2019).
RESULTS
Between 1 March 2020, and 30 November 2020, 378,862 patients enrolled in Meuhedet HMO, including 255,355 (66.9%) aged 18 years and above, underwent SARS-CoV-2 PCR testing. Of these, 44,397 (17.52%) adults had at least one positive SARS-CoV-2 test. On average, patients who tested positive were younger (37.57 ± 16.37 vs. 41.40 ± 17.79 years), more likely to be males (55.9% vs. 46.7%), and less likely to smoke (7.8% vs. 15.2%) compared to those who tested negative. Among the adult cohort, 12,066 (4.7%) patients were prescribed PPIs 3 months before SARS-CoV-2 testing. Additional comparisons are presented in Table 1.
TABLE 1 | Characteristics of patients who underwent PCR testing for SARS-CoV-2.
[image: Table 1]Overall, those prescribed PPIs were less likely than others to have a positive SARS-CoV-2 test (17.7% vs. 13.3%, p value < 0.001) (Figure 1) in the crude analysis. However, in a multivariate logistic regression model controlling for age, gender, sector, smoking status, BMI, history of DM, COPD, IHD, hypertension, and prior FBG levels PPIs were not associated with SARS-CoV-2 infection (p value = 0.1 adjusted OR (aOR) 0.94, 95% CI—0.88–1.01) (Supplementary Table S1). When patients were matched by propensity score algorithm based on the above covariates (n = 6835 pairs of patients), PPIs were not associated with SARS-CoV-2 infection (p value = 0.06, aOR = 0.9 95% CI 0.82–1.0) (Supplementary Table S2).
[image: Figure 1]FIGURE 1 | PPIs and SARS-CoV-2 testing results. The numbers on the bars represent the number of patients in each sub-category, whereas the inner partition into orange and blue represents the conditional distribution of SARS-CoV-2 infection.
Among patients who tested positive for SARS-CoV-2, 910 (2%) had a severe course. Of these, 349 died, 253 were hospitalized in the ICU, and 642 were hospitalized for 10 days or more (non-mutually exclusive). On average, patients with severe infection were older (67.48 ± 18.49 vs. 28.75 years ± 18.07), more likely to be obese (BMI>30 kg/m2, 43.7% vs. 19.3%), more likely to have a diagnosis of DM (35.8% vs. 4.4%), and more likely to have a diagnosis of IHD (17.4% vs. 1.5%). Pre-COVID-19 FBG was higher among patients with severe COVID-19 (114.03 vs. 94.12 p value < 0.001). This finding was statistically significant when analyzed in a subset of patients without a documented diagnosis of DM (95.32 vs. 89.02 p value < 0.001) as well borderline-significant in patients diagnosed with DM (141.66 vs. 133.67 p value = 0.06). Gender and smoking were not found to be significantly associated with severe infection. Additional comparisons are shown in Table 2. Bivariate analysis showed that patients who were prescribed PPIs were more likely to suffer from severe infection (Figure 2) (12.4% vs. 3.4% p-value <0.001). Howver, in multivariate logistic regression controlling for age, gender, BMI, DM, history of smoking, hypertension, COPD, IHD, and FBG levels, there was no significant association between PPIs and severe COVID-19 (p value = 0.28, Figure 3) (Supplementary Table S3). In a similar multivariate logistic regression with substituting HbA1C for FBG, PPIs were not associated with severe disease (p-value = 0.32).
TABLE 2 | Characteristics of patients with severe COVID-19, compared to those with non-severe COVID-19.
[image: Table 2][image: Figure 2]FIGURE 2 | PPIs and COVID-19 severity. The numbers on the bars represent the number of patients in each sub-category, whereas the inner partition into orange and blue represents the conditional distribution of severity.
[image: Figure 3]FIGURE 3 | Forest plot of risk factors associated with severe COVID-19 disease (death/ICU/hospitalization longer than 10 days).
When patients were matched by the Mahalanobis distance algorithm based on the above covariates (n = 655 pairs, Supplementary Table S4), PPIs were not associated with increased risk of severe COVID-19 (p-value = 0.48). In addition, a propensity score-matched cohort was constructed using the same parameters as mentioned in the logistic regression, and, in this analysis, (n = 1,019 pairs) PPIs were also not associated with an increased risk of severe COVID-19 (p-value = 0.25).
To further study the impact of FBG as a confounder in the potential association of PPIs and severe COVID-19, we tested the association between FBG and PPI use. Higher FBG levels were positively associated with the use of PPIs (Figure 4). Furthermore, a multivariate logistic regression model controlling for age, gender, BMI>30 kg/m2, hypertension, and smoking, showed an association between higher fasting blood glucose levels and PPIs (p-value <0.001, Supplementary Table S5). A similar association was seen with HbA1c levels (p-value <0.001).
[image: Figure 4]FIGURE 4 | Percentage of PPI prescription given prior fasting glucose range.
DISCUSSION
In this nationwide cohort of 255,355 adults who underwent SARS-CoV-2 testing, PPI exposure (based on the prescription of PPIs) was not associated with SARS-CoV-2 positivity after controlling for comorbidities and sociodemographic factors. Furthermore, among the 44,397 patients who tested positive for SARS-CoV-2, PPIs were not associated with severe COVID-19, defined as death, ICU stay, or hospitalization of 10 days or longer. As with prior studies assessing the potential adverse events of PPIs in a retrospective cohort and non-randomized studies, confounders likely affect the hypothesized impact of PPIs on diseases and outcomes (Almario et al., 2020; Farsalinos et al., 2020; Hariyanto et al., 2020; Lee et al., 2020; Li et al., 2020; Ramachandran et al., 2020; Fan et al., 2021; Luxenburger et al., 2021).
Similar to other studies, our analysis showed that advanced age, male gender, and elevated BMI were associated with severe COVID-19 (Deng and Peng, 2020; Zhou et al., 2020; Zhu et al., 2020; Shauly-Aharonov et al., 2021). Since the data in this study was from a large HMO, the analysis could control for confounders found in serum blood tests and not simply rely on diagnoses lists. This is vital as patients with DM and SARS-CoV-2 who had poorly controlled blood glucose levels had significantly worse outcomes (Singh and Singh, 2020; Zhu et al., 2020). In addition, impaired fasting glucose, even without a personal history of DM, was associated with more severe COVID-19 outcomes (Zhang et al., 2020). In this analysis both a diagnosis of DM and FBG levels were included as potential confounders for the regression model. While both confounders are associated with blood sugar levels, it is imperative to differentiate between patients who receive glucose-lowering agents and those who do not. As FBG is affected by the hours that the patient fasted, an additional regression was constructed using HbA1c instead of FBG showing similar results.
The association of PPIs and increased FBG levels can be explained in several directions. PPIs may serve as a risk factor for DM. Yuan et al. analyzed three prospective studies and found a 24% increased risk of developing DM among patients who received PPIs than those who did not (Lee et al., 2021). On the other hand, GI symptoms and disorders are common in patients with DM, and some are correlated with increased glucose levels (Rayner et al., 2000; Careyva and Stello, 2016; Du et al., 2018). Patients with DM are more likely to receive PPIs (Zawada et al., 2018). As such, adjusting for both a history of DM and poor glucose control is vital when assessing PPIs’ potential adverse effects.
This study is a historical cohort and is limited, similar to other administrative database studies (Etminan et al., 2020). A prospective study would be the ideal way to assess PPIs and SARS-CoV-2. However, the feasibility of performing such a study, particularly during the pandemic, would be extremely difficult (Emani et al., 2021). A major limitation of historical cohort studies assessing the association between prescribed pharmaceuticals and outcomes is confounding by indication (Schneeweiss and Avorn, 2005). The underlying disease or complaint for which PPIs were prescribed could not be discerned, and these unknown indications may be related to COVID-19 outcomes. In addition, PPI dosage or length of PPI use could not be assessed. Nonetheless, the PPI prescribing data in our cohort is objective pharmacy data and not based on self-reporting. Additional confounders that impact both FBG and COVID-19 outcomes may have been missing and not controlled for during statistical analysis (Martins, 2015).
During the initial months of the COVID-19 pandemic, many people refused to be tested for SARS-CoV-2 out of fear of the isolation restrictions imposed on those who tested positive. Thus, SARS-CoV-2 positive patients were not compared to those who were not tested for SARS-CoV-2. Untested individuals may have been infected with SARS-CoV-2 and not presented for testing.
An additional limitation is that patients may have taken PPIs without prescription thus misclassifying the exposure and biasing toward the null, this comparison can underestimate the number of COVID-19 patients due to false-negative results. The retrospective nature of the data also limited the definition of severe disease. Hospital data only included length of hospitalization and need for ICU, and we did not have access to in-hospital metrics such as the need for supplemental oxygen. The financial compensation that the HMO pays to the hospital is dependant on hospitalization length and ICU stay; therefore these are validated and reliable data. A composite endpoint of severe disease including death, ICU, and prolonged hospitalization was used. As there is universal health care coverage in Israel, a prolonged hospitalization will not be related to insurance bureaucracy and is a surrogate for more severe disease. Furthermore, effective interventions in COVID-19 are associated with shorter hospitalizations and a milder course of disease (RECOVERY Collaborative Group, 2020). Finally, the degree of physical activity, anti-diabetic/anti-hypertensive medication usage, dietary intake, and use of nutritional supplements are potential confounders when assessing FBG and COVID-19 outcome. However, this data was not available due to this study’s retrospective administrative database manner.
Nonetheless, this study has significant strengths, including a large number of patients and the inclusion of blood test results to assess and control for confounders. It is noteworthy that a strong and statistically significant crude association was found which was obliterated using multiple techniques to control confounding including multivariable analysis and propensity score matching. While other studies may have seen an association between PPIs and SARS-CoV-2 infectivity or death, this may have been a result of protopathic bias, or outcomes being attributed to treatments as opposed to the conditions being treated as was recently demonstrated in a study of 1.9 million patients showing no increased mortality risk with PPI use (Baik et al., 2021). While these findings may provide reassurance that pre-infection PPI exposure is not associated with worse SARS-CoV-2 prognosis, it must be emphasized that PPIs may be overutilized, and use should be limited to appropriate indications and for appropriate durations (Moayyedi, 2020).
In conclusion, after controlling for confounders, this large retrospective cohort study of 255,355 adults shows no association between PPIs and SARS-CoV-2 PCR positivity and severity. Our results support continued use of PPIs for patients with an appropriate indication without concern for increased risk of COVID-19.
WHAT IS KNOWN

• Proton pump inhibitors (PPI) are commonly used
• Prior studies evaluating the association of PPI use with Coronavirus disease 2019 (COVID-19) severity showed conflicting results.
WHAT IS NEW HERE

• Elevated fasting blood glucose is associated with both severe COVID-19 and PPI use.
• When controlling for fasting blood glucose, no significant association was found between PPIs and COVID-19 severity.
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Generic (Trade) name

Benztropine (Cogentin) Bolden et al. (1992)
Biperiden (Akineton) Eltze and Figala (1988)
Dicyclomine (Benty) Giachetti et al. (1986)
Pirenzipine (Gastrozepin) Bolden et al. (1992)
Trihexyphenidyl (Artane) Giachetti et al. (1986)
Cevimeline/AF-102B (Evoxac) Weber and
Keating (2008b)

Oxybutynin (Ditropan) Andersson and Chapple
(2001)

Aciidinium (Tudorza Pressair) Beier et al. (2013)
Darifenacin (Enablex) Yamada et al. (2006)
Solifenacin (VESicare) Oki et al. (2005)
Acediidine" (Glaunorm) Erickson and Schroeder
(2000)

Bethanechol (Urecholine)

Methacholine

Pilocarpine (Salagen, Isopto Carpine)
Zimmerman (1981)

Atropine (Atropen)

Scopolamine (Transderm-Scop)

Tolterodine (Detrol) Hils et al. (1998)

Ant, antagonist: EMA, European Medicines Agency; FDA, United States Food and Drug Administration; IM, intramuscular: IV, intravenous; NS, nonselective; PO, oral. *, not FDA approved.

Activity/MR
selectivity

MR Ant
MR Ant
MR Ant
MR Ant
MR Ant
MR, MaR Agonist

MR, MaR Ant
MR Ant

MR Ant

MR Ant

NS Agonist
NS Agonist
NS Agonist
NS Agonist
NS Ant

NS Ant

NS Ant

Dose range/Route

0.5-6 mg/day IM/V/PO

1-16 mg/day PO, 2.5-5 mg IM/V
20-160 mg/day PO

100-150 mg/day PO

5-15 mg/day PO

90 mg/day PO

5-30 mg/day PO; topical and
transdermal

800 meg/daily inhaled
7.5-15 mg/day PO

5-10 mg/day PO

Topical

30-200 mg/day PO
1-380 mog
15-30 mg/day PO

0.5-3 mg IV/IM; avaiable as
inhalant

1.5 mg skin patch; available PO,
M, IV

2-4 mg/day PO

Approved indications

Parkinson’s disease, extrapyramidal symptoms, dystonia

Parkinson’s disease, extrapyramidal symptoms
Irritable bowel syndrome

Peptic ulcer disease

Parkinson's disease

Xerostomia in Sjogren's syndrome

Overactive bladder

Chronic obstructive puimonary disease
Overactive bladder

Overactive bladder

Glaucoma

Urinary retention
Bronchial airway hyperactivity
Xerostornia, glaucoma

Bradycardia, inhibit secretions; mushroom/
organophosphate poisoning
Nausea, sedation, Gl and genitourinary spasm

Overactive bladder
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Agent Activity/MR selectivity Source Potential
clinical applications

2' biaryl amides Budzik et al. (2010) MR Agonist GlaxoSmithKiine

77-LH-28-1 Langmead et al. (2008) M;R Agonist Alzheimer's disease, schizophrenia
AC-42 Heinrich et al. (2009) MR Agonist

HTL0018318 Bakker et al. (2021) M,R Agonist Sosel Heptares Therapeutics ~ Dementia

PPBI Wood et al. (2017) MR Agonist AstraZeneca Analgesia

Nitrocaramiphen Hudkins et al. (1993) M;R Ant

PIPE-307 MR Ant Pipeline Therapeutics Multiple scleross; clinical trials (NCT04941781, NCT04725175)
PIPE-359 Schrader et al. (2021) M;R Ant Pipeline Therapeutics

Telenzepine Eveleigh et al. (1989) MR Ant Theracos Peptic ulcer disease; obesity (Clinical trial NCTO1155531)
VU 0255035 Tsentsevitsky et al. (2017) MR Ant Vanderbilt University Seizure disorder

L-689,660 Hargreaves et al., (1992) MR, MaR Agonist

Oxotremorine Veena et al., (2011) M;R, MR Agonist

R2HBJJ Hua et al. (2012) MR, MR Ant Non-small cell lung cancer
McN-A-343 Mitchelson (2012b) MR, M;R Agonist

Xanomeline Heinrich et al. (2009) MR, MR Agonist Alzheimer's disease

4-DAMP Honda et al. (2007) MR Ant

AZDBBT1 Aparici et al. (2019) MR Ant Almirall Ghronic obstructive lung disease
DA-8010 Lee et al. (2019) MR Ant Overactive bladder

DAU 5884 Gosens et al. (2004) MR Ant

J-104129 Mitsuya et al. (1999) MR Ant Merck Obstructive airway disease
Temiverine Kikukawa et al. (1998) MR Ant Utinary incontinence

YM905 Kobayashi et al. (2001) MR Ant Astelas (Yamanouch)) Intable bowel syndrome

Arecoline Heinrich et al. (2009) NS Agonist Alzheimer's disease, schizophrenia

Ant. antagonist: NS, nonselective.
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Age (year)
Bodyweight (kg)

Blood glucose (MM)
Insuin (uIU/mi)
HoATC (%)

LDL (mM) ©

CREA (uM) ©

MCH (10"'pg) ©
Na* (mM)

o (mv)

Urine glucose (mM)

"Mean + SD, of n = 3 for each of the three groups.
“The significant changes (p < 0.05) are shown in bold.

Mean (: SD)°

Ratio (p-value)”

NC

17.7 (£1.2)
6.4 (:0.8)

39 (:04)
19.1 (+14.4)
38 (+0)
08 (02)
727 (:9.7)
239 (:03)
1515 (+2)
1095 (+1.7)

0.2 (x0.1)

HFHS

18.2 (£0.7)
9.3 (+1.1)

58 (+1.2)

399 (x0.8)
4.7 (x0.2)

9.3 (:36)
88.8 (+10.4)
228 (x0.5)
150.1 (+8.6)
113.1 (+3.7)

0.4 (x0.2)

sDM

18.2 (+1)
72(£1.2)
Blood
17.9 (1)
142 (+4.8)
104 (+1.6)
26 (+1.9)
59.6 (+5.1)
233 (+1.6)
1475 (+1.1)
1065 (+1.9)
Urine
106.1 (£0.2)

°LDL, low-density lipoprotein: CREA, creatinine; MCH, mean corpuscular hemoglobin.

HFHS/NC

1.03 (05
1.44 (0.02)

1.48 (0.06)
209 (0.1)
1.23 0.02)
11.12 (0.05)
1.22 (0.1)
095 (0.04)
099 0.8)
1.08 0.2)

2.79(0.1)

sDM/NC

1.03 (0.6)
1.13(04)

4.56 (2x1079)
0.74 (0.6)
273 (0.02)
307 (0.24)
082 (0.1)
098 (0.6)
097 (0.04)
097 (0.1)

677.3 (9 x 1079

SDM/HFHS

1(1)
0.78 0.1)

3.09 (2x107%)
035 (0.01)
222 (0.02)
028 (0.04)
067 (0.01)
1.02 06)
098 (06)
094 (0.05)

243 (3 x 107
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Antibody  Host species Dilution Source/Catalog no.

IF wB
TH Mouse 1:5000 1:10,000  Sigma/T1299
ChAT Rabbit 1:200 1:500 Proteintech/20747-1-AP
CD163 Mouse 1:50 N/A Bio-Rad/MCA342GA
CD68 Mouse 1:50 N/A Bio-Rad/MCA341GA
a7nAChR Rabbit 1:50 1:200 Proteintech/ANC-007
INOS Rabbit NA 1:500 Proteintech/18985-1-AP
COX-2 Rabbit NA 1:400 Proteintech/12375-1-AP
NF-kB p65 Rabbi NA 1:500 Abcam/ab16502
kB Rabbi NA 1:500 Proteintech/10268-1-AP
GAPDH Rabbit NA 1:5,000  Sigma/G9545
Lamin B Rabbit NA 1:2000 Proteintech/12987-1-AP
B-Actin Rabbit NA 1:5,000  Proteintech/20536-1-AP
MLC-20 Rabbit NA 1:500 Abcam/ab2480
a-SMA Rabbit NA 1:500 Santa cruz/sc-33020

TH, tyrosine hycoxylase; ChAT, choline acetyltransferase; CD163, cluster of
differentiation 163; CD6, cluster of differentiation 68; iNOS, inducible nitric oxide
synthases; COX-2, Cyclooxygenase-2; NF-xB p65, p65 subunit of NF-kappa-8
transcription complex; B, inhibitor of NF-xB; MLC-20, myosin light chain 20; a-SMA,
a-smooth muscle actin: N/A, not applicable.
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Secondary

Immunohistochemistry
anti-mouse IgG
anti-rabbit 19G

Immunofiuorescence
Goat ant-mouse IgG
Goat anti-mouse IgG
Donkey anti-rabbit IgG
Donkey anti-rabbit IgG:

Westem botting
Goat anti-rabbit IgG
Goat anti-mouse IgG

Abbreviatione: Iy, inmunoglobufin,

Conjugation

HRP
HRP

Alexa Fluor 488
Alexa Fluor 594
Alexa Fluor 488
Alexa Fluor 594

HRP
HRP

1:10,000
1:10,000

Source/Catalog no.

ZSGB-Bio/PV-9002
ZSGB-Bio/PV-9001

Invitrogen/A11017
Invitrogen/A11020
InvitrogenVA21206
Invitrogen/A21207

Proteintech/SA00001-2
Proteintech/SA00001-2
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Primer accession no.

GAPDH
NM-031144.3
MCP-1
NM-031530.1
TNFa
XM008772775.2
IL-1B
NM-031512.2
L6
NM-012589.2

Forward:

Primer sequence

5'-TTCAACACCCCAGCCATGT-3'

Reverse:5'-GTGGTACGACCAGAGGCATCA-3"

Forward:

Reverse:

Forward:

Reverse:

Forward

Reverse:

Forward

Reverse:

5'-CCTCCACCACTATGCAGGTCTC-3
5'-GCACGTGGATGCTACAGGC-3'
5'-GCTCCCTCTCATCAGTTCCA-3'
5'-GCTTGGTGGTTTGCTACGAC-3'
5'-GCCAACAAGTGGTATTCTCCA-3"
5'-TGCCGTCTTTCATCACACAG -3'
5'-GTCAACTCCATCTGCCCTTC -3/
5'-TGTGGGTGGTATCCTCTGTG -3'

Primer location

457-475
524-503
65-86
139-121
382-401
483-464
514-534
633-614
35-54
188-169
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Study

Wang (2014)
Tan (2016)
Zhang (2017)
Ding (2018)
Jiang (2018)
Taman (2019)
Zhang (2020)
Xing (2020)

SC. some concems.

Random
sequence
generation

Low
Unclear
Low
Low
Low
Low
Low
Low

Allocation
concealment

Low
Unclear
Unclear
Unclear
Unclear

Low
Unclear
Unclear

Blinding
in
performance

Low
Unclear
Unclear
Unclear
Unclear
Low
High
Unclear

Blinding
of outcome
assessment

Low
Low
Low
Low
Low
Low
Low
Low

Incomplete
outcome
data

Low
Low
Low
Low
Low
Low
Low
Low

Selective
reporting

Low
Low
Low
Low
Low
Low
Low
Low

Other
bias

Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear
Unclear

Total

sc
sc
sc
sc
sc
sc
High
sc
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Study

Wang (2014)
Tan (2016)
Zhang (2017)
Ding (2018)

Jiang (2018)

Taman (2019)

Zhang (2020)

Xing (2020)

Country

China
China
China
China
China

Egypt
China

China

Surgery

Hepatectomy
Hepatectomy
Hepatolobectomy
Left
hemihepatectorny
Precise hepatectomy

Partial hepatectomy
Hepatectomy

Partial hepatectomy

Intervention and
dosage

DEX: loading dose 1 g/kg (10 min),
maintain 0.3 pg/kg/h vs. NS

DEX: loading dose 1 ug/kg (15 min),
maintain 0.3 pg/kg/h vs. NS

DEX: loading dose 1 ug/kg (10 min),
maintain 0.5 ug/kg/ vs. NS

DEX: loading dose 1 ug/kg (10 min),
maintain 0.5 ug/kg/ vs. NS

DEX: maintain 0.5 ug/kg/ vs. NS
DEX: maintain 0.3 ug/kg/h vs. NS
DEX: loading dose 0.5 ug/kg

(10 min), maintain 0.5 ug/kg/h

vs. NS

DEX: 1 pgrkg (10-15 min, portal
vein) vs. DEX: 1 pg/kg (10-15 min,
internal jugular vein) vs. NS

DEX, dexmedetomidine; AICU, anesthesia intensive care unit; NS, normal saline.
@ liver function; ® biomarkers of inflammatory response; ® biomarkers of oxidative stress; @ renal function; ® intestinal function; ® postoperative recovery variables; @ intraoperative

variahles.

Treatment duration

From intubation to the end of surgery
From intubation to the end of surgery
10 min before surgery - unclear

From induction of anesthesia to the end
of surgery

In AICU

From intubation to the end of surgery
Unclear - until liver lobe resection

10-15 min after isolating the veins

Participants

22/22
25/25
53/53
30/30
20/20

25/25
29/29

20/20/20

Outcomes

[elelolelelole;
[ololelelo)
[olelolo}
[olelolo}
[oo)

[olole]
[ololelelo)

[olelolel
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Study

Wang
(2014)

Tan
(2016)

Zhang
(2017)

Ding
(2018)

Jiang
(2018)

Taman
(2019)

Zhang
(2020)

Xing
(2020)

Age (years)

Group C: 30-69;
Group D: 27-68

Group C: 47.6 £ 11.4;
Group D: 44.6 + 10.1

Group C: 45.38 +
5.69; Group D:
46.19 + 5.65

Group C: 54.6 + 11.4;
Group D: 56.6 + 13.3

Group C: 44.6 + 9.2;
Group D: 46.7 + 10.6

Group C: 36.4 +4.73;
Group D: 38.68 +4.96

Group C: 515+ 11.5;
Group D: 52.4 + 11.8

Group C: 44.7 + 2.7;
Group DP: 45.1 £ 3.0;
Group DJ: 436 + 3.2

Gender, males

Group C: 71%
Group D: 75%

Group C: 72%
Group D: 76%

Group C: 56.6%
Group D: 54.71%

Group C: 70%
Group D: 76.7%

Group C: 80%
Group D: 70%

Group C: 76%
Group D: 72%

Group C: 44.8%
Group D: 34.5%

Group C: 55%
Group DP: 65%
Group DJ: 50%

Primary disease

Hepatocelular carcinomas,
Intrahepatic
cholangiocarcinoma,
Intrahepatic bile duct stone
Girthosis

NA

Primary carcinoma of liver

NA

NA

Hepatits, Girthosis

Intrahepatic bile duct stone,

Primary carcinoma of liver

ASA  Child-
pugh
Al NA
M NA
NA  AB
NA  AB
i AB
nooNA
mooA
I A

Anesthetics

Induction: propofol, fentanyl,
cisatracurium; Maintenance:
propofol, fentanyl,
cisatracurium

Induction: propofol, fentanyl,
cisatracurium; Maintenance:
propofol, remifentani,
cisatracurium

Induction: propofol, fentanyl,
cisatracurium; Maintenance:
propofol, remifentani,
cisatracurium

Induction: midazolam,
sufentanil, rocuronium;
Maintenance: propofol,
sufentanil, rocuronium,
sevofiurane

Induction: midazolam, propofol,
fentanyl, vecuronium bromide;
Maintenance: propofol,
remifentanil, atracurium,
sevofiurane

Induction: propofol, fentanyl,
rocuronium; Maintenance:
isoflurane, fentanyl, rocuronium
Induction: propofol,
remifentanil, cisatracurium;
Maintenance: propofol,
remifentanil, cisatracurium
Induction: midazolam, propofol,
sufentanil, rocuronium;
Maintenance: propofol,
remifentanil, cisatracurium,
sevofiurane

Ischemic time (min)

Group G: 17.9.+ 58;
Group D: 192 + 6.4

NA

NA

Group C: 269+ 8
Group D: 24.7 £ 103

Group C: 51.0 £ 8.1;
Group D: 55.1 £ 105

Group C: 20.43 + 2.58;
Group D: 19.61 193

NA

Group C: 127 £ 1.1;
Group DP: 12.3 + 13;
Group DJ: 119 £ 1.5

Group C, control group (0.9% sodium chioride); Group D, dexmedetomidine group; Group DP, dexmedetomidine group, via portal vein; Group DJ, dexmedetomidine group, via internal
jugular vein: NA, not available.





OPS/images/fphar-12-747911/fphar-12-747911-g002.gif





OPS/images/fphar-12-747911/fphar-12-747911-g003.gif
" ==t
[ Bamon FEgri -

Bk g
B SE RS EMEER E
oo SIS, S Xt R - T
® e Temetstee ot Mo O v
BECOEE DEEIE R

o o

Erars o
12 e mmpmmem -

Ty T

5 s s -
rare ey 5 o S

et T, XY






OPS/images/fphar-12-747911/fphar-12-747911-g004.gif
Wom R E R um aRLaS -
SRR Ranan 8RR
T e e ot e
reeadeeittat
? e o o
B hm amm i =
B umennan -
Rt ——
Py e—— P

frredeadaty

o [r——— [ pr—

i S

5 I Shales
= 8 wiEAE





OPS/images/fphar-12-747911/fphar-12-747911-g005.gif
3T RN

B -

" o [ U ——- o
a5 10
amERHUTOR BT R ARSNNRES —a

st v st
S—

c
s [ — [— o
Ve 0% B oeren b me anpeai -

" PE—— -
pagsnton +
oy . T

poat oo o pr—

o T b S

E A R ]

T “ PRpn—

ey 100 1 <3 0% B
Tet 241151 a0y -
oorm ot o e

e T

e e T B derie B ok ampes

ot e 85102 B E
e N e gt A






OPS/images/fphar-12-786105/crossmark.jpg
©

|





OPS/images/fphar-12-759249/fphar-12-759249-t001.jpg
Authors

Dojo et al. Dojo et al. (2001)
Inaba et al. Inaba et al. (2002)

Kawabata et al. Kawabata et al. (2008)
Miki et al, M et al. (2003)

Take et a. Take et al. (2008)

Isomoto et al. Isomoto et a. (2003)

Sheu et al. Sheu et al. (2005)

Okudaira et al. Okudaira et al. (2005)
Kuwayama et al. Kuwayama et al. (2005)
Higuchi et al. Higuchi et al. (2006)

Furuta et al. Furuta et al. (2007)
Kuwayama et al. Kuwayama et al. (2007)
Hagiwara et al. Hagiwara et al. (2007)
Lee et al. Lee et al. (2010)

Znang et al. Zhang et al. (2010)
Prasertpetmanee et al. Praseripetmanee
etal. (2013)

Yang et al. Yang et al. (2015)

Liou et al. Liou et al. (2016)
Phiphatpatthamaamphan et a,
Phiphatpatthamaamphan et al. (2016)
Chunlertith et al. Chunlentith et al. (2017)
Shimoyama et al. Shimoyama et al. (2017)
Ozaki et al. Ozaki et al. (2018)

Aréwalo Galis et al. Arevalo Galvis et a.,
(2019)

Chen et al. Chen et al. (2020)

Lee et al. Lee et al. (2020)

Year

2001

2002

2003

2003

2003

2003

2005

2005

2005

2006

2007

2007

2007

2010

2010

2013

2015

2016

2016

2017

2017

2018

2019

2020

2020

Country

Japan
Japan
Japan
Japan
Japan
Japan
China
Japan
Japan
Japan
Japan
Japan
Japan
Korea
China

Thaiand
Taiwan
Taiwan

Thaland

Thaiand
Japan
Japan

Colombia
China

Korea

Number  Age
of (mean)
patients
170 NA
183 NA
187 518
(20-78)
145 NA
249 NA

61

200

8

225

288

150

a79

22

492

240

110

150

650

50

170

200

147

69

a3

254

(17-89)
NA

506
(20-79)
NA

NA
NA

5432
123
972
129
536
(29-70)

N
N
N

457213

510+

133
NA

Sex
[

EE
14241
138
/49
105/33
219/30
4318

99/101

17852
176/
12

100550
a3/

128
146

194/46
3071
5991
308/
322
17/33
85/85
9099
74m3
23/46
175/
163

151/
103

cvpacts
EM
(TT/PP)

NA5T
NABS
NAB3
NA/44
81/72
21/NA
91/83
NABS
67/NA
82NA
So/NA
NA/149
NS
NAIT7E
74170

NA/36

NA/481
NA25
2
NA/BO
NA/19
50/53
NA/185*

NAT2

cypacis
™
(TT/PP)

NATT
NABT
NAB8
NAT72
125119
28NA
65/60
NA/46
11ONA
136/NA
74NA
NA/230
NAB
NA219
124/113
N9

6INA

NAZ21
7871
NA/129°
NAB3

10110

NA/122

cypaciy
M

(TT/PP)

N36
Nav27
Nv22
Nv22
43/40
12MNA

44142

67NA
24MNA

N8O

73
a1
e
12ma

77

16115

NANA

NA
N3t

NA/36

PRI

OPZ (20/RPZ (20)
OPZ (201PZ (30
RPZ (10)

LPZ (30/RPZ (10)
LPZ (30/RPZ (10, 20)
OPZ (20PZ (30
RPZ (10)

LPZ (30)

OPZ (20/EPZ (40)
LPZ (30)

oPZ (20)

OPZ (20)

LPZ (30)

RPZ (10, 20)

LPZ (30)

RPZ (20/LPZ (30)
OPZ (20/RPZ (10)
LPZ (60)

RPZ (20)

LPZ (30)

RPZ (20)

OPZ (20)

EPZ (20/RPZ (10)
EPZ (20/RPZ (10)
OPZ (20)
Dexiansoprazole (60)

oD
laprazole (10)

Regimen
of PAC
therapy
(dose
aday)

(CAM (400) BID/AMPC
(750 BD

(CAM (200) TID/AMPC
(500) TID

(CAM (400) BID/AMPC
(750) BID

(CAM (400) BID/AMPC
(1,000 BD

(CAM (400) BID/AMPC
(750 BD

(CAM (200) BID/AMPC
(750 BD

CAM (500) BID/AMPC
(1,000 BD

(CAM (200) BID/AMPC
(750) BID

(CAM (400/500) BID/
AMPC (750/1,000) BID
(CAM (200/400) BID/
AMPC (750) BID
(CAM (400) BID/AMPC
(750 BD

(CAM (200/400) BID/
AMPC (750) BD
CAM (200) BID/AMPC
(750 BD

CAM (500) BID/AMPC
(1,000 BD

(CAM (500) BID/AMPC
(1,000) BID

CAM (1,000) OID/AMPC
(500 QD

CAM (500) BID/AMPC
(1,000) BID

(CAM (500) BID/AMPC
(1,000) BID

CAM (1,000) OID/AMPC
(500) QD

(CAM (500) BID/AMPC
(1,000) BID

(CAM (200) BID/AMPC
(750) BID

(CAM (200) BID/AMPC
(750) BID

CAM (500) BID/AMPC
(1,000 BD

CAM (500) BID/AMPC
(1,000) BID

CAM (500) BID/AMPC
(1,000 BID

Duration

Tdays
7days
Tdays
7 days.
Tdays
Tdays
7 days.
7days
Tdays
7days
Tdays
7 days
7days
7 days
7 days
7 days/
14 days
7 days
14 days
14 days
7days
Tdays
7days
10days

14 days

7 days/
10 days

AMPC, amoxicil; BID, twice-dially dosing; CAM, clarthromycin; D, day; EM, oxtensivo metabolzor of CYP2G19; EPZ, esomeprazole; I, inermedtate motabolzor of CYP2C19; T, intention-to-troa; LPZ, lansoprazoe; MNZ, melronidazoe;

NA, not avaiable; OID, once-daiy dosing; OPZ, omeprazole; PI, poor metabolizer of CYP2C19; PP, per-protocol; PP, proton pump inhibitor; QID, four-times-daiy dosing; RPZ, rabeprazole.
*Combined number of CYP2C19 EMs and M.
Boambined nimber of CYP2C19 e and Piés
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Sheu et . Sheu et al. (2005)

Okudaira et al. Okudaira et al. (2005)
Kuwayama et al. Kuwayama et al. (2005)
Higuchi et al. Higuchi et al. (2006)
Furuta et al. Furuta et al. (2007)
Kuwayama et al. Kuwayama et al. (2007)
Hagiwara et al. Hagiwara et al. (2007)
Lee et al. Lee et al. (2010)

Zhang et al. Zhang et al. (2010)

Prasertpetmanee et al. Prasertpetmanee et al. (2013)

Yang et al. Yang et al. (2015)
Liou et al. Liou et al. (2016)

Phiphatpatthamaamphan et al. Phiphatpatthamaamphan et al. (2016)

Chunlertiith et al. Chunlertiith et al. (2017)

Shimoyama et al. Shimoyama et al. (2017)

Ozaki et al. Ozaki et al. (2018)

Arévalo Galvis et al. Arevalo Galvis et al. (2019)

Chen et al. Chen et al. (2020)
Lee et al. Lee et al. (2020)

Number of
patients

170
183
187
145
249
61

200
89
225
288
160
479
22
492
240
110
150
650
50
170
200
147
69
338
254

Eradication rate
(TT/PP)

NA/81.7%
82.0%/83.8%
72.2%/78.0%
82.8%/87.0%
74.3%/80.1%
80.3%/84.5%
82.5%/89.2%
76.4%/78.2%
80.9%/81.4%
80.6%/82.9%
70.0%/72.9%

NA/89.1%
72.7%/70.0%
82.5%/75.2%
82.5%/88.4%
96.4%/96.4%
80.7%/81.2%
86.7%/91.0%
86.0%/87.8%
80.6%/89.5%
73.0%/77.2%
72.8%/72.8%
84.1%/92.1%
84.3%/88.0%
70.1%/76.4%

CYP2C19 EM
(ITT/PP)

NA/76.5%
Na/756.4%
NA/79.4%
Ma/88.6%
77.8%/77.8%
76.2%/NA
76.9%/84.3%
NA/62.9%
80.6%/NA
74.4%/NA
57.7%/NA
NA/85.9%
NA/60.0%
NA/71.3%
82.4%/87.1%
NA/94.4%
76.4%/NA
NA/84.8%
NA/92.0%
87.8%/90.3%
NA/75.0%
NA/63.2%
83.1%/92.5%
NA/89.2%
NA/79.2%

CYP2C19 IM
(ITT/PP)

NA/84.4%
NA/88.5%
NA/78.4%
NA/88.9%
74.4%/78.2%
78.6%/NA
94.6%/91.7%
NA/87.0%
79.8%/NA
84.6%/NA
71.6%/NA
NA/88.7%
NA/76.0%
NA/76.7%
79.8%/87.6%
NA/100%
85.7%/NA
NA/NA
NA/81.0%
71.8%/78.9%
NA/78.3%
NA/78.8%
90.0%/90.0%
NA/NA
NA/76.4%

CYP2C19 PM
(ITT/PP)

NA/86.1%
NA/88.9%
NA/72.7%
NA/77.3%
83.7%/90.0%
91.7%/NA
90.9%/95.2%
NA/100%
84.6%/NA
82.1%/NA
91.7%/NA
NA/96.3%
NA/83.3%
NA/79.5%
90.5%/92.7%
NA/100%
78.9%/NA
NA/94.8%
NA/100%
87.5%/93.3%
NA/NA
NA/77.8%
NA/NA
NA/93.6%
NA/72.2%

EM. extensive metabolizer of CYP2C19; IM, intermediate metabolizer of CYP2C19; ITT, intention-to-treat: NA, not available: PM, poor metabolizer of CYP2C19: PP, per-protocol.
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Authors PPI

Dojo et al. Dojo et al. (2001) [o54
(20
Inaba et al. Inaba et al. (2002) [o54
(0)
Sheu et al. Sheu et al. (2005) oPZ
(20)
Kuwayama et al. Kuwayama et al. oPzZ
(2005) (0)
Higuchi et al. Higuchi et al. (2006) oPz
(20)
Zhang et al. Zhang et al. (2010) oPZ
(20)
Chunlertith et al. Chunletith et al. oPZ
(2017) (20)
Arévalo Galvis et al. Arevalo Galvis etal.  OPZ
(2019) (0)
Inaba et . Inaba et al. (2002) (124
(30)
Miki et al. Miki et al. (2003) LPZ
(30)
Kawabata et al. Kawabata et al. (2003) LPZ
(30)
Isomoto et al. Isomoto et al. (2003) (14
(30)
Okudaira et al. Okudaira et al. (2005) ~ LPZ
(30)
Furuta et al. Furuta et al. (2007) (124
(30)
Hagiwara et al. Hagiwara et al. (2007) ~ LPZ
(@0)
Lee et al. Lee et al. (2010) LPZ
(30)
Prasertpetmanee et al. (14
Prasertpetmanee et al. (2013) (60)
Liou et al. Liou et al. (2016) LPZ
80)
Dojo et al. Dojo et al. (2001) RPZ
(20
Inaba et al. Inaba et al. (2002) RPZ
(10)
Miki et al. Miki et al. (2003) RPZ
(10, 20)
Kawabata et al. Kawabata et al. (2003) RPZ
(10)
Kuwayama et al. Kuwayama et al. RPZ
(2007) (10, 20)
Lee et al. Lee et al. (2010) RPZ
(20)
Zhang et al. Zhang et al. (2010) RPZ
(10)
Yang et al. Yang et al. (2015) RPZ
(20)
Phiphatpatthamaamphan et al. RPZ
Phiphatpatthamaamphan et al. (2016) (20}
Ozaki et al. Ozaki et al., (2018) RPZ
(10)
Lee et al. Lee et al. (2020) RPZ
(10)
Sheu et al. Sheu et al. (2005) EPZ
(40)
Ozaki et al. Ozaki et al. (2018) EPZ
(20)
Shimoyama et al. Shimoyama et al. EPZ
(2017) (20)

Number
of
patients
(TT/PP)

NA/86
59/58
100/93
225215
288/280
1201109
170/153
133/122
60/58
49/47
87/80
61/58
89/87
150/144
22/20
247/234
110/110
650/602
NA/78
64/63
96/91
100/93
479/459
245/229
1201115
450/445
100/97
76/76
101/95
100/92
7

99/94

CYP2C19
EM
(TT/PP)

NA/30
NA/21
45/41
67/NA
82/NA
39/36
74172
111/101
NA/20
NA/12
NA/33
21/NA
NA/35
52/NA
NA/S
NA/85
NA/36
NA/4812
NA/21
NA/24
NA/32
NA/30
NA/149
NA/86
35/34
199/NA
NA/44
NA/6
NA/30
46/42
NA/13

NA/30

cyp2c19
]
(TT/PP)

NA/36
NA27
32/30
T19/NA
136/NA
61/54
7871
21/20
NA29
NA/26
NA/35
28/NA
NA/46
T4/INA
NA/8
NA/108

NA/19

NA/41
NA/31
NA/46
NA/S3
NA/230
NA/111
63/59
192/NA
NA/4T
NA/19
NA/B5®
33/30
NA/14

NA/B4°

cyp2c19
PM
(TT/PP)

NA20
NA/10
23/22
39/NA
B67/NA
20/19
16/15
17
NAS
NAS
NA/1O
12/NA
NA/6
24/NA
NA6
NA/41
NAS
NAT7

NA/16

NA/13
NA/10
NA/BO
NA/32
22/22

57/NA

NA/3

21/20

NA6

Eradication
rate
(ITT/PP)

NA/81.4%

83.1%/
84.5%
79.0%/
84.9%
80.9%/
84.7%
80.6%/
82.6%
79.2%/
87.2%
80.6%/
89.56%
88.0%/
95.9%
86.7%/
89.7%
79.6%/
83.0%
69.0%/
75.0%
80.3%/
84.5%
76.4%/
78.2%
70.0%/
72.9%
63.6%/
70.0%
74.9%/
79.1%
96.4%/
96.4%
86.7%/
92.6%
NA/83.3%

76.6%/
77.8%
85.4%/
90.1%
75.0%/
80.6%
85.4%/
89.1%
66.56%/
71.2%
85.8%/
89.6%
87.1%/
88.1%
90.0%/
92.8%
68.4%/
68.4%
70.3%/
74.8%
86.0%/
93.6%
77.5%/
77.5%
75.8%/
79.8%

cyp2c19
EM
(TT/PP)

NA/73.3%
NA/76.2%
68.9%/
75.6%
80.6%/NA
74.4%/NA
71.8%/
77.8%
87.8%/
90.3%
87.4%/
96.0%
NA/90.0%
NA/83.3%
NA72.7%
76.2%/NA
NA/62.9%
57.7%/NA
NA/60.0%
NA/74.1%
NA/94.4%
NA/84.8%°
NA/81.0%
NA/62.5%
NA/90.6%
NA/86.7%
NA/85.9%
NA/68.6%
94.3%/
97.1%
85.9%/NA
NA/95.4%
NA/66.7%
NA/76.7%
84.8%/
92.9%

NA/61.5%

NA/73.3%

CYP2C19
™M
(TT/PP)

NA/86.1%
NA/88.9%
84.4%/
90.0%
79.8%/NA
84.6%/NA
80.3%/
90.7%
71.8%/
78.9%
90.5%/
95.5%
NA/89.7%
NA/84.6%
NA/74.3%
78.6%/NA
NA/87.0%
71.6%/NA
NA/75.0%
NA/80.6%

NA/100%

NA/82.9%
NA/B7.1%
NA/91.3%
NA/81.1%
NA/88.7%
NA/73.0%
79.4%/
84.7%
90.1%/NA
NA/93.6%
NA/73.7%
NA/73.8%°
84.8%/
93.3%

NA/85.7%

NA/82.8%"

cyp2c19
PM
(TT/PP)

NA/85.0%
NA/90.0%
91.3%/
95.5%
84.6%/NA
82.1%/NA
89.0%/
94.7%
87.5%/
93.3%
100%/
100%
NA/88.9%
NA/77.8%
NA/100%
91.7%/MNA
NA/100%
91.7%/MNA
NA/83.3%
NA/85.4%
NA/100%
NA/94.8%
NA/87.5%
NA/87.5%
NA/76.9%
NA/60.0%
NA/96.3%
NA/71.9%
90.9%/
90.9%
87.7%/NA

NA/83.3%

NA/100%

90.5%/
95.0%
NA/66.7%

EM, extensive metabolizer of CYP2C19; EPZ, esomeprazole; IM, intermediate metabolizer of CYP2C19; ITT, intention-to-treat; LPZ, lansoprazole; NA, notavailable; OPZ, omeprazole; PM,
poor metabolizer of CYP2C19; PP, per-protocol; PPI, proton pump inhibitor; RPZ, rabeprazole.

*Combined number of CYP2C19 EMs and IMs.
bcombined number of CYP2C19 IMs and PMs.
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PPl-dose

Standard dose

Double dose

Treatment
duration
7-days

10 and 14 days

CAM-dose

400 mg/day

800-1000 mg/

day

Eradication
rate

Total

80.6% (1847/

2,292)
85.2% (901/
1,057)

80.3% (2,902/

3,615)

81.5% (349/428)

83.1% (654/787)

80.1% (2.479/

3,003)

81.4% (866/
(664/859) (317/369)

(373/445) (403/466) (125/146)

76.8% (975/  81.0% (1,406/

(521/609)

(127/147) (175/220)

(199/261)
78.4% (894/

(333/389)
80.1% (1,165/

(122/137)

(420/497)

EMyvs IM P EMvs PM p M vs PM
value value
95%C1 95%C1 95%C1
1.28 <001 172(1/ <001 129
(1.07-1.53) 30-2.29) 097-1.71)
131 0.09 1.19 043 090
0.96-1.78) (0.77-1.84) (0.58-1.40)
1.22 <001 1.60 <001 1.29
(1.06-1.41) (1.20-1.98) (1.04-1.61)
082 038 070 0.18 082
(0.52-1.29) (0.39-1.26)

162 <001 215 <001 139
(1.17-2.25) (1.25-3.69) (0.81-2.39)
112 0.15 1.46 <001 123
(0.96-1.30) (1.16-1.84) (0.98-1.55)

CAM. clarithromycin: EM, extensive metabolizer of CYP2C19: IM, intermediate metabolizer of CYP2C19: PM, poor metabolizer of CYP2C19;: PP, proton pump inhibitor
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n
Age [mean (SD)
Male (%)
BMI kg/m? (mean(SD)
Smoking (%)
Diabetes Melitus (%)
Ischemic Heart disease (%)
Hypertension (%)
Sector (%)
Arab
Jewish secular/onthodox
Jewish ultra-orthodox

BMI, body mass index.

SARS-CoV-2 negative

2080958
4140 (17.79)
97633 (46.7)
26.45 (5.48)
31769 (15.2)
16063 (7.7)
7676 (3.7)
13852 (6.6)

35717 (17.1)
112016 (53.6)
61225 (20.3)

SARS-CoV-2 positive

44397
37.57 (16.37)
24832 (65.9)
26.55 (5.86)

3485 (7.8)
3047 (6.9)
1080 (2.4)
2041 (4.6)

6832 (15.4)
13109 (29.5)
24456 (55.1)

p-value

<0.001
<0.001
0.018
<0.001
<0.001
<0.001
<0.001
<0.001
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Category

Writers.

Erasers

Readers

Therapeutic
targets

P300
ASH1
EZH2

SETDB1
MLL4/KMT2D,
SET1A

SET7/9 (KMT7)

PRMT1, PRMT5

RNF20/BRE1A
HDAC

LSD 1
JMJD2B/
KDM4D
Phf2
BAP1
BRD4

PDB-ID

5LKU
3MaM
aMis
30LM
474P,
4RIQ
1NBA
10R8,

BUXX
5TRB

4XBF
4UC4

3PTR

5614/
S5EGU

Function

Acetylates histone lysines

Methylates histone H3K36 and
Haka
Methylates histone H3K27

Methylates histone H3K9
Methylates histone H3K4

Methylates histone lysines
Methylates histone arginine

Ubiquitination of H2B
Deacetylase removes acetyl
groups from histone lysines

Demethylates histone lysines
Demethylates histone lysines

Demethylates histone lysines
Deubiquitination of H2B
Bromodomain proteins read
acetyl groups on histone lysines

Clinical/non clinical
approved drugs

C646, B026, A-485, B029-2, etc.

Tazemetostat; Valemetostat, GSK126, CPI-
0209, CPI-1205

Mithramycin, DZNep

Methyitransferase inhibitor 5'-deoxy-5'-
(methylthio)adenosine (MTA)

MTA, Cyproheptadine, Sinefungin, etc.

EPZ015666, GSK33265 95, GSK591, LLY-
283, etc.

Vorinostat, belinostat, panobinostat,
romidepsin; Fimepinostat, KA2507, OKI-
179, ete.

ladademstat, CC-90011, INCB059872
JIBO4, Curcuminoids

Molibresib, Birabresib, ZENO03694,
PLX51107

References

Lasko et al. (2017), Peng et al. (2019),
Yang et al. (2020), Cai et al. (2021)
Perugorria et al. (2012)

Huang et al. (2019), Bates (2020)

Riviere et al. (2015), Karanth et al. (2017)
El Mansouri et al. (2011), Kim et al. (2016)

Gu et al. (2018), Tamura et al. (2018);
Sharma et al. (2020)

Zhang et al. (2017), Guccione and
Richard (2019)

Chen et al. (2021)

Rodriguez-Aguilera et . (2018), Bates
(2020)

Alarcon et al. (2016), Bates (2020)

Kim et al. (2014), Kurozumi et al. (2019)
Kim et al. (2020)

Bricambert et al. (2018)

He et al. (2019)

Bates (2020), Gao et al. (2021)
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Diseases

ALD

MAFLD

Viral hepatitis

Autoimmune liver
disease

Liver fiorosis/
Cirrhosis

PTM site

H3K9ac

H3K9/14/18/23ac and
H3K27me3

H3K4me2

H3K9me

H3810/28ph

H3K9/K14/K18ac

H3K4/K9ac and H4K8/
K16/K20ac

and H3S10ph
H3K27ac

H3K9me2/3 demethylation

H3K9me2 demethylation

HaK4me

H2A Zac and H3K9ac
deacetytation

H4 deacetylation and
decreased H2AXph
H3K27/HAKS/HAK12ac on
GCcDNA

H3K9/K27 deacetylation in
CCCDNA

H4 demethylation

H3K27me3 demethylation
H3K9me and demethylation
of H3K4meg in cccDNA
H4R3me2s on cccDNA
Decreased H3S10ph
Decreased H3ph in cccDNA

Ha4 acetylation
Ha deacetylation
HaK27ac
HaKame3
Hakgac
HaKIme3
H3S10ph
Hakgac

H3K27ac

Ha deacetylation/
acetylation
HaKdme/me3

Increased H3K4me1/2/3,
reduced H3K9me2/3
H3K27me3

H2BK120ub
H2A deubiquitination

Corresponding effect

Activation of CPT1a, ADH I, PNPLA3

Activation of ADH | and GST-Yc2
Repression of Lsoh and CYP2CT1

Activating H3K14 acetylation and inhibting acetytation
of HaK9

Activation of TNFa, CCL2, Pol2 and NF-xB recruitment

Activation of FASN, SRE, ChoRE, PPARy, SREBP-1c,
ACLY

Activation of Scd1, Cypdal4, PPAR, C/EBP, NF4, and
SREBP

Activation of LXRE and ERO1-a, increasing hepatic
LXRa-dependent lipogenic genes

Activation of ChREBP, PPARy, Nif2, or HiF1a, and
protecting the liver from pathogenic lipids and ROS
accumuiation

Activating steatotic target genes of PPARy2 and TNFa-
induced inflammatory genes

Changes in hepatocyte chromatin structure

Changing hepatocarcinogenesis-associated genes
expression and impeding DNA damage repair
Promoting HBV replication and cccDNA acoumulation

Required for cccDNA transcription

Changing expression of genes important for
hepatocarcinogenesis

Recruitment of HP1 and consequently repressed viral
gene expression

Repressing cccDNA transcription

Downregulation of NF-kB and COX-2 transcription
Reducing replication, transcription, and antigen
secretion of HBV

Activation of LIGHT, CDA40L, IL-17 and INF-y,
increasing T cell proliferation, interferon production
Activation of HDAC7A, APO2, and TRALL, reducing
activities of NF-«B and AP-1

Activation of anti-apoptotic BCL-xL during
cholangiocyte senescence

Activation of CDKN2A during cholangiocyte
senescence

Activation of stress-related genes

Repression of stress and metabolic-associated genes
An critical role in liver regeneration after injury
Activation of TNFa and EGFR, inoreases MYC and
cyclin D1, activating HSCs

Activation of AP-1, Col1a1/2, TEAD, IGFBP-3 and NF-
«B, and activating HSCs, activation of TNFa-induced
COL2 transcription in LSECs

Repression of PPARy gene during cirthosis/inhibiting
HSCs proiferation and collagen deposition

Activation of aSMA, TIMP, Col1 and TGF-B1/
increasing HIF-1 nuclear transport, autophagosome
formation, and activation of HSC

TGF- overexpression

Repression of PPARy, CFTR, enhancing autophagy

Repression of IL-6, TNF-a, VEGFA, a-SMA and ColTal
Apoptosis of fibroblasts and liver tissue

Writer/Eraser/
inhibitor

P300/HDAC/TSA

38 MAPK
HDAC1

HAT (p300/CBP)

JMJD2B

KDM (Phf2)

MLL4/KMT2D/
SET7/9
Sirtuin deacetylase

PP2A
HAT1/HDAC |
HDAC

PRMT1

SETDB1, SET 1A/
LSD1

PRMTS

AURKB

p300/BRD4

HDAC3/
HDACH (VPA)
ASH1

KMT 7 (SET7/9)

Methyitransferas
EZH2

RNF20

BAP1

References

Park et al. (2012), Kirpich et al. (2013),
Restrepo et al. (2017)

Bardag-Gorce et al. (200), Kriss et al
(018)

Pal-Bhadra et al. (2007)

Pal-Bhadra et al. (2007)

Lee and Shukia (2007)

Aagaard-Tilery etal. (2008), Mikula et a
(2014)

Duetal. (2017), Caietal. (2018), Chung
et al. (2019), Rohrbach et al. (2019)

Siersbeek et al. (2017), Becares et al,
(2019)
Ui etal. (2012), Kim et al. (2020)

Bricambert et . (2018)

Li et al. (2008), Kim et al. (2016)
Jenke et al. (2014)

Duong et al. (2010)

Policino et al. (2006), Luo et al. (2013),
Koumbi et al. (2016), Yang et al. (2019)
Liu et al. (2013)

Duong et al. (2010)

Hiadl et al. (2021)
Riviére et al. (2015), Alarcon et al. (2016)
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Zeybel et al. (2012), Yang et al. (2018)
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Abbreviations: Alcohol dehydrogenase | (ADHI); Alpha-smooth muscle actin (aSMA); Angiopoetin-like 4 (Angtpl4); ATP-citrate lyase (ACLY); Aurora B kinase (AURKB); Carbohycrate-
responsive elements (ChoRE); Carbohydrate-responsive element-binding protein (ChREBF); Carnitine paimitoyltransferase- Talpha (CPT1alpha); Chemokine C-C ligand 2 (CCL2); Cyclin-
dependent kinase inhibitor 2A (CDKN2A); Cystic fibrosis transmembrane conaluctance regulator (CFTR); Cytochrome P450, family 4, subfamily a, polypeptide 14 (Cypdald); Fatty acid
synthase (FASN); Fibroblast growth factor 21 (Fgf21); Glutathione-S-transferase subunit Yc2 (GST Yc2); HDAC3 inhibitor Trichostatin A (TSA); Heterochromatin protein 1 factor (HP1);
Histone lysine demethylase-1 (LSD1); Homocysteine (Hey); Hypoxia-inducible factor-1 (HIF-1); Insuiin receptor substrate 2 (is2); Insulin-like growth factor binding protein-3 (IGFBP-3);
Lactate dehycrogenase (LDH). Nuclear factor, interleukin 3 regulated (NAl3); Nucear factor-x83 (NF-xB); Patatin-fike phospholpase domain-containing 3 (PNPLA3); Peroxisome proliferator
activated receptor (PPAR); Plant Homeodomain Finger 2 (Phf2); Polymerase 2 RNA (POL2); Protein phosphatase 2A (PP2A); Pyruvate dehydrogenase complex (PDHC); Sterol regulatory
elements (SRE); Sterol-regulatory element binding protein- (SREBP); Synectin (GIPC); Tissue inhibitor of metalloproteinase-1 (TIMP1); Transforming growth factor (TGF-f) Transcription
factor NF-E2-related factor 2 (Nrf2); Tumor necrosis factor alpha (TNFe): ring finger protein 20 (RNF20); BRCA1-Associated Protein 1 (BAP1):
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Class/Drug name

Prokinetics (6-HT4R
agonists, 5-HT3R
antagonists)

Antibiotics

Probiotics

Bile acid sequestrants
(FXR agonists)

Bile acid transporter
inhibitor (IBAT antagonists)

Anti-inflammatory agents
(Mast cel stabilizer,
Histamine receptor-1
antagonist)

Neuromodulators (TCAs,
TeCAs, SSRIs, SNRIs)

Intestinal Secretagogues
(CCI2 agonists, Guanylate
cyclase-C receptor
agonists)

Visceral Analgesics
(Biased p-Opioid receptor
ligands, CB2R agonists)

Prucalopride, Tegaserod

Alosetron, Ramosetron,
Ondasetron

Rifaximin

Bifidobacterium lactis DN-
173, Lactobacilus gasseri,
Lactobacillus gasseri
OLL2716, Bifidobacterium
bifidum YIT10347,

Obeticholic acid, Tropifexor

Elobixibat

Mesalazine

Ketotifen

Ebastine

Amitriptyline

Duloxetine

Lubiprostone

Linaclotide

Oliceridine

Olorinab

Status (clinically approved/
development/availability)

Prucalopride is approved for
chronic constipation in most
parts of the world.The U.S. FDA
approved reintroduction of
tegaserod in 2019 for female
patients (younger than 65 years
old) with IBS-C

Alosetron: FDA approved to treat
only female patients with IBS-D.
Ramosetron: phase 4 clinical trial
showed cinical efficacy in male
patients with IBS-D. Ondasetron:
phase 3 clinical trial
demonstrated clinical efficacy in
patients with IBS-D, irespective
of gender

Approved in most parts of the
world for the treatment of IBS,
Rifaximin showed clinical efficacy
in FD patients

Not approved. Emerging
research on probiotics
demonstrated symptom
improvement in patients with IBS
and FD. However, probiotic
intervention is an active area of
research, and clinical outcomes
of probiotic strains in clinical trials
for IBS and FD are eagerly
awaited

Obeticholic acid: U.S. FDA
approved for treating primary
biary cholangts Tropifexor:
showed ciinical efficacy in phase
2 clinical trils composed of
patients with primary bile acid
diarthea

Approved in Japan for treating
chronic constipation. Elobixibat
demonstrated clinical efficacy in
phase 2 clinical trials composed
of patients with chronic
constipation

Phase 3 ciinical tria faled to show
any benefit in patients with IBS

A clinical trial registration number
NTR39, ISRCTN22504486) in
the Netherlands showed
increased discomfort thresholds
to rectal distension, resulting in
improved abdominal pain in a
subset of IBS patients

Phase 4 clinical trials showed
ciinical efficacy in patients

with 1BS

Phase 2 clinical trals showed
improvement of GI symptoms
and sleep quality in patients with
FD. It reduces visceral
hypersensitivity in patients

with 1BS

Phase 4 clinical trials showed
ciinical efficacy in patients
with 1BS

U.S. FDA approved medicine for
treating patients with IBS-C and
chronic constipation and is also
approved for the treatment of
1BS-C and chronic constipation in
many other countries

Approved in most parts of the
world for the treatment of IBS-C
and chronic constipation

U.S. FDA approved medicine for
managing moderate to severe
acute pain in adults. It has
comparable analgesic effects to
morphine, although human
studies are necessary 1o test the
efficacy for visceral pain
management in patients with IBS
Phase 1 clinical trals
demonstrated clinical efficacy in
BS patients, likely due to its
potential analgesic effects

Clinical outcome

Improves Gl symptoms as
assessed by the GCS.
Improves solid gastric
emptying

Improves stool consistency
and bowel movements

Shifts the microbial
community composition.
Improves constipation, SIBO,
and dyspeptics symptoms
Modulates gut microbiota
profile. Improves symptorms
and gut transit

Inhibits hepatic bile acid
synthesis and improves the
stoolindex of patients with bile
acid-associated diarhea

Efficacious treatment for
constipation, improves gut
transit and symptoms via
increasing colonic bile acids

Sustains therapy response
and benefits for a subgroup of
patients with IBS in
maintaining gut immune
homeostasis

Reduces symptoms by
improving visceral pain
threshold levels in IBS patients

Reduces abdominal pain and
visceral hypersensitiity in
patients with IBS

Affects gastrointestinal motiity
through anticholinergic and
serotonergic mechanisis.
TCAS reduce visceral
hypersensitivity. Anti-
depressant therapy may lead
to neurogenesis

Improved GI symptom
severity via indirectly treating
depressive symptoms

Increases fecal water content
by promoting flid secretion
into the lumen

Increases water secretion via
targeting CGMP leading to the
secretion of bicarbonate and
chloride into the gut

Manages severe and
moderate acute pain in adults
that were unable to be
successfully treated with other
medications (excluding
opioids)

Potential analgesic effects in
patients with IBS. More robust
studies are needed to test the

efficacy

Disease References
condition

18S-C/ Camilleri et al. (2008)

functional

constipation

18S-D/ Rokkas et al. (2021)

functional

diarrhea

1BS, FD Pimentel et al. (2011);
Ghoshal et al. (2018)

1BS, FD Aragon et al. (2010);
Charbonneau et al.
(2013); Connell et al.
(2018)

1BS-D/ Walters et al. (2015);

functional Camilleri et al. (20200)

diarrhea

18S-C/ Viayvargiya et al.

functional (018)

constipation

1BS Barbara et al. (2016a)

1BS Kiooker et al. (2010)

1BS Wouters etal. (20162)

FD, IBS Mertz et al. (1998)

1BS Drossman et al.
(2018)
Tornblom and
Drossman, (2018)

18S-C/ Drossman et al.

functional (2009)

constipation

1BS-C/ Chey et al. (2012)

functional

constipation

1BS Markham (2020);
Camilleri (2021)

1BS Castro et al. (2021)

Abbreviations: 5-HT3R: 5-hydroxytryptamine receptor 3, cGMP: cyclic guanosine monophosphate, GCSI: gastroparesis cardinal symptom index, IBS-D: diarmea-predominant IBS,
CB2R: cannabinoid type 2 receptor, FGF-19: fibroblast growth factor 19, SNRIs: serotonin noradrenaline reuptake inhibitors, TCAs: tricyclic anti-depressants, CCI2: chioride channel 2,
TeCAs: tetracycliic anti-depressants, IBAT: ileal bile acid transporter, SIBO: small intestinal bacterial overgrowth, SSRis: selective serotonin reuptake inhibitors, IBS-C: constipation-

predominant IBS.
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Class/Drug name

Prokinetics (6-HT4R Prucalopride

agonists, Selective 5-HT4R

agonists, 5-HT1AR

agonists, Ghreiin receptor

agonists, Doparmine-2

receptor antagonists, Felcisetrag

Muscarinic receptor

antagonists)
Buspirone
Mitazapine
Relamoreiin
Metoclopramide
Domperidone
topride
Acotiamide

Acid suppressive therapy  Pantoprazole

Status
(clinically approved/
development/availability)

Approved for chronic
constipation in most parts of the
world. It shows efficacy in
patients with idiopathic
gastroparesis

Phase 2 study in gastroparesis
suggested clinical efficacy in
idiopathic and diabetic
gastroparesis

Phase 2 study in gastroparesis
demonstrated ciinical efficacy in
gastroparesis

Phase 4 study in FD showed
improvement in global dyspeptic
symptoms and early satiation
nausea in patients with FD.

U.S. FDA has granted Fast Track
designation for the treatment of
diabetic gastroparesis
Metoclopramide: (U.S. FDA
approved medicine),
Domperidone: (not approved in
United States , but can be used
through an FDA IND; however, it
is available in most other parts of
the world with restricted usage
recommendations due to
concerns over QT prolongation
risk), and ltopride: (available
mainly in Asia and Eastern
Europe) are D2-receptor
antagonists that exert both
prokinetic and antiemetic effects
in patients with gastroparesis
and FD

Approved in Japan and India for
FD.Phase 2 long-term safety
study in FD was completed in the
United States and Europe

Approved worldwide for acid-
related disorders (peptic uicer,
reflux esophagtis, reflux disease),
H. pylori eradication and
Zollinger-Ellison syndrome). In a
phase 4 study, pantoprazole
showed clinical efficacy in FD

Clinical outcome Disease References
condition
Improves GI symptoms as Gastroparesis, ~ Camilleri et al. (2008);

assessed by the GCSI. Improves  FD
solid gastric emptying

Carbone et . (2019);
Grover et al. (2019)

Accelerates gut transit in patients  Gastroparesis  Chedid et al. (2021)

with gastroparess. Stimulates

secretion and motiity and by

enhancing the release of

acetylcholine from intemneurons and

excitatory motor neurons.

Fundus relaxation and improves  Gastroparesis,  Miwa et al. (2009);

gastric accommodation ) Tack et al. (2012);
Tack et al. (2016)

Stimulates nodose afferents and ~ Gastroparesis  Canillri et al. (2020a)

DMV neurons and accelerates

gastric emptying

Improves gut motility FD, Patterson et . (1999);

gastroparesis  Dumitrascu and

Weinbeck (2000);
Masuy et al. (2019b)

Cholinergic nerve endings express ~ FD
presynaptic muscarinic receptors,

which are inhibited by
acetyloholinesterase, leading to
increased acetylcholine levels in the
synaptic cleft

Altan et al. (2012)

Improves intestinal permeabilty by ~ FD
reducing mast cells and eosinophils

in duodenum biopsy from FD

patients

Masuy et al. (2019b);
Waters et al. (2021)

Abbreviations: 5-HT1AR: 5-hydroxytryptamine receptor 1A, GCIS: gastroparesis carclinal symptom index, FD: functional dyspepsia, IBS-C: constipation-predominant IBS, DMV: dorsal

motor nucleus of the vagus.
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Drug class

Pathophysiological
‘mechanism

Mechanism of action

Pharmacological agents modulating perioheral factors

5-HT4R agonists

5-HT3R
antagonists

5-HT1AR agonists

Ghrelin receptor
agonists

Muscarinic

receptor
antagonists

FXR agonists.

IBAT antagonists

Mast cell stabilizer

Histarmine
receptor-1
antagonists
COI2 agonists

Guanylate cyclase-
C receptor agonists

-Opioid receptor
igands

Cannabinoid type 2
receptor agonists

Altered gut motility

Altered gut motilty

Altered gut motiity

Altered gut motiity

Altered gut motility

Altered bile acid
secretion

Altered bile acid
‘secretion

Gut immune dysfunction

Visceral hypersensitiity

Altered Gl secretion

Altered Gl secretion

Visceral hypersensitivity

Visceral hypersensitivity

5-HT4R agonists target 5-HT4Rs on
internerons and excitatory motor neurons,
enhancing the release of acetylcholine, which
further promotes peristalsis and secretion
Patients with IBS-D have abnormal
serotonergic transmission mediated through
the 5-HT3Rs. Blocking 5-HTRs causes
increases fuid absorption, slows gut transit,
and reduces colonic contractiity

Activation of 5-HT1AR at the level of the CNS
increases gastric tone and decreases gastric
sensitivity to distensionPeripheral inhibitory
effect exerted by the 5-HT1AR agonist
improves gastric accommodation

Stimulates ghrelin receptors that present on
vagal afferents and dorsal motor nucleus of
the vagus neurons innervated across the GI
Increases acetylcholine levels in the synaptic
cleft through inhibition of acetylcholinesterase
and antagonization of the presynaptic
muscarinic receptors that are present on
cholinergic nerve endings

Inhibits hepatocyte bile acid synthesis,
resulting in decreased colonic bile acid
concentration

IBAT antagonists block the function of ASBT
that is present on epithelial cells in the fleum
leading to inhibition of bile acid reabsorption
and subsequently increasing colonic
secretion

The generation of hypersensitivity and gut
immune dysfunction is largely influenced by
mast cells

Histamine sensitizes TRPV1 + neurons in
colonic biopsies from IBS patients

Increases the sodium and water secretion into
the lumen by activating the CCI2 channels
present on enterocytes

Transmembrane GC-C receptors are located
on IECs and regulate electrolyte and fluid
balance in the gut and therefore help to
maintain normal bowel function. Activation of
GC-C receptors increases intracelular cyclic
guanosine monophosphate that helps to
increase colonic fluid secretion

Recruits B-arrestin and faciltates the receptor
internalization and desensitization, thereby
activating 1-ORs in endosomes and inducing
analgesia

CB2R agonists reduce pain as it reduces
visceromotor response to colorectal
distention

Pharmacological agents modulating central factors

TCAs

TeCAs

SSRIs

SNRIs

Altered gut-brain axis

Primrily used for ant-depressant and
analgesic purposes, additionally, they can
block opioid receptor activation, voltage-
gated ion channels and moduiate
neuroimmune anti-inflammatory effects
Boosts NA and 5-HT neurotransmission by
blocking presynaptic a2-noradrenergic
receptors on noradrenaline and serotonergic
neurons

Boosts serotonergic transmission by selective
blockage of 5-HT transporter

Boosts NA and 5-HT neurotransmission by
blocking their reuptake

Pharmacological agents modulating both central and peripheral factors

Selective NK1
receptor
antagonists

Reduce the onset of emesis by affecting
regions of the brain that cause vomiting and
nausea through competition for NK1
receptors on vagal afferents or inhibition of
maior effects of substance P on key emetic
pathways. Modulates the functional interplay
between NK1R systems and acetylcholine,
which causes stimulation of smooth muscle
contractions

Clinical outcome

Improves gut motility. Improves Gl
symptoms as assessed by the GCSI

Globally improves IBS symptoms, relieves
abdominal pain and discomfort, and
improves stool consistency and bowel
movements

Enhances fundus relaxation, gastric
‘accommodation, and improves
postprandial symptoms independently
from its anxiolytic effect

Improves delayed gastric emptying in
diabetic gastroparesis condition

Improves gut motiity and is also beneficial
as antispasmodios

Improves stool form and symptors of
diarthea

Efficacious treatment for constipation,
improving gut transit and symptoms via
increasing colonic bile acids

Reduces IBS symptoms by improving the
visceral pain threshold in IBS patients

Reduces visceral pain and hypersensitivty
in IBS patients

Improves gut motiity along with the
frequency and consistency of stool
Reduces abdominal pain, bloating, and
straining

Improves the frequency and consistency of
stool and reduces straining. Reduces
abdominal pain, bloating, and cramping

Manages both severe and moderate acute
painin aduts that were unable to be treated
with altemative medicines (excluding
opioids)

Has potential anaigesic effects in patients
with 1BS

Affects gut motilty through anticholinergic
and serotonergic mechanisms. Reduces
visceral hypersensitivity and intestinal pain
sensitivity via mediation of either peripheral
nerves or the CNS

Orexigenic hormones are upregulated, and
anorexigenic hormones are
downregulated, reducing colonic
hypersensitivity and improving gastric
emptying

Increases colonic motiity

Decreases symptoms of IBS scores for
bloating and abdominal pain independent
of centrally modulating functions
Increases compliance, relaxes tone,
recluces the postprandial colonic
contraction, and increases sensory
thresholds in response to balloon
distensions

Improves both GCSI and nausea scores in
patients with gastroparesis

References

Simren and Tack (2018);
Ghoshal (2020); Camilleri
and Atieh (2021)

Simren and Tack (2018);
Rokkas et al. (2021)

Tack et al. (2012)

Canilleri et al. (2020a)

Altan et al. (2012)

Walters et al. (2015);
Camilleri et al. (2020b)

Viayvargiya et al. (2018)

Kiooker et al. (2010)

Wouters et al. (2016a)

Drossman et al. (2009)

Rao et al. (2012)

Markham, (2020)

Castro et al. (2021)

Mertz et al. (1998)

Tack et al. (2016)

Tornblom and Drossman,

(2015)

Tornblom and Drossman,
(2015)

Carlin et al. (2021)

Abbreviations: ASBT: apical sodium-bile acid transporter, CCI2: chioride channel 2, TCAs: tricyclic anti-depressants TeCAs: tetracyclic anti-depressants, SNRls: serotonin noradrenaline
reuptake inhibitors, CNS: central nervous system, NA: noradrenaline, NK1: neurokinin-1, 5-HTR: 5-hydroxytryptamine receptor, GCS: gastroparesis cardinal symptom index, IBS: imtable
bowel syndrome, FGF-19: fibroblast growth factor 19, IBAT: ileal bile acid transporter, TRPV1: transient receptor potential vanilloid subtype 1 DRG: dorsal oot ganglion, HRH1: histamine
receptor-1, IEC: intestinal epithelial cells, GC-C: Guanylate cyclase-C, -OR: u-Opioid receptor, CB2R: Cannabinoid type 2 receptor, SSRls: selective serotonin reuptake inhibitors, FXR:

farnesoid X receptor.
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Group MDA (nmol/mgprot) CAT(U/gprot) GSH(umol/L)

Control 6.10+101 547.40 + 45.19° 103.29 + 32.69°
APAP (500 mg/kg) 20.07 + 0.86° 341.50 + 50.75° 5.62 + 0.37°
APAP (500 mg/kg}+AO-I(60 mg/kg) 922 +1.28° 42205 + 35.80° 1357 £ 1.75°
APAP (500 mg/kg}+AO-I(120 mg/kg) 463+077 510.12 + 52.40° 22,89 + 7.65°

Liver tissues were obtained from the mice 8 h after APAP, challenge for the measurement of MDA, content; AT activity, and GSH, level. Alldata are presented as the mean + SEM., bars
with ciferant characters present statisticall sigrificant resulls, p < 0.05.
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Gene

TNFA

IL-18

IL-6

188

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primer sequence (5'-3')

CCCTCACACTCAGATCATCTTC
GTTGGTTGTCTTTGAGATCCAT
GAAATGCCACCTTTTGACAGTG
TGGATGCTCTCATCAGGACAG
CTCTGGGAAATCGTGGAAAT
CCAGTTTGGTAGCATCCATC
GAATGGGGTTCAACGGGTTA
AGGTCTGTGATGCCCTTAGA
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Group Number of CBS
neurons containing c-Fos

Control 8.33 +0.88
RWIS 1 h 13.83 + 0.31*
RWIS 3 h 1160 + 1.21*

Comparing each RWIS, group with the control group, *'p < 0.01.
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68
168
95

7

103
126
122
145
85

81

147
108
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All patients (n = 84)

Sex, n
Male 50 (69.5%)
Female 34 (40.5%)

Age, y
Mean (SD) 67.5+11.7

Ginical stage, n
! 9 (18.6%)
I 40 (48.8%)
] 32 (20.9%)
Y 3(11.6%)

Location of tumor, n
Rt. colon 42 (50.0%)
Lt. colon 25 (20.7%)
Rectum 17 (20.3%)

MS! status
MsS 37 (11.6%)
MSHL 1 (25.6%)

MSI-H 46 (62.8%)





OPS/images/fphar-12-758830/fphar-12-758830-g003.gif





OPS/images/fphar-12-758830/fphar-12-758830-g002.gif





OPS/images/fphar-12-758830/fphar-12-758830-g001.gif





OPS/images/fphar-12-758830/crossmark.jpg
©

|





OPS/images/fphar-12-792138/fphar-12-792138-t005.jpg
IncRNA

ENST00000543334

MERGE.10833.17

MERGE.30188.4

ENST00000445461

ENST00000523995

Primers

F: CCAGCCGTTCGTCTTTACCT
R: TCCAGGAGGACTCATGGGAG
F: GGAGATGCACCTCTCTCAAGT
R: AATCAGTGCCCATTGCAGGA
F: CGACCTAAGGGAGTGATG

R: TGTAAGCGGAGAAGAATA

F: GCAAAGTGCACAGCTGCATA
R: CCAACACCCAAAAGCCCAGA
F: GGAGATGCACCTCTCTCAAGT
R: AATCAGTGCCCATTGCAGGA

MERGE, novel IncRNA, an assembled transcriot. F, forward: R, reverse

circRNA
hsa_circ_0000279
hsa_circ_0004058
hsa_circ_0004853
hsa_circ_0005076

hsa_circ_0006618

Primers

F: CCTGAAATTCTGGCTTGCCA
R: TCCTGTAGCTTGGTCCTTTCA
F: AAACCCGGTACTGTGCACTA
R: GAGGTAAGATAAGGTCGGGCT
F: TGCGATCCTTATGGCTCAT

R: CCAGTTCGGCTTGCTTCTT

F: ACAGAGGCGGGTTGTTTACA
R: CAGTCTCTGGCTGTTCTCGA
F: GGAAGTTGTGATTGCCCAGA
R: CCTGCATGGCTGTACGATCT
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circRNA

CBT15_circR_2782
CBT15_circR_987

CBT15_circR_2628
CBT15_circR_2652
CBT15_circR_1706
CBT15_circR_1206
CBT15_circR_2061
CBT15_circR_2632
CBT15_circR_1038
CBT15_circR_1931

MRNA

ENST00000556184
ENST00000540691
ENST00000540691
ENST00000540691
ENST00000556184
ENST00000540691
ENST00000540691
ENST00000556184
ENST00000540691
ENST00000556184

Correlation

0.999964542
-0.999961141
-0.999961141
-0.999961141
0.999960282
-0.999922482
0.999890505
0.999885106
-0.999882106
0.999870383

p-value

1.885840E-09
2.264999E-09
2.264999E-09
2.264999E-09
2.366303E-09
9.013400E-09
1.798301E-08
1.980009E-08
2.084761E-08
2.519985E-08

mRNA

SRSF5
KXD1
KXD1
KXD1
SRSF5
KXD1
KXD1
SRSF5
KXD1
SRSF5

Fold change

-5.578158076
-3.092575982
-3.092575982
-3.092575982
-5.578158076
-3.092575982
-3.092575982
-5.578158076
-3.092575982
-5.578158076





OPS/images/fphar-12-792138/fphar-12-792138-t003.jpg
IncRNA

MERGE.19964.8
MERGE.9126.1
MERGE.8108.1
ENST00000556072
MERGE.18517.3
MERGE.3440.2
MERGE.719.1
MERGE.24085.1
MERGE.24085.1
ENST00000421004

mRNA

ENST00000265758
ENST00000517951
ENST00000449352
ENST00000447388
ENST00000361162
ENST00000504221
ENST00000501038
ENST00000472509
ENST00000459656
ENST00000472509

MERGE, novel IncRNA, an assembled transcript.

Correlation

0.999831904
0.999703934
0.999386649
0.999334139
0.999291708
0.99915166
-0.999098307
0.999078497
-0.999071158
-0.999019135

p-value

4.238179E-08
1.314697E-07
5.641832€-07
6.649095E-07
7.523386E-07
1.079217E-06
1.219210E-06
1.273359E-06
1.293721E-06
1.442671E-06

mRNA

BUD23
ADAM19
FAM160A2
NFYC
RBM39
CAST
PLXND1
TAF6
SPATS2L
TAF6

Fold change

4.190155641
2.988814304
5.38741654
-2.176528834
-2.836971855
2.110414386
-1.092275202
-1.509317786
1.785198231
-1.509317786
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DE RNAs

IncRNAs
circRNAs
miRNAs
mRNAs

MERGE, novel IncRNA,

Total no.

352
143
33
550

\, an assembled transcript.

No. of
upregulated

178
32

20

292

No. of
downregulated

174

1m
13

258

Most upregulated

MERGE.24561.12
hsa_circ_0000279
hsa-miR-7844-5p

AP000295.1

Most downregulated

MERGE.9467.24
hsa_circ_0006719
hsa-miR-889-3p
ST13P19
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Clinical characteristics

Age, years
Female
Liver function indexes
B, pmolL
ALT, UL
AST, UL
Immunoglobuiin
19G, UL
ANA (+, N%)

Amount (n = 44)

516+ 113
41/44 (93.2%)

87.8 +90.8
2144 + 185.7
3230 + 380.3

349+ 486
42/44 (95.5%)

TBil total bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 19G,

immunoglobulin G: ANA, antinuclear antibody.
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Gene name
practin
o-Met

Irs1

P31

Akt

Foxo1

sit1

G6pc

Primer sequence

Forward 5'-TGACAGGATGCAGAAGGAGATTAC - 3'
Reverse 5'-GAGCCACCAATCCACACAGA - 3'
Forward 5'-CTGACGAGTGGAGACTCTGATA-3'
Reverse 5'-CTTGGACCAGCTCTGGATTTAG-3'
Forward 5'-GCCAATCTTCATCCAGTTGC-3'

Reverse 5'-CATCGTGAAGAAGGCATAGG-3"
Forward5'-CGAAAACACAGAAGACCAATACTCA-3'
Reverse 5'-TCCCTCGCAATAGGTTCTCG-3'

Forward 5'-GCCTCTGCTTTGTCATGGAG-3'

Reverse 5'-AGCATGAGGTTCTCCAGCTT-3"

Forward 5' - TCGAACCAGCTCAAACGC - 3
Reverse 5'-GGTGGATACACCAGGGAATG - 3'
Forward 5' - TACCAGAACAGTTTCATAGAGCCAT - 3'
Reverse 5’ - CAA AATGTAGATGAGGCAGAGGTT- 3’
Forward 5' - GCGTGCCATAGGACTCATCA- 3"
Reverse 5' - CACCAGCAAACAATTGCCCA- 3
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n
Age [mean (SD)
Male (%)
BMI kg/m? [mean (SD)]
Sector (%)
Arab
Jewish secular/orthodox
Jewish Ultra-Orthodox
Diabetes Melitus (%)
Ischemic Heart disease (%)
Smoking (%)
Hypertension (%)

Non-severe disease

63107

2875 (18.07)

35415 (56.1)
2454 (6.4)

8686 (13.8)

16942 (26.8)

37479 (59.4)
2756 (4.4)
932 (1.5)
3526 (5.6)
1790 (2.8)

Severe disease

920
67.48 (18.49)
528 (57.4)
2984 (6.17)

171(18.6)
441479
308 (33.5)
329 (35.6)
160 (17.4)
50 (6.4)
255 (27.7)

p-value

<0.001
0.46

<0.001

<0.001

<0.001
<0.001
0.898
<0.001





OPS/images/fphar-12-737630/fphar-12-737630-g004.gif





OPS/images/fphar-12-737630/fphar-12-737630-g005.gif
i

—mm—»—\






OPS/images/fphar-12-737630/fphar-12-737630-g006.gif





OPS/images/fphar-12-737630/crossmark.jpg
©

|





OPS/images/fphar-12-737630/fphar-12-737630-g001.gif
¥

somasTOL)
1

SonumALP 1)

Serum ToA et

[ 2 ]

g






OPS/images/fphar-12-737630/fphar-12-737630-g002.gif





OPS/images/fphar-12-737630/fphar-12-737630-g003.gif





OPS/images/fphar-12-720703/fphar-12-720703-g008.gif





OPS/images/fphar-12-720703/fphar-12-720703-g009.gif





OPS/images/fphar-12-720703/fphar-12-720703-g010.gif
i i
Blood flow. Gut contractity.





OPS/images/fphar-12-773320/fphar-12-773320-g002.gif





OPS/images/fphar-12-773320/fphar-12-773320-g001.gif
60 potenty gl patrs

15 patons
e | excbdossinto
o omoston of
v oy sy
54 poenialy oo paers|
Spaters ot n
s






OPS/images/fphar-12-773320/crossmark.jpg
©

|





OPS/images/fphar-12-786596/fphar-12-786596-t002.jpg
No Author,
year

1 Alferink LM, 2017
(Aferink et al, 2017)

2 Anty R, 2012 (Anty
etal, 2012)

3 BambhaK, 2014
(Bambra etal.
2014)

4 Bieinc A, 2011
(BirerdinG et al,
2012)

5 Catalano D, 2010
(Catalano etal,
2010

6 Chung HK, 2020
(Chung et al., 2020)

7 Funatsu K, 2011
(Funatsu etal, 2011)

8 Graeter T, 2015
(Graeter et al, 2015)

9 Grobe YG, 2012
(Gutiérrez-Grobe
etal, 2012)

10 Imatoh T, 2015
(imatoh et al., 2015)

11 Miolasevic |, 2020
(Miolaseric et al,
2021)

12 Moloy W, 2012
(Moloy etal., 2012)

13 Ruhl OE, 2006 (Ruhl
‘and Everhart, 2005)

14 Sefiawan W, 2017
(Setiawan et al.,
2017)

15 Solsmani D, 2019
(Soleimani et al.,
2019

16 Zolber-Sagi S, 2014

aber-Sagi et al,
2015)

Country

Netheriands

France

United States

United States

Italy

Japan

Germany.

Mexico

Japan

Croatia

United States

United States

United States

Iran

srael

Study
design

Cross-
sectional study

Cross-
sectional study.

Cross-
sectional study

Cross-
sectional study.

Case-control
study

Conort study

Case-control
study

Cross-
sectional study

Case-control
study

Cross-
sectional study

Cross-
sectional study

Cross-
sectional study

Conort study

Cohort study

Cross-
sectional study.

Cross-
sectional study

Detail
of participants

Population-based cohort of
partiipants aged 45 years
and older who visited the
research center between
January 2011 and
‘September 2013

Patients with consecutive
‘severe and morbid obesity
and who were referred for
baritric surgery between
Decerniber 2009 and July
201

Participants envolled in the
United States muticenter
collaborative research
‘consortum of the NASH
Cinical Research Network
(NASH GRN) from 2004 to
2008

Participants were obtained
from four continuous cyces
of National Health and
Nutriion Examination Survey
(NHANES) between 2001
and 2008

Total NAFLD consecutive
patients were studied in
gastroenterology and
nutiton unit operating as an
autonomous outpatient cinic
and day hospital
Participants who
colaborated in a
comprehensive health
screening program at least
twice at Kangbuk Samsung
Hospita from 2011 to 2016

Male offce workers
employed ata single
‘company who were between
theages of 25 and60years in
1999 were recuited
Participants who registered
inhabitants between the ages
of 10.and 65 years old
receved inviations by mal to
partcipate in a random
popuation-based sample
Popuiaion selected fom a
consecutve series of
asymplomatic subjects who
were refered 1o the checkup
unit by their companies s an
annual employment
requrement

Male offce workers who
receed annual heath
checkups at the cinic located
in the center of Fukuoka city
recruted from March 2010 to
November 2010

Al patints visting the
Gastroenterdogy
Department of Clnical
Hospital Centre Rieka
between Apr 2018 and May
2010

Patients were identiied fom
medical records of the
Brooke Amy Medical Center
epatology ciric

Paients from the Thirc
National Health and Nutrion
Examination Survey
(NHANES Il which was
conducted inthe

United States from 1988 to
1994 by the National Center
Paricipants who were
envolled in the Medicare fee-
for-service and completed
auestionnaires on cofes
intake and confounders
whose age was 45-75 years
at envolment between 1993
and 1996

Adut patients 20-60 years
wererandomly recrued fiom
the consecutive
gastroenterology outpatient
cinics

Patients who were located
and agreed to partiipate

before the appiication of
exclusion criteria

Sample

size

2258

195

782

18,550

310

91,436

1612

1,452

130

1030

1998

5,944

44576

170

347

Exposure
category

012,23
cups/day

0,<0, <1, 1-2,22
cups/day

0,1-2, 23 cups/day

Coffee intake
(cups/day)

Coffoe inteke
(cups/cay)

>1.and 1 cap/cay,

<1 cupiweek, <1
cup/month,
sedomvrarely

Cafteine (mg/day)

012,23
cups/day

01233
cups/cay

0.<1,1-2,52
cups/day

Never <1, 1,2-3,
24 cupsiday

0-3 cup of coffee
consumption

por cay

<3and 23
cups/day

Exposure
measurement

Questionnaire

Interview and
questionnaire

Questionnaire

Questionnaires

Questionnaires

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Questionnaire

Intenview,
‘examination,
laboratory

Questionnaire

Diet information was
collected by using a
3-days dietary
record

Questionnaire

Outcome

HS and SF

NAFLD
and SF

SF

NAFLD

NAFLD

NAFLD

NAFLD

HS

NASH,
Steatoss,
Fibrosis

NAFLD

NAFLD

Liver forosis

NASH,
Steatosis,
Fibrosis

Outcome
ascertainment

us

Liver biopsy

Liver biopsy

Eovated serum

AST ALT

US (BLS score)

us

us

ATLUS

us

us

us

Liver biopsy,
NASH score

Seum ALT

FibroScan

US, FibroTest,
SteatoTest,
NashTest

Confounder
adjustment

Energy intake, BM)
gender, age, steatosis,
ALT, excessive dlconol
intake, current or former
smoking and HOMA-IR,
soda consumption, cream
and sugar use, DHDI, and
physical activity

AST, HOMA-IR, metaboic
syndrome, NASH

‘Age, gender, ethricity,
waist Circumference, AST,
GGT, diabetes, smoking,

alcohol, biopsy length,
HOMA-R

‘Age, gender, ethricity,
metaboic syndrome
components

‘Age, sex, education,
exercise, smoking, aloohol
intake, center, year, BMI,
total energy intake,
righceride, LDL, HDL,
glucose, AST, ALT, change
of alcohol, change of BMI,
change of exercise

Age, BM, exercise leve,
daly coffee intake, daly
alcohol intake

‘Age, gender, BMI

NA

‘Age, BMI, smoking status,
aloohol drinking status,
green tea consumption

Age, sex, BMI, waist
circumference,
hypertension, diabetes
melitus, ALT, GGT

NA

Age, sex, ethricity,
cigarette smoking

Education, BMI, diabetes,
smoking status, alcohol
intake

‘Age, gender, BMI,
education, smoking,
diabetes, antidiabetic
medication use, dietary.
supplement, physical
actvty, energy intake
Smoking, sugar, and
physical activity (minute/
‘weeks), serum cholesterol
levels, dietary fat, calorie
intake

ALT, atanine aminotransierase; AST, aspartate aminotransferase; BLS, bright fver score; BMI, booy mass index; DHD), Dutch Heathy Diet index; GG, gamma-glutamy transferass; HOMA-IR, homeostatic modef assessment—insuln
NAERACE B, At Mloalooh: NA: NAt RSN NIUSEY A MbEASE Al e doate: AU Aonalalion: Bhaalonultii: S brllomit Brosk: b ilbscnacio.
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AMSTAR 2

1. Did the research questions and inclusion criteria for the review include the components
of PICO?

2. Did the report of the review contain an explicit statement that the review methods were
estabiished prior to the conduct of the review and did the report justify any significant
deviations from the protocol?

3. Did the review authors explain their selection of the study designs for incusion in the
review?

4. Did the review authors use a comprehensive literature search strategy?

5. Did the review authors perform study selection in duplicate?

6. Did the review authors perform data extraction in duplicate?

7. Did the review authors provide a list of excluded studies and justify the exclusions?
8. Did the review authors describe the included studies in adequate detail?

9. Did the review authors use a satisfactory technique for assessing the risk of bias (RoB)
in indivicual studies that were included in the review?

10. Did the review authors report on the sources of funding for the studies included in the
review?

11. If meta-analysis was performed, did the review authors use appropriate methods for
statistical combination of results?

12. If meta-analysis was performed, did the review authors assess the potential impact of
RoB inindivicual studies on the results of the meta-analysis or other evidence synthesis?
13. Did the review authors account for RoB in individual studies when interpreting/
discussing the results of the review?

14. Did the review authors provide a satisfactory explanation for and discussion of any
heterogeneity observed in the results of the review?

15. Ifthey performed quantitative synthesis, did the review authors carry out an adequate
investigation of publication bias (small study bias) and discuss its fikely impact on the
resuls of the review?

16. Did the review authors report any potential sources of conflict of interest, including any
funding they received for conducting the review?

Result

Summary

Shen et al.
2016

Yes

Yes

Yes
Partial yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

High-quality
review

Wijarnpreecha et al.
2017

Yes

Yes

Yes
Partial yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

High-quality review

Chen et al.

2019

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

High-quality
review

Hayat et al.
2021

Yes

Yes

Yes
Partial yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

High-quality
review
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T decarboxylase
enzyme (TrpD gene)

Model

DSS-induced colitis mice

In vitro culture of Escherichia
coli

Eimeria-induced chicken
intestinal inflammatory

Human enterocyte celline
HCT-8

GLUTag cels

HFD-fed mice

LPS-treated precision-cut iver
slices
LPS-injected mice

HepG2 and AML12 cells

Macrophages

HFD-induced NAFLD mice

Lactobacillus reuteri D8 treated
intestinal organcid and lamina
proprialymphocyte co-cultured
system and DSS-induced
coitis mice

DSS-induced colitis mice

T cell transfer colitis mice mode!

Germ-free mice or mice lacking
DP IELs

Colonic spheroids

LPS-treated BMDM and
colonic spheroid co-culture
system

LPS-stimulated human
peripheral biood mononuciear
cells

IFN-y-treated T84 intestinal cell
monolayers

Nrii2~'~ mice and Nrii2"*
mice with or without
indomethacin treatment

HFD-fed mice

Th17 differentiation mode!

HFD-fed mice

HFD-induced insulin resistance
and NAFLD mice

IFN-y-treated T84 intestinal cell
monolayers

MCP-1-treated BMDMs
Germ-free mice colonized with

engineered Bacteroides
thetaiotaomicron

Function

Increases tight junction and
adheres junction-associated
molecule expression in colonic
epithelial cells

Intestinal bacteria have a
biphasic chemotaxis effect on
indole

Keeping the balance between
Treg cell and Th17 cells via AHR
activities

Increases epithelial-cell tight-
junction protein expression via
AHR activation; decreases
TNF-a-mediated NF-«xB
activation, IL-8 expression and
increases IL-10 expression
Reguiates gut motiity and
stimuiates GLP-1 secretion

Increases the expression of
tight junction proteins and
intestinal mucosa

Reduces pro-inflammatory
mediators

Downreguiates liver pro-
inflammatory gene expression
through an NLRP3-dependent
pathway in Kupffer cells

Attenuates lipid
loading-induced inflammatory
responses; reduces Fasn and
SREBP-1c expression via AR
activation

Reduces pro-inflammatory
cytokine production in free fatty
acid and LPS-treated RAW
264.7 macrophages;
decreases MCP-

1-treated bone
marrow-derived macrophage
migration

Attenuates hepatic lipogenesis
and oxidative and inflammatory
stress

Stimulates lamina propria
lymphocytes to secrete IL-22
partially dependent on AnR;
induces STAT3
phosphoryiation to accelerate
the intestinal epithelial
proiiferation

Inhibits myosin IIA and erzin
activation; maintaining the
integrity of the intestinal barrier
in an AhR-dependent way

Serving as microbicta-derived
murine AHR agonists; alters the
compostion of mesenteric
lymph node dendriic cells and
decreasing lamina propria Th1
cels of the colon differentiation;
attenuates Thi cytokine
prodction and increases IL-10
production

Reprogram intraepithelial CD4"
T cells into immunoregulatory
T cells via AHR activities

Increasing Muc 2 expression
and promoting goblet cel
function; inducing AHR target
gene CYP1AT expression
Enhancing IL-10 expression
and reducing TNF-a

Inhibiting IL 6 and IL-1
secretion; promoting
antioxidant and anti-
inflammatory immune
responses partly via NRF2-ARE
pathway activation

Reducing human intestinal
epithelial cell permeabiity and
inflammation via decreasing the
expression of GLUTS

Regulating mucosal integrity
through upregulating junctional
protein expression and
downregulating TNF-a via PXR
activation

Reducing gut permeability

Serving as potent endogenous
agonist for AHR

Decreased indoxyl
sulfate-repressed miR-181a
and miR-181b expression in
adipocytes and contributed to
the progression of obestty, IR,
and WAT inflammation

Improving intestinal barrier
permeability and reducing
endotoxemia via increasing IL-
10 and IL-22 production;
ameliorating immune-mediated
inflammatory changes in the
intestine and iver

Reducing human intestinal
epithelial cell permeability via
ANR activation

Decreasing macrophage
migration

Goblet cel activation and
mucus release via 5-HT4R
activation
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Potential side
effect

Enhances blood pressure and
colon permeabilty Huc et al.
(2018)

Enhances IL-22 production;
may promote tumor
progression Hemandez et .
(2018)

Promotes Clostridloides dlifficile
proliferation Darkoh et al.
(2019)

Prolonged exposure to indole
inhibits GLP-1 secretion
Chimerel et al. (2014)

Activated AHR induces insulin
resistance and promotes
NAFLD susceptibiity
Kerley-Hamilton et al. (2012);
Kumar et al. (2021)

100-250 M indlole exhibits an
AhR antagonist activity

Decreases the production of
the proinflammatory cytokine
IL-1p and promotes the
parasite Trypanosoma brucei
to evade the host immune
response McGettrick et al.
(2016)

Disrupts epithelial autophagy,
increases colon injury
susceptibilty, and promotes
coltis progression Fan et al.
(2020)

IPA served as a PXR agonist,
but PXR activation can induce
CD36 expression to promote
steatosis in human hepatic cells
Zhou et al. (2008); Bitter et .
(2015)

Aggravating CCL4-induced
liver fibrosis Liu et al. (2021)

Serving as an extensively
studied uremic solute Leong
and Sirich (2016)

Lower concentration (50 pM) of
tryptamine promote 2,3,7.8-
tetrachlordibenzo-p-dioxin
mediated ANR activation Jin

etal. (2014)

AHR, aryl hyorocarbon receptor; PXR, pregnane X receptor; 5-HT4R, 5-HT, 4 receptor; BMDMs, bone-marrow-derived macrophages; STATS, signal transducer and activator
transcription 3; LPS, lipopolysaccharidle; NAFLD, nonalcoholic fatty liver disease; TLR-4, Toll ke receptor 4; TNF, tumor necrosis factor; IR, insuli resistance; WAT, white adipose tissue;
Fasn, fatty acid synthase; SREBP-1c, sterol regulatory element-bindiing protein-1c; GLUTS, fructose transporter SLC2AS; NRF2-ARE, NF-E2-related factor 2-antioxidant response

alement.
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Action of P2X7R
in the GI
system

Induces cell death by apoptosis

Controls population of T cells

Induces changes in cell morphology
Induces cell permeability
induces reactive oxygen species (ROS)

production

Involved in the development of IBD
(including colitis models)

Triggers immune cell infitration

Induces production of pro-inflammatory
cytokines

Reduces production of anti-inflammatory
cytokines

Inhibits TNF-a production

Activates mast cells

Mediiates activation of NLRP3
inflammasome

Mediates activation of caspase-1
inflammasome

Mediating inflammatory responses to T.

gondii infection
Downregulates cell surface expression of

glucose transporter 2 (GLUT2) expression

Modulates intestinal glucose absorption and
transport into bloodstream
Induces macrophages to release CD14

Involved in sepsis-induced intestinal
damage

Involved in metabolic regulation

involved in neuronal changes induced by
ischemia

involved in alcohok-induced steatohepatitis
and intestinal injury

inhibitory control of colonic motilty

Anti-tumor immune response

Promotes proliferation of colorectal cancer
(CRO) cells

Intestinal epithelial cells (IECs)

Enteric neurons

Invariant natural killer cells (iNKT)

T regulatory (Treg) cell death

Limits expansion of T follicular
helper (Tfh) cell population

Depletion of tissue-resident
memory T cells (Tan)

Depletes intestinal Th1 and Th17,
CD4* T cells

At sites of inflammation

At site of infection

In ischemia reperfusion injury (ISR)
In tumor mass

TNF-a and IL-1p

TNF and IL-1p

TNF-a and IL-6

TNF-q, IL-1B and IL-6

IL-1p

IL-6

Chemokine ligand 20 (CCL20)

IL-33

IL-10 and transforming growth

factor (TGF)-p1

To secrete IL-33

To promote IL-6 and TNF-a
production, and neutrophil
infitration
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Study method

In vitro studies using human ilsocecal adenocarcinoma cell ine
(HCT), involing pharmacological inhibition of P2X7R

In vivo animal studies; colitis model using 2,4,6-
trinitrobenzenesuiphonic acid solution (TNBS), involving
pharmacological inhibition of P2X7R

Invivo and in vitro animal studies (rat intestinal epithelial cel lines
IEC-6 and CRL-159) in lipopolysaccharide (LPS) stimulation,
involving pharmacological inhibition of P2X7R

In vivo animal studies, i vitro and ex vivo human studies
finflamed mucosal tissues from patients with IBD and
macroscopically normal mucosal specimens from the same
patients with Crohn's disease (CD)], colis model using TNBS or
dextran sulfate sodium (DSS), involving P2X7R knockout (KO)
mice, pharmacological inhibition of P2X7R and anti-P2X7R
antibodies

In vivo animal studies and in vitro human studies (colon tissue
from healthy patients and patients with ulcerative colitis (UC), CD
and colon cancer); colitis model using 2,4
dinitrobenzenesuiphonic acid (DNBS), oxazolone and DSS,
involving pharmacological inhibition of P2X7R

In vivo animal studies; coltis model using DNBS, involving
pharmacological inhibition of P2X7R

In vivo animal studies; vitamin A and INKT studies, involving
P2X7R KO mice

Invivo and in vitro animal studies; colitis mode! using TNBS or
oxazolone, involving P2X7R KO mice and pharmacological
inhibition of P2X7R

In vivo animal studies and in vitro human studies (Peyer's
patches tissues and Th-cel-dependent B cel), involving P2X7R
KO mice and pharmacological inhibition of P2X7R

In vivo animal studies; using P2X7 KO mice, involving live and
attenuated vaccines expressing Shigela flexneri periplasmic
ATP-diphosphohydrolase (apyrase)

In vivo animal studies, microbiota transplantation, involving
P2X7R KO mice

In vivo animal studies, involving P2X7R KO mice

In vivo animal studies and in vitro human and animal studies;
experimental infection model and sterile induction of tissue
damage using acetaminophen. The study involves inhibition of
P2X7R and P2X7R KO mice

Invivo and in vitro animal studies; vitamin A, infection (using
Gitrobacter rodentium), and colits studies (using CD4* T cells),
involving P2X7R KO and Rag1 KO mice

In vitro studies using human ileocecal adenocarcinoma cellline
(HCT8), involving pharmacological inhibition of P2X7R

In vitro animal studies; permeability assay involving P2X7R KO
mice

In vitro studies using human ileocecal adenocarcinoma cellline
(HCT8), involving pharmacological inhibition of P2X7R

In vitro animal studies; permeability assay involving P2X7R KO
mice

Invivo and in vitro animal studies; colitis model using TNBS or
oxazolone involving P2X7R KO mice and pharmacological
inhibition of P2X7R

In vivo animal studies; coliis model using TNBS involving
pharmacological inhibition of P2X7R

In vivo animal studies; coltis model using DSS, involving
pharmacological inhibition of P2X7R

Ex vivo human studies (healthy human colonic muscle strips);
colitis model using pro-inflammatory cytokines [tumor necrosis
factor (TNF)-a and interleukin (IL)- 1] involving P2X7R antagonist
In vivo animal studies; coltis model using TNBS involving
pharmacological inhibition of P2X7R

In vivo animal studies and in vitro human studies (colon tissue
from healthy patients and patients with UC, CD and colon
cancer); colitis model using DNBS, oxazolone and DSS involving
pharmacological inhibition of P2X7R

In vivo animal studies and in vitro human studies (colon tissue
from healthy patients and patients with UC and CD}; coltis model
using TNBS or DSS, involving anti-P2X7R monocional
antibodies (mAb)

In vivo animal studies, in vitro and ex vivo human studies
(inflamed mucosal tissues from patients with IBD and
macroscopically normal mucosal specimens from the same
patients with CD), coltis model using TNBS or DSS involving
P2X7R KO mice, pharmacological inhibition of P2X7R and anti-
P2X7R antibodies

In vivo animal studies; coltis model using DSS involving
pharmacological inhibition of P2X7R

Invivo animal studies; colitis and colitis-associated cancer mode!
using DSS and azoxymethane involving P2X7R KO mice and
pharmacological inhibition of P2X7R

In vivo and in vitro animal studies; colitis model using TNBS or
oxazolone involving P2X7R KO mice and pharmacological
inhibition of P2X7R

In vivo animal studies; coliis model using TNBS involving
pharmacological inhibition of P2X7R

In vivo animal studies; colitis model using DSS, involving
pharmacological inhibition of P2X7R

Invivo animal studies; chronic plus binge alcohol feeding mod
involving pharmacological inhibition of P2X7R

Invivo and in vitro animal studies; infection model using
Toxoplasma gondii and Trichinella spiralis involving P2X7R KO
mice and pharmacological inhibition of P2X7R

In vivo animal studies; ISR model involving pharmacological
inhibition of P2X7R

In vivo and in vitro animal studies (816 melanoma and CT26
colon carcinoma cells); tumor model involving P2X7R KO mice
In vivo animal studies; coliis model using TNBS involving
pharmacological inhibition of P2X7R

In vivo animal studies, in vitro and ex vivo human studies
(inflamed mucosal tissues from patients with IBD and
macroscopically normal mucosal specimens from the same
patients with CD), coliis model using TNBS or DSS involving
P2X7R KO mice, pharmacological inhibition of P2X7R and anti-
P2X7R antibodies

In vivo animal studies; coltis model using DSS involving
pharmacological inhibition of P2X7R

Invivo and in vitro animal studies; infection model using T- gondi
and T. spiralis involving P2X7R KO mice and pharmacological
inhibition of P2X7R

In vivo and in vitro animal studies; sepsis model involving
pharmacological inhibition of P2X7R and P2X7R agonist

In vivo and in vitro animal studies (rat enteric glial cell line
CRL2690) in a prolonged morphine treatment model involving
pharmacological inhibition of P2X7R

Invivo animal studies; chronic plus binge alcohol feeding model
involving pharmacological inhibition of P2X7R

In vitro animal studies; permeabiity assay involving P2X7R KO
mice

In vitro human studies (IEC cellline T84, colon specimens from
healthy patients and patients with IBD) involving pharmacological
inhibition of P2X7R

Invivo animal studies on post-infectious visceral hypersensitivity
in T. spiralis infection involving P2X7R KO mice

In vitro human studies involving human colon carcinoma cellline
(Caco-2) and Burkitt's ymphoma cell line (Rajj) and P2X7R
agonist (ATP and LL-37)

Invitro human studies using human IEC lines Caco-2 and HT-29
in killed whole-cell oral cholera vaccine (Shanchol™) and short-
chain fatty acids (butyrate, acetate and propionate)

In vitro animal studies using mouse denditic cell ine DC2.4
infected with Gitrobacter koseri, involving pharmacological
inhibition of P2X7R

In vivo and in vitro animal studies; colitis mode! using TNBS or
oxazolone, involving P2X7R KO mice and pharmacological
inhibition of P2X7R

In vitro animal (rat enteric nervous system primary culture) and
human (ongitudinal muscle-myenteric plexus) studies; LPS
challenge involving pharmacological inhibition of P2X7R

Invivo and in vitro animal studies; infection model using
Heligmosomoides polygyrus (Hp) involving Spib™ mice and
pharmacological inhibition of P2X7R

In vivo animal studies and in vitro human studies (colon tissue
from healthy patients and patients with UG and GD); coltis model
using TNBS or DSS, involving anti-P2X7R mAb

In vivo animal studies and in vitro human studies (using human
acute monocytic leukemia cell ine); involving NLRP3 and P2X
receptor KO mice and P2X agonists

In vitro human studies involving human fetal small intestinal
epithelial cells (FHs 74 Int cels); infection model with T. gondii
involving inhibition of P2X7R

In vivo animal studies; non-steroidal anti-inflammatory drugs
(NSAIDs)-induced enteropathy model involving pharmacological
inhibition of P2X7R

In vitro animal studies involving murine macrophage-iike
lymphoma cell fine (P388D1)

In vivo animal studies; colitis model using DSS involving
pharmacological inhibition of P2X7R and NLRP3

Invivo and in vitro animal studies; infection model using T. spiralis
involving pharmacological inhibition of P2X7R

In vivo and in vitro animal studies; infection model using
Clostricium diffiile, involving pharmacological inhibition of
P2X7R and P2X7R small interfering ribonucieic acid (SRNA)

In vivo animal studies; infection model using T. gondli involving
P2X7R KO mice

Invitro animal studies and human cell culture; involving rat cel line
IEC-6, human colon carcinoma cell line Caco-2 and human
embryonic kidney cell ine HEK293T; involves pharmacological
inhibition of P2X7R

In vivo animal studies; involving P2X7R KO mice

In vivo animal studies; involving P2X7R KO mice

In vivo and in vitro animal studies; sepsis model involing P2X7R
KO mice and pharmacological inhibition of P2X7R

In vivo animal studies; sepsis model involving pharmacological
inhibition of P2X7R and P2X7R agonist

In vivo and in vitro animal studies (rat intestinal epithelial cell lines
IEC-6 and CRL-159) in LPS stimulation, involving
pharmacological inhibition of P2X7R

In vivo animal studies, ivolving P2X7R KO mice

In vivo animal studies, microbiota transplantation involving
P2X7R KO mice

In vivo animal studies, ivolving P2X7R KO mice

In vivo animal studies; ISR mode! involving pharmacological
inhibition of P2X7R

In vivo animal studies; chronic plus binge alcohol feeding model
involving pharmacological inhibition of P2X7R

In vivo animal studies; colitis model by DNBS, involving P2X7R
pharmacological inhibition and P2X7R agonist.

In vivo and in vitro animal studies (B16 melanoma and CT26
colon carcinoma cells); tumor model involving P2X7R KO mice
Invivo animal stucies and in vitro human studiies on CRC celllines
(SW620 and HCT416); involving pharmacological infibition of
POX7R and POX7R siRNA
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Protein Coating antibody Primary antibody Secondary antibody

A #44-344, Invitrogen (Waltham, United States) 528365, Santa Cruz (Dalas, United States) Mouse  #31430, ThermoFisher Scientific (Waltham,
Rabbit polyclonal antibody (recognizing aa 36-42, monocional antibody (recognizing fulllength protein)  United States) Goat anti-mouse IgG (HRP)
C-terminal)

ttau  sc-32274, Santa Cruz (Dalas, United States) 109392, abcam (Cambridge, United Kingdom)  A6154, Sigma-Aldrich (St. Louis, MO,
Mouse monoclonal antibody (recognizing C-terminal) Rabbit monooclonal antibody (recognizing N-terminal)  United States) Goat anti-rabbit IgG (HRP)

a-syn  NBP2-15365, Novus Biological (Centennial, 5514908, Santa Cruz (Dalas, United States) #31430, ThermoFisher Scientific (Waltham,
United States) Rabbit polyclonal antibody (recognizing full United States) Goat anti-mouse IgG (HRP)
length protein)

Mouse monoclonal antibody (recognizing aa 2-24,
N-terminal)

AB, amyloid 1-4.

-syn, a-synuclein; t-tau, total tau.
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Ingredient (g/kg as fed)

Casein, 30 mesh
L-Oystine
Corn starch
Maltodextrin 10
Sucrose
Celuiose, BW200
Soybean ol
Lard
Mineral mix $10026
Vitamin mix AIN-76A
Cholne bitartrate
Total
Typical analysis
Protein
Carbohydrate
Fat
Total

Mass

200

125
63.8
50
25
245

10

7738

Mass (%)

26
26
35

Energy (Kcal)

800
12
0
500
275.2
0
255.2
2205
36
39
0
40722
Energy (%)
20
20
60
100
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N
Age (yrs, mean + SD)

Female (%)

BMI (kg/m?, mean + SD)

Symptom duration (yrs, mean + SD)
IBS subtype (%)

BS-C

IBS-D

IBS-M

IBS-U

Medication (%)

PPI

NSAID

SSRI

Motiity + drugs

Motiity - drugs

p<005”p<007 "

IBS patients (MIBS)

Healthy subjects (MIBS)

Healthy subjects (biopsy

study)
Young adults Middle-aged ~ Elderly ~ Young adults Middle-aged  Elderly ~ Young adults  Elderly
191 209 63 £ 84 43 52 48
269+ 6.1 525+72 70341 239141 551+74 684+25  231:43 69.7+28
770 722 65.1 72.2" 60.7* 419 57.7 437
237+49"  257+43 264:41 225:29% 25242 25034 229+27" 25827
72£69" 173157 216+187 NA. NA. NA NA NA
17.2 213 213 NA. NA NA NA NA
339 366 279
452 347 459
38 74 49
1.6™ 330 302 11 36 7.0 o 125
24.1% 287 38.1 133 214 256 - -
94 1728 63 22 24 47 - -
17.8 18.2 238 0 0 0 - -
14.1 163 127 0 0 0 - -

P < 0.007 (vs. elderly for MIBS), SD = standard deviation.

Independent t-tests were used for continuous variables, chi-sqaured tests for proportions.
Abbreviations: IBS-C, IBS constipation predominant subtype; IBS-D, IBS diarrhoea predominant subtype; IBS-M, IBS mixed subtype; IBS-U, IBS unspecified subtype; PP, proton pump.
inhibitor; NSAID, non-steroidal anti-inflammatory drug; SR, selective serotonin reuptake inhibitor.

Motilty + drugs: e.g., polyethylene glycol, motilty—dugs: e.

. loperamide.

MIBS age groups: 18-39 years (young adls), 40-64 years (middle-aged aduls), 6575 years (eldlerly).
Biopsy studly age groupe: 40-64 years (middle-aged adults), 65-75 years (aldark).
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Healthy subjects (biopsy IBS patients and healthy controls (maastricht IBS cohort)
study)

18-40 years: Young adlts (1 = 52) IBS patients Healthy controls

65-75 years: Elderly (1 = 48) 18-39 years: Young aduts (1 = 191) 18-39 years: Young aduls (1 = 90)
40-64 years: Middie-aged aduts (» = 209) 40-64 years: Middle-aged aduits (1 = 84)
65-75 years: Elderly (1 = 63) 65-75 years: Elderly (1 = 43)

Gastrointestinal Symptom Rating Scale (1 = 100) Gastrointestinal Symptom Rating Scale (1 = 463 IBS patients, n = 217 healthy controls)

Visceral pain-associated parameters (sigmoid biopsies)  Visceral hypersensitiviy (rectal barostat procedure;n = 233 IBS patients, n = 103 healthy controls)
- TRPAI and TRPV1 gene mANA expression

(0 =20)

- TRPA and TRPV1 nerve fibre stainings (1 = 16)
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Parameter N 49

Age (vears)
Gender

Male
Female

Exercise
Low
Moderate
High

Hours spent on the WG

Comorbidity
Hypertension
Dyslipideria
Uroithiasis
Varicosity of the lower limbs
Heart failure
Uterine polyps
Diabetes

Drugs
Beta-blockers
Renin-angiotensin system inhibitor
Cardioaspirin
Statins
Adverse events

hamorrhoid disease.

N (%) or median
(IQR)

47 (37-57.5)

20 (40.8%)
29 (59.2%)

19 (38.8%)
29 (59.2%)
1%

5 (4-8)

4(82%)
2(4.1%)
1 (2%)
1@%)
1(2%)
12%)
3(6.1%)

4(82%)
6(122%)
3(6.1%)
3(6.1%)
0(0%)

p-Value*

0911

0.987

0.962

0.489

>0.9

>0.9

OR (95% CI)*

1.003 (0.933-1.077)

0.97 (0.140-6.723)

1.196 (0.168-8.53)

0.913 (0.622-1.338)

0.496 (0.22-1.119)

1.458 (0.936-2.272)

p-Value**

09

0.9

0.8

06

0.091

0.096

-Value was obtained by assessing whether the demographic variables were correlated, with statistical force, and with the reduction of at least one degree of hemorrhoid disease.
‘OR with 95% Cl and p-value were obtained by assessing whether the demographic variables were associated, with statistical force, and with the reduction of at least one degree of
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Parameter

N 49

Grade hemorrhoid disease
I
]
n

Erythema
Absent
Mid
Moderate
Severe

Pain
Absent
Mid
Moderate
Severe

Burning
Absent
Mid
Moderate
Severe

Pricking
Absent
Mid
Moderate
Severe

Tenesmus
Absent
Mid
Moderate
Severe

Blood
Absent
Rare
Frequent
Aways present

Edema
Absent
Resolving
Present

Prolapse
Absent
Resolving
Present

Thrombosis
Absent
Resolving
Present

Note. Data are presented as numerosity (oercentage of total.
*The p-value was obtained by assessing whether the distribution of the variables, in the interval TO-T7, was significant.

TO

N (%)

30 (61.2%)
19 (38.8%)

1 (2%)
3(6.1%)
45 (91.8%)

21 (42.9%)
1 (2%)
2(4.1%)

25 (51%)

16 (32.7%)
1(2%)
2(4.1%)
30 (61.2%)

20 (40.8%)
3(6.1%)
2(4.1%)
24 (49%)

36 (73.5%)

3(6.1%)
10 (20.4%)

4(8.2%)
3(6.1%)
42 (85.7%)

49 (100%)

12 (24.5%)
37 (75.5%)

43 (87.8%)
5 (10.2%)
1(2%)

T

N (%)

31 (63.3%)
18 (36.7%)

12 (24.5%)
34 (69.4%)
3(6.1%)

45 (91.8%)
1(2%)
3(6.1%)

29 (50.2%)
17 (34.7%)
3(6.1%)

39 (79.6%)
7(14.3%)
1(2%)
2(4.1%)

37 (75.5%)
8(16.3%)
2(4.1%)
2(41%)

27 (55.1%)
18 (36.7%)
2(4.1%)
2(4.1%)

38 (77.6%)
10 (20.4%)
1 (2%)

27 (55.1%)
18 (36.7%)
4(8.2%)

48 (98%)
1 (2%)

p-Value *

TO-T7

<0.001

<0.001

<0.001

<0.001

<0.001

0.004

<0.001

<0.001

<0.001

0.014

p-Value **
(Outcome)

TO

0.119

0.761

0.047

0.119

0.036

<0.001

0574

>0.9

0.341

0642

p-Value **
(Outcome)

T7

0.007

0.03

011

0.051

<0.001

0.127

0.146

0.001

0.936

““The p-value was calculated by testing whether, at TO, the variable was associated with statistical strength with the reduction of at least one hemorrhoidal grade according to Goligher

(Outcome).

***The p-value was calculated by testing whether, at T7, the variable was associated with statistical strength with the reduction of at least one hemorrhoidal grade accordiing to Golgher

(Outcome).
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Parameter

Age (years)

Gender
Male
Female

Exercise
Low
Moderate
High
Hours spent on the WG

Note. Data were presented as numerosiy (percentage of total) or median (interquartie range (IQR)).

Grade Il group (n 30)

N (%) or Median
(IGR)

43 (33.5-56)

2 (40%)
18 (60%)

14 (46.7%)
15 (50%)
1(3.3%)

5 (4-8)

Grade lll group (n 19)

N (%) or Median
(IQR)

51 (43-62)

8 (42.1%)
11 (57.9%)

5 (26.3%)
14 (73.7%)

5(4-9)

“The p-valus was cbisined companing if the variable was statisticall and diffierently disiributed batween the iwo grouss examined.

p-Value*

0.065

0.885

0.222

0.827
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Events and subgroup Events No./Total No. (%)
NSBB use No NSBB use
Pharmacologic class
Only beta-blocking agents 13/592 (2.20) 32/1,184 (2.70)
Alpha- and beta-blocking agents 6/325 (1.85) 19/650 (2.92)
Specific drug
Propranolol 12/568 (2.11) 30/1,136 (2.64)
Carvediol 6/266 (2.26) 16/532 (3.01)

Crude HR (95% CI)

0.79 (0.42-1.48)
0.63 (0.26-1.51)

0.78 (0.41-1.49)
0.74 (0.30-1.79)

HR, hazard ratio; Cl, confidence interval; NSBB, nonselective beta blocker; HCC, hepatocelular carcinoma. “p < 0.05.

"Adjusted for variables SMD > 0.10: sex, hypertension, mental diseases, and tobacco use.

“Adjusted for variables SMD > 0.10: sex, hyperiipidaemia, mental diseases, cardiac diseases, and aspirin use.

“Adjusted for variables SMD > 0.10: sex, hypertension, mental diseases, and tobacco use.

Iadiusted for variables SMD > 0.10: sex, hyperlipidaemia, nonalcoholic liver diseases, mental diseases, cardiac diseases, metformin use, and aspirin use.

Adjusted HR (95% ClI)

0.90 (0.49-1.67)°
0.53 (0.21-1.36)°

0.88 (0.47-1.67)°
0.53 (0.19-1.53°
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Events and subgroup

Dose
No NSBB use
<90 ¢DDDs
90-180 cDDDs
2180 cDDDs

Duration
No NSBB use
<1 year
1-5 years
5 years

DDDs, defined daily doses; HR, hazard ratio; Cl, confidence interval; NSBB, nonselective beta blocker; HCC, hepatocellular carcinoma. *p < 0.05.

2,114
446
189
422

2,114
432
392
233

HCC (%)

58 (2.74)
11 (2.47)
3(1.59)
11 261)

58 (2.74)
11 (2.66)
10 (2.55)
4(1.72)

Crude HR (95% CI)

1 [Reference]
0.93 (0.49-1.77)
056 (0.17-1.78)
0.89 (0.48-1.66)

1 [Reference]
0.96 (0.51-1.83)
0.92 (0.47-1.78)
056 (0.21-1.48)

Adjusted
HR*® (95% ClI)

1 [Reference]

1.08 (0.56-2.05)
054 (017-1.77)
0.76 (040-1.42)

1 [Reference]

1.04 (0.54-1.99)
0.84 (043-1.69
050 (0.19-1.37)

sAdiusied for age, sex, hypertansion, hyperfipidaernis, diabetes, nonakoholic fver diceases. antiviral therapy, stafin, metformin, aspirin, fobacco se, alcohol ues, and obesiy.
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Variables

NSBB use vs no NSBB use
Age

Sex/male

Hypertension
Hyperlipidaemia

Diabetes

Tobacco use

Alcohol use

Obesity

Nonalcoholic liver diseases
Antiviral therapy

Statin

Metformin

Aspirin

Crude HR (95% CI)

0.85 (0.54-1.33)
1.04 (1.02-1.08)°
2.00 (1.20-3.34)°
1.88 (1.18-3.00°
0.78 (0.42-1.44)
2.52 (1.56-4.06)°
1.38 (0.19-10.20)

1.37 (0.34-5.46)
236 (0.60-9.26)
1.06 (0.51-2.20)
3.00 (1.80-5.00)°
1.56 (0.92-2.66)

p value

047
<0.01
<0.01
<0.01

0.42
<0.01

0.75

0.65
021

0.87
<0.01
0.10

HR, hazard ratio; Cl, confidence interval; NSBB, nonselective beta blocker; HCC, hepatocelular carcinoma.
“Adjusted for age, sex, hypertension, hyperfipidaemia, diabetes, nonaicoholic liver diseases, antiviral therapy, statin use, metformin use, aspirin use, tobacco use, alcohol use, and obesity

(Mode! 4).
by < 0,05.

Adjusted”
HR (95% Cl)

082 (0.52-1.31)
1.03 (1.02-1.05°
2,01 (1.22-3.30°
1.21 (0.71-2.09)
058 (0.28-1.18)
1.44 (0.65-3.19)
1.65 (0.19-12.42)

1.38 (0.34-5.66)
2.87 (0.72-11.52)
0.94 (0.41-2.16)
2.00 (0.87-4.61)
1.03 (0.57-1.85)

p value

0.41

<0.01
0.01

048
0.13
037
0.68

0.66
0.14
0.89
0.10
0.92





OPS/images/fphar-12-805318/fphar-12-805318-t001.jpg
Variables Full cohort 1:2 propensity score-matched cohort®

NSBB use No NSBB SMD® NSBB use No NSBB SMD®
(n =1,062) use (n = 32,491) (n =1,057) use (n = 2,114)
Age, years, mean + SD 51.42 + 13.37 4186 + 13.47 o 51.38 + 13.36 51.33+ 13.37 0.00
Sex/male, n (%) 624 (58.76) 20,465 (62.99) -0.09 620 (58.66) 1,268 (69.51) -0.02
Comorbidities, n (%)
Hypertension 512 (48.21) 3,598 (11.07) 0.89 507 (47.97) 1,080 (51.09) -0.06
Hyperlipidaemia 205 (19.30) 2,360 (7.26) 0.36 202 (19.11) 379 (17.93) 0.03
Diabetes 188 (17.70) 2,264 (6.97) 033 188 (17.79) 357 (16.89) 002
Mental disorders 273 (25.71) 2044 (6.29) 0.55 268 (25.35) 545 (25.78) -0.01
Cardiac diseases 277 (26.08) 1,332 (4.10) 065 272 (26.73) 460 (21.76) 0.09
Asthma 26 (2.45) 566 (1.74) 0.05 25 (2.37) 66 (3.12) 005
COPD 53 (4.99) 667 (2.11) 0.16 51(4.82) 84 (3.97) 004
Tobacco use 5(047) 85 (0.26) 0.03 5(0.47) 21(0.99) -0.06
Alcohol use 5(0.47) 85 (0.26) 0.03 5(0.47) 14 (0.66) -0.03
Obesity 7 (066) 91(0.28) 0.06 7(0.66) 9(0.43) 003
Nonalcoholic liver diseases 22 (207) 448 (1.38) 0.05 22 (2.08) 42 (1.99) 001
Medication use, n (%)
Antiviral therapy® 22 (2.07) 238 (0.73) 0.1 22 (2.08) 26 (1.29) 007
Statin 118 (11.11) 1,011 3.11) 0.32 118 (11.16) 199 (9.41) 006
Metiormin 114 (10.73) 1,308 (4.03) 026 114 (10.79) 217 (10.26) 002
Aspirin 202 (19.02) 999 (3.07) 053 200 (18.92) 285 (13.48) 0.15
Possible reasons for NSBB use, n (%)
Hypertension 449 (42.28) NA NA 447 (42.29) NA NA
Cardiac diseases 339 (31.92) NA NA 337 (31.88) NA NA
Mental disorders 232 (21.85) NA NA 229 (21.67) NA NA
Migraine 17 (1.60) NA NA 17 (1.61) NA NA

NA, not avaitable; COPD, chronic obstructive pulmonary disease; NSBB, nonselective beta-blocker; SD, standard deviation.

“Propensity score matched by age, sex, calendar year of the index date, hypertension, diabetes, mental dlisorders, cardiac diseases, asthma, and COPD.

“Standardised mean difference (SMD) = difference in means or proportions divided by the standard error; imbalance defined as an absolute value of >0.10 (small effect size).
“Antiviral therapy includes nucleos(tlide analogues and interferon therapies.
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Dosing Infliximab-treated

Adalimumab-treated

5mg/kg 8-weekly

N 54
Age () 3814
Female gender (%) 28 (51.9)
liness duration (months) 105 [48, 156]
Current smokers yes (%) 19 (39.6)
Weight (Kg) 726+ 183
CRP (mg/d) 03[0.1, 1.0]
CDAI 90 [64, 168]
Previous surgery (%) 10 (20.4)
Calprotectin (ug/g) 65 [50.0, 215.0]
Albumin (g/dl) 40[3.7, 44
Hematocrit (%) 42.0 (39.8, 43.9)
Leucocytes (/mm?) 6840 [5360, 8810]
Montreal (age of onset), No. (%)
At 6(11.0)
A2 40 (74.0)
A3 8(15.0)
Montreal (location), No. (%)
L 15 (27.7)
L2 15 (27.7)
L3 21(39.0)
L4 3(5.6)
Montreal (oehavior), No. (%)
Bt 35 (64.8)
B2 7130
B3 12 (22.2)
Concomitant treatments
NSAID, No. (%) 2@.7)
Azathioprine, No. (%) 22 (40.7)
Steroids, No. (%) 6(11.1)

Intensified dose

8
3815
4 (50.0)

73 (45, 128)
4(57.1)
728+255
1302, 2.1)
144 [80, 308]
3(375)
83(80.0, 120.0]
3829, 4.0
406 [37.4, 43.9]
6853 [6232, 7655]

1(12.8)
5 (62.5)
2(25.0)

3(375)
4(50.0)
0(0.0)
1(12.5)

6(75.0)
1(125)
1(125)

1(125)
1(125)
2(25.0)

40 mg
every other week

42
40+ 12
21 (50.0)
120 [60, 228)
15 (35.7)
716198
03(02, 1.4)
88 [50, 151]
18 (42.9) *

65 [39.5, 182.5)
4136, 4.4)
409 [38.6, 43.5]
8100 [5990, 10000]

248
37 (83.1)
3(7.1)

15 (35.7)
7(16.7)
18 (42.9)
2 (4.8

23 (54.8)
6(14.3)
13 (31.0

124)
5(11.97
8(19.0)

Intensified dose

7
40+ 14
4(57.1)

56 (47, 77)
2(286)
69.7 £ 167
02[0.1,04)
63 [50, 127)
0(0.0)

55 [37.3, 75.3]
43[35,45)
436 [38.2, 45.6]
7300 5115, 9120]

0(00)
6(85.7)
1(143)

1(143)
1(14.3)
4(67.1)
1(14.3)

2(286)
2(286)
3429

0(0.0)
2(286)
1(14.9

Numerical variables are shown as mean + standard deviation or medians (interquartile range). Categorical variables are described s frequency (percentage). CRP = C-reactive protein.

ah<0.05 non-intensified infliximab vs. non-intensified adalimumab.
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Variable

Overal
Age group (vears)
<55
255
Sex
Female
Male
Hypertension
No
Yes
Hyperlipidaemia
No
Yes
Digbetes
No
Yes
Statin use
No
Yes
Metformin use
No
Yes
Aspiin use
No
Yes

HR, hazard ratio;

by < 0,05.

Events No./Total No

NSBB use

25/1,067

15/621
10/436

5/437
20/620

12/560
13/507

22/855
3/202

15/869
10/188

24/939
<3/118

18/943
7114

19/857
6/200

No NSBB use

58/2,114

22/1,284
36/830

17/856
411,258

19/1,034
39/1,080

49/1735
9/379

42/1757
16/357

51/1915
>3/199

46/1897
12/217

47/1829
11/285

Adjusted
HR? (95% Cl)

082 (0.52-1.30)

1.40 (0.74-2.65)
0.49 (0.25-0.96

061 (0.24-156)
092 (0.54-157)

1.05 (0.50-2.20)
069 (0.38-1.26)

0.87 (0.53-1.41)
060 (0.16-2.24)

069 (0.39-1.22)
096 (0.42-2.15)

092 (0.58-1.47)
0.18 (0.03-1.01)

0.75 (0.45-1.28)
092 (0.33-252)

084 (0.50-1.41)
0,66 (0.24-1.80)

p value

0.41

0.30
0.04

0.30
0.77

0.89
0.23

0.56
0.45

0.20
091

0.73
0.05

0.30
0.87

0.50
0.41

Variables for adjustment

Aspifin use

Tobacco use
Cardiac diseases, asthma, and aspirin use

Hypertension and metformin use
Cardiac diseases, statin use, and aspiin use

Cardiac diseases, tobacco use, and aspirin use
Asthma and aspirin use

Aspirin use
Cardiac diseases and aspirin use

Aspirin use
Sex, asthma, cardiac diseases, alcohol use, antiviral therapy, and aspirin use

Aspirin use
Sex, hypertension, hyperlipidaemia, cardiac diseases, asthma, and COPD

Aspirin use
Sex, mental diseases, cardiac diseases, obesity, and aspirin use

Tobacco use
Sex, hypertension, cardiac diseases, and COPD

I, confidence interval; NSBB, nonselective beta blocker; HCC, hepatocellular carcinoma; COPD, chronic obstructive puimonary disease.
"Adjusted for variables for which SMD, was >0.1 (listed in the column “Variables for adjustment’).
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No KEGG ‘Compound name Formula Monoisotopic_mass Pathway name

D

1001272 Inositol 1345 CeHigO1gPs 499.9287098 Phosphatidylinositol signaling system; Inositol phosphate metabolism
Tetrakisphosphate

2 €C00835  Sepiapterin CoHy1NsOs 237.0861892 Folate biosynthesis

3 C16608  N-Desmethylcitalopram CioHioFN:0 310.1481414 Drug metabolism-cytochrome P450

4 C00190  UDP-D-Xylose CigHaoNO7 352.127051 Amino sugar and nucleotide sugar metabolism

5 005465 Taurochenodesoxycholic acid  CorHeiOs 366.2406242 Primry bile acid biosynthesis

6 000355 L-Dopa CaHyiNO, 197.0688078 Tyrosine metabolism

7 C05587  3-Methoxytyramine CaHiaNO, 167.0046287 Tyrosine metabolism

8  C05582  Homovanilic acid CaHio0s 182.0579088 Tyrosine metabolism

9 CO00079  L-Phenyllanine CaHisNO, 165.0789786 Phenylalanine, tyrosine and tryptophan biosynthesis; Phenylalanine

metabolism; Aminoacyl-tRNA biosynthesis

10 CO1595  Linoleic acid CisHz0; 280.2402303 Linoleic acid metabolism; Biosynthesis of unsaturated fatty acids

11 C05844  5-L-GlutamyHtaurine CrHuNOeS 254.0572569 Taurine and hypotaurine metabolism

12 C00350  PE [15:0/184 CagHsaNOGP 697.4682547 Giycosylphosphatidylinositol (GPY)-anchor biosynthesis; Glycerophosphoiipic
(62,92,127,152)) metabolism

13 C02305  Phosphocreatine Cah1oN3OsP 211.035807 Arginine and proline metabolism
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Pathway name

Tyrosine metabolism

Phenylalanine, tyrosine and tryptophan biosynthesis
Linoleic acid metabolism

Taurine and hypotaurine metabolism

Phenylalanine metabolism
Glycosylphosphatidylinositol (GPY)-anchor biosynthesis
Folate biosynthesis

Drug metabolism-cytochrome P450
Phosphatidyinositol signaling system

Inositol phosphate metabolism

Biosynthesis of unsaturated fatty acids
Giycerophospholipid metabolism

Amino sugar and nucleotide sugar metabolism
Arginine and proline metabolism

Primary bile acid biosynthesis

Aminoacy-tRNA biosynthesis

Match status

3/42
174
1/5
1/8
112
114
1/27
1/27
1/28
1/30
1/36
1/36
1/37
1/38
1/46
1/48

P

0.0047249
0.034051
0.042394
0.067028
0.098964

0.11455
0.20995
0.20995
0.21688
0.23057
0.27033
0.27033
0.27677
0.28316
0.33242
0.34423

-log(p)

2.3256
1.4679
1.3727
11737
1.0045
0.941
0.67789
0.67789
0.66378
0.63719
0.5681
0.5681
0.55787
0.54797
0.47832
0.46315

Holm p

0.39689
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

FDR

0.39689
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Impact

0.12913
1.0
1.0
0.0

0.35714

0.00399
0.0
0.0

0.07388

0.03345
0.0
0.0
0.0
0.0

0.02285
0.0
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Immune Cells Signaling/stimulatory Pathway Ref

checkpoint molecule involved
protein/ligands
PD-1 T cells (CD4, CD8, IL-10 and TGF-B, NOTCH, Forkhead box protein  Phosphoinositide 3-kinase (PI3K)/AKT,  Dong et al. (2017); Cagle et al.
i) (FOXO1), interferon regulatory factor (IRFs) and  phospholipase G-y (PLCy), ERK, JAK/  (2018); Sordillo et al. (2021);
Activated B cells nuclear factor of activated T-cells (NFAT) STAT/RF1 Touboul et al. (2021)
NK cells
Macrophages

Denditc cells
Langerhans cells

PD-L1 T cells (CD4, CD8,  IFN-y, Lipopolysaccharide (LPS), B-cell receptors  JAK/STAT/RF1, MEK/ERK and Bardhan et dl. (2016); Tewari
Tia) in B-cells (BCR) MYD8B/TRAF6 etal. (2017); Lu et al. (2019)
Activated B cells
Macrophages
Mesenchymal stem
cells (MSCs)

PD-L2 Dendritic cells GM-CSF, IL-4 Phosphoinositide 3-kinase (PIBK)/AKT  Xing et al. (2018); Lu et al.
Mast cells (2019)

Macrophages
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Agent

Pembrolizumab
Atezolizumab
Nivolumab
Avelumab
Durvalumab

Target

PD-1
PD-L1
PD-1
PD-L1
PD-L1

Names

KEYNOTE

IMVigor, POPLAR, OAK
CheckMate

JAVELIN

Study 1,108

Antibody clone

22C3 (Dako)
SP142 (Ventana)
288 (Dako)
73-10 (Dako)
SP263 (Ventana)

Company

Merck
Genentech
BMS
Pfizer, Merck
AstraZeneca
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Cancer Number Immune checkpoints Treatment Target Ref

HCe 7 PD-L1 and PD-1 PD-L1 Ab and PD-1 Ab CD8'T-cells and Kupffer cels Lietal (2016)
HCC not reported PD-L1 PD-L1 ShRNA HCC cell lines Lienlat et al. (2016)
HCC 59 PD-1 PD-1 antibodies tumor-infitrating T-cells Chang et al. (2017)
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Cancer type

HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC
HCC

Number

154
114
51
75
620
108

15

620
28
440
726
408
1,200

Study arms
(combinational)

Nivolumab
PDROOT
Durvalumab
Durvalumab
Nivolumab
Nivolumab
PDROOT
Prembrolizumab
Prembrolizumab
Nivolumab
Durvalumab
Nivolumab
Pembrolzumab (Keytruda)
Durvalumab
Nivolumab
Prembrolizumab
Durvalumab

m
m
m
1]

Status.

Recruiting
Recruiting
Recruiting
Recruiting
Recruiting
Rearuiting
Recruiting
Recruiting
Rearuiting
Recniting
Recruiting
Recniting
Recruiting
Recniting
Recruiting
Non-recruiting; Active
Non-recruiting

Trial NCT

NCT02837029
NCT02947166
NCT02572687
NCT02740985
NCT02423343
NCT01658878
NCT02795429
NCT02886897
NCT02940496
NCT02859324
NCT02821754
NCT01658878
NCT02658019
NCT02519348
NCT02576509
NCT02702401
NCT03298451
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Cancer No. of
tumor samples

HCC 217
HCC 17
HCC 176
HCC 294
HCC 90

Immune checkpoints

PD-L1/PD-1
PD-1

PD-L1
PD-L1/PD-1
PD-L1

Cellular expression

Inflammatory and neoplastic cells
Inflammatory and neoplastic cells
Macrophages

Tumor infitrating cells
Hepatocytes

Ref

Chen et al. (2017)
Wu et . (2009)
Butte et al. (2008)
Butte et al. (2007)
Dai et dl. (2017)
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Target genes

GAPDH
IL-1p

L2

L6

IL-10
L17
TNFa
IFN-y
ZO-1
E-cadherin
Occludin
Muct
Muc2
Lr5
Ascl2
Wnt3
Axin2
Ctnnb1
GSK3p
p-catenin

Forward primer (5'-3)

TGGAATCCTGTGGCATCCATGAAAC
CAACCAACAAGTGATATTCTCCATG
AAAAGCTTTCAATTGGAAGATGCTG
TAGTCCTTCCTACCCCAATTTCC
CCACAAAGCAGCCTTGCA
CCACGTCACCCTGGACTCTC
CCCTCACACTCAGATCATCTTCT
TCAAGTGGCATAGATGTGGAAGAA
CTTCTCTTGCTGGCCCTAAAC
CGACCGGAAGTGACTCGAAAT
AGCACTTAACCTGCCTGGAT
CTGTTCACCACCACCATGAC
CAACAAGCTTCACCACAATCTC
CCTACTCGAAGACTTACCCAGT
AAGCACACCTTGACTGGTACG
CTTCTAATGGAGCCCCACCT
AACCTATGCCCGTTTCCTCTA
ATGGAGCCGGACAGAAAAGC
ACCGAGAACCACCTCCTTTG
CGCTTGGCTGAACCATCACA

Reverse primer (5'-3')

TAAAACGCAGCTCAGTAACAGTCCG

GATCCACACTCTCCAGCTGCA
TTGAGGGCTTGTTGAGATGA
TTGGTCCTTAGCCACTCCTTC
AGTAAGAGCAGGCAGCATAGCA
CTCCGCATTGACACAGCG
GCTACGACGTGGGCTACAG
TGGCTCTGCAGGATTTTCATG
TGGCTTCACTTGAGGTTTCTG
TCAGAACCACTGCCCTCGTAAT
AGCCTGTGGAAGCAAGAGAT
CTTGGAAGGGCAAGAAAACC
CAGACCAAAAGCAGCAAGGTA
GCATTGGGGTGAATGATAGCA
AAGTGGACGTTTGCACCTTCA
GAGGCCAGAGATGTGTACTGC
GAGTGTAAAGACTTGGTCCACC
TGGGAGGTGTCAACATCTTCTT
TCACAGGGAGTGTCTGCTTG
AGCAGCTTTATTAACTACCACCT
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