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Abstract

:

Liver fibrosis is reversible when treated in its early stages and when liver inflammatory factors are inhibited. Limited studies have investigated the therapeutic effects of corylin, a flavonoid extracted from Psoralea corylifolia L. (Fabaceae), on liver fibrosis. Therefore, we evaluated the anti-inflammatory activity of corylin and investigated its efficacy and mechanism of action in ameliorating liver fibrosis. Corylin significantly inhibited inflammatory responses by inhibiting the activation of mitogen-activated protein kinase signaling pathways and the expression of interleukin (IL)-1β, IL-6, and tumor necrosis factor-alpha in human THP-1 and mouse RAW264.7 macrophages. Furthermore, corylin inhibited the expression of growth arrest-specific gene 6 in human hepatic stellate cells (HSCs) and the activation of the downstream phosphoinositide 3-kinase/protein kinase B pathway. This inhibited the activation of HSCs and the expression of extracellular matrix proteins, including α-smooth muscle actin and type I collagen. Additionally, corylin induced caspase 9 and caspase 3 activation, which promoted apoptosis in HSCs. Moreover, in vivo experiments confirmed the regulatory effects of corylin on these proteins, and corylin alleviated the symptoms of carbon tetrachloride-induced liver fibrosis in mice. These findings revealed that corylin has anti-inflammatory activity and inhibits HSC activation; thus, it presents as a potential adjuvant in the treatment of liver fibrosis.
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1. Introduction


Liver fibrosis, caused by viral or metabolic chronic liver diseases, is a major challenge of global health [1,2]. In Taiwan, approximately 60% of patients with liver cancer have previously suffered from viral hepatitis B and C infections [3,4,5]. Chronic hepatitis causes repeated liver inflammation and activates hepatic stellate cells (HSCs) to secrete collagen for tissue repair. Consequently, the extracellular matrix (ECM) accumulates during repeated inflammation and repair, leading to liver fibrosis and liver cirrhosis. Patients with cirrhosis are 60–250 times more likely to develop liver cancer than those without liver disease [6].



Liver fibrosis can be reversed by administering treatment at an early stage and inhibiting the factors that cause liver inflammation [7]. Current treatment options for liver fibrosis can be classified based on three strategies: the inhibition of liver inflammation, the inhibition of HSC activation, and the acceleration of ECM breakdown. In the clinical setting, the administration of antiviral drugs alone, such as entecavir or lamivudine, or interferon (IFN) alone, may help ameliorate liver fibrosis caused by viral hepatitis; however, these treatments show low efficacy [8,9]. The treatment outcomes of liver fibrosis can be effectively improved if an appropriate adjuvant is administered to suppress inflammation or inhibit HSC activation. However, no clinically effective drugs are currently available for treating liver fibrosis with low side effects; thus, continuous research and development are required.



HSCs play a key role in the progression of liver fibrosis. When liver tissues are injured or stimulated by oxidative stress or inflammatory cytokines, HSCs are activated followed by proliferation and transformation into fibrogenic cells, thereby synthesizing large amounts of ECM. HSC activation is regulated by various pathways, with the growth arrest-specific 6 (GAS6)/AXL receptor tyrosine kinase (AXL) being a key regulatory pathway [10,11,12]. AXL, a member of the TYRO-AXL-MER (TAM) receptor tyrosine kinase (RTK) family, is mainly expressed in neural, vascular, immune, and stellate cells and is involved in the regulation of cellular physiological processes, such as growth, survival, differentiation, adhesion, and migration [13]. The binding of AXL to its ligand protein, GAS6, initiates autophosphorylation, which further activates the downstream phosphoinositide 3-kinase/protein kinase B (PI3K/AKT), rat sarcoma/rapidly accelerated fibrosarcoma kinase/mitogen-activated protein kinase (MAPK) kinase/extracellular signal-regulated kinase (RAS/RAF/MEK/ERK), and wingless-related integration site (Wnt) signaling pathways, thereby promoting cell growth, migration, and angiogenesis and inhibiting apoptosis [14]. The GAS6/AXL signaling pathway regulates HSC proliferation and activation, which play an important role in liver fibrosis development. The treatment of carbon tetrachloride (CCl4)-exposed mice with an AXL inhibitor effectively alleviates fibrosis symptoms [10]. Therefore, at present, TAM receptors, including AXL, are considered as key targets for treating liver fibrosis [15,16].



Natural products contain diverse pharmacophores and highly complex stereochemistry, and most of them have low physiological toxicity. Therefore, natural products have always represented important sources for new drug development [17,18]. Compounds, such as paclitaxel, curcumin, camptothecin, and their derivatives, have been used to treat various cancers, such as breast cancer, lung cancer, colorectal cancer, and melanoma, as they significantly prolong patient survival time [19,20,21,22,23]. Other natural compounds, such as resveratrol, metformin, magnolol, sulforaphane, and diallyl disulfide, exhibit anti-inflammatory activity and have the potential to be used in the treatment of inflammatory diseases [24,25,26,27,28].



Psoralea corylifolia L. (cullen corylifolium; Fabaceae) is an herb widely used for treating bacterial infections, inflammation, and cancers in many Asian countries [29,30,31]. Its polyphenolic extracts, such as psoralen, isopsoralen, and psoralidin; flavonoid extracts, such as bavachin, isobavachalcone, and neobavaisoflavone; and the phenolic extract backuchiol have all been identified as biologically active with different therapeutic effects [32]. Corylin, a flavonoid isolated from the fruits of P. corylifolia L., exerts an anti-inflammatory effect by inhibiting the expression of inducible nitric oxide synthase and cyclooxygenase which is increased during bacterial infections [33,34]. In addition, the antioxidant, anti-aging, and anti-tumor activities of corylin have also been reported recently [35,36,37,38], and have also shown the therapeutic potential of corylin in hyperlipidemia, insulin resistance, atherosclerosis, hepatocellular carcinoma, and neurological diseases [39,40,41]. We previously showed that corylin ameliorates obesity by activating adipocyte browning and reduces hepatic steatosis and hepatic fibrosis in high-fat diet (HFD)-fed mice [38]. However, the molecular mechanism of corylin’s anti-inflammation and anti-hepatic fibrosis effects have not yet been fully clarified. Therefore, in this study, we investigated the anti-inflammatory and therapeutic effects of corylin on liver fibrosis and further clarified its downstream regulatory mechanisms. Our findings showed that corylin has anti-inflammatory activity and inhibits HSC activation; thus, it can be used as a potential adjuvant in the treatment of liver fibrosis.




2. Results


2.1. Corylin Treatment Suppressed Lipopolysaccharide-Induced Pro-Inflammatory Cytokine Production in THP-1 and RAW264.7 Cells


To determine whether corylin exhibits anti-inflammatory activity, we treated human monocyte THP-1 cells and RAW 264.7 mouse macrophage cells with different concentrations of corylin for 2 h followed by lipopolysaccharide (LPS) treatment for 24 h to induce an inflammatory response. The culture media were collected to perform an enzyme-linked immunosorbent assay (ELISA) to analyze the expression of pro-inflammatory cytokines. LPS treatment significantly increased the expression of cytokines, such as interleukin (IL)-1β, IL-6, and tumor necrosis factor alpha (TNF-α), in THP-1 and RAW264.7 cells. The expression of these pro-inflammatory cytokines was significantly reduced in corylin-treated cells compared to that in the control group (dimethyl sulfoxide (DMSO)-treated), indicating that corylin exhibited anti-inflammatory activity and inhibited the expression of pro-inflammatory cytokines (Figure 1).




2.2. Corylin Treatment Inhibited the Activation of MAPK Signaling Pathways in LPS-Stimulated THP1 and RAW264.7 Cells


To further determine whether the anti-inflammatory effect of corylin was associated with MAPK signaling pathways, THP-1 and RAW264.7 cells were pre-treated with corylin and stimulated with LPS. Subsequently, the phosphorylation levels of c-Jun N-terminal kinase, ERK, and p38 proteins were analyzed using Western blotting. LPS treatment activated the aforementioned MAPKs, which subsequently upregulated pro-inflammatory cytokines. However, in corylin-treated cells, the activation of these kinases was significantly inhibited (Figure 2), leading to the decreased expression of pro-inflammatory cytokines. Therefore, the anti-inflammatory activity of corylin was mediated by blocking the activation of MAPK signaling pathways.




2.3. Corylin Treatment Alleviated the Symptoms of CCl4-Induced Liver Fibrosis in Mice


To confirm the anti-inflammatory activity of corylin and its efficacy in treating liver fibrosis in vivo, BALB/c mice were intraperitoneally injected with CCl4 (0.5 μL/g body weight) twice a week for six weeks to induce liver fibrosis. Further, the mice were intraperitoneally injected with/without corylin (30 mg/kg of body weight). After six weeks of CCl4 treatment, the mice exhibited significant fibrosis of the liver tissue, whereas liver fibrosis in corylin-treated mice was significantly alleviated compared with that in mice without corylin treatment (Figure 3A–C). Serological analysis also revealed that liver function indicator levels, including aspartate aminotransferase (AST) and alanine transaminase (ALT), in CCl4-treated mice were 8–10-fold higher than those in untreated mice, indicating that their liver tissues were in an inflammatory and injured state. In contrast, liver function indicator levels in corylin-treated mice were significantly reduced, indicating that corylin effectively inhibited liver tissue inflammation and injury caused by CCl4 (Figure 3D).




2.4. Corylin Treatment Inhibited HSC Activation


Liver fibrosis is caused by the excessive accumulation of ECM proteins, such as collagen, which are secreted by activated HSCs. To determine whether corylin inhibits HSC activation, HHSteC cells were treated with corylin or a vehicle for 2 h, followed by transforming growth factor-β (TGF-β) treatment for 24 h to stimulate cell activation. Western blotting was performed to analyze the expression of alpha-smooth muscle actin (α-SMA) and collagen 1A to determine the effects of corylin on HSC activation. The expression of α-SMA and collagen 1A decreased significantly in HHSteC cells treated with corylin compared with that in the control group, indicating that corylin inhibited HSC activation (Figure 4A,B). In addition, immunohistochemical staining also showed that the expression of α-SMA and collagen 1A was significantly reduced in the tissues of corylin-treated mice compared to that in mice in the control group (Figure 4C,D). Therefore, corylin retards the progression of liver fibrosis in mice by inhibiting HSC activation.




2.5. Corylin Treatment Inhibited HSC Activation by Suppressing GAS6 Expression and Downstream PI3K/AKT Pathway Activation


The GAS6/AXL signaling pathway is important in regulating HSC activation [10]. To determine the effects of corylin on the expression of GAS6 and AXL and their downstream regulatory pathways, HHSteC cells were treated with corylin or vehicle for 2 h, followed by TGF-β treatment for 24 h to stimulate cell activation. Western blotting was performed to analyze the effects of corylin on the GAS6/AXL signaling pathway. GAS6 expression was significantly reduced in corylin-treated cells compared to that in the control group (DMSO-treated), and the activation of the downstream PI3K/AKT signaling pathway was also significantly inhibited. This indicated that corylin inhibits GAS6 expression and downstream signaling pathway activation in HSCs, which subsequently inhibits the expression of ECM proteins, such as α-SMA and collagen (Figure 5).




2.6. Corylin Inhibited the Expression of MMP Inhibitors, TIMP-1 and TIMP-2, in HSCs


In addition to ECM, HSCs express matrix metalloproteinase (MMP)-2 and MMP-9 along with their inhibitors, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2, to regulate ECM breakdown. To evaluate the effects of corylin on the expression of these proteins, HHSteC cells were treated with corylin or vehicle for 2 h, followed by TGF-β treatment to stimulate cell activation. Cell lysates were collected after 24 h for Western blotting to analyze the expression of MMP-2, TIMP-1, and TIMP-2. The results showed that TIMP-1 and TIMP-2 expression in the corylin-treated group was significantly lower than that in the control group. In contrast, there was a minor decrease in the expression of MMP-2 (Figure 6), indicating that corylin may upregulate the activity of MMP2 by inhibiting the expression of TIMP1 and TIMP2, thereby accelerating ECM breakdown.




2.7. Corylin Treatment Promoted HSC Apoptosis


To further evaluate the effects of corylin on HSC physiology, HHSteC cells were treated with different concentrations of corylin for 48 h. The cells were harvested and subjected to flow cytometry and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay analysis to assess the apoptosis and cell cycle statuses. Compared to those in the control group, corylin-treated cells were mostly arrested in the S phase, and the number of cells in the sub-G1 phase were significantly increased, indicating that corylin inhibits cell cycle progression and induces apoptosis (Figure 7A,B). TUNEL assay analysis also showed that the number of apoptotic cells in the corylin-treated group increased compared to that in the control group (Figure 7C). Furthermore, Western blotting showed that the levels of cleaved caspase 3 and caspase 9 were significantly increased in corylin-treated HHSteC cells, indicating that corylin promotes HSC apoptosis (Figure 7D).





3. Discussion


Chronic hepatitis leads to liver fibrosis and cirrhosis, which are risk factors for liver cancer. However, the early suppression of factors that cause liver injury and inflammation along with the administration of anti-inflammatory drugs can help reverse the progression of liver fibrosis. In this study, we found that corylin, a flavonoid extracted from the fruits of P. corylifolia, exhibited anti-inflammatory activity and inhibited the macrophage-mediated secretion of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α. Corylin also inhibited the expression of GAS6 and the downstream activation of the PI3K/AKT signaling pathway in HSCs, thereby inhibiting HSC activation and the expression of ECM proteins, including α-SMA and collagen. Moreover, corylin treatment alleviated the symptoms of CCl4-induced liver fibrosis in a mouse model. These findings suggest that corylin has the potential to be used in the treatment of hepatitis and liver fibrosis. To the best of our knowledge, this is the first study to demonstrate that corylin inhibits GAS6 expression and subsequently inhibits HSC activation to alleviate the symptoms of liver fibrosis in mice (Figure 7E).



RTK AXL is expressed in most tissues and is involved in the regulation of diverse cellular physiological processes, including growth, survival, differentiation, adhesion, and migration. GAS6/AXL signaling is also involved in the regulation of macrophage polarization and the inflammatory response [42,43]. The downstream signaling pathway of AXL activation induces macrophage polarization into the M2 type, which subsequently downregulates pro-inflammatory cytokines, such as IL-6, TNF, type-I IFNs, and IL-12. Most tumor cells activate the downstream signaling pathway of TAM receptors by secreting GAS6, which subsequently inhibits macrophage activation and pro-inflammatory cytokine expression, creating an immune-tolerant environment around the tumor, which helps cancer cells survive during the immune response [44,45]. In the present study, we also analyzed the effect of corylin on the expression of GAS6 and AXL in THP1 cells. However, there was no significant change in their expression, indicating that corylin does not inhibit macrophage activation and pro-inflammatory cytokine expression by regulating the AXL signaling pathway. This also suggests that corylin is cell-specific in its regulation of physiological processes.



GAS6 supports hematopoietic stem cell growth and promotes fibroblast and endothelial cell survival [46,47]. In addition, GAS6/AXL signaling induces the accumulation of mesangial cells in kidney fibrosis [48], vascular smooth muscle cells in response to intimal vascular injury [49], and cardiac fibroblasts during the wound-healing process [50], thereby suggesting that GAS6 plays an important role in tissue fibrosis. Furthermore, GAS6 modulates HSC and HSC/myofibroblastoma survival during liver repair after acute injury [51]. The results of our study showed that corylin promoted HSC apoptosis, and part of this effect may have been achieved by inhibiting GAS6 expression.



Activated HSCs not only regulate the expression of ECM proteins, but also regulate the expression and secretion of MMP-2 and MMP-9 along with their inhibitors, TIMP-1 and TIMP-2, to regulate ECM breakdown [52,53]. During fibrogenesis, this equilibrium is disturbed, and the expression of TIMPs and MMPs is increased leading to an excess of TIMPs and subsequent matrix degradation. In the present study, we found that corylin inhibited the expression of ECM proteins, including α-SMA and collagen, in HSCs and also inhibited the expression of MMP inhibitors, TIMP-1 and TIMP-2, which may upregulate MMP-2 activity to accelerate ECM breakdown. In addition, the increased expression of MMP-2, MMP-9, and TIMP-1 has been regarded as an indicator of HSC activation [54]. The corylin-mediated inhibition of these proteins also indicates the inhibitory effect of corylin on HSC activation. Furthermore, corylin promoted apoptosis in HSCs. These findings showed that corylin simultaneously regulated multiple pathways to inhibit the progression of liver fibrosis. In addition to HSCs, MMP-2 and MMP-9 are expressed in most inflammatory cells, such as lymphocytes, neutrophils, macrophages, and Kupffer cells [55]. Thus, the effects of corylin on the expression of TIMP-1 and MMP-9 in macrophages and Kupffer cells should be further studied to clarify the mechanism by which corylin inhibits liver fibrosis.



In this study, we demonstrated the anti-inflammatory activity of corylin, an extract of P. corylifolia, and its efficacy in treating liver fibrosis. Corylin has no obvious physiological toxicity and thus has great potential to be used as an adjuvant in clinical treatment. We have clarified the anti-inflammatory molecular mechanism of corylin and its potential for clinical application.




4. Materials and Methods


4.1. Cell Lines


The human monocyte cell line THP1, and mouse macrophage cell line RAW 264.7 were purchased from the American Type Culture Collection (Manassas, VA, USA). The aforementioned cells were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum at 37 °C in a 5% CO2 atmosphere. The human HSC cell line HHSteC was purchased from the ScienCell Research Laboratories (Carlsbad, CA, USA) and cultured using Stellate Cell Medium.




4.2. Materials and Reagents


Primary antibodies against AXL, phosphorylated (phospho)-AXL, GAS6, phospho-PI3K, PI3K, phospho-AKT, AKT, IL-1β, IL-6, MMP-2, MMP-9, TIMP-1, TIMP2, cleaved caspase-3, caspase-3, cleaved caspase-9, and caspase-9 were purchased from Genetex (Irvine, CA, USA), ABclonal (Woburn, MA, USA), and Cell Signaling Technology (Beverly, MA, USA). Secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Pre-stained protein marker and TOOLSmart RNA extractor were purchased from BIOTOOLS (Taipei, Taiwan). Corylin powder (purity above 98% as measured by high-performance liquid chromatography) was purchased from Shanghai BS Bio-Tech (Shanghai, China).




4.3. Western Blot Analysis


Cells treated with different concentrations of corylin for 24 and 48 h were harvested and washed twice with phosphate-buffered saline (PBS) and then lysed in 200 μL of radioimmunoprecipitation assay lysis buffer (BIOTOOLS) containing a protease inhibitor. Protein (30 μg) from the supernatant was loaded onto a sodium dodecyl sulfate polyacrylamide gel, followed by Western blot analysis to detect the levels of target proteins. Detailed information of antibodies used in the experiments is shown Table S1. The immuno-reactive bands were revealed using an enhanced chemiluminescence system (NEN Life Science Products, Boston, MA, USA) and detected using UVP ChemStudio Imaging Systems (Analytik Jena, Upland, CA, USA). The intensity of each band was quantified using ImageQuant 5.2 (GE Healthcare, Piscataway, NJ, USA).




4.4. Enzyme-Linked Immunosorbent Assay


THP-1 and RAW 264.7 cells were treated with different concentrations of corylin for 2 h followed by treatment with lipopolysaccharide (LPS) for 24 h to induce an inflammatory response. The protein levels of IL-1β, IL-6, and TNF-α in the culture medium were measured using ELISA kits (BioLegend, San Diego, CA, USA) according to the manufacturer’s instructions.




4.5. Flow Cytometry


HHSteC cells were treated with DMSO, 20 µM corylin, and 40 µM corylin for 24 h, followed by trypsinization and then washed twice and incubated in PBS containing 0.12% Triton X-100, 0.12 mM ethylenediaminetetraacetic acid, and 100 mg/mL ribonuclease A. Propidium iodide (50 μg/mL) was then added to each sample for 20 min at 4 °C. Cell cycle distribution was analyzed using flow cytometry (Beckman Coulter Epics Elite, Beckman Coulter, Brea, CA, USA).




4.6. Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling Assay


The apoptosis status of HHSteC cells was determined using a DeadEndTM Fluorometric TUNEL Assay Kit (Promega, Madison, WI, USA) according to the manufacturer’s protocol. Briefly, HHSteC cells were treated with DMSO, 20 µM corylin, or 40 µM corylin for 24 h. The cells were then subjected to a TUNEL assay. The cells were counted using a microscope (magnification, ×100). Cells in five different microscopic fields/dishes were analyzed for each experiment.




4.7. Mice


Male BALB/c mice (age, 6–8 weeks; National Laboratory animal center, Taipei, Taiwan) were housed under pathogen-free conditions with a 12 h light/12 h dark schedule and fed autoclaved standard chow and water. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at Chang-Gung memorial Hospital (IACUC approval no.: 2019032009, approval date: 2019/6/11).




4.8. CCl4-Induced Liver Fibrosis Mouse Model


A total of 20 mice were randomly assigned to three groups: negative control (control, n = 6), CCl4 treatment + DMSO (vehicle, n = 7), and CCl4 treatment + corylin (30 mg/kg, n = 7). CCl4 was liquefied in olive oil to obtain a 10% CCl4 solution that was injected intraperitoneally into mice (0.5 μL/g body weight) twice a week for six weeks. At the beginning of the second week, mice were intraperitoneally injected with 100 µL of corylin (at a dose of 30 mg/kg of body weight) or an equal volume of DMSO as a control for 3 d per week. Negative control mice were treated with olive oil alone. At the endpoint, blood samples were collected to measure the levels of serum AST and ALT. Liver tissues were collected for further assays such as histology and Western blotting.




4.9. Masson’s Trichrome Staining


Masson’s trichrome staining was performed at the Chang Gung Memorial Hospital Department of Anatomic Pathology as follows: First, 5 μm thick formalin-fixed paraffin-embedded (FFPE) sections were deparaffinized and hydrated in distilled water. Subsequently, Bouin’s fixative was used as a mordant for 1 h at 56 °C. The FFPE sections were cooled and washed in running water until the yellow color disappeared. The samples were stained in Weigert’s hematoxylin stain for 10 min, thoroughly washed in tap water for 10 min, stained in an acid fuchsin solution for 15 min, and then rinsed in distilled water for 3 min. After rinsing, the slides were treated with phosphomolybdic acid solution for 10 min and rinsed in distilled water for 10 min. Finally, the slides were stained with a light-green solution for 2 min and rinsed in distilled water. After thorough dehydration using alcohol, the slides were mounted, and coverslips were placed onto them.




4.10. Immunohistochemistry


Mouse liver tissues were fixed in formalin and embedded in paraffin, and 2 μm thick consecutive sections were cut and subjected to immunohistochemical staining using a BOND III autostainer (Leica Biosystems, Wetzlar, Germany) as described previously [35].




4.11. Data Analysis


The quantitative real-time polymerase chain reaction and Western blot data were recorded as continuous variants and analyzed using the Student’s t-test. All statistical analyses were performed using SPSS 16.0 (IBM, Armonk, NY, USA) and Excel 2007. All statistical tests were two-sided, and p values < 0.05 (*), <0.01 (**), and <0.001 (***) were considered significant.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms242316936/s1.





Author Contributions


Conceptualization, C.-C.C. and T.-H.W.; methodology and investigation, C.-C.C., C.-Y.C., Y.-L.L., Y.-T.L., C.-T.Y., Y.-H.S. and L.-F.C.; analysis and interpretation, Y.-T.L., T.-H.W., C.-C.C., C.-Y.C. and W.-Y.C.; ImageJ analysis, Y.-T.L., Y.-H.S. and W.-Y.C.; writing—original draft preparation, T.-H.W. and C.-C.C.; review and editing, T.-M.S. and T.-H.W.; project administration—funding acquisition, T.-M.S. and T.-H.W.; Primary responsibility for final content, C.-C.C. and T.-H.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially supported by the National Science and Technology Council of Taiwan (grants 111-2320-B-182A-011 and 112-2320-B-182A-009-MY3) and the Chang Gung Medical Research Program, Taiwan (CMRPG3J0863 and CMRPG3M0182).




Institutional Review Board Statement


All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at Chang-Gung memorial Hospital (IACUC approval no.: 2019032009, approval date: 11 June 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


All data analyzed during this study are included in this article. Further inquiries can be directed towards the corresponding author.




Acknowledgments


We thank the Biobank at the Chang Gung Memorial Hospital, Lin-Kou, Taiwan for tissue processing and Yi-Ting Tsai, Yu-Wen Jiang, Fang-Ching Chuan, Li-Shan Wei, Hsin-Wei Lin, and Kai-Yin Chen for their technical assistance in this project.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roehlen, N.; Crouchet, E.; Baumert, T.F. Liver Fibrosis: Mechanistic Concepts and Therapeutic Perspectives. Cells 2020, 9, 875. [Google Scholar] [CrossRef] [PubMed]

	



Asrani, S.K.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of liver diseases in the world. J. Hepatol. 2019, 70, 151–171. [Google Scholar] [CrossRef] [PubMed]

	



Liao, S.H.; Chen, C.L.; Hsu, C.Y.; Chien, K.L.; Kao, J.H.; Chen, P.J.; Chen, T.H.; Chen, C.H. Long-term effectiveness of population-wide multifaceted interventions for hepatocellular carcinoma in Taiwan. J. Hepatol. 2021, 75, 132–141. [Google Scholar] [CrossRef] [PubMed]

	



Trepo, C.; Chan, H.L.; Lok, A. Hepatitis B virus infection. Lancet 2014, 384, 2053–2063. [Google Scholar] [CrossRef] [PubMed]

	



Kee, K.M.; Chen, C.H.; Hu, J.T.; Huang, Y.H.; Wang, T.E.; Chau, G.Y.; Chen, K.H.; Chen, Y.L.; Lin, C.C.; Hung, C.F.; et al. Secular Trends of Clinical Characteristics and Survival of Hepatocellular Carcinoma in Taiwan from 2011 to 2019. Viruses 2022, 15, 126. [Google Scholar] [CrossRef] [PubMed]

	



Bengtsson, B.; Widman, L.; Wahlin, S.; Stal, P.; Bjorkstrom, N.K.; Hagstrom, H. The risk of hepatocellular carcinoma in cirrhosis differs by etiology, age and sex: A Swedish nationwide population-based cohort study. United Eur. Gastroenterol. J. 2022, 10, 465–476. [Google Scholar] [CrossRef] [PubMed]

	



Popov, Y.; Schuppan, D. Targeting liver fibrosis: Strategies for development and validation of antifibrotic therapies. Hepatology 2009, 50, 1294–1306. [Google Scholar] [CrossRef] [PubMed]

	



Tang, L.S.Y.; Covert, E.; Wilson, E.; Kottilil, S. Chronic Hepatitis B Infection: A Review. JAMA 2018, 319, 1802–1813. [Google Scholar] [CrossRef]

	



Grossi, G.; Vigano, M.; Loglio, A.; Lampertico, P. Hepatitis B virus long-term impact of antiviral therapy nucleot(s)ide analogues (NUCs). Liver Int. 2017, 37 (Suppl. S1), 45–51. [Google Scholar] [CrossRef]

	



Barcena, C.; Stefanovic, M.; Tutusaus, A.; Joannas, L.; Menendez, A.; Garcia-Ruiz, C.; Sancho-Bru, P.; Mari, M.; Caballeria, J.; Rothlin, C.V.; et al. Gas6/Axl pathway is activated in chronic liver disease and its targeting reduces fibrosis via hepatic stellate cell inactivation. J. Hepatol. 2015, 63, 670–678. [Google Scholar] [CrossRef]

	



Holstein, E.; Binder, M.; Mikulits, W. Dynamics of Axl Receptor Shedding in Hepatocellular Carcinoma and Its Implication for Theranostics. Int. J. Mol. Sci. 2018, 19, 4111. [Google Scholar] [CrossRef] [PubMed]

	



Smirne, C.; Rigamonti, C.; De Benedittis, C.; Sainaghi, P.P.; Bellan, M.; Burlone, M.E.; Castello, L.M.; Avanzi, G.C. Gas6/TAM Signaling Components as Novel Biomarkers of Liver Fibrosis. Dis. Markers 2019, 2019, 2304931. [Google Scholar] [CrossRef]

	



Graham, D.K.; DeRyckere, D.; Davies, K.D.; Earp, H.S. The TAM family: Phosphatidylserine sensing receptor tyrosine kinases gone awry in cancer. Nat. Rev. Cancer 2014, 14, 769–785. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; Ma, Z.; Hu, W.; Wang, D.; Gong, B.; Fan, C.; Jiang, S.; Li, T.; Gao, J.; Yang, Y. Molecular insights of Gas6/TAM in cancer development and therapy. Cell Death Dis. 2017, 8, e2700. [Google Scholar] [CrossRef] [PubMed]

	



Zagorska, A.; Traves, P.G.; Jimenez-Garcia, L.; Strickland, J.D.; Oh, J.; Tapia, F.J.; Mayoral, R.; Burrola, P.; Copple, B.L.; Lemke, G. Differential regulation of hepatic physiology and injury by the TAM receptors Axl and Mer. Life Sci. Alliance 2020, 3, e202000694. [Google Scholar] [CrossRef] [PubMed]

	



Tutusaus, A.; de Gregorio, E.; Cucarull, B.; Cristobal, H.; Areste, C.; Graupera, I.; Coll, M.; Colell, A.; Gausdal, G.; Lorens, J.B.; et al. A Functional Role of GAS6/TAM in Nonalcoholic Steatohepatitis Progression Implicates AXL as Therapeutic Target. Cell. Mol. Gastroenterol. Hepatol. 2020, 9, 349–368. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Li, J.; Ji, Y.; An, P.; Zhang, S.; Li, Z. Traditional herbal medicine: A review of potential of inhibitory hepatocellular carcinoma in basic research and clinical trial. Evid. Based Complement. Altern. Med. 2013, 2013, 268963. [Google Scholar] [CrossRef] [PubMed]

	



Li-Weber, M. Targeting apoptosis pathways in cancer by Chinese medicine. Cancer Lett. 2013, 332, 304–312. [Google Scholar] [CrossRef]

	



Ye, M.X.; Li, Y.; Yin, H.; Zhang, J. Curcumin: Updated molecular mechanisms and intervention targets in human lung cancer. Int. J. Mol. Sci. 2012, 13, 3959–3978. [Google Scholar] [CrossRef]

	



Hong, M.; Tan, H.Y.; Li, S.; Cheung, F.; Wang, N.; Nagamatsu, T.; Feng, Y. Cancer Stem Cells: The Potential Targets of Chinese Medicines and Their Active Compounds. Int. J. Mol. Sci. 2016, 17, 893. [Google Scholar] [CrossRef]

	



Terlikowska, K.M.; Witkowska, A.M.; Zujko, M.E.; Dobrzycka, B.; Terlikowski, S.J. Potential application of curcumin and its analogues in the treatment strategy of patients with primary epithelial ovarian cancer. Int. J. Mol. Sci. 2014, 15, 21703–21722. [Google Scholar] [CrossRef] [PubMed]

	



Shi, M.; Gu, A.; Tu, H.; Huang, C.; Wang, H.; Yu, Z.; Wang, X.; Cao, L.; Shu, Y.; Wang, H.; et al. Comparing nanoparticle polymeric micellar paclitaxel and solvent-based paclitaxel as first-line treatment of advanced non-small-cell lung cancer: An open-label, randomized, multicenter, phase III trial. Ann. Oncol. 2021, 32, 85–96. [Google Scholar] [CrossRef] [PubMed]

	



Gokduman, K. Strategies Targeting DNA Topoisomerase I in Cancer Chemotherapy: Camptothecins, Nanocarriers for Camptothecins, Organic Non-Camptothecin Compounds and Metal Complexes. Curr. Drug Targets 2016, 17, 1928–1939. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, Y.A.; Chen, C.S.; Wang, Y.C.; Lin, E.S.; Chang, C.Y.; Chen, J.J.; Wu, M.Y.; Lin, H.J.; Wan, L. Anti-Inflammatory Effects of Resveratrol on Human Retinal Pigment Cells and a Myopia Animal Model. Curr. Issues Mol. Biol. 2021, 43, 716–727. [Google Scholar] [CrossRef] [PubMed]

	



Kristofi, R.; Eriksson, J.W. Metformin as an anti-inflammatory agent: A short review. J. Endocrinol. 2021, 251, R11–R22. [Google Scholar] [CrossRef] [PubMed]

	



Cicalau, G.I.P.; Babes, P.A.; Calniceanu, H.; Popa, A.; Ciavoi, G.; Iova, G.M.; Ganea, M.; Scrobota, I. Anti-Inflammatory and Antioxidant Properties of Carvacrol and Magnolol, in Periodontal Disease and Diabetes Mellitus. Molecules 2021, 26, 6899. [Google Scholar] [CrossRef] [PubMed]

	



Mazarakis, N.; Snibson, K.; Licciardi, P.V.; Karagiannis, T.C. The potential use of l-sulforaphane for the treatment of chronic inflammatory diseases: A review of the clinical evidence. Clin. Nutr. 2020, 39, 664–675. [Google Scholar] [CrossRef]

	



He, H.; Ma, Y.; Huang, H.; Huang, C.; Chen, Z.; Chen, D.; Gu, Y.; Wang, X.; Chen, J. A comprehensive understanding about the pharmacological effect of diallyl disulfide other than its anti-carcinogenic activities. Eur. J. Pharmacol. 2021, 893, 173803. [Google Scholar] [CrossRef]

	



Huang, M.Y.; Tu, C.E.; Wang, S.C.; Hung, Y.L.; Su, C.C.; Fang, S.H.; Chen, C.S.; Liu, P.L.; Cheng, W.C.; Huang, Y.W.; et al. Corylin inhibits LPS-induced inflammatory response and attenuates the activation of NLRP3 inflammasome in microglia. BMC Complement. Altern. Med. 2018, 18, 221. [Google Scholar] [CrossRef]

	



Hung, Y.L.; Fang, S.H.; Wang, S.C.; Cheng, W.C.; Liu, P.L.; Su, C.C.; Chen, C.S.; Huang, M.Y.; Hua, K.F.; Shen, K.H.; et al. Corylin protects LPS-induced sepsis and attenuates LPS-induced inflammatory response. Sci. Rep. 2017, 7, 46299. [Google Scholar] [CrossRef]

	



Chang, Z.Y.; Liu, H.M.; Leu, Y.L.; Hsu, C.H.; Lee, T.Y. Modulation of Gut Microbiota Combined with Upregulation of Intestinal Tight Junction Explains Anti-Inflammatory Effect of Corylin on Colitis-Associated Cancer in Mice. Int. J. Mol. Sci. 2022, 23, 2667. [Google Scholar] [CrossRef]

	



Chopra, B.; Dhingra, A.K.; Dhar, K.L. Psoralea corylifolia L. (Buguchi)—Folklore to modern evidence: Review. Fitoterapia 2013, 90, 44–56. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Z.; Wang, D.; Xu, Y.; Li, F. Osteoblastic differentiation bioassay and its application to investigating the activity of fractions and compounds from Psoralea corylifolia L. Pharmazie 2003, 58, 925–928. [Google Scholar] [PubMed]

	



Wang, D.; Li, F.; Jiang, Z. Osteoblastic proliferation stimulating activity of Psoralea corylifolia extracts and two of its flavonoids. Planta Med. 2001, 67, 748–749. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.C.; Chen, C.Y.; Ueng, S.H.; Hsueh, C.; Yeh, C.T.; Ho, J.Y.; Chou, L.F.; Wang, T.H. Corylin increases the sensitivity of hepatocellular carcinoma cells to chemotherapy through long noncoding RNA RAD51-AS1-mediated inhibition of DNA repair. Cell Death Dis. 2018, 9, 543. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.Y.; Chen, C.C.; Shieh, T.M.; Hsueh, C.; Wang, S.H.; Leu, Y.L.; Lian, J.H.; Wang, T.H. Corylin Suppresses Hepatocellular Carcinoma Progression via the Inhibition of Epithelial-Mesenchymal Transition, Mediated by Long Noncoding RNA GAS5. Int. J. Mol. Sci. 2018, 19, 380. [Google Scholar] [CrossRef]

	



Li, N.; Liu, T.; Zhu, S.; Yang, Y.; Wang, Z.; Zhao, Z.; Liu, T.; Wang, X.; Qin, W.; Yan, Y.; et al. Corylin from Psoralea fructus (Psoralea corylifolia L.) protects against UV-induced skin aging by activating Nrf2 defense mechanisms. Phytother. Res. 2022, 36, 3276–3294. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.H.; Tseng, W.C.; Leu, Y.L.; Chen, C.Y.; Lee, W.C.; Chi, Y.C.; Cheng, S.F.; Lai, C.Y.; Kuo, C.H.; Yang, S.L.; et al. The flavonoid corylin exhibits lifespan extension properties in mouse. Nat. Commun. 2022, 13, 1238. [Google Scholar] [CrossRef] [PubMed]

	



Patel, D.K. Biological Importance, Therapeutic Benefits, and Analytical Aspects of Active Flavonoidal Compounds ‘Corylin’ from Psoralea corylifolia in the Field of Medicine. Infect. Disord. Drug Targets 2023, 23, e250822208005. [Google Scholar] [CrossRef]

	



Zheng, Z.G.; Zhang, X.; Liu, X.X.; Jin, X.X.; Dai, L.; Cheng, H.M.; Jing, D.; Thu, P.M.; Zhang, M.; Li, H.; et al. Inhibition of HSP90beta Improves Lipid Disorders by Promoting Mature SREBPs Degradation via the Ubiquitin-proteasome System. Theranostics 2019, 9, 5769–5783. [Google Scholar] [CrossRef]

	



Chen, C.C.; Li, H.Y.; Leu, Y.L.; Chen, Y.J.; Wang, C.J.; Wang, S.H. Corylin Inhibits Vascular Cell Inflammation, Proliferation and Migration and Reduces Atherosclerosis in ApoE-Deficient Mice. Antioxidants 2020, 9, 275. [Google Scholar] [CrossRef]

	



Zhou, L.; Matsushima, G.K. Tyro3, Axl, Mertk receptor-mediated efferocytosis and immune regulation in the tumor environment. Int. Rev. Cell Mol. Biol. 2021, 361, 165–210. [Google Scholar] [PubMed]

	



Huang, H.; Jiang, J.; Chen, R.; Lin, Y.; Chen, H.; Ling, Q. The role of macrophage TAM receptor family in the acute-to-chronic progression of liver disease: From friend to foe? Liver Int. 2022, 42, 2620–2631. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.H.; Chun, T. Anti-Inflammatory Role of TAM Family of Receptor Tyrosine Kinases Via Modulating Macrophage Function. Mol. Cells 2019, 42, 1–7. [Google Scholar]

	



Wu, G.; Ma, Z.; Cheng, Y.; Hu, W.; Deng, C.; Jiang, S.; Li, T.; Chen, F.; Yang, Y. Targeting Gas6/TAM in cancer cells and tumor microenvironment. Mol. Cancer 2018, 17, 20. [Google Scholar] [CrossRef] [PubMed]

	



Dormady, S.P.; Zhang, X.M.; Basch, R.S. Hematopoietic progenitor cells grow on 3T3 fibroblast monolayers that overexpress growth arrest-specific gene-6 (GAS6). Proc. Natl. Acad. Sci. USA 2000, 97, 12260–12265. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, P.Y.; Chen, X.L.; Lei, Y.H.; Liu, C.Y.; Liu, Y.W. Growth arrest-specific gene 6 protein promotes the proliferation and migration of endothelial progenitor cells through the PI3K/AKT signaling pathway. Int. J. Mol. Med. 2014, 34, 299–306. [Google Scholar] [CrossRef] [PubMed]

	



Yanagita, M.; Arai, H.; Ishii, K.; Nakano, T.; Ohashi, K.; Mizuno, K.; Varnum, B.; Fukatsu, A.; Doi, T.; Kita, T. Gas6 regulates mesangial cell proliferation through Axl in experimental glomerulonephritis. Am. J. Pathol. 2001, 158, 1423–1432. [Google Scholar] [CrossRef]

	



Melaragno, M.G.; Wuthrich, D.A.; Poppa, V.; Gill, D.; Lindner, V.; Berk, B.C.; Corson, M.A. Increased expression of Axl tyrosine kinase after vascular injury and regulation by G protein-coupled receptor agonists in rats. Circ. Res. 1998, 83, 697–704. [Google Scholar] [CrossRef]

	



Stenhoff, J.; Dahlback, B.; Hafizi, S. Vitamin K-dependent Gas6 activates ERK kinase and stimulates growth of cardiac fibroblasts. Biochem. Biophys. Res. Commun. 2004, 319, 871–878. [Google Scholar] [CrossRef]

	



Bellan, M.; Cittone, M.G.; Tonello, S.; Rigamonti, C.; Castello, L.M.; Gavelli, F.; Pirisi, M.; Sainaghi, P.P. Gas6/TAM System: A Key Modulator of the Interplay between Inflammation and Fibrosis. Int. J. Mol. Sci. 2019, 20, 5070. [Google Scholar] [CrossRef] [PubMed]

	



Lachowski, D.; Cortes, E.; Rice, A.; Pinato, D.; Rombouts, K.; Del Rio Hernandez, A. Matrix stiffness modulates the activity of MMP-9 and TIMP-1 in hepatic stellate cells to perpetuate fibrosis. Sci. Rep. 2019, 9, 7299. [Google Scholar] [CrossRef] [PubMed]

	



Robert, S.; Gicquel, T.; Bodin, A.; Lagente, V.; Boichot, E. Characterization of the MMP/TIMP Imbalance and Collagen Production Induced by IL-1beta or TNF-alpha Release from Human Hepatic Stellate Cells. PLoS ONE 2016, 11, e0153118. [Google Scholar] [CrossRef] [PubMed]

	



Roeb, E. Matrix metalloproteinases and liver fibrosis (translational aspects). Matrix Biol. 2018, 68–69, 463–473. [Google Scholar] [CrossRef] [PubMed]

	



Geervliet, E.; Bansal, R. Matrix Metalloproteinases as Potential Biomarkers and Therapeutic Targets in Liver Diseases. Cells 2020, 9, 1212. [Google Scholar] [CrossRef]








[image: Ijms 24 16936 g001] 





Figure 1. Corylin significantly inhibits IL-1β, IL-6, and TNF-α expression in THP-1 and RAW264.7 cells. Expression of pro-inflammatory cytokines, according to enzyme-linked immunosorbent assays, in (A–C) THP-1 and (D–F) RAW264.7 cells that were treated with different concentrations of corylin or vehicle for 2 h and then treated with 200 ng/mL LPS to induce an inflammatory response for 24 h. All data are expressed as the mean ± standard deviations of three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). LPS, lipopolysaccharide; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor alpha; TGF-β, transforming growth factor beta. 
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Figure 2. Corylin inhibits mitogen-activated protein kinase activation in THP-1 and RAW264.7 cells. (A) THP-1 cells and (B) RAW264.7 cells stimulated with 200 ng/mL LPS and 40 mM corylin for the indicated time period, and the activities of JNK, ERK, and p38 examined using Western blot analysis with phosphospecific antibodies are shown. (C,D) The total protein levels of JNK, ERK, and p38 were measured, and quantitative results are shown. LPS, lipopolysaccharide; JNK, c-Jun N-terminal kinase; ERK, extracellular signal-regulated kinase; p-JNK, phosphorylated JNK; IL-1β, interleukin 1 beta; TNF-α, tumor necrosis factor alpha; TGF-β, transforming growth factor beta. 
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Figure 3. Effect of corylin on liver fibrosis in mice induced by CCl4 treatment. (A) Mice livers treated with CCl4, CCl4 + corylin, or olive oil (NC), as described in Section 4, are shown. Corylin treatment reduces liver fibrosis symptoms in CCl4-exposed mice six weeks after drug administration. (B) Body weights measured every three days after CCl4 injection are shown. (C) Masson’s trichrome staining reveals the effects of corylin on CCl4-induced liver fibrosis. (D) Effect of corylin on serum AST and ALT levels in mice. p < 0.05 (*), p < 0.01 (**). CCl4, carbon tetrachloride; AST, aspartate aminotransferase; ALT, alanine transaminase. 
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Figure 4. Corylin inhibits HSC activation. (A) Western blot analysis of human HSCs HHSteC cells treated with corylin or vehicle for 2 h, followed by TGF-β (4 ng/mL) treatment for 24 h to stimulate cell activation, to analyze α-SMA and COL1A1 protein expression, and to determine the effects of corylin on HSC activation. Quantitative results are shown in (B). All data are expressed as the mean ± standard deviations of three independent experiments. p < 0.01 (**), p < 0.001 (***). (C) Immunohistochemical staining representing the effects of corylin on COL1A1 and α-SMA expression in mouse livers. Quantitative results are shown in (D). p < 0.01 (**). HSCs, hepatic stellate cells; COL1A1, collagen 1A; α-SMA, smooth muscle-actin; TGF-β, transforming growth factor beta; DMSO, dimethyl sulfoxide. 
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Figure 5. Corylin inhibits HSC activation by suppressing GAS6 expression and downstream PI3K/AKT signaling. (A) Western blotting results of cell lysates of HHSteC cells treated with corylin or DMSO for 2 h, followed by TGF-β (4 ng/mL) treatment for 24 h to stimulate cell activation and to determine the effects of corylin on the GAS6/AXL signaling pathway. β-Actin is the internal control. Quantitative results are shown in (B,C). All data are expressed as the mean ± standard deviations of three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). HSCs, hepatic stellate cells; GAS6, growth arrest-specific gene 6; PI3K/AKT, phosphoinositide 3-kinase/protein kinase B; p-PI3K, phosphorylated PI3K; DMSO, dimethyl sulfoxide; TGF-β, transforming growth factor beta; COL1A1, collagen 1A; α-SMA, smooth muscle-actin. 






Figure 5. Corylin inhibits HSC activation by suppressing GAS6 expression and downstream PI3K/AKT signaling. (A) Western blotting results of cell lysates of HHSteC cells treated with corylin or DMSO for 2 h, followed by TGF-β (4 ng/mL) treatment for 24 h to stimulate cell activation and to determine the effects of corylin on the GAS6/AXL signaling pathway. β-Actin is the internal control. Quantitative results are shown in (B,C). All data are expressed as the mean ± standard deviations of three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). HSCs, hepatic stellate cells; GAS6, growth arrest-specific gene 6; PI3K/AKT, phosphoinositide 3-kinase/protein kinase B; p-PI3K, phosphorylated PI3K; DMSO, dimethyl sulfoxide; TGF-β, transforming growth factor beta; COL1A1, collagen 1A; α-SMA, smooth muscle-actin.



[image: Ijms 24 16936 g005]







[image: Ijms 24 16936 g006] 





Figure 6. Corylin inhibits TGF-β-induced TIMP-1 and TIMP-2 expression in HHSteC cells. (A) Western blotting results of cell lysates of HHSteC cells treated with different concentrations of corylin or vehicle for 2 h and then treated with 4 ng/mL TGF-β to induce an inflammatory response for 24 h; to analyze the expression of MMP-2, TIMP-1, and TIMP-2. Quantitative results are shown in (B). All data are expressed as the mean ± standard deviations of three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). TIMP-1, tissue inhibitor of metalloproteinase 1; MMP-2, matrix metalloproteinase 2. 
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Figure 7. Effects of corylin on apoptosis in HHSteC cells. The apoptotic cell rate and cell cycle status according to (A) flow cytometry and (C) TUNEL assays of cells incubated with a vehicle (DMSO) and different concentrations of corylin (20 and 40 µM) for 48 h. (B) Quantitative results of flow cytometry. Error bars present the mean ± standard deviation from three independent experiments. (D) Effects of corylin on apoptosis-related protein expression according to Western blotting analysis. b-actin is the internal control. (E) Schematic representation summarizing the anti-liver fibrosis mechanisms of corylin. TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling. Red up arrow indicates up-regulation, and green down arrow means down-regulation. 
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