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Gut–Liver Axis: Liver Sinusoidal Endothelial Cells Function as the Hepatic Barrier in Colitis-Induced Liver Injury
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Background: Based on the gut–liver axis theory, a leaky gut can aggravate liver injury. However, clinical studies suggest that although gut mucosa damage is commonly observed in inflammatory bowel disease (IBD), it seldom leads to severe liver injury. We hypothesize that there is a hepatic barrier in the gut–liver axis, which protects the liver against gut-derived invasive factors.

Methods: Colitis was induced by dextran sulfate sodium (DSS) in eight different liver injury models in Sprague–Dawley rats. Liver sinusoidal endothelial cell (LSEC) injury was evaluated by a scanning and transmission electron microscope. Neutrophils were depleted by injection of anti-rat polymorphonuclear serum. Two pneumonia models were also induced to investigate the mechanism of neutrophil recruitment and activation. LSECs isolated from rat liver were used to investigate the effect on neutrophil recruitment and activation.

Results: Among eight liver injury models, DSS colitis had no effect on liver injury in three models with normal LSECs. In the other five models with LSEC rupture, liver injury was significantly exacerbated by colitis, and increased hepatic neutrophil accumulation was observed. When neutrophils were depleted, colitis-induced liver injury was significantly attenuated. In pneumonia, liver injury, and colitis models, the level of CXCL1 correlated with the recruitment of neutrophils in different tissues, while DSS colitis and LSEC injury synergistically contributed to increased CXCL1 expression in the liver. In colitis-induced liver injury, neutrophils were activated in the liver. Injured LSECs showed both structural and functional changes, with significantly increased expression of CXCL1 and TNF-α under the stimulation of lipopolysaccharide (LPS). The combination of gut-derived LPS and LSEC-derived TNF-α led to the activation of neutrophils, characterized by enhanced production of reactive oxygen species, pro-inflammatory cytokines, and the formation of neutrophil extracellular traps.

Conclusion: LSECs constitute a vitally important barrier in the gut–liver axis, defending the liver against colitis-induced injury. When LSECs are damaged, they can turn into a pro-inflammatory pattern under the stimulation of LPS. LSEC injury and colitis-derived LPS synergistically contribute to the recruitment and activation of hepatic neutrophils. Neutrophils play a pivotal role as a downstream effector in colitis-induced liver injury.
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INTRODUCTION

The liver is intimately associated with the intestinal tract. The interactions between the two organs have raised an increasing interest since Marshall proposed the theory of the gut–liver axis (Marshall, 1998). Once the gut barrier is damaged, gut-derived pathogens and bacterial metabolites can translocate to the liver (Ohtani and Kawada, 2019). Under certain conditions, these gut-derived pathogenic factors can induce pathological reactions including liver inflammation, necrosis, and fibrosis, thus contributing to the progression of liver diseases (Seo and Shah, 2012; Wiest et al., 2017).

It is noteworthy that quite a few clinical reports suggest that significantly damaged gut mucosa is commonly observed in active inflammatory bowel disease (IBD) but seldom leads to severe liver injury independently. For instance, in a long-term follow-up study conducted by Gisbert et al. (2007) for IBD patients with a previously healthy liver, only 4.3% (34 out of 786) developed abnormal liver tests during follow-up. Thin et al. (2014) also reported similar liver stiffness values between IBD patients and non-IBD controls, as well as a low incidence of liver disease in IBD patients (6.4%). However, for IBD patients with pre-existing liver diseases, such as non-alcoholic fatty liver disease (NAFLD) and drug-induced liver injury (DILI), these pre-existing liver injuries might be aggravated by the gut barrier damage (Thin et al., 2014). For patients receiving drugs with potential hepatotoxicity, such as methotrexate, the liver adverse events rate was reported to be ranging from 17.5 to 24% in IBD patients (Fournier et al., 2010; Feagan et al., 2014), much higher than that in non-IBD patients (11.2%) (Conway et al., 2015). Animal studies also reveal that dextran sulfate sodium (DSS)-induced colitis does not mediate distinct liver injury independently, despite a leaky gut and elevated portal lipopolysaccharide (LPS) level (Gabele et al., 2011; El Kasmi et al., 2012). In contrast, DSS colitis can exacerbate pre-existing liver diseases [e.g., non-alcoholic steatohepatitis (NASH)] (El Kasmi et al., 2012; Achiwa et al., 2016).

These pieces of evidence raise the hypothesis that there might be an important barrier in the liver, defending against gut-derived pathogenic factors. Since most studies in the field of the gut–liver axis have focused on the gut barrier, the barrier function of the liver remains largely unknown. In consideration of the anatomical location and structure, liver sinusoidal endothelial cells (LSECs) constitute a natural barrier that separates the liver parenchyma from the bloodstream in the sinusoidal lumen (Thomson and Knolle, 2010; Bleau et al., 2016). Thus, in the liver, LSECs are the first in contact with portal-delivered gut-derived pathogenic factors. It has been reported that LSECs help to maintain liver homeostasis via mediating immune tolerance (Thomson and Knolle, 2010). LSECs can also remove pathogenic molecules from the circulation through scavenger function (Suzuki et al., 2016; Yao et al., 2016). Furthermore, significant LSEC damage has also been found in several types of liver diseases, such as liver fibrosis and NASH (Miyao et al., 2015; Xing et al., 2016).

So far, it has not been investigated whether LSECs can protect the liver against gut-derived pathogenic factors, especially when the gut barrier is damaged. Besides, the liver is a large organ containing many other types of non-parenchymal cells (Crispe, 2009), including Kupffer cells, B cells, T cells, and natural killer cells (NK). It is unknown which non-parenchymal cell plays the role of barrier and protects the liver against gut-derived invasive factors. Besides, in recent decades, infiltration of neutrophils within the liver has been confirmed in various types of liver diseases including NAFLD and DILI. The effects of neutrophils as well as the hepatic barrier in colitis-induced liver injury need to be further investigated.

In this study, we aimed to explore which type of liver cell constitutes an important aspect of the hepatic barrier in the gut–liver axis and to clarify the role of hepatic barrier and neutrophils in colitis-induced liver injury.



MATERIALS AND METHODS


Animals

Animal experiments were performed using Sprague Dawley rats. Sprague Dawley rats were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. Rats were housed in 595 × 380 × 200 mm cages in a temperature-controlled room (21°C ± 2°C) with free access to food and water ad libitum unless specified, and maintained on a 12-h dark/light cycle. Animals that died in the process of illness before reaching the time point were excluded. During the experiment, a total of one rat in the DSS + SOS group and two rats in the DSS + SOS + LPSPn group died and were excluded. At the end of the experiment, there were at least six rats at each time point in each experiment group. A randomized drug/vehicle administration strategy was performed using the standard = RAND() function in Microsoft Excel. Coded vials containing the treatment drugs or vehicle were prepared by a third person not involved in the experiment to maintain blinding. All the animals were housed in the same shelf in the same room to minimize potential confounders. All protocols dealing with animals were reviewed and approved by the Ethics Committee of Peking University People’s Hospital (Approval No. 2020PHE074).



Reagents for Modeling

The following reagents were used in animal modeling: DSS (MPbio), monocrotaline (MCT) (Sigma-Aldrich), CCl4 (Aladdin), Concanavalin A (Sigma-Aldrich), 60% high-fat diet (Medicience), methionine and choline deficiency diet (Medicience), LPS (Sigma-Aldrich), HCl (Aladdin), and anti-rat-polymorphonuclear serum (Accurate Chemical & Scientific Corporation).



Antibodies

The following antibodies were used in this research:

For flow cytometry analysis: anti-rat-CD3 (#201406, BioLegend), anti-rat-CD4 (#201509, BioLegend), anti-rat-CD8a (#201712, BioLegend), anti-rat-CD11b/c (#201817, BioLegend), anti-rat-granulocytes (#550002, BD Pharmingen), and anti-rat-CD68 (MCA341A700, Bio-Rad).

For immunohistochemistry: anti-myeloperoxidase (MPO) rabbit antibody (GB11224, Servicebio, 1:1,000), anti-CD68 rabbit antibody (GB11067, Servicebio, 1:500), anti-CD19 rabbit antibody (GB11061-1, Servicebio, 1:400), anti-CD3 rabbit antibody (GB111337, Servicebio, 1:1,000), anti-rat-endothelial-cell-antibody-1 (RECA-1, ab9774, Abcam, 1:200), and anti-CXCL1 (ab86436, Abcam, 1:200).

For immunocytochemistry: RECA-1 (ab9774, Abcam, 1:400), anti-CXCL1 (ab86436, Abcam, 1:100), and secondary antibodies (goat anti-mouse IgG Alexa Fluor® 488, 1:200; goat anti-rabbit IgG Alexa Fluor 594®, 1:200; ZSGB-BIO).

For Western blot: anti-p-p38 (#4511, Cell Signaling Technology, 1:1,000), anti-p38 (#8690, Cell Signaling Technology, 1:1,000), anti-p-p65 (#3033, Cell Signaling Technology, 1:1,000), anti-p65 (#8242, Cell Signaling Technology, 1:1,000), anti-GAPDH (#5174, Cell Signaling Technology, 1:2,000), anti-p47 (PA5-104250, Thermo Fisher Scientific, 1:2,000), and anti-p-p47 (PA5-99359, Thermo Fisher Scientific, 1:1,000).



Liver Injury Models

As depicted in Supplementary Figure 1, the following eight liver injury models were developed: (1) sinusoidal obstruction syndrome (SOS), induced by oral administration of MCT (160 mg/kg) at day 0; rats were sacrificed on days 1, 3, and 5. (2) DILI, induced by intraperitoneal injection of carbon tetrachloride (CCl4, 1 ml/kg) at day 0; rats were sacrificed on day 1, 3, and 5. (3) Liver fibrosis (LF), induced by repeated injection of CCl4 from week 0 to week 8 (1 ml/kg, twice per week); rats were sacrificed on weeks 4, 6, and 8. (4) Acute high-dose concanavalin-A (ConA) hepatitis (H-ConA), induced by tail vein injection of ConA at day 0 (37.5 mg/kg); rats were sacrificed on days 1, 3, and 5. (5) Acute low-dose ConA hepatitis (L-ConA), induced by ConA (20 mg/kg) at day 0; rats were sacrificed on days 1, 3, and 5. (6) Chronic ConA hepatitis (C-ConA), induced by weekly repeated injection of ConA (20 mg/kg) from week 0 to week 8; rats were sacrificed on weeks 4, 6, and 8. (7) Non-alcoholic fatty liver (NAFL), fed by 60% high-fat diet; rats were sacrificed on weeks 16, 20, and 24. (8) NASH, fed by methionine and choline-deficient diet for 4 weeks.



Acute and Chronic DSS Colitis Models

Acute DSS colitis (aDSS) was induced by 5% (w/v) DSS dissolved in the autoclaved drinking water for 7 days. Animals were sacrificed at the end of DSS consumption. For acute DSS colitis + acute liver injury groups (including SOS, DILI, H-ConA, and L-ConA), DSS was started 7 days prior to liver injury modeling as shown in Supplementary Figure 1. Chronic DSS colitis (cDSS) was induced by multiple DSS cycles (each cycle included 6 days of 5% DSS followed by 8 days of water) and rats were sacrificed in week 8. For chronic DSS colitis + chronic liver injury groups (including LF and C-ConA), DSS/water cycle was started 4 weeks before liver injury modeling (Supplementary Figure 1) and administered throughout the course of liver injury modeling. For the chronic DSS colitis + NAFL group, since the malnutrition due to diarrhea could significantly prevent the modeling of fatty liver, the DSS/water cycle was given since week 12 when fatty liver was successfully generated. For the chronic DSS colitis + NASH group, colitis and liver injury were simultaneously induced for only 4 weeks, since DSS + NASH modeling more than 4 weeks could lead to the significantly elevated death rate of rats. Rats in matched control (NC group) consumed water drinking only.



Neutrophil Depletion

To investigate the role of neutrophils in colitis-aggravated liver injury, neutrophil depletion was further performed by tail vein injection of anti-rat-polymorphonuclear serum (1 ml/kg) 1 day before liver injury modeling in SOS and DILI models, as depicted in Supplementary Figure 2. Animals were sacrificed and hepatic pathology was evaluated on day 3 and day 1 for SOS and DILI, respectively.



Pneumonia Models

As shown in Supplementary Figure 3, to explore how neutrophils were recruited into the liver and other organs, we also introduced LPS-induced pneumonia (LPSPn, which had a significantly increased number of peripheral blood neutrophils) via intratracheal administration of LPS (5 mg/kg) at day 1. We also induced another pneumonia model, hydrochloric acid-induced pneumonia (HClPn) via intratracheal administration of hydrochloric acid (0.1 N, pH = 1, dose: 1 ml/kg) at day 1. HClPn differs from LPSPn since it is a simple type of chemical pneumonitis without the effect of LPS. LPSPn and HClPn models were combined with SOS and DSS colitis models to investigate the mechanism of neutrophil recruitment. Animals were sacrificed on day 3, and the number of neutrophils in the peripheral blood, liver, lung, and colon was examined.



LSEC Isolation and Culture

Primary LSECs were isolated from the rat liver according to the protocol previously described (Braet et al., 1994). Briefly, rats were anesthetized, and perfusion with HBSS followed by collagenase IV (Sigma-Aldrich) solution (0.5 mg/ml) via the portal vein was performed. After further disrupting and digesting, the cell suspension was then filtered through nylon gauze (mesh 100). Non-parenchymal cells enriched with LSECs were obtained by Percoll density gradient centrifugation and resuspended in a culture medium. Primary LSECs were further purified by selective adherence of Kupffer cells on dishes without coating. Isolated LSECs were cultured in RPMI-1640 (Thermo Fisher Scientific) with 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.5% FBS. LSECs were seeded in 24-multiwell dishes or glass coverslips coated by rat tail tendon collagen (Solarbio) and cultured at 37°C with 5% CO2. In the experiment, LSECs were incubated with 4 mM MCT for 4 h to induce LSEC injury or vehicle (PBS) for control. LPS (Sigma-Aldrich, 100 ng/ml) or vehicle (PBS) was also used for stimulating LSECs. After 4 h, cell culture supernatant was collected, and the culture medium was changed. LSECs were then incubated for another 12 h. At 16 h, cell culture supernatant was collected and frozen; cell monolayers were collected for further RNA and protein extraction.



Neutrophil Isolation and Culture

In order to explore where neutrophils were activated, we isolated neutrophils in the peripheral blood and portal vein by using a blood neutrophil separation kit (Solarbio) according to the manufacturer’s instructions. Hepatic neutrophils were isolated via fluorescence-activated cell sorting (sorting strategy shown in Supplementary Figure 4). The morphology of isolated neutrophils was evaluated by using Giemsa staining. The purity of neutrophils was tested by flow cytometry (CD11b/c+SSAhigh) and immunocytochemistry for MPO. To study the mechanism of neutrophil activation, co-culture experiments were performed as shown in Supplementary Figure 5. Neutrophils were isolated from the peripheral blood of rats with different diseases and then incubated with stimuli including LPS (Sigma-Aldrich, 100 ng/ml), TNF-α (#CR38, Novoprotein, 100 ng/ml), or with the supernatants of LSECs treated by different reagents (vehicle, LPS, MCT, and MCT + LPS). Activation of neutrophils was estimated by flow cytometry of reactive oxygen species (ROS), Western blot examination of p38 phosphorylation, and expression of pro-inflammatory cytokines. Moreover, the formation of neutrophil extracellular traps (NETs) was also tested by immunofluorescence of extracellular DNA and scanning electron microscopy (SEM). Rat intestinal content containing bacteria was also collected and added into the medium, and the bacteria-trapping effect of NETs was detected by SEM. For the Transwell experiment of neutrophils, recombinant rat CXCL1 (PR3004, EBT SYSTEMS, ranging from 100 to 1,000 pg/ml) was used as the neutrophil attractant chemokine for positive control.



Statistical Analysis

Data are presented as means ± standard error. Statistical analysis was performed with SPSS 17.0 for Windows. Statistical difference between groups was determined by the Student’s t-test or analysis of variance when appropriate.




RESULTS


DSS Colitis Can Lead to Increased Liver Injury When LSECs are Damaged

In the healthy liver (Figure 1A) with normal LSECs, neither acute DSS colitis (aDSS) nor chronic DSS colitis (cDSS) led to liver injury. Although there were significant intestinal mucosa damage, elevated disease activity index score (Figure 1A), and increased LPS level in the portal vein blood (Supplementary Figure 6) in DSS colitis, the liver histology on H&E staining and liver enzymes were normal (Figure 1A). Normal LSECs on SEM and TEM imaging were characterized by the fenestrae well-organized as sieve plates on the sinusoidal endothelium and intact LSECs lining between the space of Disse and the sinusoidal lumen (Figure 1A).
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FIGURE 1. Colitis aggravates liver injury when LSECs are damaged. (A) H&E staining was used to investigate the pathological findings of colon and liver in normal control (NC), acute dextran sulfate sodium (DSS) colitis (aDSS) group, and chronic DSS colitis (cDSS) group. Disease Activity Index (DAI) score was used to evaluate the severity of colitis during the course of disease. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were tested to evaluate liver injury. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) showed the ultrastructural features of normal liver sinusoidal endothelial cells (LSECs). The effect of DSS colitis on liver injury and the damage of LSECs were also evaluated in (B) the sinusoidal obstruction syndrome (SOS) model; (C) the liver fibrosis (LF) model; (D) the non-alcoholic steatohepatitis (NASH) model; (E) the drug-induced liver injury (DILI) model; and (F) the high-dose ConA hepatitis (H-ConA) model. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001 by t-test; n = 6 at each time point per group; figures are representative of three experiments.


Among the eight liver injury models, there was sustained LSEC injury in three models, namely, SOS (Figure 1B), LF (Figure 1C), and NASH (Figure 1D). Distinct LSEC injury was observed throughout the course of the disease, as characterized by the remarkable formation of large gaps on liver sinusoidal endothelium on SEM images and the detachment or deficiency of LSECs lining on TEM images. The addition of DSS colitis in these three models led to significantly increased liver necrosis area on H&E staining (red arrows and black dotted lines) as well as elevated ALT and AST levels. Thus, DSS colitis can induce more severe liver injury when LSECs are damaged.

Intriguingly, we observed temporary LSEC injury in DILI (Figure 1E) and acute high-dose ConA hepatitis (H-ConA, Figure 1F). In both models, there were large gaps on sinusoidal endothelium and LSECs lining detachment at day 1, indicating significant LSEC rupture. It turned out that DSS colitis also led to enlarged hepatic necrosis area as well as increased liver enzyme levels at day 1. However, at day 3 and day 5 in both models, SEM and TEM showed well-organized fenestrae on LSECs and intact LSECs lining, suggesting that LSEC injury was recovered. Instead, DSS colitis could no longer aggravate liver injury in both models during days 3 and 5.

In another three liver injury models, namely, L-ConA (Supplementary Figure 7A), C-ConA (Supplementary Figure 7B), and NAFL (Supplementary Figure 7C), the features of LSECs were almost the same with healthy LSECs, indicating that there was no significant LSEC injury in all three models. DSS colitis had no effect on the severity of liver injury since there were no significant differences concerning the liver necrotic lesion on H&E staining and liver enzyme level. These results prove that DSS colitis can aggravate liver injury when LSECs are damaged.



Significant Accumulation and Infiltration of Hepatic Neutrophils in Colitis-Induced Liver Injury

We further evaluated the changes of hepatic immunocytes in the aforementioned liver injury models that could be aggravated by DSS colitis. Immunohistochemistry (IHC) of MPO revealed that DSS colitis significantly enhanced the hepatic neutrophil infiltration in these models (Figure 2A). The neutrophils were mainly infiltrated within the necrosis zones. In line with the findings above, flow cytometry also revealed significantly increased percentages of hepatic neutrophils (anti-neutrophil+SSAhigh) in DSS + SOS (day 3), DSS + H-ConA (day 1), DSS + DILI (day 1), DSS + LF (week 8), and DSS + NASH (week 4) groups, as compared with SOS (day 3), H-ConA (day 1), DILI (day 1), LF (week 8), and NASH (week 4) groups, respectively (p < 0.05 for all, Figures 2B,C). The fold changes of neutrophils ranged from 1.5 to 2.46. We also investigated the changes of T cells, B cells, and macrophages. IHC of CD3 and CD19 showed that there was no increased infiltration of T cells and B cells in colitis-aggravated liver injury groups (Supplementary Figures 8A,B). The infiltration of macrophages was evaluated by IHC of CD68. In the SOS model (day 3), there was slightly increased macrophage infiltration within the necrotic lesion in the DSS + SOS group (Supplementary Figure 8C), yet not as significant as neutrophil infiltration. In the other models including H-ConA (Day 1), DILI (Day 1), and LF (week 8), DSS colitis had no effect on the infiltration of macrophages. On the other hand, the neutrophil infiltration in DSS + DILI and DSS + H-ConA groups was most severe at day 1 (Figure 2A) and was gradually attenuated from day 3 to day 5 (Supplementary Figures 8D,E). Flow cytometry also showed similar percentages of CD4+ T cells, CD8+ T cells, and macrophages between liver injury groups and DSS + liver injury groups (Supplementary Figure 9). In brief, in colitis-aggravated liver injury, neutrophils are the major immunocytes that significantly accumulate and infiltrate the liver.
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FIGURE 2. Increased hepatic neutrophils were observed in colitis-induced liver injury. The infiltration and number of hepatic neutrophils were assessed by (A) immunohistochemistry (IHC) for myeloperoxidase (MPO) and (B,C) flow cytometry (anti-neutrophil+SSAhigh) in the following groups: normal control (NC), acute dextran sulfate sodium (DSS) colitis (aDSS), sinusoidal obstruction syndrome (SOS), DSS + SOS, high-dose ConA hepatitis (H-ConA), DSS + H-ConA, drug-induced liver injury (DILI), DSS + DILI, liver fibrosis (LF), DSS + LF, non-alcoholic steatohepatitis (NASH), and DSS + NASH. ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001 by t-test; n = 5–6 in each group; figures are representative of three experiments.




Colitis-Induced Liver Injury Is Attenuated When Neutrophils are Depleted

Given that increased hepatic neutrophil accumulation was observed in colitis-induced liver injury, we further verified the role of neutrophils in the SOS model and DILI models. After neutrophils were depleted (Ndep) by anti-rat-neutrophil serum, hepatic neutrophil accumulation and infiltration in Ndep-DSS + SOS and Ndep-DSS + DILI groups were abolished, as demonstrated by IHC-MPO and flow cytometry (Supplementary Figures 10A–D).

Interestingly, DSS colitis no longer led to deteriorated liver injury in neutrophil-depleted rats. H&E staining showed similar pathological features between the Ndep-SOS group and the Ndep-DSS + SOS group, as characterized by the hemorrhage in the liver sinusoids and damage of vascular endothelium (Figure 3A). There was no significant difference between the Ndep-SOS group and the Ndep-DSS + SOS group at day 3 in terms of ALT (429 vs. 402 U/L, p = 0.69) and AST (1,145 vs. 1,228 U/L, p = 0.701) (Figure 3A). Consistently, DSS colitis did not lead to increased liver injury in the Ndep-DSS + DILI group (Figure 3B). Besides, MDA levels were increased in the DSS + SOS group and the DSS + DILI group (Figure 3C). However, without neutrophils, MDA was reduced to normal levels in the Ndep-DSS + SOS group and the Ndep-DSS + DILI group (Figure 3C). The total ROS level in the liver (Figure 3D and Supplementary Figures 10E,F) was found to be consistent with the number of neutrophils and the level of hepatic MDA, indicating that neutrophils also contributed to oxidative stress injury of hepatocytes. These results suggest that in colitis-induced liver injury, neutrophil might be a downstream executor that induces the lethal effect on hepatocytes.
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FIGURE 3. Neutrophil depletion abrogates colitis-induced liver injury. In the sinusoidal obstruction syndrome (SOS) model and the drug-induced liver injury (DILI) model, neutrophils were depleted (Ndep) and experiments were repeated. (A) H&E staining of Ndep-SOS model and liver enzymes [including alanine aminotransferase (ALT) and aspartate aminotransferase (AST)] showed that dextran sulfate sodium (DSS) colitis could no longer aggravate liver injury. (B) Similar results were found in the DILI model. (C) The malondialdehyde (MDA) level in the liver showed a similar trend change with the number of hepatic neutrophils. (D) Immunofluorescence staining of reactive oxygen species (ROS) (red) also showed good correlation with the number of hepatic neutrophils. ns, non-significant; **p < 0.01; ***p < 0.001 by one-way ANOVA; n = 6 in each group; panels A to C are representative of three experiments; panel D is representative of two experiments.




DSS Colitis and LSEC Injury Synergistically Contribute to Hepatic CXCL1 Expression and Neutrophil Recruitment

We also discovered an elevated number of peripheral blood neutrophils (Figure 4A) in the DSS + SOS group, which indicated that the increased hepatic neutrophils might be recruited from the peripheral blood. However, increased peripheral neutrophils can be observed in many clinical diseases (e.g., pneumonia), but rarely leads to significant hepatic infiltration and liver injury. To investigate the mechanism of neutrophil recruitment, we induced pneumonia via intratracheal administration of LPS (LPSPn) (Supplementary Figure 11), which also had an increased number of peripheral blood neutrophils (Figure 4A). The number of neutrophils and level of CXCL1 in the peripheral blood (Figure 4A), liver (Figure 4B), lung (Figure 4C), and colon (Figure 4D) were evaluated in the following seven groups: NC, aDSS, SOS, LPSPn, SOS + LPSPn, DSS + SOS, and DSS + SOS + LPSPn.
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FIGURE 4. Infiltration and accumulation of neutrophils are related with the expression of CXCL1 in various tissues. The number of neutrophils and expression of CXCL1 were evaluated at day 3 in the following seven groups: normal control (NC), acute dextran sulfate sodium colitis (aDSS), sinusoidal obstruction syndrome (SOS), lipopolysaccharide-induced pneumonia (LPSPn), SOS + LPSPn, DSS + SOS, and DSS + SOS + LPSPn. (A) In the peripheral blood, a whole blood cell test was performed and CXCL1 was tested by enzyme-linked immunosorbent assay. (B) In the liver, the number of neutrophils was evaluated by flow cytometry (anti-neutrophil+SSAhigh), and mRNA level of CXCL1 was tested. (C) In the lung, immunohistochemistry for myeloperoxidase (MPO) and flow cytometry were performed and mRNA level of CXCL1 was tested. (D) In the colon, immunohistochemistry for MPO and mRNA level of CXCL1 were tested. Asterisk indicates that the level is significantly different from normal control. *p < 0.05; **p < 0.01; ***p < 0.001 by t-test; n = 5–6 per group; figures are representative of three experiments.


In the liver, lung, colon, and peripheral blood, the number of neutrophils had a good correlation with the level of CXCL1. For instance, in the lung, only three groups with LPS-induced pneumonia (LPSPn, SOS + LPSPn, and DSS + SOS + LPSPn) had elevated pulmonary CXCL1 expression and number of neutrophils, while the other groups did not (Figure 4C). As for the colon, only three groups with DSS-induced colitis (aDSS, DSS + SOS, and DSS + SOS + LPSPn) showed increased CXCL1 and neutrophil infiltration in the colon (Figure 4D). Furthermore, there were increased levels of CXCL1 and the number of neutrophils in the peripheral blood (Figure 4A) in the groups containing LPS-induced pneumonia or DSS-induced colitis (including aDSS, LPSPn, SOS + LPSPn, DSS + SOS, and DSS + SOS + LPSPn). These results suggest that neutrophil recruitment might be mainly due to increased expression of CXCL1.

Notably, neutrophils in the peripheral blood in the aDSS group and the LPSPn group were elevated (Figure 4A), but the neutrophils in the liver remained at normal levels (Figure 4B). This indicated that although neutrophils in the peripheral blood could be increased in various diseases, they did not always enter the liver. However, as compared with the SOS group, the DSS + SOS group had significantly increased hepatic neutrophils and liver CXCL1 expression (Figure 4B), which indicated that when the LSEC barrier was damaged, DSS colitis might lead to the recruitment of hepatic neutrophils via CXCL1. In contrast, the SOS + LPSPn group also had elevated peripheral blood neutrophils (Figure 4A), but the hepatic neutrophils and liver CXCL1 expression were within a normal level (Figure 4B). Moreover, when DSS colitis was added (DSS + SOS + LPSPn group), hepatic neutrophils and CXCL1 were thus significantly increased. This further demonstrated that DSS colitis and LSEC barrier damage could synergistically contribute to hepatic CXCL1 expression, which further promoted the recruitment of neutrophils into the liver.

In brief, pneumonia, liver injury, and colitis models demonstrate that the chemokine CXCL1 is strongly correlated with the recruitment of neutrophils. In the liver, CXCL1 expression and neutrophil recruitment are mainly triggered by the synergistic effect of DSS colitis + LSEC injury.



In Colitis-Induced Liver Injury, Neutrophils are Activated in the Liver

Neutrophils need to be activated so as to induce lethal effects. Thus, we also investigated the activation status of neutrophils in the liver, peripheral blood, and portal vein, respectively. The purity of neutrophils isolated from the liver and blood was confirmed by Giemsa staining (Supplementary Figures 12A,B), flow cytometry (Supplementary Figure 12C), and immunocytochemistry (Supplementary Figures 12D,E). It turned out that the neutrophils in the peripheral blood and portal vein were both inactive, since the production of ROS (Figure 5A), pro-inflammatory cytokines (Figure 5B), and phosphorylation of p38 MAPK (Figure 5C) remained unchanged, while hepatic neutrophils showed elevated production of ROS (Figure 5A, right shift of the purple and pink wave peeks) in colitis-induced liver injury (DSS + SOS and DSS + SOS + LPSPn groups), as well as the upregulation of pro-inflammatory cytokines including IL-1β, IL-12, and CCL3 (Figure 5B), and phosphorylation of p38 MAPK (Figure 5C). Taken together, in colitis-induced liver injury, neutrophils are mainly activated in the liver.
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FIGURE 5. In colitis-induced liver injury, neutrophils are activated in the liver. The activation status of neutrophils was evaluated via neutrophil-derived reactive oxygen species (ROS), neutrophil-derived cytokines, and phosphorylation of p38. (A) Neutrophil-derived ROS in the peripheral blood (PB), portal vein (PV), and liver were tested via flow cytometry in the following seven groups: normal control (NC), acute dextran sulfate sodium colitis (aDSS), sinusoidal obstruction syndrome (SOS), lipopolysaccharide-induced pneumonia (LPSPn), SOS + LPSPn, DSS + SOS, and DSS + SOS + LPSPn. (B) Neutrophil-derived cytokines in the peripheral blood, portal vein, and the liver were evaluated in NC, aDSS, SOS, and DSS + SOS groups. (C) The phosphorylation of neutrophil p38 was also tested in the peripheral blood, portal vein, and liver. Asterisk indicates that the level is significantly different with normal control. *p < 0.05; ***p < 0.001 by t-test; n = 5–6 per group; panels A and B are representative of three experiments; panel C is representative of two experiments.




With the Stimulation of LPS, Damaged LSECs Express Elevated CXCL1 and TNF-α

The above results indicated that both colitis-derived factor and LSEC damage had critical effects on the recruitment and activation of hepatic neutrophils. Firstly, we found that the concentration of LPS in the portal vein was significantly increased in the DSS colitis group as compared to the normal control and LPS-induced pneumonia groups (Supplementary Figure 6). Thus, DSS colitis could lead to a higher concentration of LPS in the portal vein, which would finally enter the liver sinusoid and encounter LSECs.

Secondly, we isolated LSECs from normal control rats, and MCT was used to induce the damage of LSECs ex vivo, as demonstrated by the remarkable loss of fenestrae and formation of large gaps on SEM imaging (Supplementary Figure 13A). We treated LSECs with (1) vehicle, (2) LPS (100 ng/ml), (3) MCT (4 mM), and (4) MCT (4 mM) + LPS (100 ng/ml). Of the six neutrophil-chemoattractant chemokines, expression and secretion of CXCL1 were significantly increased in the LSEC + MCT + LPS group (Figures 6A,B and Supplementary Figures 13B,C). Besides, cytokines, such as IL-33, TNF-α, and IFN-γ have been reported to be able to activate neutrophils (Zou et al., 2011; Yazdani et al., 2017). We found that only the expression of TNF-α was elevated in the LSEC + MCT + LPS group (Figures 6A,B). With the stimulation of LPS, injured LSECs showed enhanced phosphorylation of p65 (Figure 6C), an important transcription factor involved in many inflammatory processes. We also observed the ability of CXCL1 as well as the supernatant of LSEC (in the LSEC + MCT + LPS group) to promote neutrophil chemotaxis (Figure 6D). Immunofluorescence co-localization of CXCL1 and RECA1 (rat endothelial cell antibody which could bind to LSECs membrane antigen) also identified the positive expression of CXCL1 in the LSEC + MCT + LPS group (Figure 6E and Supplementary Figure 13D). Thus, when LSECs are damaged, the stimulation by LPS can lead to distinct changed function phenotype, characterized by elevated expression of pro-inflammatory mediators including CXCL1 and TNF-α.
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FIGURE 6. Pro-inflammatory phenotype of damaged LSECs. After LSECs were treated with different stimuli [vehicle, lipopolysaccharide (LPS), monocrotaline (MCT), and MCT + LPS], the following parameters were examined: (A) the supernatant CXCL1 and TNF-α, tested by ELISA; (B) mRNA levels of CXCL1 and TNF-α; (C) phosphorylation of LSEC p65. (D) The influence of CXCL1 on neutrophil chemotaxis was evaluated by the number of trans-membrane migrated neutrophils in the Transwell experiment. (E) LSEC-derived CXCL1 was also examined by immunocytochemistry of CXCL1 (red) and RECA-1 (green, a marker of rat endothelial cells). (F) The co-localization of CXCL1 (red) and RECA-1 (green) was detected by immunohistochemistry in colitis-induced liver injury. Asterisk indicates that the level is significantly different from normal control. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA; n = 6 in each group; panels (A–C) are representative of three experiments; panel (C) is representative of one experiment, while other panels are representative of three experiments.


Furthermore, we explored the co-localization of CXCL1 and LSECs in the rat liver (Figure 6F and Supplementary Figure 13E). CXCL1 was almost absent in the liver in the NC, aDSS, and SOS groups, while there was positive staining of CXCL1 in the DSS + SOS group. Notably, the location of CXCL1 was spatially associated with LSECs, suggesting that hepatic CXCL1 in the DSS + SOS group might be mainly produced by LSECs. Thereby, LSEC-derived CXCL1 contributed to the recruitment of hepatic neutrophils in the DSS + SOS group.



LSEC Injury and LPS Synergistically Contribute to Neutrophil Activation

Given that hepatic neutrophils were only activated in the DSS + SOS group, we further investigated the effect of LSEC injury and LPS on neutrophil activation. Firstly, we performed co-culture experiments by using peripheral neutrophils from different disease models (NC, DSS colitis, and LPSPn) and the supernatants from LSECs undergoing different treatments as described above (LSEC + vehicle, LSEC + LPS, LSEC + MCT, and LSEC + MCT + LPS). It should be noted that there was a medium change when LSECs were cultured with/without LPS for 4 h (Supplementary Figure 5) so that there should be no confounding molecules, such as LPS in the supernatants. It turned out that neutrophils isolated from the NC group could not be activated by the supernatants from LSECs, since there were no elevated pro-inflammatory cytokines and ROS production in neutrophils (Supplementary Figure 14A). However, neutrophils isolated from the DSS group and the LPSPn group could be activated by the supernatant from the LSEC + MCT + LPS group, as demonstrated by enhanced production of pro-inflammatory cytokines and ROS (Figures 7A,B).
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FIGURE 7. Liver sinusoidal endothelial cells (LSECs) and lipopolysaccharide (LPS) contribute to neutrophil activation. The activation status of neutrophils was evaluated via neutrophil-derived cytokines and neutrophil-derived reactive oxygen species (ROS) in the following experiments: (A) neutrophils were isolated from dextran sulfate sodium (DSS) colitis rats and incubated with the supernatants of LSECs under different treatments [vehicle, LPS, monocrotaline (MCT), and MCT + LPS]; (B) neutrophils were isolated from LPS-induced pneumonia (LPSPn) rats and incubated with the supernatants of LSECs; (C) neutrophils from normal control (NC) rats were pre-treated with LPS and then incubated with the supernatants of LSECs; (D) neutrophils isolated from NC rats were stimulated with LPS, TNF-α, or the combination treatment. (E) Neutrophil extracellular traps (NETs) were detected by immunocytochemistry of neutrophil-derived extracellular DNA (exDNA, green). (F) Scanning electron microscopy was used to evaluate the morphology of NETs and its function of capturing bacteria. Asterisk indicates that the level is significantly different with normal control. *p < 0.05; **p < 0.01; ***p < 0.001 by t-test; n = 6 in each group; figures are representative of three experiments.


Since the DSS model and LPSPn model are both associated with the effect of LPS, it is unknown whether the effect of LPS or the other disease-related factors contributes to the activation of neutrophils. Therefore, we then induced another pneumonia model, hydrochloric acid-induced pneumonia (HClPn), which was not directly associated with the effect of LPS. We found that neutrophils from HClPn rats showed non-responsiveness to the supernatants from LSECs (Supplementary Figure 14B). It seemed that LPS together with LSECs played an important role in the activation of neutrophils. To further demonstrate the effect of LPS, NC neutrophils were pre-treated with LPS (100 ng/ml) for 2 h; afterward, these neutrophils could be activated by the supernatant from the LSEC + MCT + LPS group (Figure 7C). Lastly, we isolated neutrophils from NC rats and found that normal neutrophils showed non-responsiveness to the single stimulation by LPS or TNF-α. However, the combination of LPS + TNF-α could lead to significantly increased pro-inflammatory cytokines and ROS of neutrophils (Figure 7D).

Besides, the activated neutrophils in the above groups also showed elevated phosphorylation of p38 (Supplementary Figure 14C). Neutrophils treated with LPS + TNF-α also showed enhanced expression and phosphorylation of p47, indicating the synthesis and activation of the neutrophil NADPH oxidase. Remarkable formation of NETs was observed in neutrophils activated by LPS + TNF-α, as demonstrated by immunocytochemistry (Figure 7E and Supplementary Figure 14D) and SEM (Figure 7F and Supplementary Figure 14E). SEM also confirmed the ability of NETs to capture bacteria (Figure 7F). In brief, these results suggest that LPS and TNF-α are two key factors that activate neutrophils.



Damaged LSECs and Gut-Derived LPS Synergistically Contribute to Hepatic Neutrophil Recruitment and Activation and Promote Liver Injury

A leaky gut can lead to the translocation of not only LPS but also other metabolites and bacterial products. It remains unclear if LPS alone is responsible for colitis-induced liver injury. Thus, we also induced the PVLPS model by portal infusion of LPS. We found that the dose of LPS larger than 100 ng/kg led to the unwanted confounding effect of liver injury (Supplementary Figure 15A), considering DSS colitis did not mediate liver injury independently. Therefore, we selected the dose of 100 ng/kg to study the role of gut-derived LPS. Although portal infusion of LPS (100 ng/kg) did not lead to liver injury, it significantly enhanced the severity of liver injury in combination with the SOS model (Supplementary Figures 15B,C). Damaged LSECs and portal infusion of LPS synergistically promoted the mRNA level of liver CXCL1 (Supplementary Figure 15D), thereby contributing to the recruitment of hepatic neutrophils (Supplementary Figures 15E,F). The hepatic neutrophils in the PVLPS + SOS group also showed elevated production of ROS (Supplementary Figure 15G), indicating the activation status of neutrophils. The portal LPS infusion experiment suggests that damaged LSECs and gut-derived LPS synergistically contribute to hepatic neutrophil recruitment and activation, thus facilitating colitis-induced liver injury.

Based on the experiments above, the findings of this study can be summarized as follows (depicted in Figure 8): due to a leaky gut, gut-derived pathogenic factors (e.g., LPS) can translocate to the liver and encounter LSECs. Under normal conditions, the intact barrier of LSECs can protect the liver against gut-derived pathogenic factors. However, when LSECs are damaged, they turn into a pro-inflammatory phenotype. In response to gut-derived LPS, injured LSECs secrete CXCL1 and TNF-α. CXCL1 recruits peripheral neutrophils into the liver. Under the co-stimulation of gut-derived LPS and LSEC-derived TNF-α, hepatic neutrophils are activated and produce ROS, pro-inflammatory cytokines, and NETs, and finally lead to aggravated liver injury.
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FIGURE 8. Proposed mechanism of LSEC barrier in the gut–liver axis. A leaky gut can lead to the translocation of gut-derived pathogenic factors [e.g., lipopolysaccharide (LPS)] to the portal vein and encounter liver sinusoidal endothelial cells (LSECs). Under normal conditions, the intact LSEC barrier can defend against these invasive factors. When LSECs are damaged, they can shift toward a pro-inflammatory phenotype. Under the stimulation of gut-derived LPS, damaged LSECs can secrete pro-inflammatory mediators including neutrophil-chemoattractant CXCL1 and TNF-α. CXCL1 induces the recruitment of peripheral blood neutrophils into the liver. Neutrophils are further activated by gut-derived LPS and LSEC-derived TNF-α. Activated neutrophils can produce massive reactive oxygen species (ROS), pro-inflammatory cytokines, and neutrophil extracellular traps (NETs), which lead to enhanced liver injury.





DISCUSSION

Currently, most studies in the field of the gut–liver axis have focused on the effect of the gut barrier. A leaky gut may allow the passage of toxins, antigens, and bacteria in the lumen to enter the bloodstream and liver, thus eliciting negative effects on the liver. However, our study demonstrates that there is also a barrier in the liver, defending against gut-derived invasive factors, and LSECs play a key role in this barrier. In several liver diseases with LSEC injury, the barrier function of LSECs can also be damaged. As a consequence, exposure to colitis-derived injurious factors (e.g., LPS) will lead to aberrant immune activation and significant liver injury. Therefore, an intact sinusoidal endothelial is of vital importance in protecting the liver from colitis-induced injury.

Based on the hypothesis in this study, we thoroughly explored the hepatic barrier by using various liver disease models, and many other liver cells were also investigated including macrophages, B cells, CD4+ T cells, and CD8+ T cells. We found that these cells were substantially unchanged in colitis-induced liver injuries. Eventually, LSECs were identified to possess barrier function toward gut-derived invasive factors. In terms of anatomical features, LSECs are the first-line liver cells confronted with portal-delivered gut-derived antigens. It is a potential antigen-presenting cell due to the expression of costimulatory molecules, such as CD40, CD80, and CD86 (Crispe, 2009). LSECs usually regulate the local immunity toward tolerance rather than activation (Xu et al., 2016). For instance, under normal conditions, LSECs respond to LPS by secreting immunosuppressive IL-10 (Crispe, 2009). LSECs also express a scavenger receptor, which renders LSECs able to take in certain pathogens (Mates et al., 2017; Oie et al., 2020) and circulating metabolites (Wang and Liu, 2021a). Since the gut contains a huge population of bacteria, the level of LPS in the portal vein that collects the intestinal blood was reported to be higher (Lumsden et al., 1988). When the gut barrier is injured, the LPS level can be further increased (Guo et al., 2015). LSECs are particularly capable of removing LPS (Suzuki et al., 2016; Yao et al., 2016). Whether the barrier function of LSECs can resist gut-derived injurious factors is largely unknown, because most previous studies only investigated the damage of sinusoidal endothelial cells in liver diseases. However, we have found that when LSECs are damaged, DSS colitis can more easily induce liver injury. When injured by MCT ex vivo, LSECs shift toward a pro-inflammatory pattern under LPS stimulation, with elevated CXCL1 and TNF-α expression. The mechanism of such phenotype alteration of LSECs remains unclear. Several signaling pathways have been reported to be involved in the pro-inflammatory phenotype of LSECs, including the downregulation of vascular endothelial growth factor-stimulated NO production (Deleve et al., 2008), NOX1 upregulation in certain liver diseases, such as NAFLD (Matsumoto et al., 2018), and decreased nitric oxide synthase 3 expression (Takada et al., 2018). Future studies need to further clarify the mechanisms of phenotype reversal of damaged LSECs.

LSEC injury in different liver diseases is usually characterized by various features, including the loss of fenestrae, detachment or defect of the endothelial lining, formation of large gaps, and the formation of basement membrane (Wisse et al., 1985; DeLeve et al., 1999; Wang and Liu, 2021a). In our study, the features of LSEC damage in SOS, LF, and NASH models were quite alike, mainly manifested as the loss of fenestrae, detachment of endothelial lining, and the formation of large gaps, while there was no obvious formation of basement membrane in these models. Yet, the SOS model seemed to induce more critical LSEC injury since the large defect of endothelial lining was observed. Therefore, the different injurious factors in SOS, LF, and NASH models might cause a similar pattern of LSEC damage with variable severity. The damage of LSECs also led to immunological phenotype changes, from an immuno-tolerant to a pro-inflammatory pattern. Several pieces of literature also suggested that the pro-inflammatory effects of LSECs might be associated with the LSEC injury process in several types of liver diseases, such as NAFLD and primary sclerosing cholangitis. In NAFLD, LSECs contributed to the activation of Kupffer cells or expressed IL-6, platelet endothelial cell adhesion molecule-1, and intercellular adhesion molecule-1 (Miyao et al., 2015; Wang and Liu, 2021a). In patients with IBD + primary sclerosing cholangitis, LSECs expressed a high level of mucosal address in cell adhesion molecule-1, which promoted the adhesion of α4β7+ mucosal lymphocytes with hepatic sinusoid endothelium (Grant et al., 2001). Meanwhile in our study, injured LSECs mainly secreted pro-inflammatory CXCL1 and TNF-α under the stimulation of gut-derived LPS. Therefore, LSEC is more than a physical barrier in the gut–liver axis. The damage of LSECs can be caused by a variety of invasive factors, and the destruction of its physical structure is usually accompanied by immunological function changes. Dysfunctional LSECs can lead to the imbalance of the hepatic immune environment and consequences of inflammatory reaction, which is, in our study, the recruitment and activation of hepatic neutrophils.

Recently, increasing attention has been paid to neutrophil-mediated liver injury in various types of liver diseases (Wang and Liu, 2021b). In colitis-aggravated liver injury, we observed elevated neutrophils in the liver as well as in the peripheral blood. Although peripheral blood neutrophils can be increased in various clinical diseases, it rarely leads to liver injury. So how neutrophils enter the liver and induce liver injury is a critical issue. As is known, the recruitment and activation of neutrophils are two key steps in neutrophil-mediated liver injury (Khanam et al., 2017; Wang and Liu, 2021b). Thus, we focus on the two key steps and use the LPS-induced pneumonia model that also has elevated peripheral blood neutrophils. LSECs show a barrier effect since the elevated peripheral blood neutrophils in colitis and pneumonia cannot enter the liver when LSECs are normal. Normal LSECs are immunologically tolerant to colitis-derived LPS, which has also been found in other studies (Uhrig et al., 2005; Suzuki et al., 2016). These peripheral blood neutrophils are mainly recruited to the inflammatory lesions in the lung or colon with the navigation of CXCL1. However, when the LSEC barrier is damaged, colitis-derived LPS can enter the liver sinusoids and lead to elevated CXCL1 expression by LSECs. Therefore, the peripheral neutrophils can be recruited into the liver and induce liver injury. Compared with the gut–liver axis, the lung is less closely linked to the liver due to its anatomical features. The concentration of pneumonia-derived LPS is low in the portal vein. Without the stimulation by LPS, damaged LSECs barely produce CXCL1. Despite damaged LSECs and increased peripheral neutrophils in the pneumonia model, these neutrophils tend to migrate to the lung lesions rather than the liver. Therefore, LPS, especially derived from the gut, is a key trigger for the recruitment of peripheral blood neutrophils into the liver.

In ex vivo experiments, we found that neutrophils in colitis and pneumonia models could be activated by LSECs. Thus, we further used the HCl-induced pneumonia model that was not associated with the effect of LPS and proved that LPS enabled neutrophils to be activated. As is known, LPS is a common stimulus to neutrophil priming (El-Benna et al., 2016). In resting normal circulating neutrophils, the microbicidal capacity and cytotoxicity are very low even when exposed to activating stimuli. LPS can prime neutrophils via multiple ways, such as inducing the expression of the fMLF receptor at the plasma membrane, cytochrome b558 mobilization, and the translocation of p47phox to the membrane (El-Benna et al., 2016). Once primed, neutrophils can produce enhanced respiratory bursts and induce cytotoxicity when triggered by a secondary activating stimulus. In our study, LPS might be responsible for neutrophils priming in the colitis model in vivo; thus, neutrophils can further be activated within the liver, while for those primed neutrophils in the pneumonia model, they are recruited into the lung instead of the liver due to the concentration gradient of CXCL1. As a result, despite increased peripheral neutrophils in pneumonia patients, liver injury rarely occurs.

Our study suggests that LSECs participate in both the recruitment and activation of neutrophils by secreting CXCL1 and TNF-α, respectively. The interactions between hepatic neutrophils and LSECs have also been reported in other studies (McDonald et al., 2013). Recently, Yazdani et al. (2017) have found that LSECs are capable of releasing IL-33, which can trigger neutrophil activation through its receptor ST2. However, in our study, LSECs undergoing different treatments showed no difference in the expression of IL-33. Instead, we observed enhanced secretion of TNF-α by LSECs. TNF-α has also been well-proven to be a potent activator for neutrophils in previous studies (Zou et al., 2011). We also observed massive production of ROS and the formation of NETs by activated neutrophils. The oxidative stress injury of hepatocytes by ROS has been implied by the elevated level of MDA. As for NETs, in recent years, a substantial body of evidence has emerged, showing that NETs participate in the pathophysiology of sterile inflammatory reactions in several liver diseases, such as hepatocellular carcinoma, portal hypertension, and ischemia/reperfusion injury (Huang et al., 2015; Kolaczkowska et al., 2015; Sakurai et al., 2017; van der Windt et al., 2018; Hilscher et al., 2019). Arumugam et al. (2018) reported that NETs could lead to nuclear DNA damage and the loss of mitochondrial integrity of hepatocytes in vitro. In clinical cases, selective leukocytapheresis has been used in the treatment of ulcerative colitis and shows a promising effect on improving response and remission rates (Zhu et al., 2011). Therefore, the effect of neutrophils is vitally important in the occurrence and development of liver injury. The mechanism of colitis-induced liver injury is rather different from other types of liver injury.



CONCLUSION

Through different types of liver disease models, we have demonstrated that the LSEC barrier plays a key role in protecting the liver against gut-derived invasive factors. By using liver injury, pneumonia, and colitis models, we further prove that when the LSEC barrier is damaged, gut-derived LPS can lead to the recruitment and activation of hepatic neutrophils. The neutrophil is an important downstream effector in colitis-induced liver injury via producing ROS, pro-inflammatory cytokines, and NETs. Our study draws particular attention to the importance of LSECs in clinical cases of liver disease, especially in patients complicated with gut disorders. The hepatotoxic mechanism of neutrophils in colitis-induced liver injury should be further elucidated.
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