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Background and Aims

The mineralocorticoid receptor (MR) and renin-angiotensin-aldosterone system (RAAS) are implicated in non-alcoholic liver fatty disease (NALFD). However, inflammatory mechanisms linking MR and RAAS with disease pathology remain unclear. Here we aimed to evaluate the contribution of myeloid MR to the inflammatory response in an animal model of non-alcoholic steatohepatitis (NASH), induced with a methionine-choline deficient diet (MCD).



Methods

Mice with a conditional deficiency of MR in myeloid cells (MyMRKO) and their counterpart floxed control mice (FC) were fed for 18 days with MCD or chow diet, respectively. Serum levels of aminotransferases and aldosterone levels were measured and hepatic steatosis, inflammation and fibrosis scored histologically. Hepatic triglyceride content (HTC) and hepatic mRNA levels of pro-inflammatory pro-fibrotic-associated genes were also assessed. Deep flow cytometric analysis was used to dissect the immune response during NASH development.



Results

MyMRKO mice fed with an MCD diet exhibited reduced hepatic inflammation and lower HTC than controls. Absolute number and percentage of liver inflammatory infiltrate cells (except for CD8+ T lymphocytes) were similar in both MyMRKO and control mice fed with an MCD diet but expression of the costimulatory molecule CD86 by dendritic cells and the CD25 activation marker in CD8+ T cells were significantly reduced in MyMRKO.



Conclusions

Proinflammatory cells are functionally suppressed in the absence of MR. We hypothesized that loss of MR in myeloid cells reduces lipid accumulation in the liver, in part through modulating the adaptive immune response, which is pivotal for the development of steatosis.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease worldwide, with an estimated prevalence of 25%–30% in the general population (1, 2). NAFLD is linked to obesity and occurs as a sequential process that starts with lipid accumulation (steatosis), followed by a local inflammatory response and injury, which ultimately fuels progression to fibrosis (3). The presence of necro-inflammatory changes and fibrosis denotes non-alcoholic steatohepatitis (NASH) (4). Individuals with NASH may develop cirrhosis, which confers the risk of end-stage liver disease and hepatocellular carcinoma (HCC) (5). Importantly, the mechanistic aspects linking inflammation with NAFLD/NASH pathogenesis remain unclear, impeding advancements in prevention and specific treatments.

As potential key contributors to this inflammatory processes are hepatic stellate cells (HSC) (6), which regulate fibrosis development due to their capacity to trans-differentiate into myofibroblast-like cells. Although In vivo depletion of HSC has been shown to significantly reduce fibrosis (7), leukocyte infiltration was increased, suggesting that these cells can amplify the response to liver injury. Purified and activated HSC can regulate the function of CD8+ T lymphocytes, which displayed lower proliferative index and cytotoxic activity (8). This observation suggests an important link between these cell populations and the pathogenesis of liver fibrosis.

A chronic inflammatory milieu, including both innate and adaptive immune responses, is also crucial for NASH development (6, 9). Chronic inflammation involves damage-associated molecular patterns (DAMPs), inflammasome activation, sensitization of the tissue to adverse effects of lipopolysaccharide (LPS) exposure from the microbiome, and lipid peroxidation-derived antigens also can contribute to this pathology (10). Hepatocyte injury or death due to the inflammatory response leads to the release intracellular contents (DAMPs) that further amplify inflammation promoting activation of resident Kupffer Cells (KCs) and recruitment of innate immunity cells such as monocytes and macrophages. On the other hand, dendritic cells (DCs) play an unclear role during NASH/NAFLD. While these cells may be immunoregulatory, particularly for CD8+ T lymphocytes, an absence of some DCs is associated with a worsened steatohepatitis phenotype (11). Neutrophils are considered a hallmark for NASH in mice and humans (9). Thus, the neutrophil: lymphocyte ratio has been proposed as a good marker to predict steatohepatitis and fibrosis in patients with NAFLD (12). Furthermore, a crosstalk between neutrophils and HSC is thought to be required for maintaining the oxidative/proinflammatory loop that promotes liver fibrosis (13).

The contribution of adaptive immunity to NASH development is underscored by the observation that T cell-deficient animals are resistant to this ailment (14). Livers of mice fed a methionine-choline deficient (MCD) diet display significantly increased numbers of CD3+ T cells with an IFN-γ-secreting Th1 phenotype, as described in humans (15). However, the contribution of these finding to liver disease remains unclear. Further, animals fed an MCD diet exhibit an increased liver infiltration of CD4+ and CD8+ T cells, as well as antibodies against malonyldialdehyde (16), which is suggestive of a role for adaptive immunity during NASH (16). In vitro studies of the Th17 immune response in HepG2 cells have shown that IL-17 potentiates steatosis in the presence of free fatty acids, while human liver histopathology analyses have identified a significant infiltration of IL-17+ cells (17). Finally, CD8+ derived IFN-γ has a direct implication in steatosis development (18).

Liver cells such as hepatocytes, HSC, endothelial cells, and KCs express receptors for angiotensin and mineralocorticoid hormones (MR), which are involved in the Renin-Angiotensin-Aldosterone system (RAAS). RAAS is implicated in inflammatory processes that lead to fibrosis in NASH (19). Binding of angiotensin or mineralocorticoid hormones to their respective receptors can promote oxidative stress, inflammation, and fibrosis (20). RAAS-related molecules are often produced under pathological conditions, prompting research for the identification of antagonists and blockers of RAAS as pharmacological treatments (21).

Previously we reported that DCs express MR and respond to aldosterone stimulation, polarizing CD4+ T lymphocytes toward a Th17 phenotype and inducing activation of CD8+ T lymphocytes (22, 23). Similarly, in a rat hypertension model, the altered balance between CD4+ Th17 and T regulatory cells was restored after MR antagonism (24, 25). Further, an inflammatory phenotype induced by aldosterone in peritoneal macrophages resembled a “classical” or M1 activation (26). This phenotype was not observed after pretreatment eplerenone, a MR antagonist (26). In a mouse model with conditional myeloid-cell knockout of MR (MyMRKO), peritoneal macrophages displayed an “alternative” or M2 activation (26).

Given the contribution of immunity and inflammation to the pathology of NASH, and the potential for MR to modulate immune responses, MR antagonism or MR knock-down have been evaluated to prevent steatosis and fibrosis in NASH dietary animal models using either high fat (27) or choline-deficient-amino-acid-defined (CDAA) diets (28). MyMRKO mice fed with high-fat diet demonstrated that the MR expressed in myeloid cells mediates the cellular crosstalk between KCs and hepatocytes and that the loss of myeloid MR prevents steatosis (29). While these studies reveal important links between MR and immune responses that may be involved in NASH pathogenesis, further characterization of inflammatory cells changes related with steatosis development is lacking. Here, we assessed inflammatory and liver histopathologic changes in MyMRKO mice fed with MCD diet to induce NASH.



Materials and Methods


Ethics Statements

All mice were maintained under pathogen-free conditions in the facilities of Pontificia Universidad Católica de Chile (Santiago, Chile) at 25°C and 12 h:12 h light:dark cycles and consuming food and water ad libitum. The protocols were conducted in agreement with the National Research Council (NRC) publication Guide for Care and Use of Laboratory Animals, 8th edition (2011, US National Academy of Sciences). Animal protocols were approved by the Ethics Committee for Animal Welfare from the School of Medicine of the Pontificia Universidad Católica de Chile (CEBA #170525006) and supervised by an institutional veterinarian.



Mouse Breeding and Genotyping

C57BL/6 wild-type mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and were used at 6–8 weeks of age. OVA-specific OT-I and OT-II transgenic mice expressing specific TCRs for H-2Kb/OVA257–264 and I-Ab/OVA323–339 respectively, were obtained from Dr. R. Steinman (The Rockefeller University, New York, NY).

To perform the experiments, we used MR knockout conditional mice in myeloid cells (MyMRKO) which was kindly, donated by donated by Dr. Richard M. Mortensen (University of Michigan, Michigan, USA) and from MTA with Dr. Günther Schütz (DKFZ, Im Neuenheimer Feld, Heidelberg, Germany) (26). These conditional knockout mice were obtained by crossing floxed MRflox/flox mice with floxed MRflox/flox/Cre-recombinase mice, which express this enzyme under LysM promoter (LysMCre) (26). Genotyping of this animals is described in the supplementary methods section. For all the experiments we used MRflox/flox as control mice (FC). In addition, we evaluate the efficiency of this conditional Knock out by evaluating the expression of MR in blood-derived myeloid cells (Supplementary Figure 1A).



Non-Alcoholic Steatohepatitis Induction With MCD Diet

After genetic screening, 10-week-old male and female mice were used to induce NASH using methionine-choline deficient diet (MCD; Dyets Inc. Bethlehem, PA, USA). Deficiency in both nutrients affects very low-density lipoprotein (VLDL) assembly and impairs lipid exportation from liver to peripheral tissues, giving the phenotype of macrovesicular liver steatosis (30). Control groups were fed with conventional chow diet (Lab Diet Prolab rmh 3000, USA). MCD diet is commonly used to evaluate, in short periods of time, histological features associated with NASH, including fibrosis (31). Animals were divided in 4 experimental groups each with n = 4-8 animals and the complete experiment was performed twice. 1) Control group: floxed mice (FC) fed chow control diet; 2) MCD FC group: FC mice fed MCD diet to induce NASH; 3) Control MyMRKO group: MyMRKO mice fed chow control diet; and 4) MCD MyMRKO group: MyMRKO mice fed MCD diet to induce NASH. Pellets and water were available ad libitum for consumption, and MCD and chow diet pellets were changed every other day. Animals were observed daily to verify health status and were weighted twice per week as an indicator of disease outcome. Humanitarian endpoints were applied if mice displayed any signs of suffering according to protocol number 61005001 approved by Pontificia Universidad Católica de Chile.



Histology Analyses and NAS Score

Histological analyses were performed in paraformaldehyde-fixed liver sections obtained from liver right lobes as previously described. Sections were stained with Hematoxylin/Eosin to evaluate liver tissue architecture (lipid droplets, cell infiltration, cell injury, etc.). Liver steatosis was specifically assessed by Oil Red O staining in frozen liver cryosections (Abcam, USA). Liver fibrosis was assessed using Sirius Red, whereby liver sections were incubated for 2 h at room temperature with an aqueous solution of saturated picric acid containing 0.1% Fast Green FCF and 0.1% Direct Red. Red-stained collagen fibers were quantitated by digital image analysis (ImageJ, NIH, US). Steatosis, inflammation, and ballooning were graded on the basis of the NAFLD activity score (NAS) criteria by an experienced pathologist. NAS includes the punctuation of steatosis, inflammation, ballooning, and fibrosis in routinely stained liver sections (32). All images were obtained using the Aperio AT2 slide scanner and analyzed with the Aperio ImageScope - Pathology Slide Viewing Software and ImageJ software (ImageJ, NIH, US).



Tissue Digestion to Perform Flow Cytometric Analyses

To characterize the leukocyte infiltration in livers we followed with modifications the process described by VanSaun et al. (33). Briefly, livers and spleens were collected from each animal after cardiac perfusion with 10 ml of heparinized-Krebs Ringer Buffer (KRB) made in house. Then, livers were weighed and divided in three different sections, two of them to perform histological analysis and the third to achieve cytometric analysis. The final section was cut in small pieces and resuspended in KRB containing Collagenase IV (500 U/ml, Life Technologies 17104019), DNAseI (1500 U/ml, Merck 11284932001), CaCl2 (2mM, Winkler 10035-04-8) and MgCl2 (2mM, Winkler 7791-18-6), and incubated for 30 min at 37°C in warm bath, with constant agitation. Samples were transferred to cell strainers (70-µM, BD Falcon) and were mechanically disrupted, washed twice with PBS containing 2 mM EDTA (Merck ED-100G) and 0.5% BSA (Merck A9418) at 500 x g for 5 min at room temperature. Cell suspensions were centrifuged at 30 x g for 6 min to pellet hepatocytes and collect the leukocytes in supernatant. This cell suspension was centrifuged at 300 x g during 10 min to pellet leukocytes to be processed to flow cytometric analysis described in supplementary methods.



Statistical Analyses

Data are presented as mean ± standard error of mean (SEM). Some analyses were performed by one-way ANOVA followed by Tukey post-test. When only two groups were compared, analysis were done by unpaired t test with Welch´s correction. Correlation analysis was performed first by a linear regression, followed by Spearman analysis of correlation. In all cases a p value < 0.05 was considered statistically significant.




Results


MR Deletion Attenuates Liver Steatosis and inflammation in Mice Fed With MCD Diet

First, all experiments were performed with conditional knockout mice in which the expression of MR was specifically abolished in myeloid cells (26). Myeloid MR knockout mice (MyMRKO) mice on the C57BL/6J (WT) background were obtained by crossing homozygous floxed MR mice (MRflox/flox, abbreviated in this manuscript as FC) with homozygous floxed MR mice containing LysM-Cre (MRflox/flox;LysM-Cre×MRflox/flox). FC were used as control mice in all experiments. MR deletion-efficiency in blood-derived myeloid cells obtained from WT, FC, and MyMRKO mice was evaluated by qPCR. As shown in Supplementary Figure 1A, a significant reduction in the expression of MR (82,7%) was observed in MyMRKO mice, as compared to WT or FC controls. Then, to promote NASH development, MyMRKO mice and their counterpart FC mice were fed for 18 days with MCD or chow diet, respectively. Bodyweight was measured twice weekly to assess health status. Both FC and MyMRKO mice fed with the MCD diet exhibited progressive bodyweight reductions with no differences between groups (Supplementary Figure 1B). In addition, both MCD-fed groups of mice had higher serum aminotransferases (Alanine transaminase and Aspartate transaminase) compared to control mice fed with a chow diet (Supplementary Figures 1C, D), indicating liver damage.

Next, livers were histologically analyzed by hematoxylin and eosin (H&E) and Oil Red O staining (Figure 1A, upper and bottom panel, respectively). Livers from MyMRKO and FC mice fed with a chow diet displayed healthy liver architecture, with similar liver weights (in grams) and similar basal concentrations of hepatic triglycerides (Figures 1B, C, respectively). According to NAS scoring criteria, neither livers from MyMRKO nor from FC mice fed with chow diet presented signs of ballooning, inflammation, or steatosis (Figure 1D), indicating that all control mice (Control diet-fed FC and MyMRKO mice) displayed typical liver structure. In contrast, both MyMRKO and FC mice fed with the MCD diet displayed signs of altered liver structure, such as ballooning, infiltration of immune cells, and higher lipid accumulation than control diet-fed mice (Figure 1A). FC mice showed significantly higher liver weight and lipid content than the chow diet-fed group (Figure 1B). Further, NAS scoring criteria were statistically significantly higher in FC mice fed with MCD diet than FC mice fed with a chow diet (Figure 1D). Although MyMRKO mice fed with the MCD diet also displayed histological alteration, liver weight, and lipid content were not statistically different from the control group (Figures 1B, C). Further, MyMRKO mice fed with the MCD diet displayed significantly lower NAS total score than their counterpart FC (Figure 1D, right panel). Specifically, MyMRKO showed lower Hepatic triglyceride content (HTC), steatosis, and inflammation score than did FC mice (Figures 1C, D (middle panels).




Figure 1 | Livers from myleoid mineralocorticoide receptor knockout (MyMRKO) mice present lower lipid content than FC Control mice. Histological changes and NAS score were evaluated by H&E and Oil Red O staining (A). Representative liver micrograph from each experimental group (bars in gray represents a scale of 300 μm) (B). Liver weight in grams (C). Hepatic triglyceride content (HTC) (D). NAFLD activity score (NAS) total scores and steatosis criterion scores. Statistical analysis was performed with one-way ANOVA comparing all treatments, with Tukey post-test. Only the steatosis criteria (D) were analyzed by unpaired t-test with Welch´s correction because both groups with a control diet only presented zero values. Each scoring was performed in blinded fashion from an n= 4–5 animals per group. All figures display mean ± SEM. Statistical differences were considered significant according to *p < 0.05 **p < 0.01 ****p < 0.001 ****p < 0.0001.





MR Deletion Does Not Impact Fibrosis Phenotype and Inflammatory Markers

Fibrosis is one of the hallmarks of NASH disease evolution and is mainly due to the activation of HSCs. Both MyMRKO and FC mice fed with the MCD diet displayed histological signs of fibrosis compared with their chow-fed controls (Figure 2A). However, induction of fibrosis was less evident in the MyMRKO MCD fed mice. Figure 2A shows through Sirius Red staining that collagen deposition was reduced in the MyMRKO MCD-fed mice compared to FC MCD-fed mice. This result was corroborated by blinded histopathology analyses, showing a reduced histopathological fibrosis score (Figure 2B). Besides, these results were supported by the reduction of αSma and Timp-1 expression, which are specific markers of HSC activation to promote fibrosis (Figure 2C). However, the expression of Col1A, Mmp2, and Tgf-β1 was not affected in the MyMRKO MCD-fed mice as compared to FC MCD-fed mice (Figure 2C).




Figure 2 | Floxed control (FC) and myleoid mineralocorticoide receptor knockout (MyMRKO) fed with methionie and choline deficient diet (MCD) diet display liver fibrosis and increased expression of fibrosis markers. Additional criteria of the NAFLD activity score (NAS) score (Figure 1) are the fibrosis signs, as shown in (A). In this line, the hepatic stellate cells (HSC) are a key modulator of hepatic fibrosis; as shown in (B) the expression of αSma, a marker of HSC, increased in both groups of mice fed with MCD diet (C). Expression of Col1A, Mmp2, and Timp-1, which are involved in hepatic fibrosis. To normalize the αSma, Col1A, Mmp2, Timp-1, and Tgf-β1 expression, we used 18S as a housekeeping gene. Each quantification was performed in duplicate from an n=4-8 animals per group. Statistical analysis was performed with one-way ANOVA comparing all treatments, with Tukey post-test. All figures display mean ± SEM. Statistical differences were considered significant according to *p < 0.05 **p < 0.01 ***p < 0.001 ****p < 0.0001.



Overexpression of Timp-1 is associated with high aldosterone levels in primary aldosteronism patients, who frequently develop fibrosis in the heart and kidneys (34). Therefore, we measured aldosterone plasma levels. FC and MyMRKO mice fed with the MCD diet had significantly increased plasma aldosterone levels compared to controls (Figure 3A). However, MyMRKO mice showed significantly higher levels than FC mice fed with MCD. This result provides additional support for the role of aldosterone and myeloid MR receptor in NASH’s pathogenesis. After measuring the expression of genes linked to inflammation and fibrosis as well as modulated by aldosterone (26, 35), it was found that Tnf-α is highly expressed in MCD-fed mice as compared to chow-fed mice, and it was significantly increased in livers from MyMRKO mice fed with MCD diet compared to chow-fed FC mice (Figure 3B).




Figure 3 | Floxed control (FC) and myleoid mineralocorticoide receptor knockout (MyMRKO) fed with methionie and choline deficient diet (MCD) diet have increased plasma levels of aldosterone and related inflammatory genes. At the experimental endpoint, aldosterone plasma levels were quantified in all experimental groups, as shown in (A). Then, we measured whether genes associated with high levels of aldosterone were positively modulated (B). Tnf-α expression was quantified by RT-PCR. 18S was used as a housekeeping gene. To quantify aldosterone, it was necessary to pool plasma from two mice per group to achieve the required volume for quantification. For that reason, graphs display n=4 pooled plasma. RT-PCR was performed in duplicate from an n=7–8 animals per group. Statistical analysis was performed with one-way ANOVA comparing all treatments, with Tukey post-test. All figures display mean ± SEM. Statistical differences were considered significant according to **p < 0.01 ***p < 0.001 ****p < 0.001 ****p < 0.0001.



Expression of cytokines, such Ifn-γ, Il-1β, and Il-18 was measured as markers of T cell response, and innate immunity. These cytokines are detected at high levels in NAFLD patients (36). As expected, both MCD-fed mice displayed higher abundance of mRNA of these inflammatory genes as compared to FC Control diet fed mice (Supplementary Figure 2). However, these results showed a paradoxical response in which Ifn-γ abundance was reduced while the expression of Il-1β was increased in liver samples from MyMRKO MCD-fed mice as compared to FC MCD fed mice.



Reduced Lipid Accumulation in MyMRKO Mice Associates With Diminished CD8+ T Cell Infiltration

Because the liver is also recognized as an immunological organ, we sought to dissect the immune response during NASH development, using deep flow cytometric analyses (Supplementary Figure 3A). Both groups of mice fed with the MCD diet showed a tendency to increased percentages and absolute numbers of infiltrating hepatic leukocytes or CD45+ cells, as compared to controls (Supplementary Figure 3B). For a more specific characterization of these infiltrating leukocytes, we determined T cell markers CD45+, CD3+, CD4+, and/or CD8+, and B cell markers CD45+, CD3-, B220+ (Supplementary Figure 3A). From lymphocytic lineage, only CD8+ T cells significantly infiltrated the liver in response to the MCD diet in FC mice (Figures 4A–C). CD8+ T cells have been implicated in lipid accumulation in NASH, both in human and animal models (37, 38). Interestingly, while MCD-fed MyMRKO mice showed reduced steatosis (Figure 1) and lower expression of hepatic Ifn-γ (Supplementary Figure 2) as compared to MDC-fed FC mice, these animals displayed reduced CD8+ T cell liver infiltration as compared to MCD-fed FC mice (Figure 4A, upper and bottom panel, respectively).




Figure 4 | Changes in lymphoid cell infiltration in floxed control (FC) mice is mainly due to CD8+ T cells. To measure what type of lymphocytic response is involved in NASH, we evaluated the absolute number and percentage of CD8+ T cells (A), CD4+ T cells (B), and B220+ B cells (C) at the endpoint. Flow cytometry characterization was performed individually for each animal per group, achieving n= 7–8, and following the gating strategy described in Supplementary Figure 1. Absolute counting was performed with Count Bright™ absolute counting Beads (described in materials and methods). Statistical analysis was performed with one-way ANOVA comparing all treatments, with Tukey post-test. All figures display mean ± SEM. Statistical differences were considered significant according to *p <0 .05.



Next, we performed correlation analyses with the percentage and the absolute number of CD8+ T cells infiltrating the liver (Supplementary Figure 4) and the levels of hepatic triglyceride. As expected, MyMRKO and FC mice fed with a chow diet did not display a significant correlation between CD8+ T cell infiltration and hepatic triglyceride concentrations. Similarly, MyMRKO and FC mice fed with MCD did not display a significant correlation between CD8+ T cell infiltration and lipid accumulation; however, FC mice showed a slight tendency to increase CD8+ T cells infiltration at higher hepatic triglyceride concentrations in MCD-fed mice.

Finally, the percentage of infiltrating CD8+ T cells that expressed activation marker CD25 was significantly increased in FC mice fed with MCD than controls, while MyMRKO mice fed with MCD displayed only a mild increase (Figure 5A). Additionally, the geometric Median Fluorescence Intensity (gMFI) of this marker was significantly higher in FC mice fed with MCD as compared to both MyMRKO and chow-fed controls (Figures 5B, C).




Figure 5 | Activation marker CD25 is highly expressed in CD8+ lymphocytes from floxed control (FC) mice. Flow cytometry was used to measure the percentage of CD8+ lymphocytes that expressed CD25 marker (A) and the global expression of CD25 in CD8+ lymphocytes or the gMFI (B). A representative image of CD25 expression in myleoid mineralocorticoide receptor knockout (MyMRKO) and FC fed with chow diet (gray dotted histogram) or methionie and choline deficient diet (MCD) diet (colored histogram) is shown (C). Statistical analysis was performed with one-way ANOVA comparing all treatments, with Tukey post-test. All figures display mean ± SEM. Statistical differences were considered significant according to **p < 0.01 ***p < 0.001.





Liver Infiltrating Myeloid Cells in MyMRKO Mice Fed With MCD Diet Displayed Reduced Expression of CD86 Costimulatory Molecule

Myeloid cells were analyzed and pooled according to their surface marker expression as monocytes, macrophages and KCs, neutrophils, and DCs, as described in the Materials and Methods section. While Monocytes, macrophages, and neutrophils significantly increased in both groups of mice fed with MCD diet regarding control diet, we did not find any significant differences when MCD-fed MyMRKO mice were compared to MCD-fed FC mice (Supplementary Figure 5A). Indeed, we only observed a slightly increasing tendency in these myeloid cell populations. Further, the expression of CD86, a costimulatory molecule, was measured on the surface of antigen-presenting cells. Monocyte expression of CD86 increased in both groups of MCD-fed mice as compared to chow-fed control mice (Supplementary Figure 5B). However, macrophages from MCD-fed FC mice expressed higher levels of CD86, as compared to controls, while MyMRKO fed with MCD diet failed to increase the expression of this costimulatory molecule in response to MCD feeding (Supplementary Figure 5C).

DC populations were differentially analyzed as CD11b+CD11c+ and CD11b-CD11c+ subsets (38). The number of CD11b+CD11c+ DCs showed a tendency to increase in MCD-fed mice compared to their respective controls (Figure 6A). However, despite similar increases in cell numbers, the expression of CD86 was unchanged in MCD-fed MyMRKO mice and increased in MCD-fed FC mice compared to control diet-fed mice. This result suggest that liver-infiltrating DCs from MCD-fed MyMRKO mice could be less effective at presenting antigens with equivalent costimulatory signaling to T cells, due to a lower expression per cells ratio. Additionally, the number of CD11b-CD11c+ DCs in livers showed a tendency to decrease in both MCD-fed groups (Figure 6B), probably due to their mobilization to spleen or lymph nodes for antigen presentation to T cells. The expression of the MHC class II IA/IE molecules was measured on liver-infiltrating DCs (Supplementary Figure 6), which showed no significant expression differences, suggesting that a reduced expression was only observed in CD86 molecule.




Figure 6 | Dendritic cell (DC) subsets in the liver of myleoid mineralocorticoide receptor knockout (MyMRKO) mice display a tendency to express lower CD86 independent of the cell number. Flow cytometry was used to measure the absolute number (left panel) and gMFI expression of Cd86 of two subsets of DCs: CD11b+CD11c+ (A) and CD11b-CD11c+ (B). For each cellular subset a representative image of CD86 expression in floxed control (FC) and MyMRKO fed with chow diet (gray dotted histogram) or MCD diet (colored histogram) is shown. Statistical analysis was performed with one-way ANOVA comparing all treatments, with Tukey post-test. All figures display mean ± SEM. Statistical differences were considered significant according to *p < 0.05.





MyMRKO DCs Show an Impaired Capacity to Prime CD8+ T Cells During an Inflammatory Response

Our data suggest that CD8+ T cells showed a reduced activation (Figure 5) and lower migration to the target organ (Figure 4), which associates with the steatosis phenotype observed in MCD-fed MyMRKO mice, probably due to low costimulatory capacity. For that reason, we measured the in vitro response of DCs to LPS. First, we performed a dose-response curve to define the LPS concentration required to induce maximal activity. Supplementary Figure 7 shows that at 12 μg/ml of LPS was an optimal concentration to perform these assays. Thus, we decided to perform the following experiments using LPS at 12 and 62 μg/ml. We found that MyMRKO-derived DCs displayed an impaired capacity to express maturation markers and secreted lower levels of IL-12 and high levels of IL-10 in contrast with control FC-derived DCs (Supplementary Figures 8 and 9).

To further define this mechanism, purified transgenic CD8+ OT-I T cells were stimulated with antigen (OVAp)-loaded DCs obtained from MyMRKO or FC mice. Although MyMRKO- and FC-derived DCs were equivalent at activating CD8+ OT-I T cells (Figure 7A), this pattern changed in the presence of an inflammatory stimulus, such as LPS. The frequency of activated CD69+CD25+CD8+ OT-I T cells stimulated with MyMRKO DCs was significantly lower as compared to stimulation with FC DCs (Figure 7A). Conversely, no significant differences were observed when IFN-γ secretion was measured for CD8+ OT-I T cells stimulated with either OVAp-loaded MyMRKO or FC DCs (Figure 7B).




Figure 7 | Cocultures between OT-I lymphocytes and bone marrow-derived dendritic cells (DCs) from myleoid mineralocorticoide receptor knockout (MyMRKO) induce lower expression of activation markers CD69 and CD25. Purified CD8+ OT-I lymphocytes were cocultured with DCs in a ratio of 1:1 for 48 h. Three different conditions were tested: cocultures with DCs : CD8+T lymphocytes without OVA peptide, untreated DCs : CD8+T lymphocytes plus OVA peptide, and lipopolysaccharide (LPS)-pretreated DCs : CD8+T lymphocytes plus OVA peptide (A). Expression of activation markers CD69 and CD25 in CD8+ T lymphocytes (B). IFN-γ secretion in the supernatants by ELISA. Statistical analysis was performed with two-way ANOVA comparing all treatments, with Tukey post-test. All figures display mean ± SEM. Statistical differences were considered significant according to *p < 0.05.



We also measured the response of CD4 T cells, for that transgenic CD4+ OT-II T cells were stimulated with MyMRKO or FC DCs, no significant differences were observed for the activation of these cells (Supplementary Figure 10). Although IL-10 and IL-17 secretion was similar for all groups, MyMRKO DCs showed a tendency to promote a higher secretion of IFN-γ by CD4+ OT-II T cells. However, when DCs were pretreated with LPS as an inflammatory stimulus, FC DCs showed a tendency to a reduced secretion of IFN-γ and IL-10 and increased IL-17, as compared to MyMRKO DCs.




Discussion

Animal models of NASH include those with genetic mutations, chemical-mediated disease, and diet-induced approaches that alter hepatocyte metabolism (30, 31). Here we used a nutritional deficiency model to evaluate the role of MR in mediating inflammatory response in liver steatosis. MCD diet induces NASH because methionine and choline are required for hepatic secretion of triglycerides in the form of very low-density lipoproteins (VLDL). Lack of these nutrients results in impaired lipid exportation from liver to peripheral tissues, producing a phenotype of macrovesicular liver steatosis, hepatocellular death, inflammation, oxidative stress, and mild fibrosis (39). We observed a body weight loss of ~25% in MCD-fed mice, which was expected due to hippophage and hyper-catabolism described for that type of diet (31).

Reduced steatosis phenotype observed in MCD-fed MyMRKO mice indicates that the MR in myeloid cells is involved in modulating lipid accumulation. Similar results were reported in an obese mouse model with MR deficiency (Lepob/ob crossed with MyMRKO), in which MR absence on KCs impaired their crosstalk with hepatocytes, but in a context of insulin resistance (29). In that study, obese female MyMRKO mice showed improved insulin sensitivity and glucose homeostasis and lower liver steatosis as compared to FC and hepatocytes from MyMRKO mice were reported to exhibit downregulated expression of genes involved in lipogenesis and lipid storage, such as, SCD-1, Ly6d, and Cidea (29). Of note, studies assessing the effects of pharmacologic MR antagonism using spironolactone or eplerenone (27, 28) have shown that MR antagonism prevents liver steatosis in animal models of NASH, reinforcing the role of MR in modulating steatosis development.

The well documented role that the MR and RAAS play in fibrosis and end-organ damage during hypertension has prompted research to explore MR antagonism as a new therapy for NASH (40). Here we showed that, despite lower steatosis in MCD-fed MyMRKO mice, the histological and molecular features of fibrosis remain unaffected by MR deletion in myeloid cells (including higher levels of profibrotic markers Col1A, Mmp-2, Timp-1, and Tgfβ). In previous studies of MR antagonism in NASH, liver fibrosis was prevented or reduced (27, 28). This difference may result from systemic effects, because MyMRKO mice lack MR only on myeloid cells, while pharmacologic MR antagonism effects all cells expressing MR. Similarly, to previously published models, in the present study mice showed high levels of serum aldosterone (Figure 3). However, in our model fibrosis was not prevented. This finding may reflect that in the liver, other cell types, such as hepatocytes and endothelial cells, express MR and respond to aldosterone stimulation, secreting profibrotic and proinflammatory factors (41). Consistently, mouse models for induced hypertension in which MR is lacking (MyMRKO) (26) showed reduced cardiac fibrosis as compared to control hypertensive mice. In vitro analyses performed in peritoneal macrophages showed that an MR deficiency promoted macrophages polarization toward a M2 phenotype, decreasing the expression of fibrotic markers (26).

The establishment of chronic inflammation is crucial for NASH development (42). We found that mice fed with MCD diet displayed significant leukocyte infiltration and increased levels of proinflammatory cytokines Il-18 (Supplementary Figure 2), underscoring the establishment of an inflammatory environment. In addition, Tnf-α and Il-1β levels increased in both MCD-fed FC and MyMRKO mice (26). A previous report found that a similar phenotype of liver steatosis did not induce significant changes in inflammatory mediators, such as Il-6, Tnf-α, or Il-1β (29).

Analyses of human livers revealed that patients with NAFLD accumulate CD8+ T cells with enhanced expression of interferon regulatory factors (IRFs) and interferon stimulatory genes (ISGs), which correlate with the NAS score of patients (43). Therefore, fatty livers exhibit elevated IFN-I responses and CD8+ T cell infiltration, serving as potential biomarkers of disease (43). Additional evidence about the role of CD8+ T cells in NASH has been generated in animal models either lacking these cells (37, 38) or effector molecules, such as IFNγ (44) or perforin (18). In all above-mentioned models, steatosis was prevented when the function of CD8+ T cells was deficient. Here, we proposed that an MR-deficiency in myeloid cells can influence the infiltration of CD8+ T cell to the liver in a NASH animal model.

It is important to note that, in this study, we made modifications to the tissue disaggregation and flow cytometry procedure described by VanSaun, M.N. et al. (33). In this work, the authors showed that the percentage of CD8+ T cells found in livers is lower than CD4+ T cells. In a previous work that we used the same protocol but in an infectious animal model of Salmonella enterica, we also found a similar ratio between CD4+ and CD8+ T cells in livers (45). Both studies agree with the results displayed in Figure 4, in which the number and percentage of CD8+ T cells analyzed by flow cytometry are lower than CD4+ T cells.

Despite a lack of direct evidence linking high levels of aldosterone to altered CD8+ T cell function in NASH, two studies performed in patients with primary aldosteronism demonstrated that high aldosterone levels are correlated with NAFLD development (46). In addition, a significant association was reported between high levels of aldosterone and fatty liver in HIV patients (47), who have higher numbers of CD8+ T cells.

CD25 and CD69 activation markers measured in CD8+ T cells after antigen activation indicated their capacity to proliferates in responds to IL-2 and its ability to migrate to target organ, respectively (48). However, cytokine milieu can promote per se and antigen-independent fashion the secretion of IFN-γ for CD8+ T cell. In this line, it has been reported that IL-10 can act as inhibitory cytokine in CD8+ T cell activation when IL-12 is present, but in the presence of IL-18, IL-10 enhance the IFN-γ secretion by CD8+ T lymphocytes (49). This work agrees with our results displayed in Supplementary Figure 9, in which MyMRKO DCs stimulated with LPS secretes higher levels of IL-10 and lower levels of IL-12 p70 than controls. Despite we did not measure IL-18 levels in coculture supernatants, RT-PCRs performed in livers high levels of IL-18 in MCD-fed mice (Supplementary Figure 2). In addition, direct stimulation of TLR ligands (such as LPS) can elicit effector CD8+ T cells to produce IFN-γ and modulates its accumulation in several lymphoid organs (50). We mention this point, because is only in the coculture with LPS matured DCs that differences in CD8+ T cell activation is seen. Although we did not measure the CTLA-4 expression in CD8+ T cell, it has been described that self-regulation of CD8+T cell function is mediated by DCs CD80/CD86 engagement to this molecule after antigen stimulation. As a result, the cytokine profile are modulated (mainly IFN-γ production) rather than IL-2 mediated CD8+ T cell proliferation and activation (51). In our context, we found that MyMRKO DCs pulsed with LPS displayed significant lower expression in CD86 (Supplementary Figure 8A), which can be linked with the non-altered levels in IFN-γ secretion. However, there is many other effector molecules such as granzyme and perforin, and cytolytic or regulatory mechanism to be investigated (52).

It is important to highlight that signaling pathways involved in cell maturation and cytokine secretion may also be altered by the absence of MR in myeloid cells, because one of the nongenomic effects of MR is acting as second messenger (25). For all described reasons, many questions are still open, and further and deeper analysis are required to understand how the lack of MR in myeloid cells influenced specifically the profile of activation and migration of CD8+ T cells described in this work.

Our data suggest a model in which MyMRKO mice fed with MCD diet display lower steatosis via inflammatory response that crosstalk with hepatocytes. Simultaneously, fibrosis appears to involve hepatic cells rather than myeloid cells. Therefore, we postulate that high levels of plasmatic aldosterone could act through MR expressed by hepatocytes, HSC or endothelial cells to induce fibrosis.

One of the most significant limitations of our study is the MCD feeding model, because mice did not developed metabolic syndrome features, insulin resistance nor obesity. However, the MCD mouse model—as shown in Supplementary Figure 1—suffers a transient but pronounced weight loss during the first two weeks after feeding. This change is attributed to an increased sympathetic outflow to adipose tissue, which can lead to a reduction in the energy extraction efficiency from nutrients via high mitochondrial uncoupling (53, 54). We choose the MCD model to avoid the influence of the extrahepatic disorders that occur concomitantly with NAFLD development (55). Another limitation of four study is the gender of the animals used, because of the difficulty to obtaining enough conditional knockout mice, we decided to perform experiments in both males and female mice. It was previously shown that female mice are more susceptible to suffering steatosis than males while males developed more inflammation (56). Despite of this, separate gender analyses showed no significant differences between females and males in our study (data not shown). This finding is supported by the fact that most of the observations regarding gender differences were made in obesogenic, atherogenic, and insulin resistant animal models (55). In addition, while studies have shown that estrogen plays a role at protecting from liver injury following a high-fat diet (57), absence of protection was observed in MCD diet-induced steatohepatitis experiments in female mice that received an ovariectomy or antiestrogen treatment (58). Furthermore, another study showed that female mice fed a chow diet supplemented with 30% fructose in the drinking water can display a more pronounced inflammatory response than male mice (55).

In summary, our data suggest that the development of steatosis requires aldosterone stimulation through MR in antigen-presenting cells that direct the CD8+ T cell lymphocyte response. This response establishes a proinflammatory environment with greater IFN-γ secretion in the liver, affecting hepatocyte lipid accumulation. However, further investigation is necessary to understand the impaired capacity of antigen-presenting cells to stimulate CD8+ T cells in MyMRKO mice, as well as the effect of aldosterone via hepatocytes or HSC to maintain a fibrotic phenotype.
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