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Abstract

:

In obesity-associated non-alcoholic steatohepatitis (NASH), persistent hepatocellular damage and inflammation are key drivers of fibrosis, which is the main determinant of NASH-associated mortality. The short-chain fatty acid butyrate can exert metabolic improvements and anti-inflammatory activities in NASH. However, its effects on NASH-associated liver fibrosis remain unclear. Putative antifibrotic effects of butyrate were studied in Ldlr-/-.Leiden mice fed an obesogenic diet (HFD) containing 2.5% (w/w) butyrate for 38 weeks and compared with a HFD-control group. Antifibrotic mechanisms of butyrate were further investigated in TGF-β-stimulated primary human hepatic stellate cells (HSC). HFD-fed mice developed obesity, insulin resistance, increased plasma leptin levels, adipose tissue inflammation, gut permeability, dysbiosis, and NASH-associated fibrosis. Butyrate corrected hyperinsulinemia, lowered plasma leptin levels, and attenuated adipose tissue inflammation, without affecting gut permeability or microbiota composition. Butyrate lowered plasma ALT and CK-18M30 levels and attenuated hepatic steatosis and inflammation. Butyrate inhibited fibrosis development as demonstrated by decreased hepatic collagen content and Sirius-red-positive area. In TGF-β-stimulated HSC, butyrate dose-dependently reduced collagen deposition and decreased procollagen1α1 and PAI1 protein expression. Transcriptomic analysis and subsequent pathway and upstream regulator analysis revealed deactivation of specific non-canonical TGF-β signaling pathways Rho-like GTPases and PI3K/AKT and other important pro-fibrotic regulators (e.g., YAP/TAZ, MYC) by butyrate, providing a potential rationale for its antifibrotic effects. In conclusion, butyrate protects against obesity development, insulin resistance-associated NASH, and liver fibrosis. These antifibrotic effects are at least partly attributable to a direct effect of butyrate on collagen production in hepatic stellate cells, involving inhibition of non-canonical TGF-β signaling pathways.
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1. Introduction


Liver fibrosis is a result of chronic liver damage for which non-alcoholic steatohepatitis (NASH) is one of the main causal factors [1,2]. Excessive food intake from energy-dense diets can induce hepatic lipids deposition (steatosis) which can progress to NASH (steatosis and inflammation) and fibrosis [3]. NASH-associated liver fibrosis is closely related to obesity, dyslipidemia, insulin resistance, white adipose tissue (WAT) inflammation, and gut dysfunction (increased gut permeability and changes in microbiota composition), all of which are drivers of disease progression [4,5]. To date, no approved treatment for liver fibrosis is available and little is known about how fibrosis development can be attenuated.



Liver fibrosis is characterized by excessive accumulation of extracellular matrix (ECM) proteins such as collagens [6]. Hepatic stellate cells (HSCs) are the main producers of these ECM proteins and therefore play a central role in liver fibrosis. During liver injury, transforming growth factor β (TGF-β) is the most potent fibrogenic cytokine and a key regulator in promoting HSC activation [7]. In response to TGF-β, the canonical signaling pathway (involving SMADs) and non-canonical signaling pathways (i.e., ERK, JNK/p38, Rho-like GTPases, PI3K/AKT) promote HSC activation [8]. The activation of these signaling pathways by TGF-β stimulates trans-differentiation of quiescent HSC to undergo a transcriptional and morphological program into proliferative HSCs that produce excessive amounts of ECM proteins.



Butyrate (BU) is a short-chain fatty acid that is produced by bacterial fermentation of dietary fibers in the colon and has been shown to have beneficial metabolic effects [9,10,11,12,13,14]. In humans, BU has been studied non-specifically and indirectly (by using probiotics and prebiotics to affect gut microbiota composition, which could potentially increase endogenous colonic butyrate production), which demonstrated that BU, in concert with other pre/pro-biotic induced changes, has satiety-increasing and body weight-reducing effects ([15] and references therein). These observations have been confirmed in rodents, where dietary supplementation with BU was shown to reduce food intake and attenuate body weight gain [16]. BU has also been shown to improve liver steatosis and inflammation [12,17,18]; however, it is unclear if these effects are secondary to its anti-obesogenic effects, or result from a direct effect of BU on these processes. Furthermore, while BU has been shown to improve many of the metabolic dysregulations that underlie development of inflammation and fibrosis in the liver, it is unknown whether BU can also reduce development of fibrosis in the context of obesity-associated NASH.



To study the potential anti-fibrotic effects of butyrate we used a well-established translational mouse model for diet-induced NASH and liver fibrosis: high-fat diet (HFD)-fed Ldlr-/-.Leiden mice. Under translational dietary conditions (i.e., using a HFD with a macronutrient composition and cholesterol content comparable to human diets) [17], these mice develop NASH with fibrosis in the context of obesity, insulin resistance, adipose tissue inflammation, and gut dysfunction, as is typical for many NASH patients [18]. In addition, these mice express underlying disease pathways relevant for human NASH, as demonstrated by recent transcriptomics, metabolomics, and proteomics studies [18,19]. To gain mechanistic insight into potential direct anti-fibrotic effects of BU, we performed in vitro studies with primary human HSCs.




2. Materials and Methods


2.1. Animal Experiment


The animal experiment was performed according to the standards of the Animal Care and Use Committee and ethically approved by an independent Animal Welfare Body (IVD TNO; approval number 3682/TNO-245). The ARRIVE guidelines were also adhered to. Ldlr-/-.Leiden male mice (94% C57BL/6J and 6% 129S1 genetic background) obtained from our breeding stock were group-housed (four to five mice per cage) in Macrolon cages in clean conventional animal rooms (relative humidity 50–60%, temperature ~21 °C, light cycle 07:00 to 19:00) in the American Association for Accreditation of Laboratory Animal Care (AAALAC)-accredited animal facility at TNO (Leiden, the Netherlands) with ad libitum access to food and water. Mice were matched into three groups of 15 mice per group based on body weight, plasma cholesterol and triglycerides, and blood glucose, which was the number of mice required to detect statistical differences in liver fibrosis. Two groups of mice (n = 15 each) were fed a high-fat diet (HFD; D12451, Research Diets Inc., New Brunswick, USA; containing 20 kcal% protein, 35 kcal% carbohydrate, 45 kcal% lard fat), or HFD+BU, in which HFD was supplemented with 2.5% sodium butyrate (303410 Sigma Aldrich, Steinheim, Germany). A reference group remained on standard laboratory chow (n = 15), a low-fat control diet (chow; Sniff-R/M-V1530, Uden, the Netherlands). The total treatment period was 38 weeks, during which the mice developed obesity- and insulin resistance-associated liver fibrosis [18,20], which was the main endpoint of this study.



Blood samples were collected via the tail vein from 5 hour-fasted mice, and body weight, food intake, and body composition measurements using echo-MRI were acquired at set intervals during the study. Gut permeability was analyzed after 37 weeks of dietary treatment, and after 38 weeks mice were sacrificed by gradual-fill CO2 asphyxiation after a 5 h fast. A terminal blood sample was collected via cardiac puncture, organs (liver and adipose tissue) were isolated and immediately snap-frozen in liquid N2 and/or fixed in formalin, and the mucosal microbiota was collected from the ileum and the colon as previously described [4].




2.2. Blood Chemistry


Analysis of cholesterol, triglycerides, insulin, alanine amine transferase (ALT), tissue inhibitor of metalloproteinases 1 (TIMP-1) in EDTA plasma, and whole blood glucose was performed as described previously [4]. LPS-binding protein (LBP) was measured in plasma with an ELISA kit following the manufacturer’s instructions (HK-205, Hycult Biotech, Uden, the Netherlands). The ECM-remodeling biomarkers PRO-C3 and PRO-C4, for type III and type IV collagen formation [21,22], and C4M and C6M to assess metalloproteinase-mediated degradation of type IV and type VI collagen, respectively [23,24], were measured in serum using competitive ELISAs (Nordic Bioscience, Herlev, Denmark).




2.3. Adipose Tissue Histopathology Analysis


Adipose tissue inflammation was assessed as described previously [17]. In short, the number of crown-like structures (CLS) were scored in hematoxylin-phloxine-saffron stained epidydimal WAT (eWAT) and mesenteric WAT (mWAT) cross sections in three non-overlapping fields (100 × magnification) per mouse. The number of adipocytes in the same fields were analyzed using Adiposoft [25] to express the number of CLS/1000 adipocytes.




2.4. Gut Permeability and Microbiota Composition Analysis


Gut permeability was assessed with an FD4 gut permeability assay, which assesses the ability of fluorescein isothiocyanate-labelled dextran (3–5 kDa FD4; Sigma, St. Louis, MO, USA) to leak through the intestinal lumen into the circulation, as described previously [4].



Microbiota DNA was isolated from mucosal samples of both the colon and ileum using the AGOWA Mag Mini kit (DNA Isolation Kit, AGOWA, Berlin, Germany), according to the manufacturer’s instructions. Metagenomic sequencing of the 16s rRNA gene spanning the v4 hypervariable region and data analysis was performed as reported previously [4].




2.5. Liver Histopathology and Biochemistry


Liver histopathology was scored using a standardized method for rodents that is based on the human NAS scoring system [26] in hematoxylin-Eosin-stained (HE) cross sections of the medial lobe. Hepatic fibrosis was analyzed in Sirius-red stained cross sections of the sinister lobe. Total steatosis, i.e., the sum of macrovesicular and microvesicular steatosis, hypertrophy (abnormally enlarged hepatocytes), and fibrosis for each mouse was determined as a percentage of total liver section affected. Hepatic inflammation was quantified by counting the number of inflammatory aggregates in five non-overlapping fields per mouse at 100× magnification (field of view 4.15 mm2) and expressed as the number of aggregates per mm2.



In addition, inflammatory chemokines were measured in liver biopsies homogenized in a 50 mmol/L Tris-HCL pH 7.4, 150 mmol/L NaCL, 5 mmol/L CaCl2, 1% Triton X-100 lysis buffer. Intrahepatic chemokines CCL3, CCL5, CXCL1, and CXCL10 were measured with a Quanterix chemokine panel according to the manufacturer’s protocol (Mouse 4-Plex Developer Kit; 100A-0497 Rev 01; Quanterix, MA, USA) on a SP-X Quanterix machine. Protein concentrations were measured with the BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) to determine chemokines per mg of protein.



Hepatic total collagen content was quantified based on hydroxyproline residues obtained from acid hydrolysis (QZBtiscol, Quickzyme, Leiden, the Netherlands) of the sinister lobe, and protein concentrations were measured in the same hydrolysates (QZBtotprot, Quickzyme) according to the manufacturer’s instructions.




2.6. Primary Human Hepatic Stellate Cell Experiments, Gene Expression Analysis, and Protein Expression Using Western Blot Analysis


Primary human hepatic stellate cells (HSC) (BioIVT, West Sussex, UK) were seeded on fibronectin-coated (Roche, Woerden, The Netherlands) 24-well culture plates and maintained overnight in stellate cell medium (STECM) supplemented with 2% (v/v) fetal bovine serum (FBS), 1% (v/v) antibiotic solution, and 1% (v/v) stellate cell growth supplement (all HSC seeding medium materials were from ScienCell, Carlsbad, CA, USA). HSC were incubated for 4 days in STECM supplemented with 1% (v/v) FBS and 1% (v/v) antibiotic solution with or without TGF-β1 (2 ng/mL; rh-TGFB1 R&D systems, Minneapolis, MN, USA), and TGF-β1 co-treated with BU (sodium butyrate, Sigma Aldrich; the same as was used in the animal experiment), acetate (sodium acetate, Sigma Aldrich), or caproate (sodium hexanoate, Sigma Aldrich).



Cytotoxicity was determined in triplicate per condition in conditioned medium using the CyQUANT LDH cytotoxicity assay (Invitrogen, Eugene, OR, USA), according to the manufacturer’s instructions. The cell-matrix fraction was hydrolyzed in 6M HCL and used for determination of collagen protein concentration based on hydroxyproline residues (QZBtiscol, Quickzyme) and total cell protein concentrations (QZBtotprot, Quickzyme), following the manufacturer’s instructions. Total protein levels were used to correct the collagen concentration per sample. Human procollagen 1α1 and plasminogen activator inhibitor 1 (PAI1) protein expression (R&D Systems, Abingdon, UK) were measured in conditioned medium collected after 24 h of stimulation.



In addition, next-generation sequencing was performed in RNA samples extracted from n = 6 unstimulated; n = 8 TGF-β; n = 8 TGF-β+BU conditioned HSC. RNA was isolated using the RNAqeous Microkit (Thermo Fisher Scientific) and RNA concentrations were determined spectrophotometrically, as described in [17]. The NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England BioLabs, Ipswich, MA, USA) was used to process the samples, following the manufacturer’s instructions. Strand-specific messenger RNA sequencing libraries were clustered, and sequenced on a NovaSeq6000 system (paired-end 20M reads/sample, Illumina, San Diego, CA, USA) at Genomescan (Leiden, The Netherlands). The quality was checked with the Illumina data analysis pipeline RTA3.4.4 and Bcl2fastq v2.20, and filtered and trimmed using TRIMMOMATIC software. These trimmed files were merged and aligned to the reference genome (Homo_sapiens.GRCh38.gencode.v29) using the STAR 2.5 algorithm with default settings. Next, Htseq-count 0.6.1p1 was used to count the read mapping frequency per gene, resulting in count files (GSE179395) which served as input for the differentially expressed genes (DEGs) analysis using the Deseq2-method [27]. DEGs (p < 0.0001 and Z-score > 1.3) were used as an input for pathway analysis through Ingenuity Pathway Analysis (IPA) [28]. Based on gene expression of all known downstream target genes, IPA predicted activation or deactivation of an upstream regulator, as reported in [17].



Protein expression of cMyc was analyzed using western blot analysis. HSC from each condition (two pools of three wells per condition) were collected by scraping in ice cold lysis buffer [29], and protein content was determined (BCA Protein Assay Kit, Thermo Fisher Scientific). Protein samples (10 μg) were prepared, separated, and blotted, as previously described in [29]. The blotting membranes were treated with block buffer for 1 h (5% (w/v) milk powder in tris-buffered saline with 0.1% Tween 20 (TBST)) and incubated overnight in at 4 °C in block buffer with either the primary antibody targeting cMyc (#9402–1:2000 v/v; Cell Signaling, Leiden, the Netherlands) or the loading control vinculin (#4650–1:1000 v/v, Cell Signaling). The next day, blots were washed in TBST and incubated for 1 h in block buffer with the secondary antibody (#7074S-1:2000 v/v; Cell Signaling). Blots were washed again and treated with SuperSignal West Femto (Thermo Fisher Scientific) to visualize protein bands. Blots were analyzed with a ChemiDoc Touch Imaging system (Bio-Rad) and band intensities were normalized to vinculin.




2.7. Statistics


Statistical analysis was performed with IBM SPSS statistics version 25.0 (SPSS Inc., Chicago, IL, USA). Data were tested for normality with the Shapiro-Wilk test and for equal variance with Levene’s test (α = 0.05). Normally distributed data with equal variance was tested with an one-way analysis of variance (ANOVA) with a Dunnet’s post hoc test (HFD was the control group for in vivo data, TGF-β condition was the control group for in vitro data). The Kruskal–Wallis test with a Mann–Whitney post hoc test was performed for data that were not normally distributed or had equal variance.





3. Results


3.1. Butyrate Attenuates HFD-Induced Obesity, Improves Metabolic Risk Factors, and Reduces Adipose Tissue Inflammation


Long-term HFD feeding over 38 weeks significantly increased body weight relative to chow, while energy intake was comparable in the HFD and chow group. The observed increase in body weight with HFD was associated with a higher food efficiency (body weight gain per kcal consumed) in the HFD group (Table 1). Treatment with BU reversed these HFD-induced effects as observed by a decrease in body weight and energy intake (Table 1). Moreover, food efficiency was lowered compared with HFD, indicating that BU has additional positive effects on body weight, independent of energy intake (Table 1). HFD feeding increased plasma cholesterol and triglycerides, which were unaffected by BU. Glucose levels were comparable in all groups, while fasting insulin concentrations were strongly increased by HFD feeding and significantly lowered with BU, reaching insulin concentrations below those observed in chow (Table 1).



The observed increase in fat mass with HFD was accompanied by alterations in plasma adipokine concentrations, i.e., leptin was increased and adiponectin decreased. BU reduced plasma leptin concentrations with no effect on adiponectin (Table 1), suggesting a beneficial effect on adipose tissue. Quantitative histological analysis of inflammation in epidydimal and mesenteric white adipose tissue (WAT) depots demonstrated that the number of crown-like structures (CLS) was increased by HFD in both WAT depots (Figure 1A–D). BU lowered the number of CLS in both WAT depots, in line with the reduction in proinflammatory plasma leptin level.




3.2. Butyrate Did Not Affect the HFD-Induced Increase in Gut Permeability or Changes in Microbiota Composition


To determine whether these metabolic improvements with BU may be associated with beneficial effects in the gut, we performed a functional gut permeability test, measured plasma LPS-binding protein (LPB) concentrations, and performed a 16S rRNA microbiota composition analysis. Gut permeability was increased with HFD and unaffected by BU (Figure 2A). Similarly, plasma concentrations of the LPB were increased with HFD and not altered by BU (Figure 2B). Microbiota composition analysis was performed in the mucosal compartments of both the colon and ileum. Permutation tests which enable the statistical testing of differences in microbiota composition between experimental groups showed that HFD feeding altered both ileum (p = 0.002) and colon (p = 0.002) colonization relative to chow, as presented in Figure 2C. An overview of the significantly different genera between the experimental groups are provided in Supplementary Figures S1–S3. BU did not affect microbiota composition compared with HFD in colon (p = 0.234) and was affected only the abundance of three genera in ileum (p = 0.048), as visualized in Figure 2C by the extensive overlap between HFD and butyrate-fed mice.



Taken together, in the context of an obese phenotype with pronounced hyperinsulinemia, hyperlipidemia, WAT, and gut dysfunction, BU decreased body weight, WAT inflammation, and reversed hyperinsulinemia. All of these beneficial BU effects seem to be independent of the gut microbiota composition or gut permeability as these were largely unaffected by BU.




3.3. Butyrate Protected Mice against NASH Development


Liver weight was increased in control mice on an HFD, whereas BU-fed mice were protected from the HFD-induced liver weight gain (Figure 3A). Levels of the circulating liver damage markers ALT and CK18-M30 were increased with HFD and were lowered by BU (Figure 3B,C). To investigate the effect on the liver in more detail, liver cross sections were analyzed for histopathological features of NASH (Figure 3D). Steatosis was hardly present in the chow-fed mice, whereas HFD-fed mice developed pronounced steatosis with equal induction of macrovesicular (Figure 3E) and microvesicular steatosis (Figure 3F). BU significantly reduced steatosis observed by a similar reduction in both macrovesicular and microvesicular steatosis. Consistent with this, HFD increased the cross-sectional area covered with abnormally enlarged hepatocytes, which was attenuated with BU (Figure 3G). Hepatic inflammation was practically absent in chow-fed mice, and HFD strongly increased the number of inflammatory aggregates. BU significantly suppressed the number of inflammatory aggregates (Figure 3H). These anti-inflammatory effects were confirmed by analyzing hepatic chemokine concentrations. HFD increased hepatic CCL3 (MIP1a) and CCL5 (RANTES), which were significantly decreased with butyrate (Figure 3I,J). HFD feeding also significantly increased CXCL1 (KC) and CXCL10 (IP-10), which were not affected by butyrate (Supplementary Figure S4). Altogether, HFD feeding resulted in a pronounced increase in steatosis and inflammation in the liver, which was strongly attenuated by BU.




3.4. Butyrate Reduced Liver Fibrosis


HFD feeding strongly increased the alpha smooth muscle cell actin (αSMA)-positive area in liver cross sections, which is a marker for activated hepatic stellate cell (HSC), the main collagen-producing cells in the liver. BU tended to lower this HFD-induced αSMA positive area (Figure 4A). In line with this data, HFD significantly increased the hepatic collagen content as demonstrated in freshly prepared liver homogenates (Figure 4B). In BU-fed mice hepatic collagen content was significantly lower, indicating that BU-fed mice were protected against HFD-induced liver fibrosis (Figure 4B). This was confirmed by histopathological analysis of fibrosis, which showed that HFD increased the Sirius-red-positive area and BU fully blunted this induction (Figure 4C). Development of liver fibrosis was accompanied by significant increases in circulating tissue inhibitor of metalloproteinase 1 (TIMP1) and ECM remodeling markers of pericellular fibrosis, PRO-C4 and C6M (Supplementary Table S1). BU did not significantly affect TIMP1 or ECM turnover biomarkers.



Thus, BU-fed mice were not only protected against NASH development but also showed strongly reduced fibrosis, which was not reflected by the measured circulating ECM remodeling markers.




3.5. Butyrate Directly Reduced TGF-β-Induced Collagen Production in Primary Human Hepatic Stellate Cells


To further elucidate the mechanisms underlying these antifibrotic effects, we studied BU treatment effects on collagen production by hepatic stellate cells (HSC) in vitro, followed by a transcriptomics analysis to assess modulation of underlying pathways and regulators. After defining an optimal dose for BU in cell viability assays (Supplementary Figure S5), TGF-β-stimulated primary human HSC treated with 1 mM BU demonstrated a consistent strong reduction of TGF-β-induced collagen deposition showing that BU has direct anti-fibrotic effects in HSC (Figure 5A). This was further confirmed by reduced procollagen1α1 levels in conditioned culture medium from BU-treated cells, suggesting that the observed collagen decrease is a result of reduced collagen synthesis (Figure 5B). In addition, BU significantly attenuated TGF-β-induced protein expression of the stellate cell activation marker PAI1, which demonstrates that BU inhibited activation of HSC into proliferative fibrogenic myofibroblasts (Figure 5C). In line with this, a reduction was observed in gene expression of HSC activation markers (e.g., ACTA2 encoding for αSMA, SERPINE1 encoding for PAI1, ELN) (Table 2). These anti-fibrotic effects were found to be specific and dose-dependent for the SCFA butyrate, since other SCFAs did not affect collagen deposition in TGF-β-stimulated HSC (Supplementary Figure S6).



To gain mechanistic insight into these anti-fibrotic effects of BU, we performed a subsequent upstream regulator analysis on the gene expression data. As expected, TGF-β strongly activated the TGF-β receptor and canonical pathway signaling downstream of the TGF-β receptor (Table 3). Although a number of these factors were significantly enriched by BU treatment, most of the upstream regulators did not reach the cut-off value for consistent activation or inactivation—indicating that attenuation of TGF-β induced fibrosis by BU is not mediated via modification of the canonical TGF-β signaling pathway (Table 3). Importantly, TGF-β also activated non-canonical pathways downstream of the TGF-β receptor (involving ERK, JNK/P38, Rho-like GTPases and PI3K/AKT). BU did not affect the pathways via ERK and JNK/P38, but consistently deactivated the non-canonical signaling routes mediated by Rho-like GTPases and PI3K/AKT/MYC. Of note, BU did not exert its effect on one particular component of these pathways, but tended to simultaneously inactivate multiple of its components. Furthermore, BU also reduced TGF-β-induced activation of the Hippo signaling pathway (YAP/TAZ), a critical pathway in liver fibrosis [30]. To confirm our observations on protein level we performed a western blot analysis on cMyc protein expression. In line with the upstream regulator analysis we found that TGF-β non-significantly increased cMyc expression, whereas butyrate significantly decreased cMyc protein expression (Figure 5D,E).



In conclusion, BU specifically and dose-dependently decreased collagen synthesis in TGF-β stimulated HSC by attenuating activation of HSC into proliferative fibrogenic myofibroblasts. Gene expression analysis indicated that BU deactivated non-canonical TGF-ß signaling pathways involving Rho-like GTPases and PI3K/AKT/MYC, confirmed by western blot analysis for cMyc protein expression, providing a rationale for its antifibrotic effects.





4. Discussion


The objective of this long-term BU supplementation study was to investigate potential anti-fibrotic effects of BU in the context insulin-resistance-associated obesity. Indeed, mice fed BU for 38 weeks were protected against obesity-associated WAT inflammation, hyperinsulinemia, and NASH, and BU strongly suppressed development of liver fibrosis. These anti-fibrotic effects were supported by in vitro experiments in HSC demonstrating that BU directly and dose-dependently inhibited TGF-β induced collagen production.



This long-term dietary treatment study of 38 weeks allowed the examination of NASH-associated liver fibrosis. We demonstrated that BU-fed mice were protected against liver fibrosis development as hepatic collagen content and Sirius-red-positive area were decreased. The anti-fibrotic effects of BU observed in vivo were further substantiated by a dose-dependent reduction in collagen production by BU in an in vitro fibrosis model using TGF-β induced primary human HSC. Quiescent HSC comprise 10% of the liver and, in response to chronic liver injury, HSC will be activated and expand to approximately 15% of the total liver cells [31], concomitant with a major upregulation of hepatic collagen production. Importantly, only the SCFA BU—but not other SCFAs—lowered collagen deposition, indicating that the anti-fibrotic effect is specific for BU. NGS gene expression analysis demonstrated that HSC activation was attenuated with butyrate (e.g., SERPINE1 encoding for PAI1 and ACTA2 encoding for αSMA) [32,33], supported by a decrease in PAI1 protein expression in the HSC, and also in vivo by the αSMA staining in the livers of the mice. Subsequent pathway and upstream regulator analysis on the NGS data showed that BU did not affect canonical TGF-β signaling, but rather inactivated specific non-canonical pathways Rho-like GTPases and PI3K/AKT. RhoA and Rock GTPases promote nuclear localization and activation of YAP/TAZ to stimulate fibrosis [34], as observed in TGF-β stimulated HSC, and BU counteracted this effect. Suppression of YAP/TAZ activation by BU may be of particular importance because YAP/TAZ has been shown to sense ECM stiffness and to promote ECM production in a self-sustaining feedforward loop [34]. Interestingly, it was very recently shown that PAI-1 protein expression is mainly determined by the YAP/TAZ signaling pathway [35]. Therefore, the reduction of PAI-1 protein expression shown with butyrate in the present study confirms the predicted observed reduction in the Hippo signaling pathway (YAP/TAZ signaling) on the protein level. Also of note is the pronounced deactivation of MYC upon BU treatment, as confirmed by a decrease in cMyc protein expression with western blot analysis, since this has been demonstrated to be a marker of liver fibrosis [36] and overexpression of MYC alone induces HSC activation [37].



The observed NASH-attenuating effects are in line with findings in other rodent models that rely on the use of supraphysiological levels of cholesterol to induce liver inflammation [38,39] or methionine-choline-deficient diet models [40], which both focus on a very specific aspect of disease development. In this study, we used a model that makes use of translational dietary conditions (with a macronutrient composition and a natural cholesterol content similar to human diets) [17] and reflects the multiple organ dysfunction that is characteristic of NASH in humans [3,18]. Under these translational experimental conditions, we demonstrated that BU supplementation protects against diet-induced obesity, WAT inflammation, hyperinsulinemia, NASH, and liver fibrosis. These findings with BU cannot be merely ascribed to a reduction in caloric intake as food efficiency calculations showed that BU decreased the body weight increase per consumed calorie. Li et al. demonstrated that BU modestly increased fat oxidation in metabolic organs such as brown adipose tissue and muscle tissue [16], which may contribute to the observed weight loss independent of food intake. In line with this, the observed anti-fibrotic effects of BU can also not be linked directly to the reduction in energy intake, as demonstrated by a comparison of historical data from HFD-fed Ldlr-/-.Leiden control mice (Supplementary Figure S7)—which showed no difference in fibrosis development between mice with ‘normal’ energy intake (comparable to the HFD control group in the current study) and mice with ‘low’ energy intake (comparable to the HFD+BU group in the current study).



The pronounced hepatoprotective effects by BU seem to be mediated independent of the gut, as BU did not affect gut permeability or microbiota composition. It is possible that BU in the current study did not reach the colon, since absorption of SCFAs such as BU already takes place in the stomach [41] and ileum [42,43,44]. In line with this notion, studies using higher BU supplementation concentrations did report changes in fecal [9,40] or cecal [16] microbiota composition. Changes in microbiota composition are typically based on the fecal microbiota composition since it is easily accessible. However, we have previously shown that the colon mucosal site has better predictive value for metabolic dysfunction and NAFLD development [4]. Moreover, a reasonable assumption is that bacteria in the mucosal layer are in closer proximity to the gut barrier and therefore in more direct contact with the host than the fecal microbiota. Changes in functional gut permeability with BU in the context of metabolic overload induced NASH have not been studied yet to our knowledge, though increased gut barrier protein expression with butyrate has been reported [9]. Attenuation of gut permeability has been studied in the context of acute infections [45], stroke [46], and atherosclerosis models [47]. The experimental conditions employed in the present study (i.e., long-term HFD treatment with chronic low-grade inflammation) deviate from these models and it is possible that in other (more severe conditions) BU has different effects. Additionally, differences may be attributable to the higher butyrate dosages used in other studies.



BU attenuated WAT inflammation associated with an improvement in adipokine secretion, i.e., lowering of circulating proinflammatory leptin in line with previous observations [48]. Ikejima et al. demonstrated that sinusoidal endothelial cells and Kupffer cells both express functional leptin receptors and, when studied in vitro, respond to leptin with increased expression of TGF-β [49], the main pro-fibrotic cytokine. Furthermore, leptin has also been described to directly stimulate HSC activation in vitro [50]. The observed anti-inflammatory effect in WAT and lowered circulating leptin levels in the current study could therefore also indirectly have contributed to the attenuation of hepatic inflammation and liver fibrosis with BU.



A limitation of the current in vivo study is that it does not allow investigation of body weight-independent effects of BU. Nevertheless, the food-efficiency calculations and results from the in vitro experiments do provide an indication that BU has additional (direct) beneficial effects on top of the observed anti-obesogenic effects. These may be further investigated in future studies that include a pair-fed control group. In addition, as mentioned above, butyrate that is supplemental to the diet can already be absorbed in the upper intestinal tract and its effects are therefore not directly comparable to the effects of microbially produced BU, which is absorbed in the colon (and most likely becomes available systemically at lower doses than those used herein). However, the route of administration chosen here does allow direct and specific investigation of the effects of BU, while studies using fermentable fibers to increase microbial butyrate production indirectly will always be confounded by other fiber-induced effects.



In conclusion, we demonstrate that in the context of an obese phenotype with multiple-organ dysfunction and insulin resistance, BU protected mice against diet-induced NASH and liver fibrosis development. The anti-fibrotic effects of BU may at least in part be explained by direct inhibition of collagen synthesis in hepatic stellate cells involving suppression of specific non-canonical TGF-β signaling pathways Rho-like GTPases and PI3K/AKT, and other important pro-fibrotic regulators (e.g., YAP/TAZ, MYC).
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Figure 1. Butyrate reduced white adipose tissue inflammation (WAT). The number of inflammatory crown-like structures (indicated with arrows) were scored in (A) epidydimal WAT (eWAT), and shown in (B) the representative images of eWAT inflammation. Inflammation was also scored in (C) mesenteric WAT (mWAT and shown in (D)) the respective images representing mWAT inflammation. Data are presented as mean ± SD, ** p < 0.01, *** p < 0.001 vs. the HFD control group. 
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Figure 2. Butyrate does not affect gut permeability and microbiota composition. (A) Functional gut permeability fluorescein isothiocyanate-labeled dextran (FD4) assay. (B) Plasma LPS binding protein (LBP) concentrations. Data are presented as mean ± SD, **** p < 0.0001 vs. the HFD control group. (C) 16S rRNA gene analysis was performed to study the microbiota composition in fecal and mucosal compartments of both the colon and ileum. These changes in microbiota composition were visualized by non-metric multidimensional scaling (NMDS) using the Bray–Curtis index, in which every dot represents the microbiota composition of one mouse and the distance between dots represent how (dis)similar the microbiota composition is between these mice. 
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Figure 3. Butyrate reduced plasma liver damage markers, steatosis, and hepatic inflammation in 38-week HFD-fed animals. (A) Liver weight, (B) plasma liver damage maker ALT, and (C) CK18-m30. (D) Representative images of hematoxylin-eosin stained liver sections analyzed for (E) macrovesicular steatosis, (F) microvesicular steatosis, (G) hepatocellular hypertrophy, and (H) hepatic inflammation, supported by hepatic chemokine concentrations (I) CCL3 and (J) CCL5, expressed per mg protein. Data are presented as mean ± SD, ** p < 0.01, *** p < 0.001 vs. the HFD control group. 
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Figure 4. Butyrate decreased liver fibrosis in 38-week HFD-fed animals. (A) Alpha-smooth muscle cell actin (αSMA) immunoreactive positive area in liver cross sections, (B) hepatic collagen content measured in liver homogenates, (C) Sirius-red (SR) positive area of (D) Sirius-red stained cross-sections (representative images). Data are presented as mean ± SD, ** p < 0.01, *** p < 0.001 vs. the HFD control group. 
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Figure 5. Butyrate directly decreased TGF-β induced fibrosis in primary human hepatic stellate cells. (A) Collagen content in the cell matrix, (B) procollagen1a1 protein expression, and (C) PAI-1 protein expression in conditioned medium. Western blot analysis was used to determine (D) cMyc protein expression normalized for vinculin protein expression. (E) Representative images of the western blot bands. Data are presented as mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <0.0001 compared with the TGF-β control group. 
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Table 1. Body composition and metabolic risk factors.
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	Chow
	HFD
	HFD + BU





	Body weight (g)
	42.4 ± 6.3 ***
	56.5 ± 3.9
	45.3 ± 4.4 ***



	Average energy intake (kcal/mouse/day)
	12.7 ± 0.5
	13.4 ± 0.3
	11.6 ± 0.5 **



	Average food efficiency (mg BW gain/kcal)
	3.85 ± 1.72 ***
	7.54 ± 1.14
	5.73 ± 0.86 ***



	Cholesterol (mM)
	9.3 ± 2.2 ***
	34.4 ± 6.4
	35.7 ± 7.5



	Triglycerides (mM)
	1.7 ± 0.6 ***
	5.5 ± 2.1
	6.3 ± 2.5



	Glucose (mM)
	7.1 ± 1.1
	6.6 ± 0.9
	6.6 ± 1.2



	Insulin (ng/mL)
	9.3 ± 16.4 *
	20.3 ± 11.1
	8.1 ± 4.2 *



	Leptin (ng/mL)
	25.3 ± 13.3 ***
	59.2 ± 16.0
	39.3 ± 9.5 ***



	Adiponectin (ug/mL)
	7.2 ± 1.2 *
	6.1 ± 1.6
	6.2 ± 0.8







BW = body weight. Data are presented as mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the HFD control group.
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Table 2. Gene expression analysis in primary human stellate cells.
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TGF-β vs. Unstimulated

	
BU+TGF-β vs. TGF-β




	
Gene Name:

	
2logR

	
p-Value

	
2logR

	
p-Value






	
Myofibroblast markers

	

	

	

	




	
ACTA2

	
4.28

	
0.000

	
−1.15

	
0.000




	
SERPINE1

	
2.03

	
0.000

	
−0.37

	
0.000




	
ELN

	
2.13

	
0.000

	
−1.40

	
0.000




	
CDH11

	
1.43

	
0.000

	
−1.45

	
0.000




	
DES

	
0.70

	
0.007

	
1.62

	
0.000




	
VIM

	
−0.02

	
0.682

	
0.79

	
0.000




	
PALLD

	
2.29

	
0.000

	
−0.27

	
0.000




	
TPM1

	
3.24

	
0.000

	
0.13

	
0.002




	
CFL1

	
0.62

	
0.000

	
−0.26

	
0.000




	
COL1A1

	
0.63

	
0.000

	
−0.05

	
0.402








Changes in gene expression of myofibroblast markers indicative for hepatic stellate cell activation. Gene expression changes are expressed in 2log fold-change (2logR), red indicates upregulation in gene expression, green indicates downregulation, and significant changes are marked in grey.
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Table 3. Upstream regulator analysis in primary human stellate cells.






Table 3. Upstream regulator analysis in primary human stellate cells.





	

	
TGF-β vs. Unstimulated

	
BU+TGF-β vs. TGF-β




	
Upstream Regulator:

	
Z-Score

	
p-Value

	
Z-Score

	
p-Value






	
TGF-β signaling

	

	

	

	




	
TGFB1

	
9.7

	
0.000

	
1.5

	
0.000




	
TGFB2

	
5.1

	
0.000

	
−0.4

	
0.002




	
TGFB3

	
5.6

	
0.000

	
−0.7

	
0.000




	
TGFBR1

	
2.6

	
0.000

	
−0.2

	
0.030




	
TGFBR2

	
1.8

	
0.000

	
−0.1

	
0.000




	
TGFBR3

	
−1.0

	
0.026

	
N/A

	
N/A




	
Canonical TGF-β signaling

	

	

	

	




	
SMAD1

	
0.4

	
0.000

	
0.7

	
0.003




	
SMAD2

	
4.5

	
0.000

	
N/A

	
1.000




	
SMAD3

	
2.8

	
0.000

	
2.0

	
0.014




	
SMAD4

	
3.5

	
0.000

	
1.3

	
0.002




	
SMAD7

	
−1.5

	
0.000

	
−0.9

	
0.002




	
SMAD2/3/4

	
2.6

	
0.001

	
N/A

	
1.000




	
SMAD1/5/9

	
N/A

	
1.000

	
N/A

	
0.022




	
Non-canonical TGF- β signaling




	
via ERK

	

	

	

	




	
RAS

	
2.9

	
0.000

	
0.9

	
0.000




	
RAF

	
0.2

	
0.000

	
0.5

	
0.000




	
MAP2K1

	
1.6

	
0.000

	
2.1

	
0.000




	
ERK

	
3.0

	
0.000

	
3.1

	
0.000




	
CAV1

	
1.3

	
0.000

	
1.6

	
0.000




	
via JNK/p38

	

	

	

	




	
MAP3K7

	
0.6

	
0.000

	
N/A

	
1.000




	
JNK

	
3.4

	
0.000

	
0.0

	
0.000




	
MAPK11

	
0.6

	
0.030

	
2.4

	
0.120




	
MAPK13

	
−0.8

	
0.039

	
1.3

	
0.037




	
MAPK14

	
1.4

	
0.000

	
2.7

	
0.000




	
AP1

	
2.2

	
0.000

	
2.7

	
0.026




	
via Rho-like GTPases

	

	

	

	




	
RHOA

	
1.2

	
0.001

	
−1.0

	
0.001




	
ROCK

	
1.5

	
0.000

	
−0.9

	
0.000




	
CDC42

	
N/A

	
1.000

	
N/A

	
1.000




	
RAC1

	
2.7

	
0.000

	
N/A

	
1.000




	
PAK1

	
1.4

	
0.006

	
−1.0

	
0.019




	
PAK2

	
−0.3

	
0.000

	
−1.6

	
0.006




	
via PI3K/AKT

	

	

	

	




	
AKT

	
3.3

	
0.000

	
0.2

	
0.000




	
PTEN

	
−2.0

	
0.000

	
1.2

	
0.000




	
GSK3B

	
0.6

	
0.011

	
−1.1

	
0.042




	
MDM2

	
N/A

	
1.000

	
−0.7

	
0.008




	
MYC

	
2.2

	
0.000

	
−6.2

	
0.000




	
MTORC1

	
0.7

	
0.003

	
N/A

	
1.000




	
HIPPO signaling

	

	

	

	




	
YAP1

	
2.5

	
0.000

	
−2.1

	
0.000




	
WWTR1

	
0.8

	
0.000

	
−1.8

	
0.000








The activity of an upstream regulator was calculated based on gene expression changes of all downstream target genes. A Z-score < −2 indicates inhibition of the respective regulator or pathway (green color) and Z > 2 indicates activation (red color). The p-value < 0.05 in grey indicates significant enrichment of the target genes downstream of a regulator, i.e., that more downstream genes are affected than can be expected by chance. N/A indicates an insufficient number of differentially expressed genes to predict the activation state of an upstream regulator.
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