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Bone marrow mesenchymal stem cells (BMSCs) can effectively alleviate liver fibrosis, but the efficacy of cell therapy alone is insufficient. In recent years, a combination of traditional Chinese medicine (TCM) and cell therapy has been increasingly used to treat diseases in clinical trials. Ferulic acid (FA) is highly effective in treating liver fibrosis, and a combination of cells and drugs is being tested in clinical trials. Therefore, we combined BMSCs and Ferulic acid to treat CCl4-induced fibrosis and determine whether this combination was more effective than single treatment. We used BMSCs and FA to treat CCl4-induced fibrosis in rat models, observed their therapeutic effects, and investigated the specific mechanism of this combination therapy in liver fibrosis. We created a BMSC/hepatic stellate cell (HSC) coculture system and used FA to treat activated HSCs to verify the specific mechanism. Then, we used cytochalasin D and angiotensin II to investigate whether BMSCs and FA inactivate HSCs through cytoskeletal rearrangement. MiR-19b-3p was enriched in BMSCs and targeted TGF-β receptor II (TGF-βR2). We separately transfected miR-19b-3p into HSCs and BMSCs and detected hepatic stellate cell activation. We found that the expression of the profibrotic markers α-SMA and COL1-A1 was significantly decreased in the combination group of rats. α-SMA and COL1-A1 levels were also significantly decreased in the HSCs with the combination treatment. Cytoskeletal rearrangement of HSCs was inhibited in the combination group, and RhoA/ROCK pathway gene expression was decreased. Following angiotensin II treatment, COL1-A1 and α-SMA expression increased, while with cytochalasin D treatment, profibrotic gene expression decreased in HSCs. The expression of COL1-A1, α-SMA and RhoA/ROCK pathway genes was decreased in the activated HSCs treated with a miR-19b-3p mimic, indicating that miR-19b-3p inactivated HSCs by suppressing RhoA/ROCK signalling. In contrast, profibrotic gene expression was significantly decreased in the BMSCs treated with the miR-19b-3p mimic and FA or a miR-19b-3p inhibitor and FA compared with the BMSCs treated with the miR-19b-3p mimic alone. In conclusion, the combination therapy had better effects than FA or BMSCs alone. BMSC and FA treatment attenuated HSC activation and liver fibrosis by inhibiting cytoskeletal rearrangement and delivering miR-19b-3p to activated HSCs, inactivating RhoA/ROCK signalling. FA-based combination therapy showed better inhibitory effects on HSC activation.
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INTRODUCTION
Hepatic fibrosis is a repair response of the liver to chronic hepatocyte injury. Following persistent injury of the liver or stimulation by fibrotic factors, pathological changes in the extracellular matrix (ECM) occur in the liver tissue, and the balance between the production or degradation of ECM is disrupted, leading to excessive deposition of ECM in the liver tissue, fibrosis and eventually cirrhosis. (Bataller and Brenner 2005; M. Pinzani and Rombouts, 2004). Activated hepatic stellate cells (HSCs) are an important cause of liver fibrosis. Upon liver injury, Kupffer cells and endothelial cells in the liver release cytokines, such as transforming growth factor-β (TGF-β), to activate quiescent HSCs. Activated HSCs transdifferentiate into myofibroblastic HSCs (Virarkar et al., 2021). Then, the cytoskeleton in these HSCs undergoes rearrangement, the cell dynamics increase, and these cells migrate to the site of liver injury and produce substantial amounts of ECM components, such as α-smooth muscle actin (α-SMA) and collagens. Fired-Man proved that activated HSCs are the main source of extracellular collagen in the liver. Therefore, regulating HSC activation and migration could be an anticipated antifibrotic strategy.
Bone marrow mesenchymal stem cells (BMSCs) have become an emerging therapeutic agent for liver fibrosis in recent years due to their proliferative potential, low immunogenicity, abundant sources, tissue repair ability, and chemotactic and homing abilities (Alfaifi et al., 2018). The therapeutic effects of MSCs on liver fibrosis are related to their ability to undergo hepatocyte-like differentiation, participate in immunization activities and secrete paracrine factors (Yao et al., 2020). For example, hBMSC-derived exosomes protected against liver fibrosis by regulating the Wnt/β-catenin pathway, and antler stem cells were identified as a novel source to reduce liver fibrosis (Rong et al., 2019; Rong et al., 2020). In our previous study, BMSCs ameliorated CCl4-induced liver damage and fibrosis in rats via the FGF2-Dlk1-Notch1 pathway (Li et al., 2017).
Although BMSCs can improve liver fibrosis, one of the major challenges of BMSCS therapy is the inefficiency of clinical treatment. BMSCs are commonly injected at 1 × 106 cells/kg. BMSC treatment can also lead to potential risks, such as in vitro cell amplification and adverse reactions caused by implanted BMSCs. In addition, several phase III clinical trials have failed due to the inefficiency of BMSCs. Therefore, identification of strategies to improve the therapeutic effects has become a key issue in BMSC therapy (Ankrum and Karp 2010; Liao et al., 2017). In recent studies, traditional Chinese medicine (TCM) combined with BMSC therapy has shown unique advantages and characteristics. Bie jia jian pill combined with BMSCs suppressed hepatocellular carcinoma (Jingjing et al., 2021). Saponins from Rhizoma Panacis Majoris combined with BMSCs could improve hepatic fibrosis (Tian 2016). Naringin combined with BMSCs and acellular dermal matrix affected cartilage injury (Ye Chao et al., 2021). Ferulic acid (FA), as an important ingredient in TCM, has therapeutic activity against a variety of diseases. The hepatoprotective effects of FA have been demonstrated in studies using CCl4 to induce liver fibrosis (Jayamani et al., 2018; Ali et al., 2021; Li et al., 2021). Therefore, we proposed the combination of BMSCs and FA in the treatment of liver fibrosis and investigated the mechanisms underlying the antifibrotic effect in this study.
MATERIALS AND METHODS
Cell Culture
SD-BMSCs were isolated from the bone marrow of Sprague-Dawley (SD) rats aged 3–6 weeks and were cultured as previously described (Yuhui Lin et al., 2011). BMSCs were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, MA, United States, CAT: C11995500BT) with 10% foetal bovine serum (FBS; AQ, Beijing, China, CAT: AQmv02200-500ml) and 1% penicillin/streptomycin (P/S; Gibco, CAT: 15140122) at 37°C in an incubator containing 5% CO2. HSC-T6, a rat HSC cell line (purchased from Keygen Biotech, Nanjing, China, CAT: KG313), was cultured in DMEM-high (Gibco) with 10% FBS (AQ) and 1% P/S (Gibco) at 37°C in a humidified atmosphere containing 5% CO2. SD-BMSCs and HSC-T6 cells were seeded in 25-cm2 plates at 70% confluence.
Experimental Animal Models
Male SD rats were treated in the Experimental Animal Center of Capital Medical University in an environment without a specific pathogen barrier. All experiments were approved and supervised by the Animal Care and Use Committee of Capital Medical University (approval number: SCXK 2016-0006), and the animals were housed in a facility with a 12 h light/12 h dark cycle and allowed free access to food and water. Eight-week-old rats (n = 30) received 0.2 ml/kg body weight of CCl4 (RhawnSeal, Shanghai, China, CAT: R015578-500ml) dissolved in olive oil by intraperitoneal injection for 2 weeks, followed by 0.1 ml/kg body weight of CCl4 for 2 weeks and finally 0.05 ml/kg body weight of CCl4 for 2 weeks. As a normal control (NC group), rats were injected with an equal volume of olive oil (n = 6). All modelling injections were administered three times per week for a total of 6 weeks. After 6 weeks of modelling, 30 model rats were randomly divided into 5 groups (n = 6). We randomly chose rats in 2 CCl4 groups (n = 6) by injection of 5 × 106 BMSCs into tail vein (stained with CFDA SE, Meilunbio, Dalian, China, CAT: MB2308-1) once a week for 2 weeks. Then, we established a CCl4 group and a CCl4+ BMSC group (LIU Wen-lan et al., 2014), and the animals were treated with FA (10 mg/kg) by intragastric administration (Solarbio, Beijing, China, CAT: F8330-5g). The rats in another CCl4 group were treated with colchicine (0.1 mg/kg) (Aladdin, Shanghai, China, CAT: C106738-100mg) as a positive control (Mu et al., 2018). The animals in the other groups were treated with equal amounts of normal saline. All rats were gavaged once a day for 2 weeks. After treatment for 2 weeks, all rats were sacrificed, and the serum and liver tissues were obtained. The groups were as follows: normal control group (NC), model group (model), colchicine group (positive control), FA group (FA), BMSC group (BMSCs), and BMSC + FA group (FC).
Measurement of Aspartate Aminotransferase and Alanine Aminotransferase
We collected 1 ml of blood from each animal. After storage at room temperature for 4 h, the serum was separated by centrifugation (×1500 g, 10 min). Then, 200 μL serum samples were used for analysis. The activities of serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were determined by commercial kits obtained from Konkahongyuan Co. (Beijing, China, CAT: KA4189) according to the manufacturer’s instructions.
Histopathological Evaluation
Fresh liver tissue samples were fixed in 10% formaldehyde at 4°C overnight and embedded in paraffin wax for histological evaluation. Sections were stained with haematoxylin and eosin (HE), and the severity of the histological changes was evaluated. We obtained images by using a microscope equipped with a LI-COR Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln, NE, United States).
Masson Trichrome Staining
For staining, 4–6 µm-thick sections were obtained from paraffin-embedded blocks and stained with Masson trichrome (MT) and FANCM. For MT staining, the Trichrome III Green Staining Kit (Solarbio, Beijing, China, CAT: G1340), a modified version of the MT stain, was used with Bouin’s solution to intensify the final colouration.
Cell Coculture Experiments
HSCs were activated with TGF-β1 (10 ng/ml, PeproTech, United States, CAT: 100-21-10) for 24 h, and then, activated HSCs were cocultured with SD-BMSCs by using 6-well Transwell inserts (0.4 µm, Corning, NY, United States, CAT: 3412), which were permeable to the culture medium but not cells. All coculture experiments were performed with HSCs seeded in the bottom chambers and BMSCs seeded in the insert chambers. After coculture for 12 h, the cells were washed twice with PBS, randomly divided into 5 groups and incubated in fresh DMEM. One group with normal medium was set as the model group. The group with medium containing 6 µg/ml colchicine was used as a positive control. Another three groups with medium with three doses of FA (1 mg/ml, 0.5 mg/ml, 0.25 mg/ml) were set as the FA groups. In addition, inactivated HSCs cocultured with BMSCs were used as the normal group. After coculture for 24 h, we collected HSCs and medium for subsequent experiments.
Cell Migration Experiments
The cocultured cells were divided into 6 groups (NC, model, positive, FA-1 mg, FA-0.5 mg, and FA-0.25 mg). The specific cell coculture conditions were the same as those in the above experiments. When activated HSCs were treated with FA (1 mg/ml, 0.5 mg/ml, 0.25 mg/ml) and colchicine (6 μg/ml) for 24 h, we washed the cells with PBS twice, collected HSCs and seeded equal numbers of cells into 24-well Transwell inserts (8 μm, Corning, CAT: 3422), which allowed cell migration. After culture for 12 h, the cells were fixed with 4% paraformaldehyde for 20 min and washed twice with PBS, and the residual HSCs on the surface membranes were removed. Then, the cells were stained with crystal violet (Solarbio, CAT: C8470-25g) for 10 min and washed twice with PBS again. We removed the membranes from the inserts and counted the cells on the membrane by microscopy.
Cytoskeletal Inhibitor and Agonist Experiments
HSCs were activated with TGF-β1 (10 ng/ml) for 24 h, and then, activated HSCs and BMSCs were cocultured with 0.4 µm Transwell inserts for 12 h. When cells adhered to wells, the coculture system was divided into three groups, and we next added fresh medium. One group with 1 µM cytochalasin D (cytoskeleton inhibitor, purchased from Sigma, Germany, CAT: C2618) was set as the cytoskeletal inhibitor group, one with 10 µM angiotensin II (cytoskeleton agonist, purchased from Sigma, CAT: A9525) was set as the cytoskeletal agonist group, and the normal and model groups had blank medium. After 24 h of culture, we collected cells and medium for subsequent experiments.
Transfection of miR-19b-3p Mimics and a miR-19b-3p Negative Fragment Into Hepatic Stellate Cells
To detect the effect of miR-19b-3p on HSC activity, we designed miR-19b-3p mimics (5′-UGU GCA AAU CCA UGC AAA ACU GA-3′; KeyGEN, CAT:KGmiRNA) on the miR-19b-3p sequence and negative controls (NC-d). HSCs were activated in 10 ng/ml TGF-β1 medium without FBS for 24 h, digested by trypsin, centrifuged and counted. The cells were randomly divided into a model group, mimic group and negative control group, and inactivated HSC-T6 cells were set as the normal group. Therefore, all cells were divided into 4 groups: normal, model, HSC + mimics (mimic), and HSC + mimics NC (NC-d). Transient transfection was performed at a concentration of 10 μg/ml, and the cells were mixed evenly with miRNAs. The mixtures were added to a 4 mm shock tube, and the volume was not more than 900 μL. Shock tubes were placed into the BTX tester, the preset conditions were selected, and the detected instrument had no short circuit. After transfection, the cell mixture was transferred to a 6-well plate and cultured for 24 h. Cells were observed and captured with inverted fluorescence microscope (Axio observer A1, Zeiss, Germany). We collected HSCs and medium for subsequent experiments. All mimic and inhibitor were tagged with Cy3 fluorescence markers based.
Transfection of miR-19b-3p Mimics, Inhibitors, and Negative Controls Into Bone Marrow Mesenchymal Stem Cells
To detect the effect of miR-19b-3p on SD-BMSCs, when BMSCs were digested, centrifuged and counted, we selected SD-BMSCs in good condition and randomly divided them into the model group, mimic group, inhibitor group, FA combined mimic group (FA + mimic group), FA combined inhibitor group (FA + inhibitor group), and negative control group (NC-d and NC-s). A total of 10 μg/ml miRNAs (miR-19b-3p mimic 5′-UGU GCA AAU CCA UGC AAA ACU GA-3′, KeyGEN; miR-19b-3p inhibitor 5′-UCA GUU UUG CAU GGA UUU GCA CA-3′, KeyGEN; miR-mimic NC-d, KeyGEN; miR-inhibitor NC-s KeyGEN) was used for transient transfection. The miRNAs all carried Cy3 markers. The cells and miRNAs were evenly mixed and placed into a 4 mm shock tube with a volume less than 900 μL. The shock tube was placed in the machine. After transfection, the cell mixture was transferred to inserts of 0.4 µm Transwell 6-well culture plates and cocultured with activated HSC-T6 cells for 24 h. After 24 h, we added fresh medium to each group. The medium of the mimic group and inhibitor group was exchanged with fresh DMEM containing 10% FBS. The mimic + FA and inhibitor + FA groups had fresh medium containing 1 mg/ml FA and 10% FBS. We also used normal BMSCs cocultured with resting HSCs or activated HSCs as a normal control or model and added normal fresh medium. Cells were divided into 8 groups: normal, model, BMSC + mimics (mimic), BMSC + inhibitors (inhibitor), BMSC + mimics + FA (mimic + FA), BMSC + inhibitors + FA (inhibitor + FA), BMSC + mimics NC (NC-d), and BMSC + inhibitor NC (NC-s). The coculture lasted for another 24 h. After coculture, we collected HSCs and medium for subsequent experiments.
Enzyme-Linked Immunosorbent Assay
We extracted the culture medium and centrifuged the medium (×10000g, 20 min) to remove the cell debris. Then, we detected the contents of COL1-A1 (Mlbio, Shanghai, China, CAT: ml058800) and α-SMA (Mlbio, CAT:ml038078) in the culture medium with enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s protocol. The 20× washing solution was diluted to 1×, and an appropriate volume was prepared. Standard wells, sample wells and blank wells were used, and each group was assayed 3 times. We added 50 μL of the standard substance at different concentrations to each standard well, 50 μL of culture supernatant to the sample wells and 50 μL of sample dilution to the blank well. Next, we added 100 μL of horseradish peroxidase (HRP)-labelled detection antibody to each well, sealed the reaction well with a plate membrane, incubated it at 37°C for 60 min, discarded the liquid, washed it with 350 μL of washing solution 5 times, added 50 μL of substrates A and B to each well, incubated it at 37°C for 15 min in the dark, and added 50 μL of stop solution to each well. After 15 min, the OD value of each well was measured at a wavelength of 450 nm, and the sample well concentration was calculated. All data are presented as the mean ± SEM of values from at least three repeated experiments.
Cloning of Vector Constructs and Luciferase Reporter Assay
For cloning of vector constructs, Rat miR-19b-3p were predicted by database: http://mirwalk.umm.uni-heidelberg.de. The 3′ untranslated region (UTR) of rat TGF-βR2 from genomic DNA, containing binding sites for rat miR-19b-3p, was amplified by PCR. The primer sequences used for vector construction were as follows: forward, 5′-TTC​TAG​TTG​TTT​AAA​CGA​GCT​CGC​TAG​CCT​CGA​GCT​TTT​TCT​GGG​CAG​GCT​GGG​CCA​AGA​CTC​CG-3′, reverse, 5′-GCA​GCC​GGA​TCA​GCT​TGC​ATG​CCT​GCA​GGT​CGA​CAA​GTG​CTA​ACG​TTA​TGC​CGA​GCC​CCT​TCC​GC-3'. The PCR product was purified using an AccuPrep PCR purification kit (Tiangen, CAT: DP204), cut by the restriction enzymes XhoI and SalI, and then cloned into the pmirGLO vector (Promega, WI, United States). The vector constructs with the 3′UTR of TGF-βR2 were transformed into Escherichia coli, and then, plasmid DNA was extracted from transformed, ampicillin-resistant E. coli using an AccuPrep Plasmid Mini Extraction Kit (Tiangen, Beijing, China, CAT: DP103). The sequences of the miR-19b-3p-binding sites of the 3′UTR of TGF-βR2 were confirmed by sequencing analysis (KeyGEN). Mutant vectors lacking the miR-19b-3p-binding site were manufactured by KeyGEN (KeyGEN, CAT: KGplasmid). For the luciferase reporter assay, HSC-T6 cells were seeded in 24-well culture plates in culture medium without P/S 1 day before transfection. The HSCs were divided into 3 groups: pmirGLO vector group, TGF-βR2-WT group, and TGF-βR2-MUT group. Either 10 µg miR-19b-3p mimic (KeyGEN) or scrambled miRNA (NC-d; KeyGEN) was added to each group. The cell mixture was placed into a 4 mm shock tube with a volume less than 900 μL. The shock tube was placed in the machine. After transfection, the cell mixture was cultured in 6-well plates for 48 h. After transfection, the cells were collected and tested with the Dual-Luciferase reporter assay system (Beyotime, Shanghai, China, CAT:RG028). Then, 100 μL of lysate was added to each well. After the cells were fully lysed, centrifugation was performed at ×10000 g–×15000 g for 5 min, and the supernatant was taken for analysis. Firefly luciferase detection reagent and sea kidney luciferase detection buffer were dissolved, an appropriate amount of sea kidney luciferase detection buffer was taken according to the amount of 100 μL for each sample, and sea kidney luciferase detection substrate (100×) at 1:100 was added to prepare sea kidney luciferase detection working solution. According to the operating instructions of the instrument, we used a multifunctional microplate detector with a chemiluminescence detection function and set the determination interval to 2 s and the detection time to 10 s. For each sample, 50 μL was taken, 100 μL of firefly luciferase detection reagent was added, and the RLU was determined after blowing and mixing with a gun. The reporter lysate was used as a blank control. After completing the above steps for the determination of firefly luciferase activity, 100 μL of luciferase detection solution was added, the sample was blown and mixed, and the RLU was determined. With sea cucumber luciferase as an internal reference, the RLU value for firefly luciferase was divided by the RLU value for sea cucumber luciferase, and the activation degree of the target reporter gene in each sample was compared according to the obtained ratio. All firefly luciferase activity data were normalized to Renilla luciferase activity and are presented as the mean ± SEM of values from at least three repeated experiments.
Quantitative Real-Time PCR Analysis
We took 20 mg frozen animal tissues/cell samples, added 400 μL of TRIzol, homogenized them twice for 5 s each time, fully ground them, and homogenized them at room temperature for 5–10 min. Next, we added 80 μL of chloroform, mixed the sample for 15 s, incubated the sample at room temperature for 10–15 min, and then centrifuged it at 4°C and ×12000 g for 15 min at high speed. After centrifugation, the solution was divided into 3 layers, and RNA was in the supernatant. The supernatant was carefully transferred to a new 1.5-ml centrifuge tube without RNA enzyme, isopropyl alcohol was added to an equal volume and mixed evenly, and the sample was incubated at room temperature for 10 min. The mixture was centrifuged again at ×25000 g and 4°C for 15 min. The supernatant was carefully removed, precipitated with 1.5 ml of 75% ethanol to remove the organic solvent, and incubated until the precipitate floated. The samples were centrifuged at ×25000 g at 4°C for 10 min. Ethanol was discarded, and the precipitate was dried at room temperature for 3 min. The precipitate was dissolved in 20 μL of RNA-free water. After mixing, the RNA concentration and quality were detected, and reverse transcription was conducted. After the isolated RNA was reverse transcribed into cDNA by using a reverse transcription kit (Tiangen Biotech, Beijing, China, CAT: KR201), we used quantitative PCR (qRT-PCR) with a SYBR Green Taq kit (KAPA Biotechnology, CAT: KK4601) on a 7500HT Fast real-time PCR system to assay target gene expression. The primers were designed using Primer 5 (Table 1). The PCR conditions were as follows: 1) 95°C for 30 s and 2) 40 cycles of 95°C for 20 s, 60°C for 20 s, and 72°C for 20 s. The experiment was repeated three times.
TABLE 1 | Primer sequences.
[image: Table 1]Cytoskeleton Staining
HSCs were treated with TGFβ1 and then cocultured with BMSCs. After the coculture period, the cells were washed twice with PBS, fixed with 4% paraformaldehyde for 20 min, and permeabilized with 0.1% Triton X-100 in PBS for 2–3 min at room temperature. After the cells were washed with PBS twice, they were stained with phalloidin (1:200) (Keygen, CAT: KGMP001) for 30 min. After phalloidin staining, the cell nuclei were stained with DAPI (1:100) (Solarbio, CAT: C0060) for 10 min. The cells were observed and captured using a confocal laser scanning microscope (Zeiss SP8, Germany). We observed the cytoskeleton in the FITC channel (wavelength = 498 nm) and miR-19b-3p markers in the Cy3 channel (wavelength = 550 nm).
Western Blot Analysis
Cells and liver tissues were lysed in RIPA buffer (Lablead, Beijing, China, CAT: P0013B) and fully ground for 20 min, and total protein was extracted. The protein concentration was measured using a BCA protein assay kit (Beyotime, Nanjing, China, CAT: P0012). Protein detection by Western blot analysis was performed routinely. Equal amounts of total protein were separated by 8% or 10% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (0.45/0.22 µm, Milipore, United States, CAT: IPVH00010). The membranes were incubated with primary antibodies against α-SMA (1:1000; Sigma, CAT: A2547), Col1α1 (1:1000; Abcam, United States, CAT: ab260043), GAPDH (1:1000; Cell Signaling Technology, Boston, United States), ROCK (1:1000; CST, CAT: 4035S), RhoA (1:1000; CST, CAT: 2117T), LIMK1 (1:1000, CST, CAT: 3842S), SRF (1:1000, CST, CAT: 5147S), and TGF-βR2 (1:1000, CST, CAT: 79424T) overnight at 4°C. Then, an HRP-conjugated goat anti-rabbit IgG (1:10000; Jackson ImmunoResearch, United States, CAT: 312-005-003) secondary antibody was incubated at 37°C for 1 h. The immunobands were visualized using a chemiluminescent HRP substrate (NCM, Beijing, China, CAT: P10200). Finally, the immunoreactive protein bands were detected and imaged by the Image Lab system (Bio-Rad ChemiDoc XRS, United States; Fusion FX, Vilber, France). Protein expression was standardized to that of GAPDH and quantified using Gel-Pro Analyzer software (Media Cybernetics, Rockville, MD, United States).
Statistical Analysis
The results are expressed as the mean ± SEM. Statistical differences were determined by one-way ANOVA and two-way ANOVA (SPSS 20.0, Chicago, IL, United States). p values < 0.05 were considered statistically significant.
RESULTS
Ferulic Acid Promotes the Ability of Bone Marrow Mesenchymal Stem Cells to Decrease Serum Aspartate Aminotransferase and Alanine Aminotransferase Levels in Liver Fibrosis Models
As shown in Figure 1A, the liver was dark red, the liver surface was rough, and adhesions appeared between the liver lobes in the CCl4-treated group compared to the normal group. In contrast, following BMSC and FA treatment, the liver changed substantially. The colour of the liver returned to light red, the liver surface was smooth, and adhesions were reduced in the BMSC + FA group compared to the model group. Rat weight also showed differences among the groups. Compared to that of the normal control rats, the weight of the model rats was significantly decreased (p < 0.001). The weight was significantly increased with FA and BMSC treatment (p < 0.001, vs. the model group), and there were no significant differences among the three treatment groups (Figure 1B). The serum ALT and AST levels in the model rats were significantly increased (p < 0.05, vs. control group), indicating successful establishment of the rat liver fibrosis model. FA, BMSC or FA&BMSC administration significantly decreased the serum AST and ALT levels (p < 0.05, vs. the model group) and there were no significant differences among the three treatment groups (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Administration of BMSCs combined with FA ameliorates CCl4-induced liver injury in rats. (A) The liver appearance of each group (normal, model, positive, BMSC, FA, and FC groups). (B) Comparison of body weight among the groups (Two-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001 versus the normal group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the model group). (C,D) Serum levels of AST and ALT in each group (n = 6). Data are presented as the mean ± SEM (Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05, ##p < 0.01 versus the model group). (E) Images of HE-stained liver sections from representative animals in the normal, model, positive, BMSC, FA, and FC groups (original magnification, ×10; scale bars, 100 µm, n = 6). (F) Masson stained liver sections from representative animals in the normal, model, positive, BMSC, FA, and BMSC&FA groups (original magnification, ×10; scale bars, 100 μm). The yellow squares indicate collagen. (G) The percentage of collagen area of Masson staining in each group (n = 6). Data are presented as the mean ± SEM (Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus the model group).
Histopathological Assessment of Liver Damage
To further confirm the antifibrotic effects of BMSCs, FA and their combination in an in vivo rat liver fibrosis model, we performed HE and Masson staining. As shown in Figures 1E,F, inflammatory cell infiltration, fragmented hepatic nuclei, and collagenous fibre formation were observed in the model group. Damage caused by CCl4 was significantly attenuated by BMSCs, FA, and the combination. In addition, the combination treatment achieved better reductions in collagenous fibres than the FA and BMSC single treatments.
Ferulic Acid Promotes the Ability of Bone Marrow Mesenchymal Stem Cells to Improve Liver Fibrosis via the RhoA/ROCK Pathway
We found that FA could promote the ability of BMSCs to reduce liver fibrosis via the RhoA/ROCK pathway. Compared with that of the normal group, the protein expression of the model group showed significant increases in the profibrotic markers α-SMA and COL1-A1, while in the FA and BMSC-treated groups, their expression levels were decreased. In addition, FA combined with BMSCs showed better effects than the other two treatments on reducing COL1-A1 expression (p < 0.05). The expression patterns of RhoA and ROCK showed the same trends (Figures 2A,B).
[image: Figure 2]FIGURE 2 | (A,B) Western blot and cumulative densitometric analyses of ROCK1 (160 kDa), COL1-A1 (139 kDa), α-SMA (42 kDa), GAPDH (37 kDa), and RhoA (21 kDa) in livers from each group (normal, model, positive, FA, BMSCs, FC). Data are presented as the mean ± SEM (n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05, versus the model group; Δp<0.05, versus the FC group); (C) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, and RhoA in rat livers. Data are presented as the mean ± SEM (n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group).
QRT-PCR assays confirmed the protein data, showing reductions in α-SMA, COL1-A1, RhoA and ROCK expression in the FA, BMSC and FA&BMSC (FC) groups. These results clearly indicated that BMSCs combined with FA could be a novel treatment for liver fibrosis (Figure 2C).
Ferulic Acid Promotes the Ability of Bone Marrow Mesenchymal Stem Cells to Inhibit Cytoskeletal Rearrangement in Hepatic Stellate Cells
The activation of HSCs is an important factor in the formation of liver fibrosis. When stellate cells are activated, the cytoskeleton rearranges and promotes the migration of stellate cells. The RhoA/ROCK pathway is not only associated with the formation of fibrosis but also closely associated with cytoskeletal rearrangement. Therefore, we focused on whether FA promotes BMSC-mediated inhibition of cytoskeletal rearrangement in HSCs. Cocultured HSCs were evaluated by fluorescence and confocal microscopy and showed successful uptake. Compared to those in the normal group, activated HSCs exhibited F-actin remodelling to form a large number of thick stress fibres across the whole cell. In the FA-treated group, F-actin was observed in lamellipodia or filopodia in each cell, and a few fine stress fibres were found in these cells (Figure 3).
[image: Figure 3]FIGURE 3 | Representative images of the cytoskeleton (green) in the HSCs treated with BMSCs or BMSC&FA (1 mg/ml). DAPI was used to stain cell nuclei (original magnification, ×40; scale bars: 25 μm).
Ferulic Acid Promotes Bone Marrow Mesenchymal Stem Cell-Mediated Inhibition of the Activation of Hepatic Stellate Cells via the RhoA/ROCK/SRF and RhoA/ROCK/LIMK1 Pathways
To investigate the promotive effect of FA on BMSC-mediated inhibition of HSC activation, we cultured activated HSC-T6 cells with an equal proportion of BMSCs as the model group, and activated HSC-T6 cells cocultured with BMSCs and treated with different doses of FA (1 mg/ml, 0.5 mg/ml, or 0.25 mg/ml FA) were used as the treatment groups. Inactivated HSCs cocultured with BMSCs in normal medium were used for the normal control group (NC group). We first detected the migration of HSCs. The activated HSC has great migration ability, the more active cells are, the more cells migrate in same period of time. The number of migration cell respects migration ability. HSC migration was significantly increased in the model group (p < 0.05, vs. the control group), but after FA treatment, HSC migration was significantly decreased (p < 0.05, vs. the model group), and 1 mg/ml FA showed a strong inhibitory effect (Figures 4A,B).
[image: Figure 4]FIGURE 4 | FA promotes BMSC-mediated inhibition of the activation of HSCs. (A) Migration of HSCs (original magnification, ×10; scale bars, 100 μm). (B) The number of migrating HSCs. (n = 3 independent experiments, Two-way ANOVA; ***p < 0.001 versus the normal group; ###p < 0.001, versus the model group); (C,D) Western blot bands and cumulative densitometric analyses of each group (normal, model, positive, FA-1 mg, FA-0.5 mg, FA-0.25 mg). (n = 3 independent experiments, Two-way ANOVA; *p < 0.05, ***p < 0.001, versus the normal group; #p < 0.05, ###p < 0.001, versus the model group); (E) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, RhoA, SRF, and LIMK1 in HSCs. (n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group); (F,G) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; Δp<0.05 versus the 1 mg FA group.
Western blot analysis confirmed that FA could promote BMSC-mediated inhibition of HSC activation, as indicated by assessment of HSC activation markers, including α-SMA and collagen type 1 a 1 chain (COL1-A1). The protein levels of α-SMA and COL1-A1 in the model group were significantly increased (p < 0.05, vs. the NC group). However, the expression of α-SMA and COL1-A1 was significantly decreased after FA treatment, and 1 mg/ml FA showed better and stable effects (p < 0.05, vs. the model group). We also detected α-SMA and COL1-A1 in extracellular medium by ELISA kits and found that their levels were decreased (Figures 4C,D). After confirming the effect of FA on HSC inactivation, we further assessed the direct pathway between BMSCs and HSCs. The cytoskeleton changed when HSCs were activated. We investigated the RhoA/ROCK/SRF and RhoA/ROCK/LIMK1 pathways. The protein levels of RhoA, ROCK, SRF, and LIMK1 were significantly increased in the model group compared to the NC group (p < 0.05), and after 1 mg/ml FA treatment, the expression of RhoA, ROCK, SRF, and LIMK1 was significantly decreased. Three dose groups showed no differences among them. The content of COL1-A1 and α-SMA in the ECM also decreased with 1 mg/ml FA treatment (Figures 4F,G). The mRNA levels showed the same trends (Figure 4E).
Bone Marrow Mesenchymal Stem Cells Regulate the Activation of Hepatic Stellate Cells by Inhibiting Cytoskeletal Rearrangement
To further prove that the cytoskeleton pathway is directly involved in BMSC inhibition of HSC activation, we added a cytoskeleton inhibitor (cytochalasin D) or cytoskeleton agonist (angiotensin II) when BMSCs were cocultured with activated HSCs. Compared to the model group, the agonist group showed significantly increased protein expression of COL1-A1, α-SMA, RhoA, ROCK, SRF, and LIMK1 (p < 0.05), while the expression levels of these proteins were significantly decreased in the inhibitor group (p < 0.05) (Figures 5A,B). The content of COL1-A1 and α-SMA in the ECM also decreased with cytochalasin D treatment (Figures 5D,E). The RNA levels of COL1-A1, α-SMA, RhoA, ROCK, SRF, and LIMK1 were reduced in the cytochalasin D groups (Figure 5C). These results indicate that FA promotes the ability of BMSCs to influence HSC activation. The cytoskeleton-related RhoA/ROCK pathway directly interacts with BMSCs and HSCs.
[image: Figure 5]FIGURE 5 | BMSCs regulate the activation of HSCs by inhibiting cytoskeletal rearrangement. (A,B) Western blot bands and cumulative densitometric analyses of each group (normal, model, angiotensin II, cytochalasin D). Data are presented as the mean ± SEM (n = 3 independent experiments, one-way ANOVA; *p < 0.05, versus the normal group; #p < 0.05, versus the model group); (C) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, RhoA, SRF, and LIMK1 in HSCs. (n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus normal; #p < 0.05 versus model); (D,E) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group.
MiR-19b-3p Derived From Bone Marrow Mesenchymal Stem Cells Inactivates Hepatic Stellate Cells by Suppressing the Expression of its Target TGF-β Receptor II
MiRNAs are found in BMSCs, and miRNAs transferred into target cells can impact cell behaviours by regulating the expression of target genes. MiRNAs derived from BMSCs influenced HSC activation, we investigated which miRNAs contained in BMSCs regulated HSC activation. Three candidate miRNAs, miR-29b-3p, miR-19b-3p, and miR-183-5p, were selected because they were potentially linked to fibrosis in previous reports, including a microarray analysis (GEO: GSE168712) and small RNA sequencing analysis, as these three miRNAs are abundantly expressed in BMSCs. The levels of miR-29b-3p, miR-19b-3p, and miR-183-5p were higher in BMSCs than in HSCs or normal rat liver tissues, and among them, miR-19b-3p was significantly enriched in BMSCs, suggesting that miR-19b-3p might be involved in modulating HSC activation. Bioinformatic analysis using TargetScan and miRWalk predicted TGF-βR2, a receptor for TGF-β1, as a putative target of miR-19b-3p, and a luciferase reporter assay revealed that miR-19b-3p directly bound to the 3′UTR of the TGF-βR2 mRNA transcript (Figures 6A,B).
[image: Figure 6]FIGURE 6 | MiR-19b-3p derived from BMSCs inactivates HSCs by suppressing the expression of its target TGF-βR2. (A) The potential binding site (red fonts) of miR-19b-3p was predicted in the 3′UTR of TGF-βR2 mRNA in rats. The dashed line represents complementary base pairs between miR-19b-3p and TGF-βR2 mRNA. (B) A dual-luciferase assay was performed to verify the binding interaction between miR-19b-3p and TGF-βR2 mRNA. Cells cotransfected with pmirGLO basic vector containing either wild-type (WT) or mutant (mut) target sites plus either the miR-19b-3p mimic or scrambled (Scr-) miR (control); (C) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, and RhoA in HSCs. n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; (D,E) Western blot bands and cumulative densitometric analyses of each group (normal, model, mimic, NC-d). Data are presented as the mean ± SEM (n = 3 independent experiments, one-way ANOVA; *p < 0.05, versus the normal group; #p < 0.05, versus the model group). (F,G) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, one-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group. (H) Representative images of the cytoskeleton (green) in the HSCs treated with miR19b-3p mimics or NC-d. DAPI was used to stain cell nuclei (original magnification, ×40; scale bars: 25 μm).
To determine whether miR-19b-3p affects HSC activation, we transfected HSCs with a miR-19b-3p mimic and a meaningless fragment (negative control). Additionally, we chose inactivated HSCs and activated HSCs as the normal and model controls, respectively. Although miR-19b-3p was rarely expressed in activated HSCs, its expression was strongly elevated in the miR-19b-3p-transfected HSCs (Figure 6C). In addition, the profibrotic markers α-SMA, COL1-A1, RhoA, and ROCK1 had downregulated expression in the HSCs transfected with the miR-19b-3p mimics compared with those in the model and negative control groups (p < 0.05) (Figures 6D,E). The content of α-SMA and COL1-A1 in the ECM did not show a decreasing trend in the mimic group (Figures 6F,G). Western blot assays confirmed the RNA data, showing reductions in TGF-βR2 and profibrotic marker expression in the HSCs transfected with miR-19b-3p. These results suggest that miR-19b-3p inhibits HSC activation by directly targeting TGF-βR2.
We also transfected the miR-19b-3p mimic, or negative control with the fluorescent Cy3 gene into activated HSCs. With confocal scanning microscopy, we observed red fluorescence in the miR-19b-3p mimic and negative control groups. Compared to the model group, the group transfected with the miR-19b-3p mimics showed F-actin mainly distributed in peripheral cells, and a few fine stress fibres were found in these cells. The cytoskeleton of cells in the negative control groups was similar to that of the cells in the model group (Figure 6H).
Ferulic Acid Induces Bone Marrow Mesenchymal Stem Cells to Release More miR-19b-3p to Hepatic Stellate Cells and Inhibit the Activation of Hepatic Stellate Cells
To determine whether BMSCs transfer miR-19b-3p to HSCs, we transfected the miR-19b-3p mimic or miR-19b-3p inhibitor with the fluorescent Cy3 gene into BMSCs and cocultured the transfected cells with activated HSCs. With confocal scanning microscopy, we observed red fluorescence in the miR-19b-3p mimic group, and F-actin was mainly distributed in peripheral cells. A few fine stress fibres were found in these cells compared to those in the model group. In addition, in the miR-19b-3p inhibitor group, the cell shape was similar to that in the model group, and F-actin in activated HSCs was remodelled to form a large number of thick stress fibres across the whole cell. With FA treatment, we found more red fluorescence in the miR-19b-3p mimic groups (Figure 7A).
[image: Figure 7]FIGURE 7 | FA induces BMSCs to release more miR-19b-3p to HSCs and inhibit the activation of HSCs. (A) Representative images of the cytoskeleton (green) in the HSCs treated with miR19b-3p mimics, inhibitor, or NC-d and NC-s. DAPI was used to stain cell nuclei (original magnification, ×40; scale bars: 25 μm). (B,C) Western blot bands and cumulative densitometric analyses of each group (normal, model, inhibitor, mimic, inhibitor&FA, mimic&FA, NC-d, NC-s). Data are presented as the mean ± SEM (n = 3 independent experiments, Two-way ANOVA; *p < 0.05, versus the normal group; #p < 0.05, versus the model group; Δp < 0.05, versus the inhibitor/mimic group). (D,E) The protein content of α-SMA and COL1-A1 in extracellular medium. n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; (F) qRT-PCR analysis for α-SMA, COL1-A1, ROCK1, RhoA, SRF, and LIMK1 in HSCs. n = 3 independent experiments, Two-way ANOVA; *p < 0.05 versus the normal group; #p < 0.05 versus the model group; Δp < 0.05 versus the miR19b mimic group.
To assess protein levels, we divided the BMSC/HSC coculture system into 8 groups: the normal, model, mimic, inhibitor, mimic + FA, inhibitor + FA, and negative control groups. We detected α-SMA, COL1-A1, RhoA, ROCK1 SRF, and found that their expression was significantly downregulated in the mimic + FA, and inhibitor + FA groups compared to the model group, while mimic + FA, and inhibitor + FA groups also showed significance respectively compared to mimics/inhibitor group on COL1-A1 expression. The mimic group showed the decreased trends (Figures 7B,C). The content of α-SMA and COL1-A1 in the ECM also showed a decreasing trend in the mimic, inhibitor&FA, mimic&FA group (Figures 7D,E). The mRNA levels showed the same trends (Figure 7F).
These results suggest that miR-19b-3p plays a critical role in regulating the effect of BMSCs against liver fibrosis. In conclusion, these results suggest that FA combined with BMSC treatment can induce greater release of miR-19b-3p, which inhibits the activation of HSCs by suppressing the RhoA/ROCK1/SRF and RhoA/ROCK1/LIMK1 pathways, contributing to alleviation of liver fibrosis.
DISCUSSION
In this study, we showed that FA combined with BMSCs was more effective in treating liver fibrosis than single treatment. We used BMSCs, FA or combination therapy to treat rats with hepatic fibrosis. By evaluating the AST, ALT, HE, and Masson staining results, we observed that liver fibrosis was decreased to different degrees and that the combination therapy showed better effects than FA or BMSC monotherapy. In addition, we detected the protein expression of COL1-A1, α-SMA, ROCK1 and RhoA, and the results for the combination therapy showed better effects. Therefore, these results suggest that FA can promote the ability of BMSCs to improve liver fibrosis by targeting the RhoA/ROCK pathway.
The RhoA/ROCK signalling pathway is related to intracellular cytosis, colonization, migration, apoptosis, gene expression and other behaviours (Xu et al., 2018; Yaqoob et al., 2020). The RhoA/ROCK pathway also affects the formation of fibrosis. This axis promotes collagen and ECM production in fibroblasts and increases the transformation of fibroblasts into myofibroblasts expressing α-SMA and other activated factors (Deng et al., 2019; Sloniecka and Danielson 2019). RhoA/ROCK is a classic fibrosis pathway, which has quantities of related studies have been carried out as a preliminary basis, and ROCK1 is also associated with cytoskeleton and cytodynamics. Therefore, we choose RhoA/ROCK pathway to study.
To verify the mechanism of BMSC and FA combination therapy, we established a BMSC/HSC-T6 coculture system. Activated HSCs were cocultured with an equal amount of BMSCs. We observed the cellular structure of HSC-T6 cells and found that with FA treatment, the deformed cell structure was restored, F-actin was mainly distributed in peripheral cells, and a few fine stress fibres were found in these cells. In addition to assessing cellular structure, we detected the migration of HSCs. The number of migrating cells was significantly decreased with FA and BMSC treatment. The protein expression of RhoA, ROCK, SRF, LIMK1, COL1-A1, and α-SMA was significantly decreased. These results all proved that FA promoted the ability of BMSCs to decrease HSC migration while inhibiting activation.
The RhoA/ROCK pathway is related to both development of fibrosis and cytoskeletal rearrangement. RhoA/ROCK/SRF directly influences collagen and α-SMA production, while RhoA/ROCK/LIMK1 influences cytoskeletal rearrangement, indirectly affecting HSC migration. Activated HSCs migrate to sites of damage and release collagen. Therefore, inhibiting cytoskeletal rearrangement is also an effective strategy for reducing fibrosis (Ni et al., 2013; Wu et al., 2019).
To verify the mechanism by which BMSCs inhibit HSC activation, we established a BMSC/HSC coculture system with angiotensin II and cytochalasin D used as agonists and inhibitors, respectively. The decreased protein expression of RhoA, ROCK, SRF, LIMK1, COL1-A1, and α-SMA also indicated that BMSCs could reduce HSC activation by inhibiting cytoskeletal rearrangement.
Many studies have proven that BMSCs can produce miRNAs (Cetin et al., 2021). Feng et al. demonstrated that MSC-derived miRNAs reduced infarct size and cardiac fibrosis by inhibiting apoptosis in mice with myocardial infarction. Exosomes derived from chorionic plate-derived MSCs (CP-MSCs) containing miR-125b could ameliorate hepatic fibrosis by regulating hedgehog (Hh) signalling, which is an essential regulator in liver fibrosis (Feng et al., 2014; Hyun et al., 2015). These findings suggest that miRNAs play important roles in MSC-mediated tissue repair and regeneration. In a recent study, BMSCs were found to release miRNAs, targeting specific proteins to reduce fibrosis (Chen et al., 2018; BI Hui-yang 2019). The results for the BMSC genomic sequence showed that BMSCs contain a variety of miRNAs (Lindoso et al., 2014; Zhao et al., 2017). Among them, miR-19b-3p was shown to be related to inhibition of fibrosis (Zou et al., 2016; Chen et al., 2019; Duan et al., 2019; Wang et al., 2021). We used the TargetScan website to predict the target genes of miR-19b-3p and found TGF-βR2 was a putative target. The luciferase reporter assay revealed that miR-19b-3p directly bound to TGF-βR2 in HSCs.
To determine whether miR-19b-3p can inhibit HSC activation, we transfected miR-19b-3p mimics or inhibitors with the Cy3 gene into HSCs and BMSCs. We observed the cytoskeleton of the HSCs transfected with miR-19b-3p mimics or inhibitors. With miR-19b-3p mimic transfection, the cytoskeleton of activated HSCs was not substantially changed, while with miR-19b-3p inhibitor transfection, the cytoskeleton of activated HSCs was still rearranged. The decreased expression of RhoA, ROCK, SRF, LIMK1, COL1-A1 and α-SMA showed that miR-19b-3p could affect HSC activation.
We also observed that the BMSCs transfected with the mimics released more miR-19b-3p to HSCs and that the cytoskeleton was similar to that of inactivated HSCs; the BMSCs transfected with the inhibitors released less miR-19b-3p to HSCs, and the cytoskeleton was similar to that of activated HSCs. The protein expression of RhoA, ROCK, SRF, LIMK1, COL1-A1, and α-SMA showed that BMSCs could release miR-19b-3p to inhibit HSC activation, and BMSCs combined with FA treatment resulted in better HSC inhibition. These results indicate that combining BMSCs with FA could be a promising therapeutic strategy for the treatment of liver disease.
Bone marrow is the most widely used source of BMSCs. However, due to the instability of BMSCs, the use of these cells in clinical applications is limited (Alsulami and Abdel-Gaber 2021; Muslimah Alsulami, 2021; Yang et al., 2021). FA is a derivative of cinnamic acid and has therapeutic activity against a variety of diseases. This molecule is also an effective ingredient in some TCMs, such as Angelica sinensis. In addition, FA may protect against fibrotic deterioration in rats with hepatic fibrosis (Mu et al., 2018). Therefore, we chose FA combined with BMSCs to treat hepatic fibrosis in rats and found that their combination showed better treatment effects.
CONCLUSION
Collectively, we demonstrated that FA promoted the ability of BMSCs to suppress HSC activation and liver fibrosis. MiR-19b-3p derived from BMSCs inactivated HSCs by suppressing the RhoA/ROCK/SRF and RhoA/ROCK/LIMK1 signalling pathways. Therefore, our findings suggest that BMSCs combined with a TCM have potential as an effective antifibrotic drug for chronic liver diseases.
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