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Chronic liver disease or repeated damage to hepatocytes can give rise to hepatic fibrosis. Hepatic fibrosis (HF) is a pathological process of excessive sedimentation of extracellular matrix (ECM) proteins such as collagens, glycoproteins, and proteoglycans (PGs) in the hepatic parenchyma. Changes in the composition of the ECM lead to the stiffness of the matrix that destroys its inherent mechanical homeostasis, and a mechanical homeostasis imbalance activates hepatic stellate cells (HSCs) into myofibroblasts, which can overproliferate and secrete large amounts of ECM proteins. Excessive ECM proteins are gradually deposited in the Disse gap, and matrix regeneration fails, which further leads to changes in ECM components and an increase in stiffness, forming a vicious cycle. These processes promote the occurrence and development of hepatic fibrosis. In this review, the dynamic process of ECM remodeling of HF and the activation of HSCs into mechanotransduction signaling pathways for myofibroblasts to participate in HF are discussed. These mechanotransduction signaling pathways may have potential therapeutic targets for repairing or reversing fibrosis.
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1 INTRODUCTION
Mechanical forces can regulate cell function and direct cell behavior, and cells can also maintain homeostasis by responding to mechanical stimuli (Alvarez and Smutny, 2022). Cells sense mechanical forces generated by the extracellular matrix (ECM) and convert them into biochemical signals that are transmitted into the nucleus, causing specific cellular responses (such as regulating gene transcription or altering the cytoskeleton), a process known as mechanotransduction (Kang, 2020). Hepatic fibrosis (HF) can be caused by a variety of causes, including autoimmune hepatitis, viral hepatitis, non-alcoholic fatty liver disease, and alcoholic liver disease, among others (Berumen et al., 2021). It is noteworthy that HF is a pathological process of liver cirrhosis and hepatocellular carcinoma (HCC), and its main complications include portal hypertension and liver failure (Parola and Pinzani, 2019). HF is essentially the result of abnormal repair of liver tissue, characterized by excessive deposition of ECM. The ECM of the fibrotic liver is mainly produced by myofibroblasts, and hepatic MFBs are mainly derived from activated hepatic stellate cells (HSCs) (Kovner et al., 2022). Under physiological conditions, HSCs are silent in the liver and are activated to participate in HF after liver injury. Activated HSCs can secrete a variety of cytokines, induce ECM (such as collagens) to increase, regulate matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs), and destroy ECM homeostasis. When the liver injury is repaired, HSCs are deactivated or apoptosis and fibrosis are reversed (Caligiuri et al., 2021). In recent years, many studies have found that HSCs can sense the mechanical force generated by ECM and convert it into biochemical signals to participate in the occurrence and development of HF. This review will focus on the mechanotransduction signaling pathways of HSCs activation and the mechanism of mechanical homeostasis imbalance in HF.
2 INTRODUCTION TO THE EXTRACELLULAR MATRIX
In most organs of the human body, the ECM is mainly composed of the interstitial matrix and the basement membrane, the latter comprising the epithelial cell basement membrane and the endothelial cell basement membrane (Burgstaller et al., 2017). The ECM is a macromolecular network composed of collagens, elastin, fibronectin, laminins, glycosaminoglycans (GAGs), proteoglycans (PGs), and glycoproteins. It not only provides mechanical elastic structural support for organ cells but also regulates cell proliferation, survival, migration, differentiation, and morphological changes (Theocharis et al., 2016; Li et al., 2021). Collagens are important components of mechanical homeostasis, providing structural support for connective tissue and forming the basement membrane and interstitial matrix of organs (Badylak et al., 2015; Cramer and Badylak, 2020). There are many types of collagen, among which type I, type II, type III, type IV, type V, and type VI are more common (Mienaltowski et al., 2021). The most abundant collagens in the liver are proto-fibrous collagens (I, III, V) in the interstitial matrix, while proto-microfibrous collagen type VI and basement membrane collagens (IV, XVIII) are less abundant in the liver (Karsdal et al., 2017). Type IV collagen, which together with laminin constitutes the major component of the basement membrane of epithelial and endothelial cells, can be assembled into a loose permeable network that allows the bidirectional flow of nutrients and metabolites from the blood to the hepatocytes (Leeming et al., 2012). Collagens (I, II, III, V, XI) belong to proto-fibrous collagens, which are mainly involved in the composition of interstitial matrix, forming a dense diffusion barrier network, which is the core of tissue structure and integrity (Karsdal et al., 2017). This is a kind of supporting scaffold, which can be produced by different types of fibroblasts. In biomechanics, type I collagen is the main material that changes the mechanical properties of tissue and ECM, and its content is positively correlated with organ stiffness (Swift et al., 2013; Swift and Discher, 2014). Elastin, fibronectin, laminins, GAGs, and PGs belong to the non-collagenous protein family in ECM. Elastin is present in the walls of blood vessels, the capsule, and long-term fibrotic tissues, and can provide reversible elasticity to the organ to relieve mechanical loading (Cocciolone et al., 2018). GAGs are fibrous, rigid, unbranched polysaccharide chains that are composed of repeating disaccharide units, present as free sugar chains [e.g., hyaluronic acid (HA) ], or attached primarily to PGs (e.g., heparan sulfate or chondroitin sulfate chains) (Purushothaman et al., 2023). PGs are hydrated gels with a certain consistency that regulate cell adhesion and maintain hyperosmolality (Khurana et al., 2021). Fibronectin exists in the liver capsule, portal vein interstitium, and septal space, which is closely related to liver development and hepatocyte survival after acute liver injury. Fibronectin can promote the interaction between heparins and collagens, mediate cell adhesion, and participate in many biological processes, such as coagulation, wound healing, and ECM assembly (Miron-Mendoza et al., 2017; Jara et al., 2020). Compared with acute liver injury, HF persists as a wound repair response in chronic liver injury, and fibrosis continues to thicken, impairing tissue structure and function. After the liver injury, the low-density basement membrane-like matrix in the Disse space is destroyed, and the original collagen types IV and VI are replaced by collagen types I, III, and fibrin (Hernandez-Gea and Friedman, 2011). Laminins exist in the basement membrane and endoplasmic reticulum of mesothelial cells, which can affect cell adhesion and movement, regulate cell growth and differentiation, and participate in the progress of fibrosis, tumor invasion, and metastasis. Integrin families belong to a class of glycoproteins in ECM, which can act as ligands of cell surface receptors, regulate cell proliferation, migration, differentiation, and wound healing, and participate in a wide range of biological processes, including ECM assembly and cell-ECM interaction (Hudson et al., 2017; Horton, 2021).
In addition, ECM also contains MMPs, TIMPs, lysyl oxidases (LOX), and lysyl oxidase-like enzymes (LOXLs) and a series of growth factors, which play an important role in the formation and regression of fibrosis. MMPs are zinc-dependent endopeptidases, which can degrade all components of ECM and a large number of non-matrix proteins, and participate in regulating the activities of pro-inflammatory factors, growth factors, chemokines, and so on (Laronha and Caldeira, 2020). TIMPs are natural antagonists of MMPs, which can reversibly inhibit activated MMPs and cooperate with MMPs to regulate the balance between ECM formation and hydrolysis in the liver (Geervliet and Bansal, 2020; Shan et al., 2023). LOX and LOXLs can promote the crosslinking of collagens and elastin, contribute to ECM fibrosis, and delay the reversal of HF induced by carbon tetrachloride (Liu et al., 2016). Therefore, when the synthesis and degradation of liver ECM are unbalanced, homeostasis is destroyed, which will lead to the destruction of liver tissue structure and cause diseases (such as fibrosis and cancer).
3 EXTRACELLULAR MATRIX REMODELING IN HEPATIC FIBROSIS
The progression of chronic liver disease (CLD), including alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohepatitis (NASH), and hepatitis B and C viral (HBV/HCV), is associated with the development of HF. HF formation is a continuous process and can be classified as portal fibrosis (F1), moderate fibrosis (F2), severe fibrosis (F3), and cirrhosis (F4) according to the Metavir score. It is well known that the main feature of HF is that persistent liver injury leads to excessive deposition of ECM proteins, which mainly include fibrous proteins (such as collagens, fibronectin, elastin, and laminins) and GAGs (such as HA and heparin sulfate). In the process of fibrosis formation, the deposition of ECM proteins changes the content and composition of ECM components. For example, compared with a healthy liver, the number of ECM proteins in the fibrotic liver increases by 6 times (Roehlen et al., 2020), and the number of ECM proteins in the cirrhotic liver can be as high as 10 times (Karsdal et al., 2017), which will lead to changes in ECM biochemical and mechanical properties. In addition, ECM protein deposition triggers the remodeling of liver tissue, leading to extensive fibrous scarring, distortion of liver structure, and significant impairment of liver function (Khanam et al., 2021). We call the process of ECM deposition during fibrosis resulting in changes in its component content and composition ECM remodeling, which is a complex and highly coordinated process with its synthesis, secretion, degradation, and recombination constantly changing dynamically with the progression of fibrosis. In essence, it is a repair reaction of tissues and organs, and a protection mechanism activated in response to stress and injury to maintain the functional and anatomical integrity of the liver.
As one of the main components of ECM structure, almost all types of collagen are increased during ECM remodeling in HF. For example, the synthesis and deposition of type I collagen in the fibrotic liver can be 8 times higher than in the healthy liver (Crawford and Burt, 2012). In an earlier study of dimethylnitrosamine-induced HF in rats (Ala-Kokko et al., 1987), the mRNA concentrations of type I, III, and IV collagen increased in the early stage of HF, but the increase of type IV collagen was particularly significant in the early stage of fibrosis, and the accumulation of type I and III collagen was mainly concentrated in the late stage of fibrosis. In a study of CCl 4-induced HF in mice, type I collagen expression was significantly elevated in the early stage of fibrosis and continued to increase in the late stage of fibrosis, while elastin synthesis and accumulation increased only in the late stage of fibrosis (Chen et al., 2019). In a study of ALD patients, compared with matched healthy patients, ALD patients had higher levels of collagens (III, IV, V, and VI) formation and degradation, and with the progression of fibrosis, collagens (III, IV, and V) formation was relatively more than degradation, except for collagen VI, and this imbalance of ECM remodeling was particularly evident in interstitial matrix type III collagen (Thiele et al., 2021). A liver biopsy study (Baiocchini et al., 2016) of 57 patients with HF according to Metavir classification used a decellularized method to purify ECM scaffolds from human liver tissue to dynamically understand the process of ECM remodeling. The results of this study show that the evolution of HF from F1 to F3 requires a gradual accumulation of collagens (I, III) and elastin, but the achievement of cirrhosis (F4) involves a large accumulation of elastic fibers (i.e., overexpression of elastin), accompanied by a modest reduction of type I and III collagen. Thus, since each collagen has a different role in the extracellular matrix of the liver, it is likely that their increased amounts are not the same at the same stage of HF. There are many kinds of collagens in ECM, and they show different increasing patterns in the process of fibrosis. The expression of some collagens is dominant in the early stage of HF, while the expression of other collagens may be more prominent in the late stage of fibrosis. In addition, there are many causes of HF, and the ECM remodeling process of HF may also vary from different etiologies. To date, the detailed process of ECM remodeling in HF and the characteristics of ECM remodeling in different etiologies of HF are still unclear and need to be further confirmed.
GAGs and PGs, as another major molecular type of ECM, are also involved in extracellular matrix remodeling in HF. GAGs are linear polyanionic animal heteropolysaccharides, which can be classified into four groups according to the structure of disaccharide units: heparin/heparin sulfate, chondroitin/chondroitin sulfate, keratin sulfate, and HA (Song Y. et al., 2021). PGs are a class of modified proteins formed by the covalent binding of GAGs (such as chondroitin sulfate or heparin sulfate chains) other than HA to the protein core (Wang and Chi, 2022; Purushothaman et al., 2023). PGs have been shown to enhance the remodeling capacity of liver tissue, and their numbers are significantly increased in cirrhotic liver tumors, especially perlecan and decorin, and the knockout of perlecan and decorin also leads to a decrease in ECM stiffness (Kovalszky et al., 1993; Kimura et al., 2008; Robinson et al., 2017). Syndecans are a family of four-member transmembrane proteoglycans that primarily carry heparan sulfate chains, including Syndecan-1(SDC-1), Syndecan-2(SDC-2), Syndecan-3(SDC-3), Syndecan-4(SDC-4). During the transformation of HSCs into myofibroblasts, a key process in the development of cirrhosis, the mRNA levels of syndecan-1, -3, and -4 remained unchanged, whereas the mRNA amount of syndecan-2 increased (Weiner et al., 1996). SDC-1 is overexpressed in the early stages of HF and may inhibit fibrosis by interfering with TGFβ1 and by promoting the upregulation of matrix metalloproteinase 14, a protease that plays a key role in matrix degradation (Regős et al., 2018). Notably, this protective effect of SDC-1 on HF may change over time. Further studies confirmed that the overexpression of SDC-1 was positively correlated with the degree of HF, and the expression of SDC-1 was significantly increased in advanced HF compared with early and middle HF (Charchanti et al., 2021). Agrin is a heparan sulfate proteoglycan that is expressed or secreted into the ECM as a membrane proteoglycan (Mead et al., 2022) and is aggregated in chemically induced cirrhotic and hepatoma rat livers (Tátrai et al., 2006). Furthermore, during HF and liver cancer development, excessive accumulation of agrin, in addition to collagens, laminins, and elastin, will lead to the formation of a stiffer ECM (Chang et al., 2017). HA, the only unsulfated GAGs, is generally considered to be a biomarker elevated in the blood of patients with HF and cirrhosis (Matsuda and Seki, 2020b; Kim and Seki, 2023), and is actively synthesized during the HF process, its accumulation starting in early HF (F1-2) and significantly increasing in F3-F4 fibrosis (Kim and Seki, 2023).
Another feature of HF is that the stiffness of the ECM can be increased due to the large deposition of ECM proteins, and the increased stiffness of the ECM can affect cellular biological behavior through mechanotransduction (Lachowski et al., 2019). ECM stiffness refers to the ability of ECM to resist elastic deformation when subjected to force. Matrix stiffness contributes to the mechanical properties of ECM proteins and can affect the behavior of HSCs, including growth, movement, adhesion, and differentiation into myofibroblasts (Wells, 2008). One of the important aspects related to matrix stiffness in the process of HF is the imbalance of major enzymes involved in ECM degradation, such as MMPs and their inhibitors TIMPs. MMPs are key mediators of ECM remodeling, and their expression changes during fibrosis progression, such as MMP-1 decreases in fibrotic livers, while MMP-2 increases with fibrosis progression (Iredale et al., 2013). Similarly, the expression of TIMP-1 and TIMP-2 significantly increases in fibrosis (Leroy et al., 2004). In the process of ECM remodeling, TIMPs inhibit the activity of MMPs, and the synthesis and degradation of ECM are unbalanced, resulting in a net increase in ECM deposition. An in vivo study in mice found that lysyl oxidase-like 1 (Loxl1) expression was elevated only in the late stages of HF, and inhibition of Loxl1 expression significantly reduced elastin crosslinking, thereby preventing HF progression (Zhao et al., 2018). The simultaneous increase in the expression of tropoelastin (a precursor molecule of elastin) and Loxl1 may lead to the cross-linking and subsequent accumulation of elastin in advanced HF, and by the time of cirrhosis, the overaccumulation of elastin may bind to the collagen scaffold, thereby promoting collagen fibers into a more contractile state and leading to increased HF(Chen et al., 2019). Studies have shown that fibrosis is associated with increased matrix stiffness due to excessive collagen deposition and cross-linking (Wells, 2013). Therefore, the progression of HF may alter liver stiffness through the binding of collagen and elastic fibers, and the increased matrix stiffness caused by the net accumulation of elastin may be responsible for the progression of advanced fibrosis to cirrhosis.
In general, there are many causes of HF, and the process of ECM remodeling may be different for different causes of HF. Up to now, the detailed process of ECM remodeling in HF and the characteristics of ECM remodeling in different etiological backgrounds are not clear, and further studies are expected to confirm this.
4 THE EFFECTS OF BIOMECHANICS ON HEPATIC STELLATE CELL ACTIVATION
HSCs are a kind of non-parenchymal cells peculiar to the liver, which are the main cell group for the synthesis of ECM in the liver and distribute in the Disse space between liver sinusoidal endothelial cells (LSECs) and hepatocytes. Under normal physiological conditions, HSCs are resting, storing vitamin A in the form of retinyl esters in their nuclear droplets, also known as hepatic fat-storing cells (Cai et al., 2020). When the liver is stimulated by mechanical signals or inflammation, HSCs will proliferate and activate into myofibroblasts and express α-smooth muscle actin (α-SMA) and type I collagen in large quantities, which promotes fibrosis and wound healing. When the injury and inflammation subside, myofibroblasts decrease (such as apoptosis or return to static phenotype) (Trivedi et al., 2021). Activated HSCs can continuously proliferate and secrete a large amount of ECM proteins in the liver. Under normal circumstances, matrix production and degradation are in a dynamic balance, and once the amount of matrix production exceeds the protease degradation capacity, the wound repair response promotes HF. The differences between myofibroblasts versus quiescent HSCs are shown in Table 1.
TABLE 1 | The differences between myofibroblasts versus quiescent HSCs that cause ECM imbalance and hepatic fibrosis.
[image: Table 1]In addition to the activation of HSCs by changes in ECM components, transforming growth factor-β1 (TGF-β1) is also involved in the activation process and plays a key role (Dooley and ten Dijke, 2012). TGF-β1 is stored in the ECM and responds to perturbations in the microenvironment to ensure ECM homeostasis. Secreted TGF-β1 remains inactive by binding to a protein complex called the large latency complexes (LLCs). Instead, LLCs are anchored on fibril ECM proteins (fibronectin, fibrillin, fibrin) by potential TGF-β-binding proteins (LTBP proteins) and form an inactive TGF-β1 repository within the ECM (Hinz, 2015). Activated TGF-β1 is released from LLC by proteolysis or mechanical deformation of the complex. Integrin-carrying cells bind to latency-associated protein (LAP) in the ECM-anchored LLC, which creates a pulling force that results in a conformational change in the LLC that releases activated TGF-β1 (Shi et al., 2011; Murphy-Ullrich and Suto, 2018). When the mechanical resistance of the ECM is guaranteed to be applied to the LAP, it will produce the conformational changes required for releasing TGF-β 1. The disorganized ECM (typically remodeled tissue) does not provide sufficient resistance to induce TGF-β1 release, while the stiff ECM (typically advanced fibrosis) is expected to ensure adequate resistance to latent TGF-β1 activation by cell traction (Hinz, 2015). During the formation of hepatic fibrosis, excessive TGF-β1 can activate HSCs and induce their differentiation into myofibroblasts, further leading to ECM protein deposition and ECM stiffness. Similarly, the timely release of activated TGF-β1 can further drive proinflammatory and inhibitory immune responses in response to changes in ECM stiffness during the progression of fibrosis (McQuitty et al., 2020). The integrin-dependent mechanical release of TGF-β1 is closely related to ECM stiffness, and increasing ECM stiffness has a direct impact on the activation of TGF-β1, thereby regulating the activation of HSCs.
Moreover, HSCs can migrate and aggregate to stiff areas through mechanotransduction pathways (described below), further stiffening the extracellular environment (Olsen et al., 2011; Kang, 2020). Therefore, the activation of HSCs is the central event in HF and the key entry point for preventing or reversing HF. Understanding the mechanism between the changes in ECM components and the activation of HSCs is the key to finding potential therapeutic targets for HF. The activation process of quiescent HSCs into myofibroblasts during HF is shown in Figure 1. The perception, transformation, and conduction of mechanical forces generated by the stiff extracellular environment by intrahepatic cells as well as their effect on target cells is a complex process. When the mechanical force of the ECM is sensed by mechanoreceptors on the plasma membrane, it is amplified by the protein complex, converted into biochemical signals, and transmitted downward; finally, through the connection between the cytoskeleton and the nucleoskeleton, the signal is transmitted to the nucleus to change gene transcription in response to mechanical forces (Kang, 2020). Integrins at ECM junctions, cadherins, cell adhesion molecules at cell-cell contacts, mechanically sensitive ion channels, and tyrosine kinase receptors are mechanoreceptor receptors on the hepatic cytoplasmic membrane (Lim et al., 2018). ECM stiffness can be detected by HSCs surface receptors, such as integrins, leading to HSCs activation (Caliari et al., 2016). ECM composition changes and density and stiffness increases can act as mechanical stimulation, at least in part by activating HSCs through the integrin signaling pathway to form a positive feedback loop (Higashi et al., 2017). HSCs are mechanically transduced in a stiff environment to promote activation and secretion of matrix components, further stiffening the cellular environment, and forming a positive feedback loop, so the stiffened ECM is not only the cause but also the result of HSCs activation.
[image: Figure 1]FIGURE 1 | The activation process of quiescent HSCs into myofibroblasts during hepatic fibrosis.
The liver is an immune organ in the human body that contains multiple immune cell types from the innate and adaptive immune systems. HSCs can interact with a variety of cells in the liver due to their special anatomical location in the Disse space. Similarly, HSCs can express multiple receptors and soluble effector molecules, allowing them to interact with different subsets of immune cells in the liver. The immune cell subsets contained in the liver include macrophages, dendritic cells (DC), natural killer cells (NK), and natural killer T cells (NKT), etc. Studies have pointed out that macrophages may sense extracellular mechanical stimulation by activating and recruiting into the liver, thus secreting specific cytokines and chemokines to activate HSCs and participate in the progression of HF. Macrophages in the liver can be divided into resident macrophages, Kupffer cells, and macrophages derived from bone marrow monocytes. In the event of liver injury, Kupffer cells have the sentinel function of phagocytosing harmful environmental substances and regulating the liver immune response, while monocyte-derived macrophages are cells that produce inflammatory cytokines, which help to timely regulate the liver inflammatory response and wound healing response (Matsuda and Seki, 2020a). In addition, when liver damage or inflammation occurs, macrophages can differentiate into M1-type macrophages (proinflammatory effect) of the classic activation pathway or M2-type macrophages (anti-inflammatory, tissue repair, and remodeling action) of alternating activation pathways, express corresponding molecular markers and regulate liver inflammation and fibrosis (Wan et al., 2014). Macrophages can also interact with HSCs, leading to the remodeling of the immune microenvironment and ECM (Cheng et al., 2021). From the perspective of body immunity, HF is a wound healing response regulated by the immune system, and mechanical forces can continuously activate the acute inflammatory pathway, thus forming an environment similar to chronic inflammation, and the prolonged inflammatory period leads to fibrosis. In vitro experiments have shown that the effect of mechanical forces on macrophage phenotype is bidirectional, and the application of circulatory pull to macrophages adhering to the scaffold can observe that the M2/MI ratio increases at 7% strain and decreases at 12% strain, suggesting that lower tension may maintain microenvironmental homeostasis, while abnormal stretching may initiate an inflammatory response (Ballotta et al., 2014). One study (Gruber et al., 2018) has shown that macrophages can sense ECM stiffness through mechanotransduction and respond by modulating Toll-like receptor (TLR)-mediated inflammatory responses. For example, macrophages grown on softer substrates induce stronger TLR4 and TLR9 signaling and release the more potent proinflammatory cytokine TNF-α. There is evidence that several physical factors of the ECM influence macrophage polarization and determine the outcome of wound healing and tissue remodeling, including stiffness and topography (Soliman et al., 2011; Qiu et al., 2018). A recent experiment (Chen et al., 2020) showed that substrate stiffness modulates bone marrow-derived macrophage (BMM) polarization through the nuclear factor κB (NF-κB) signaling pathway, with low substrate stiffness promoting BMM transfer to classically activated macrophages (M1) by modulating the NF-κB pathway initiated by reactive oxygen species (ROS) and medium substrate stiffness promoting BMM transfer to alternately activated macrophages (M2). Therefore, mechanical stimuli (such as changes in microenvironmental mechanical forces) generated during ECM remodeling and stiffening in HF may be sensed by macrophages through mechanotransduction pathways and initiate hepatic inflammatory responses through specific receptors. Then, liver inflammation can further trigger the activation of liver macrophages and their recruitment to the liver to produce cytokines and chemokines, including transforming growth factor β (TGF-β), platelet-derived growth factor (PDGF), and tumor necrosis factor (TNF), to induce the activation of HSCs, thereby regulating HF (Tsuchida and Friedman, 2017). TGF-β is mainly derived from activated macrophages, which are highly related to the promotion of HF. In the promotion of HF, TGF-β can enhance the destruction of hepatocytes, mediate the activation of HSCs and fibroblasts, and cause ECM deposition. For example, it can promote the production of type I and type III collagen in HSCs through a Smad-dependent pathway (Dooley and ten Dijke, 2012). TGF-β can also directly affect collagen production changes in hepatic stellate cells through integrins and promote the production of type I and III collagen, and in a mouse model of integrin αvβ8 knockout, fibroblasts showed decreased reactivity to TGF-β and decreased proliferative ability (Walton et al., 2017). The PDGF produced by activated macrophages can promote the process of HF by promoting the proliferation and migration of HSCs, activating HSCs through the PDGF-B, PDGF-C, PDGF-D/PDGFR-β pathways, and further strengthening the fibrosis response through the extracellular regulated protein kinase (ERK), AKT (a serine/threonine kinase), and NF-κB pathways (Bonnardel et al., 2019). Tumor necrosis factor (TNF) is a cytokine that can be divided into TNF-α and TNF-β, of which TNF-α, although not directly inducing type I collagen production in HSCs, can promote fibrosis by upregulating TIMP-1, downregulating bone morphogenetic protein and activin membrane-bound inhibitor (BAMBI), and preventing HSC apoptosis (Tarrats et al., 2011; Osawa et al., 2013; Liu et al., 2014). Therefore, hepatic macrophages may sense ECM stiffening through mechanotransduction and polarize into M1 or M2, produce corresponding cytokines and chemokines, and regulate HSCs through intercellular communication, thereby participating in the progression and regression of HF. This also indicates that there is interaction and crosstalk between mechanical transduction and biochemical signal transduction in the process of HF. However, the specific mechanism by which hepatic macrophages perceive mechanical stimulation to polarize is unclear, little research has been done, and the correlation between biomechanical signals and the activated form of hepatic macrophages (M1 or M2) is poorly understood.
5 MECHANOTRANSDUCTION IN HEPATIC FIBROSIS
Currently, biomechanics have been extensively studied in the lung, kidneys, and liver. Mechanotransduction refers to the process by which cells activate cellular pathways and affect their functions by converting mechanical stimuli generated by the extracellular environment into biochemical signals (Deng et al., 2020). Intrahepatic cells can sense changes in matrix mechanics and make changes to this through mechanotransduction to adapt to the changing environment, in which ECM proteins, especially collagens, give signals to the correct position, migration, activation, and metabolic capacity of cells attached to them. Integrin is a specific ECM receptor, and the external force applied to the cell can transfer mechanical forces from the ECM to the cytoskeleton through integrin-mediated adhesions (Lim et al., 2018) and can also cause the aggregation of integrins, thereby promoting actin polymerization, followed by enhanced adhesion stability and contractility, and finally activating downstream transcriptional effectors in the mechanical signaling pathway to achieve HF regulation (Sun et al., 2016). The mechanotransduction pathways that have been identified or may be potential in HF are described below.
5.1 Hippo-YAP/TAZ signaling pathway
Yes-associated protein (YAP) and TAZ (WWTR1, a transcriptional activator with a PDZ-binding motif) are downstream molecules of the Hippo pathway, which are involved in liver development, regeneration, and injury repair (Pibiri and Simbula, 2022). In vivo experiments in mice, the experimental activation of YAP/TAZ promoted the regeneration of damaged organs, and overactivation led to liver fibroblasts entering a fibrotic state, which intensified the inflammatory fibrosis of the liver and promoted the occurrence of liver tumors, leading to poor prognosis (Moya and Halder, 2019; Mooring et al., 2020; Yeh et al., 2021). YAP/TAZ is a mechanosensor and mediator that can sense mechanical cues arising from changes in ECM stiffness, cell geometry, cell density, and actin cytoskeletal state. The Hippo-YAP/TAZ signaling pathway can be activated by these mechanical signals and is also regulated by cell adhesion and cell polarity (Moon et al., 2019).
The Hippo-YAP/TAZ signaling pathway consists of a kinase cascade, mammalian sterile line 20-like kinase 1 (MST1, also known as STK4) and mammalian sterile line 20-like kinase 2 (MST2, also known as STK3), large tumor suppressor protein 1 (LATS1) and large tumor suppressor protein 2 (LATS2), linker proteins SAV1 (SAV1), MOB kinase activators 1A (MOB1A) and MOB kinase activators 1B (MOB1B), and YAP/TAZ. MST1/2 plays a central role in the regulation of the activity of YAP and TAZ proteins. The MST1/2 kinase cascade can phosphorylate YAP and TAZ proteins to inactivate them and cannot interact with TEAD transcription factors to activate their target gene transcription (Mo et al., 2012). The cell-ECM adhesion site integrin complex mediates mechanical signals from the ECM to the Hippo pathway, which is closely related to actomyosin cytoskeleton changes, and the integrity and polymerization of F-actin can affect cell morphology and cell proliferation (Aragona et al., 2013; Russell and Camargo, 2022). The regulation of the F-actin level has a significant effect on YAP/TAZ activity, which is achieved through a Hippo pathway (LATS1/2 kinase) that is dependent and independent, and F-actin inhibition can activate LATS1/2 and finally lead to phosphorylation inactivation of the YAP protein (Yeh et al., 2021).
In addition, YAP/TAZ is also regulated by focal adhesions (FAs), but the signal from it inhibits the Hippo pathway, to activate YAP/TAZ protein and lead YAP/TAZ to enter the nucleus of HSCs to increase the expression of target genes so that cells can proliferate and secrete ECM to adapt to the stiffened external environment (Meng et al., 2018).
5.2 Rho-ROCK signaling pathway
Rho-ROCK is a signaling pathway upstream of Hippo. Rho guanosine triphosphatases (Rho GTPases), belonging to the Ras family, are small signal G proteins that can regulate actin dynamics and actin polymerization by regulating a variety of downstream effector proteins, including ROCK proteins, and they play different functions according to cell types, such as actin-cytoskeleton assembly, cell contraction, and stress fiber formation (Julian and Olson, 2014). In addition, Rho/ROCK regulation of actin cytoskeletal dynamics is related to the nuclear localization and activity of two sets of transcriptional coactivators, myocardin-related transcription factors (MRTFs) and YAP/TAZ (Mason et al., 2019; Yang and Shi, 2021).
The cytoskeleton is an important means of mechanical force transmission in cells, and Rho directs morphological changes associated with HSCs activation by regulating the actin cytoskeleton (Cui et al., 2014). Stress fibers and Fas are the major components of the actin cytoskeleton, and stress fibers are bundles of F-actin with one end inserted into Fas and the other end inserted into a fixed perinuclear or other Fas (Ridley and Hall, 1992). RhoA is a member of the Ras homologous family, which is highly expressed in HF tissues (Wan et al., 2020). Mechanical forces in the ECM activate the RhoA/ROCK mechanical signaling pathway through mechanical sensors such as integrin, and then ROCK induces the phosphorylation of myosin light chain (MLC), increases the expression of transforming growth factor-β (TGF-β) and α-SMA proteins, and activates HSCs to promote HF(Parsons et al., 2010).
In an in vitro experiment, it was found that 50 mmHg hydrostatic pressure can significantly induce HSCs to acquire profibrotic properties through the RhoA/ROCK signaling pathway, and ROCK1 mediates the activation of this pathway (Huang et al., 2022). In an earlier experiment (Tada et al., 2001), Y27632, as a Rho kinase inhibitor, was able to partially block the activation of HSCs to inhibit HF in vitro and in vivo, which was manifested by a significant decrease in α-SMA protein expression and a significant inhibition of type I collagen mRNA transcription. A recent trial showed that both Y-27632 and Y-33075, another Rho kinase inhibitor, significantly reduced contraction, fibrosis, and proliferation of activated primary mouse and human HSCs, but increased HSCs migration (Bachtler et al., 2023). These results suggest that mechanical force can induce the activation of HSCs through RhoA/ROCK signaling pathway and promote the development of HF. Inhibition of this signaling pathway may block or weaken the activation of HSCs, thus hindering the development of HF.
5.3 MRTF-A signaling pathway
Myocardin-related transcription factors (MRTFs) are mechanosensory that link actin dynamics, including MRTF-A and MRTF-B, the former interacting primarily with serum response factor (SRF) in the nucleus and subsequently activating target gene transcription (Konopa et al., 2022). MRTF-A (also known as MKL-1) binds to G-actin and is sequestered in the cytoplasm, then shuttles from the cytoplasm to the nucleus, which is controlled by actin polymerization mediated by the RhoA-ROCK pathway (Rahman et al., 2018; Solagna et al., 2020). When RhoA binds to the downstream effector molecule ROCK, G-actin polymerizes into F-actin, and MRTF-A dissociates from G-actin, triggering MRTF-A translocation to the nucleus, interacting with SRF and forming an active SRF/MRTF-A complex, which then activates target genes containing CArG elements, resulting in the expression of a large number of fibrotic proteins and extracellular matrix components, such as α-SMA gene expression and type I collagen synthesis (Shi and Rockey, 2017; Montagner and Dupont, 2020; Al-Hetty et al., 2022). Kong et al. found that SRF deficiency slowed the activation of HSCs in vitro, and that conditional SRF deficiency in HSCs attenuated bile duct ligation (BDL) and carbon tetrachloride-induced HF in mice (Kong et al., 2019). CCG-1423 is a new small molecule inhibitor of the MRTF-A mechanism that can block the transcription of MRTF-A by functionally inhibiting its nuclear localization, and it has been found in experiments that CCG-1423 has a good effect in the treatment of HF and not only blocks the expression of MRTF-A and α-SMA protein but also reduces the degree of HF and collagen content (Hayashi et al., 2014; Zheng et al., 2017). Shi et al. found that CCG-203971 (another novel small molecule inhibitor) can block the nuclear translocation pathway of cardiac muscle and MRTF-A, directly inhibit the activation of Smad 2/3 in SRF and type I collagen α2 promoter mediated by cardiac muscle/MRTF-A, and indirectly abolish the actin cytoskeleton-dependent regulation of Smad 2/3 and Erk 1/2 phosphorylation and nuclear accumulation, and finally lead to dose-dependent inhibition of actin cytoskeleton dynamics in HSCs.and abrogated multiple functional features of HSCs activation (i.e., HSCs contraction, migration, and proliferation), as well as decreased expression of type I collagen in vitro and HF in vivo (Shi et al., 2020). These results suggest that the interaction between MRTF-A translocation and SRF is the key to the activation of target genes of the MRTF-A signaling pathway, and the prevention of G-actin cytoskeleton destruction is crucial for MRTF-A translocation into the nucleus, and the input of actin mechanical signal is the premise of pathway triggering. In the future, the MRTF-A signaling pathway may become a new approach for the targeted treatment of HF.
It can be seen from the above description that there are interactions and crosstalk between the above three mechanotransduction signal pathways in the regulation of HF. Figure 2 briefly summarizes the regulation process of the Hippo-YAP/TAZ signaling pathway, RhoA-ROCK signaling pathway, and MRTF-A signaling pathway on HF.
[image: Figure 2]FIGURE 2 | Partial mechanotransduction pathways in the process of hepatic fibrosis. Integrin senses mechanical signals such as extracellular matrix pressure, which can increase the guanylate conversion factor (GEF), and GEF promotes the phosphorylation of GDP-Rho to GTP-Rho, which promotes increased ROCK. Under the continuous action of ROCK, the complex composed of G-actin and MRTF-A dissociates, G-actin is converted into F-actin and re-rehearsed, and F-actin can directly activate YAP/TAZ to translocation into the nucleus. F-actin can also inhibit the phosphorylation of MST1/2, thereby blocking the phosphorylation of LATS1/2, resulting in the inability of YAP/TAZ to be phosphorylated and degraded. Then YAP/TAZ accumulated in the cytoplasm enters the nucleus and binds to TEAP, increasing the transcriptional expression of target genes. In addition, dissociated MRTF-A enters the nucleus and binds to serum response factor (SRF) and then activates target genes containing CArG elements to promote transcriptional expression of target genes. Finally, HSCs are activated and express a large amount of α-SMA and extracellular matrix components such as type Ⅰ, Ⅲ, Ⅳ collagen.
5.4 FAK signaling pathway
Focal adhesion kinase (FAK) is a non-receptor protein tyrosine kinase in the cytoplasm that plays an important role in cellular behavior (adhesion, migration, proliferation, and angiogenesis) and is considered an important component involved in early events in cell-ECM interactions (Yu et al., 2022). FAK is also a key component of mechanotransduction, participating in multiple core signaling pathways and sensing mechanistic cues of extracellular input to regulate cellular states (Wan et al., 2018; Urciuoli and Peruzzi, 2020). In addition to the central kinase domain, FAK has an N-terminal FERM domain and a C-terminal focal adhesion targeting (FAT) domain (Tapial Martínez et al., 2020). The N-terminus is responsible for targeting FAK to the integrin β subunit or growth factor receptor aggregation site, regulating interactions with other potential activator proteins, while the C-terminus contains several protein-protein interaction sites and FAT, which binds to integrin-associated proteins and targets FAK to the focal adhesion complex, which is key to FAK-dependent cell migration (Zhao et al., 2017; Le Coq et al., 2022).
Extracellular mechanical forces stimulate integrin β1 to activate the FAK signaling pathway. Activated FAK promotes cell migration and invasion and mediates the activation of HSCs, differentiation into myofibroblasts, and inhibition of apoptosis (Horowitz et al., 2012; Zhao et al., 2017). A study of breast cancer cells mentioned that rigid ECM can directly stimulate integrin β1 and FAK, accelerate FAs maturation, and induce activation of RhoA/ROCK1/p-MLC and RhoA/ROCK2/p-cofilin signaling cascades, while ROCK1 phosphorylated myosin can regulate light chain and promote traction force generation, and ROCK2 phosphorylated cofilin inhibits F-actin depolymerization to remodel cytoskeleton and finally regulate cell migration (Peng et al., 2019). In liver tissue, activated FAK promotes the migration of HSCs stimulated by platelet-derived growth factor-BB (PDGF-BB) stimulation through small Rho GTPases (Rac and Rho) to accelerate the progression of fibrosis. PDGF is an active factor in a variety of cell migrations and plays an important role in HSCs migration (Heldin and Westermark, 1999). Tyr397 is a key site for FAK-dependent signaling, and its autophosphorylation is a trigger for cellular mechanotransduction. More in detail, FAK can be directly activated by mechanical forces applied at FAs, by inducing conformational changes in FAK structure and subsequent triggering of focal adhesion-mediated signals (Bauer et al., 2019). The phosphorylation level of FAK-Tyr397 was found to be significantly increased in the fibrotic liver tissue of carbon tetrachloride-treated mice, and the expression levels of α-SMA and collagen were also significantly increased, indicating that increased FAK activation (through phosphorylation of Y397 of FAK) was the key to HSCs activation and ECM generation (Zhao et al., 2017). In addition, overexpression of FRNK or blockade of growth factor receptor signaling could inhibit the activity of FAK and lead to apoptosis, and treatment with TGF-β1 and FAK inhibitors confirmed that FAK played an important role in the apoptosis inhibition of TGF-β1-activated HSCs (Parsons, 2003; Zhao et al., 2017). From the above results, in liver tissue, the change of ECM mechanics can activate the FAK signaling pathway, promote the activation of HSCs and myofibroblast differentiation, lead to the increase of ECM proteins (such as α-SMA and collagens), increase the migration of HSCs and resist apoptosis, thus promoting the progression of HF.
5.5 Wnt/β-catenin signaling pathway
The Wnt/β-Catenin signaling pathway is one of the highly conserved signaling pathways activated in the evolution of species and can regulate cell proliferation and cell polarity, control cell fate, maintain homeostasis in embryos, and affect the growth and development of tissues and organs (Logan and Nusse, 2004). However, abnormal activation of this pathway may lead to disease (Logan and Nusse, 2004; Ota et al., 2016). The activation of the Wnt/β-Catenin signaling pathway depends on the binding of its ligand to the cell surface curl receptor and low-density lipoprotein receptor-related protein 5/6 (LRP5/6) receptor and can also form an integrin-adhesion complex (IAC) activation pathway by integrin sensing mechanical signals, whereas the final effect of the mechanically signal-activated Wnt/β-Catenin signaling pathway depends on the type of cell (Astudillo, 2020).
The stiff ECM can enhance the expression of each member of the Wnt/β-Catenin signaling pathway in bone marrow mesenchymal stem cells and primary chondrocytes, but the activation of β-Catenin by mechanical signals does not depend on Wnt signaling, but through the activation of integrins forming IAC or activating the FAK pathway, the β-Catenin accumulated in the cytoplasm then translocates to the nucleus to bind to the Wnt1 promoter region, promote gene transcription, and finally form positive feedback to the Wnt/β-Catenin signaling pathway; that is, the activation of β-Catenin by integrins leads to the increased expression of Wnt1, which in turn activates the Wnt/β-Catenin signaling pathway (Du et al., 2016). Moreover, activation of the Wnt/β-Catenin signaling pathway by mechanical signals can regulate the secretion of Wnt ligands, and the expression of several Wnt ligands is reduced when human embryonic stem cells (HESCs) are cultured in higher stiffness substrates, while in bone marrow mesenchymal stem cells (BMSCs), increased substrate stiffness leads to increased Wnt expression and induces activation of the Wnt/β-Catenin signaling pathway (Du et al., 2016; Przybyla et al., 2016). When the Wnt ligand binds to the LRP5/6 receptor, the domain of LRP5/6 in the cytoplasm is phosphorylated, the β-Catenin destruction complex is shifted to the cytoplasmic side of the plasma membrane, β-Catenin cannot be degraded by the destruction complex, and subsequently, the stable β-Catenin is transferred to the nucleus to bind to the Tcf/Lef transcription factor and finally activate the transcription of the target gene (Li et al., 2012; Astudillo, 2020). Thus, there may be a synergy between the integrin approach and the Wnt ligand approach during the activation of the Wnt/β-Catenin signaling pathway by mechanical signaling.
Previous studies (Li W. et al., 2014; Ge et al., 2014) have shown that abnormal activation of β-Catenin plays a key role in HF, and they have found that the more severe the degree of HF, the higher the expression of β-Catenin (compared with normal liver tissue). Collagen secretion and proliferation of HSCs were also inhibited when β-Catenin activity was inhibited, whereas β-Catenin overexpression was observed in the activated HSC-T6 cell membrane and cytoplasm and even in the nucleus. The expression of α-SMA in HSC-T6 cells was decreased after blocking the Wnt/β-Catenin signaling pathway, along with a significant decrease in collagen secretion, suggesting that this pathway is activated in activated HSCs. At present, the mechanism of the Wnt/β-Catenin pathway involved in HF is not completely clear, but it plays an important role in the activation of HSCs and the expression of collagen, which may become a potential therapeutic target for HF.
5.6 PIEZO1 ion channel
Piezo1 and Piezo2 are members of a novel class of mechano-activated cation channels (MACs) that mediate cellular biological behaviors, are expressed differently in different cell types, and regulate physiological functions differently (Coste et al., 2010; Wu J. et al., 2017). Piezo1 can interact with the extracellular mechanical microenvironment, while Piezo2 plays an important role in the neurosensory system (Li J. et al., 2014; Ranade et al., 2014; Romac et al., 2018; Wang et al., 2020). In a study (He et al., 2021) on the promotion of cicatrix formation through the activation of the Piezo ion channel by mechanical stretching, we found that the expression of Piezo1 in human dermal fibroblasts (HDFs) exposed to different tensile strengths was in direct proportion to the tensile strength, and the expression of Piezo1 was related to the duration of tension and increased with time. Furthermore, the study found that Piezo1 was involved in mechanically induced HDFs proliferation and motion by flow cytometry assay and Transwell migration assay, and Western blot evaluation found that the α-SMA protein of HDFs under cyclic mechanical stretch (CMS) culture was overexpressed, indicating that the Pizeo1 ion channel can mediate the proliferation, migration, and activation of fibroblasts after mechanical signal activation. In a study of zebrafish cardiac outflow tract valve morphogenesis, Piezo was found to regulate YAP localization and expression of Klf-2 and ECM proteins, suggesting that Piezo channels act through the YAP 1 and Klf 2-Notch signaling axes (Duchemin et al., 2019). In LSECs, mechanical stress can be sensed by integrins, and molecular interactions between integrins and Piezo1 then activate the Piezo channel and allow it to bind to the Notch1 receptor, leading to the expression of downstream transcription factors Hes1 and Hey1, ultimately upregulating Chemokine (C-X-C motif) ligand 1 (CXCL1) production (Hilscher et al., 2019). CXCL1 acts as a neutrophil chemoattractant and induces hepatic sinusoidal thrombosis, portal hypertension, and fibrosis (Hilscher et al., 2019).
At present, the research on Piezo1 ion channel mechanotransduction mainly focuses on the tumor, skin scars, and atherosclerosis (Li et al., 2015; Zhang et al., 2018; Pan et al., 2022), and related research in liver disease is still lacking. Piezo1 is a mechanically sensitive ion channel and is widely expressed in various organ tissues. Piezo1 is a mechanosensitive ion channel, which is widely expressed in various organs and tissues. It has been found that mechanical stretch increases the expression of CXCL1 in LSECs by activating Piezo channels, recruits neutrophils, generates sinusoidal microvessels and promotes portal hypertension and fibrosis. Although the detailed mechanism is not clear, Piezo ion channels may also play a key role in the process of HF, which is a good inspiration.
5.7 Other potential mechanotransduction pathways
It has been found that SDC-4 can participate in mechanotransduction, activate mitogen-activated protein kinase (MAPK) and protein kinase C-α (PKC-α) signals in response to directly applied mechanical tension (Bellin et al., 2009; Huang et al., 2015), and can also form a complex with integrin-α5β1, synergistically bind Thy-1 (CD90), form a unique dynamic capture bond, and strengthen under the action of force to mediate adhesion signals (Fiore et al., 2014). SDC-4 has been identified as a mechano-force sensor within cells that regulates the cell’s response to local tension by coordinating mechanochemical signals involving the activation of two other receptors: epidermal growth factor receptor (EGFR) and β1 integrin. Tension on SDC-4 induces cell-wide activation of the kindlin-2/β1 integrin/RhoA axis in a phosphoinositide 3-kinase (PI3K)-dependent manner and initiates conformational changes in the cytoplasmic domain, whose variable region is essential for mechanical adaptation to force, facilitating assembly of the SDC-4/a-actin/F-actin molecular scaffold at the bead adhesion (Chronopoulos et al., 2020). In addition, the data from this study also indicate that SDC-4-mediated tension is required for YAP activation at the cell-ECM interface and that SDC-4 mechanical signals are chemically and mechanically propagated throughout the cell through the diffusion of PIP3 lipid second messengers and mechanically transmitted through the SDC-4-α-actin-F-actin molecular scaffold by stretching the cytoskeleton. Thus, this mechanotransduction pathway of SDC-4 is important for mechanobiology and cell-ECM interaction, but its specific mechanism in hepatocytes and HF is not clear. In the future, the SDC-4 mechanotransduction pathway may be a meaningful direction for the research of mechanotransduction pathways in HF.
The transcriptional coactivator YAP/TAZ, also known as a convergent effector of the Hippo pathway, is widely recognized for its novel role as a nuclear mechanosensor in organ homeostasis and cancer processes. Agrin is known for its ability to aggregate acetylcholine receptors (AChR) at the neuromuscular junction, can act as an ECM sensor, and has functions to stabilize FAs and promote HCC (Chakraborty et al., 2015), and acts as an ECM signal that can be recognized by the integrin/Lrp4/MuSK receptors, which is necessary and sufficient to maintain YAP activity in response to mechanical changes (Chakraborty et al., 2017; Xiong and Mei, 2017). An integrated review from Chakraborty and Hong (2018) suggested that Agrin could be linked to liver cancer through the Hippo Pathway, mainly as: 1) Agrin can activate and stabilize YAP: Elevated agrin levels enhance hepatic ECM stiffness and remodeling by activating YAP, while soluble agrin binds to Lrp4/MuSK and integrins in HCC cells and stabilizes FAs by activating the Foca adhesion kinase-Integrin linked kinase-p21-Activated kinase (FAK-ILK-PAK1) axis; 2) Agrin stimulates the integrin-fak-ILK-PAK 1 mechanistic signaling pathway and antagonizes the Hippo pathway by inhibiting the core Hippo components Merlin and LATS1/2 kinases, thereby activating YAP/TAZ-mediated gene transcription. In addition, agrin-mediated mechanical signaling enhances cell contractility and imparts matrix stiffness by “mechanically activating” YAP-mediated transcription. The sequence of development of hepatitis, HF, and cirrhosis (advanced HF), liver cancer is considered to be the classic trilogy of liver cancer, and although the role of Agrin in activating YAP/TAZ or mediating cell/matrix stiffness is less studied, understanding the agrin-YAP mechanotransduction pathway may help develop therapeutic strategies for diseases including HF, liver cancer.
Osteopontin (OPN), also known as secreted phosphoprotein 1 (SPP1), is a highly negatively charged cytokine-like protein that regulates ECM turnover and remodeling (Bailey et al., 2020). After the liver injury, hepatocytes and inflammatory cells can secrete OPN, but HSCs produce but do not secrete OPN (Song Z. et al., 2021). Serum OPN levels increase progressively with the fibrosis stage in chronic liver disease (Sobhy et al., 2019) and are also considered a marker of the severity of cirrhosis due to alcoholic cirrhosis and NASH (Khajehahmadi et al., 2020). In the process of HF, OPN can activate HSCs through a TGF-β-dependent mechanism and induce type I collagen deposition, which is induced by the participation of αvβ3 integrin and the activation of the PI3K-pAkt-NFκB signaling pathway, but this is a biochemical signal stimulation process. However, in an in vitro culture system using adjustable matrix stiffness, OPN expression was significantly upregulated in HCC cells with increased matrix stiffness, accompanied by phosphorylation of GSK-3β and expression of nuclear β-catenin, and analysis of integrin β1 knockdown further suggested that high matrix stiffness upregulated OPN expression in HCC cells by activating integrin β1/GSK-3β/β-catenin signaling pathway (You et al., 2015). In a controlled design, liver stiffness, TAZ expression, hepatic OPN gene expression, and serum OPN protein levels were significantly increased in patients with cirrhosis compared with normal liver tissue, and liver stiffness was significantly correlated with nuclear TAZ and OPN expression (Khajehahmadi et al., 2020). The specific correlation between matrix stiffness as a mechanical property, TAZ and β-catenin as potential mechanical force sensors, and OPN as a matrix cytokine suggests that ECM mechanical properties may affect hepatic OPN expression through mechanical transduction pathways, but the specific mechanism needs to be further confirmed. In addition, whether the upregulated OPN in the liver can further feedback the mechanical properties of ECM (such as ECM stiffness and remodeling) through mechanical transduction pathways to affect the progression of liver disease has not been studied.
6 THERAPEUTIC TARGETS: INHIBITION OR REVERSAL OF HEPATIC FIBROSIS
Fibrosis is a complex process involving a variety of cell types and a wide range of soluble factors (chemokines, cytokines, and non-peptide mediators), and HF is an inevitable process of liver cirrhosis and the main risk factor for the development of HCC (Weiskirchen et al., 2019). Matrix stiffness is the cause and result of HF. In the early stage of fibrosis, HSCs are activated to become myofibroblasts through the mechanical signal transduction pathway, and a large amount of ECM is generated to promote the stiffness of the matrix. Finally, the stiffened matrix further stimulates HSCs to form a vicious cycle. At present, the research focus is on the targeted therapy of HF, which may be the key to breaking the circulation and inhibiting or reversing HF.
6.1 Regulate extracellular matrix homeostasis and reduce extracellular matrix stiffness
Liver ECM stiffness is the main extracellular force that generates mechanical forces, and treatment of ECM stiffness can effectively reduce matrix stiffness and even inhibit or reverse HF. Changes in ECM components often cause an imbalance in matrix generation and degradation. From this perspective, we can search for the influencing factors of the imbalance and intervene with them to achieve the purpose of reducing the stiffness of liver ECM, thereby inhibiting the activation of HSCs and completing the remission or reversal of fibrosis.
In the normal liver, MMPs and TIMPs are in dynamic balance, so ECM can be expressed and degraded normally. The biochemical basis of HF is the metabolic imbalance of the ECM. If the production of ECM is greater than degradation, HF will form and develop; otherwise, HF will resolve and reverse. When HF occurs, TIMP-1 inhibits the activity of MMPs, which prevents collagen degradation and promotes HF. Therefore, the degradation of collagen (I, III) is the key to the reversal and regression of HF. In a study of the effect of the farnesoid X receptor agonist obeticholic acid (OCA) combined with the dipeptide kinase-4 inhibitor sitagliptin on a rat model of HF(Shimozato et al., 2019), the combined use of the two can inhibit the formation of HF and the proliferation of hepatocytes and directly inhibit activated HSCs, significantly reduce the gene expression of TIMP-1 and increase the expression of MMP-2, while TIMP-1 and MMP-2 changes in expression can affect the balance of ECM components, making ECM production less than degradation, and inhibit the progression of HF to a certain extent. Therefore, OCA + sitagliptin may be a promising therapeutic strategy for the treatment of HF.
LOX has the effect of increasing tissue stiffness and resisting ECM degradation, which is achieved by collagens crosslinking to resist the degradation of MMPs, thereby promoting excessive ECM accumulation in the liver and limiting the reversal of the process. In normal physiological processes, LOX mainly maintains the tensile strength and structural integrity of most tissues, and its protein expression is strictly regulated (Barker et al., 2012). In chronic liver disease, the expression of LOX enzymes is upregulated (especially in cirrhosis), the main source of which is activated HSCs(Perepelyuk et al., 2013). In a mouse model of CCl4-induced HF, the use of beta-aminopropionitrile (BAPN, an irreversible LOX inhibitor) was able to inhibit collagen cross-linking and hepatic scar tissue structure, halt the progression of fibrosis and make it easier to reverse fibrosis (Liu et al., 2016). Resveratrol has the effect of reducing collagens fiber bundles, LOX protein levels, and visceral hydroxyproline content in a Wistar rat model of HF and inhibiting fibrosis, and it can better inhibit HF when used together with BAPN(Mohseni et al., 2019).
6.2 Reduction of activated HSCs and inhibition of HSCs response to matrix stiffness
In addition to the fact that cells are stimulated by and respond to their external signaling molecules, biomechanics can also be the reason for cell behavior changes (Discher et al., 2005). HSCs and their activation products, myofibroblasts, can be stimulated by the sclerotic extracellular environment to overproduce ECM and related proteins, further promoting the stiffness of the extracellular environment. Activated HSCs increase the expression of α-SMA and the production of hydroxyproline, where α-SMA is an activation marker of HSCs and can be used for detection. Therefore, inducing apoptosis of HSCs or myofibroblasts or blocking and inhibiting their response to mechanical signals is a potential therapeutic approach.
The Rho-ROCK signaling pathway is one of the mechanical signaling pathways of HSCs perception and effect, which participates in the activation of HSCs, and inhibition of this pathway can inhibit the activation of HSCs and improve HF. P160ROCK (Y27632) is a pyridine derivative that can specifically inhibit the ROCK protein kinase family (Uehata et al., 1997). In the experimental hepatic fibrosis model induced by dimethylnitrosamine (DMN), the incidence of HF in rats orally administered Y27632 was significantly reduced, the proliferation and diffusion of HSCs were continuously reduced, the expression of hydroxyproline and α-SMA were downregulated, fiber assembly was significantly reduced, and the transcription level of type Ⅰ collagen mRNA was significantly inhibited (Tada et al., 2001).
YAP is a transcriptional coactivator and one of the key downstream proteins in the Hippo signaling pathway, but it is also cross-linked with the Rho signaling pathway and is also a potential therapeutic target. Influenced by the positive feedback of matrix stiffening, YAP is activated and subsequently translocated to the nucleus to direct the expression of genes such as cell proliferation, apoptosis, and motility (Lachowski et al., 2018). Studies (Yu et al., 2019) have shown that the injection of CCl4 into mice can lead to the upregulation of YAP expression in HF tissues and restore it to the normal level after 6 weeks of stopping the injection, and TGF-β1-treated HSCs also upregulate the expression of YAP. However, after silencing of YAP, we found that the apoptosis of HSCs was enhanced, and the activation and proliferation of HSCs were decreased but apoptosis was increased after treatment with verteporfin (VP, YAP-TEAD complex inhibitor). YAP plays a central role in the activation and proliferation of HSCs, and reducing and inhibiting the expression of YAP helps to reverse HF.
The TGF-β1/Smads and PI3K/Akt pathways are involved in HSCs activation and autophagy. TGF-β1 is secreted by activated HSCs and is one of the main factors that induce collagen production and lead to matrix deposition and can upregulate TIMPs(Xu et al., 2012). Quercetin (QE) is a natural flavonoid that has good safety and bioavailability, as well as anti-inflammatory and antitumor activities (Harwood et al., 2007; Jagtap et al., 2009). Wu et al. established a mouse model of HF by bile duct ligation (BDL) and CCl4 injection to study the effect of QE on HF and found that QE could reduce fibrosis in both modeling methods. After QE treatment, ECM formation was inhibited, MMP-9 and TIMP-1 were regulated, and QE inhibited the TGF-β1/Smads signaling pathway and activated the PI3K/Akt signaling pathway, thereby inhibiting HSCs activation, reducing HSCs autophagy, and inhibiting HF(Wu L. et al., 2017).
Biological and biomechanical studies have shown that the overexpression of FAK and the increase of FAK activity play an important role in the occurrence and development of HF. FAs are discrete multiprotein complexes formed at internal sites of the cell membrane by cells attached to a stiff matrix, are a major component of the interaction between ECM and cells, and are responsible for sensing and translating mechanical stimuli generated by ECM to the cellular cytoskeleton, whereas FA assembly/disassembly and integrin-mediated mechanotransduction can respond to ECM stiffness (Urciuoli and Peruzzi, 2020). FAK phosphorylation is the first event in response to integrin-mediated cell adhesion (Kornberg et al., 1991), and inhibition of FAK phosphorylation may reduce ECM stiffness (e.g., reduce α-SMA and collagens expression) and thus prevent HF progression. In the study of Xing et al. (2021), it was found that the increase of ECM stiffness can activate the integrin β5-FAK-MEK1/2-ERK1/2 pathway to promote the expression of lysyl oxidase-like 2 (LOXL2). Although this is a potential mechanism for ECM rigidification to induce the formation of a premetastatic niche in HCC, it also shows that the increase of ECM stiffness can promote the phosphorylation of FAK by stimulating integrin β5. In a study of HF in mice treated with carbon tetrachloride, TGF-β1 induced FAK activation in a time-and dose-dependent manner, and FAK activation was associated with increased expression of α-SMA and collagens in fibrotic liver tissue, while inhibition of FAK activation (Y397 phosphorylation of FAK) with FAK inhibitors (PF 562271) blocked α-SMA and collagen expression in TGF-β1-treated HSCs and induced apoptotic signaling, inhibiting the formation of stress fibers, thereby attenuating HF in mice (Xing et al., 2021). In the study of Lv et al. (2018), artesunate strongly inhibited the proliferation of LX-2 cells in a dose and time-dependent manner, inhibited the proliferation and activation of HSCs by inhibiting the phosphorylation level of FAK, attenuated the expression of genes encoding α-SMA and type I collagen, and promoted the apoptosis of HSCs.
7 CONCLUSION
Chronic liver injury can induce activation of HSCs and secretion of excessive ECM protein through inflammatory response, destroy ECM homeostasis, lead to abnormal deposition of ECM, increase matrix stiffness, and promote the occurrence and development of HF. The stiff ECM alters the local cell tension and regulates the biological behavior of HSCs through mechanotransduction pathways. At present, mechanotransduction pathways have been found to have potential and application prospects in the diagnosis and treatment of HF, but our understanding of mechanosensing and intercellular mechanotransduction mechanisms is still limited. In addition, in the course of future studies, we also need to take into account that mechanotransduction and biochemical signaling in the liver interact and crosstalk to produce synergistic effects on HF. A better understanding of how hepatocytes (e.g., HSCs, hepatic macrophages) sense matrix stiffness and translate matrix mechanical cues into cellular responses, as well as the interactions and cross-talk between mechanotransduction and biochemical signaling in the liver, could provide us with more opportunities to develop targeted drugs or inhibitors that target altered ECM mechanisms in HF. More importantly, in future studies, we also need to consider combination strategies and drugs targeting biochemical and mechanical signals to improve clinical outcomes in patients with HF. At present, although some in vitro or animal models for matrix stiffness intervention have achieved initial results, a lot of work is needed to further verify their efficacy in the future.
AUTHOR CONTRIBUTIONS
All authors contributed to the study’s conception and design. The conceptualization of the work was performed by JC. The first draft of the manuscript was written by Y-QZ and all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.
FUNDING
This work was supported by grants from the National Natural Science Foundation of China (82260345, 81860512), the Guangxi Provincial Key Research and Development Program (AB22080066), the Guangxi Natural Science Foundation (2018GXNSFAA138006), the Cultivation Program of Guangxi One Thousand Young and Middle-aged College and University Backbone Teachers, the Young and Middle-aged Teachers’ Scientific Research Basic Ability Promotion Project of Guangxi (2019KY0139), and The “139” Plan for Training Medical High-level Backbone Talents in Guangxi (G202003008).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2023.1183808/full#supplementary-material
REFERENCES
 Al-Hetty, H., Ismaeel, G. L., Mohammad, W. T., Toama, M. A., Kandeel, M., Saleh, M. M., et al. (2022). SRF/MRTF-A and liver cirrhosis: Pathologic associations. J. Dig. Dis. 23 (11), 614–619. doi:10.1111/1751-2980.13150
 Ala-Kokko, L., Pihlajaniemi, T., Myers, J. C., Kivirikko, K. I., and Savolainen, E. R. (1987). Gene expression of type I, III and IV collagens in hepatic fibrosis induced by dimethylnitrosamine in the rat. Biochem. J. 244 (1), 75–79. doi:10.1042/bj2440075
 Alvarez, Y., and Smutny, M. (2022). Emerging role of mechanical forces in cell fate acquisition. Front. Cell. Dev. Biol. 10, 864522. doi:10.3389/fcell.2022.864522
 Aragona, M., Panciera, T., Manfrin, A., Giulitti, S., Michielin, F., Elvassore, N., et al. (2013). A mechanical checkpoint controls multicellular growth through YAP/TAZ regulation by actin-processing factors. Cell. 154 (5), 1047–1059. doi:10.1016/j.cell.2013.07.042
 Astudillo, P. (2020). Extracellular matrix stiffness and Wnt/β-catenin signaling in physiology and disease. Biochem. Soc. Trans. 48 (3), 1187–1198. doi:10.1042/bst20200026
 Bachtler, N., Torres, S., Ortiz, C., Schierwagen, R., Tyc, O., Hieber, C., et al. (2023). The non-selective Rho-kinase inhibitors Y-27632 and Y-33075 decrease contraction but increase migration in murine and human hepatic stellate cells. PLoS One 18 (1), e0270288. doi:10.1371/journal.pone.0270288
 Badylak, S. F., Freytes, D. O., and Gilbert, T. W. (2015). Reprint of: Extracellular matrix as a biological scaffold material: Structure and function. Acta Biomater. 23, S17–S26. doi:10.1016/j.actbio.2015.07.016
 Bailey, S., Sroga, G. E., Hoac, B., Katsamenis, O. L., Wang, Z., Bouropoulos, N., et al. (2020). The role of extracellular matrix phosphorylation on energy dissipation in bone. Elife 9, e58184. doi:10.7554/eLife.58184
 Baiocchini, A., Montaldo, C., Conigliaro, A., Grimaldi, A., Correani, V., Mura, F., et al. (2016). Extracellular matrix molecular remodeling in human liver fibrosis evolution. PLoS One 11 (3), e0151736. doi:10.1371/journal.pone.0151736
 Ballotta, V., Driessen-Mol, A., Bouten, C. V., and Baaijens, F. P. (2014). Strain-dependent modulation of macrophage polarization within scaffolds. Biomaterials 35 (18), 4919–4928. doi:10.1016/j.biomaterials.2014.03.002
 Barker, H. E., Cox, T. R., and Erler, J. T. (2012). The rationale for targeting the LOX family in cancer. Nat. Rev. Cancer 12 (8), 540–552. doi:10.1038/nrc3319
 Bauer, M. S., Baumann, F., Daday, C., Redondo, P., Durner, E., Jobst, M. A., et al. (2019). Structural and mechanistic insights into mechanoactivation of focal adhesion kinase. Proc. Natl. Acad. Sci. U. S. A. 116 (14), 6766–6774. doi:10.1073/pnas.1820567116
 Bellin, R. M., Kubicek, J. D., Frigault, M. J., Kamien, A. J., Steward, R. L., Barnes, H. M., et al. (2009). Defining the role of syndecan-4 in mechanotransduction using surface-modification approaches. Proc. Natl. Acad. Sci. U. S. A. 106 (52), 22102–22107. doi:10.1073/pnas.0902639106
 Berumen, J., Baglieri, J., Kisseleva, T., and Mekeel, K. (2021). Liver fibrosis: Pathophysiology and clinical implications. WIREs Mech. Dis. 13 (1), e1499. doi:10.1002/wsbm.1499
 Bonnardel, J., T'Jonck, W., Gaublomme, D., Browaeys, R., Scott, C. L., Martens, L., et al. (2019). Stellate cells, hepatocytes, and endothelial cells imprint the kupffer cell identity on monocytes colonizing the liver macrophage niche. Immunity 51 (4), 638–654. doi:10.1016/j.immuni.2019.08.017
 Burgstaller, G., Oehrle, B., Gerckens, M., White, E. S., Schiller, H. B., and Eickelberg, O. (2017). The instructive extracellular matrix of the lung: Basic composition and alterations in chronic lung disease. Eur. Respir. J. 50 (1), 1601805. doi:10.1183/13993003.01805-2016
 Cai, X., Wang, J., Wang, J., Zhou, Q., Yang, B., He, Q., et al. (2020). Intercellular crosstalk of hepatic stellate cells in liver fibrosis: New insights into therapy. Pharmacol. Res. 155, 104720. doi:10.1016/j.phrs.2020.104720
 Caliari, S. R., Perepelyuk, M., Cosgrove, B. D., Tsai, S. J., Lee, G. Y., Mauck, R. L., et al. (2016). Stiffening hydrogels for investigating the dynamics of hepatic stellate cell mechanotransduction during myofibroblast activation. Sci. Rep. 6, 21387. doi:10.1038/srep21387
 Caligiuri, A., Gentilini, A., Pastore, M., Gitto, S., and Marra, F. (2021). Cellular and molecular mechanisms underlying liver fibrosis regression. Cells 10 (10), 2759. doi:10.3390/cells10102759
 Chakraborty, S., and Hong, W. (2018). Linking extracellular matrix agrin to the Hippo pathway in liver cancer and beyond. Cancers (Basel) 10 (2), 45. doi:10.3390/cancers10020045
 Chakraborty, S., Lakshmanan, M., Swa, H. L., Chen, J., Zhang, X., Ong, Y. S., et al. (2015). An oncogenic role of Agrin in regulating focal adhesion integrity in hepatocellular carcinoma. Nat. Commun. 6, 6184. doi:10.1038/ncomms7184
 Chakraborty, S., Njah, K., Pobbati, A. V., Lim, Y. B., Raju, A., Lakshmanan, M., et al. (2017). Agrin as a mechanotransduction signal regulating YAP through the Hippo pathway. Cell. Rep. 18 (10), 2464–2479. doi:10.1016/j.celrep.2017.02.041
 Chang, T. T., Thakar, D., and Weaver, V. M. (2017). Force-dependent breaching of the basement membrane. Matrix Biol. 57-58, 178–189. doi:10.1016/j.matbio.2016.12.005
 Charchanti, A., Kanavaros, P., Koniaris, E., Kataki, A., Glantzounis, G., Agnantis, N. J., et al. (2021). Expression of syndecan-1 in chronic liver diseases: Correlation with hepatic fibrosis. Vivo 35 (1), 333–339. doi:10.21873/invivo.12264
 Chen, M., Zhang, Y., Zhou, P., Liu, X., Zhao, H., Zhou, X., et al. (2020). Substrate stiffness modulates bone marrow-derived macrophage polarization through NF-κB signaling pathway. Bioact. Mater 5 (4), 880–890. doi:10.1016/j.bioactmat.2020.05.004
 Chen, W., Yan, X., Xu, A., Sun, Y., Wang, B., Huang, T., et al. (2019). Dynamics of elastin in liver fibrosis: Accumulates late during progression and degrades slowly in regression. J. Cell. Physiol. 234 (12), 22613–22622. doi:10.1002/jcp.28827
 Cheng, D., Chai, J., Wang, H., Fu, L., Peng, S., and Ni, X. (2021). Hepatic macrophages: Key players in the development and progression of liver fibrosis. Liver Int. 41 (10), 2279–2294. doi:10.1111/liv.14940
 Chronopoulos, A., Thorpe, S. D., Cortes, E., Lachowski, D., Rice, A. J., Mykuliak, V. V., et al. (2020). Syndecan-4 tunes cell mechanics by activating the kindlin-integrin-RhoA pathway. Nat. Mater 19 (6), 669–678. doi:10.1038/s41563-019-0567-1
 Cocciolone, A. J., Hawes, J. Z., Staiculescu, M. C., Johnson, E. O., Murshed, M., and Wagenseil, J. E. (2018). Elastin, arterial mechanics, and cardiovascular disease. Am. J. Physiol. Heart Circ. Physiol. 315 (2), H189–h205. doi:10.1152/ajpheart.00087.2018
 Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, M. J., et al. (2010). Piezo1 and Piezo2 are essential components of distinct mechanically activated cation channels. Science 330 (6000), 55–60. doi:10.1126/science.1193270
 Cramer, M. C., and Badylak, S. F. (2020). Extracellular matrix-based biomaterials and their influence upon cell behavior. Ann. Biomed. Eng. 48 (7), 2132–2153. doi:10.1007/s10439-019-02408-9
 Crawford, J. M., and Burt, A. D. (2012). “1 - anatomy, pathophysiology and basic mechanisms of disease,” in MacSween's pathology of the liver ed . Editors A. D. Burt, B. C. Portmann, and L. D. FerrellSixth Edition (Edinburgh: Churchill Livingstone), 1–77.
 Cui, X., Zhang, X., Yin, Q., Meng, A., Su, S., Jing, X., et al. (2014). F-actin cytoskeleton reorganization is associated with hepatic stellate cell activation. Mol. Med. Rep. 9 (5), 1641–1647. doi:10.3892/mmr.2014.2036
 Deng, Z., Fear, M. W., Suk Choi, Y., Wood, F. M., Allahham, A., Mutsaers, S. E., et al. (2020). The extracellular matrix and mechanotransduction in pulmonary fibrosis. Int. J. Biochem. Cell. Biol. 126, 105802. doi:10.1016/j.biocel.2020.105802
 Discher, D. E., Janmey, P., and Wang, Y. L. (2005). Tissue cells feel and respond to the stiffness of their substrate. Science 310 (5751), 1139–1143. doi:10.1126/science.1116995
 Dooley, S., and ten Dijke, P. (2012). TGF-β in progression of liver disease. Cell. Tissue Res. 347 (1), 245–256. doi:10.1007/s00441-011-1246-y
 Du, J., Zu, Y., Li, J., Du, S., Xu, Y., Zhang, L., et al. (2016). Extracellular matrix stiffness dictates Wnt expression through integrin pathway. Sci. Rep. 6, 20395. doi:10.1038/srep20395
 Duchemin, A. L., Vignes, H., and Vermot, J. (2019). Mechanically activated piezo channels modulate outflow tract valve development through the Yap1 and Klf2-Notch signaling axis. Elife 8, e44706. doi:10.7554/eLife.44706
 Fiore, V. F., Ju, L., Chen, Y., Zhu, C., and Barker, T. H. (2014). Dynamic catch of a Thy-1-α5β1+syndecan-4 trimolecular complex. Nat. Commun. 5, 4886. doi:10.1038/ncomms5886
 Ge, W. S., Wang, Y. J., Wu, J. X., Fan, J. G., Chen, Y. W., and Zhu, L. (2014). β-catenin is overexpressed in hepatic fibrosis and blockage of Wnt/β-catenin signaling inhibits hepatic stellate cell activation. Mol. Med. Rep. 9 (6), 2145–2151. doi:10.3892/mmr.2014.2099
 Geervliet, E., and Bansal, R. (2020). Matrix metalloproteinases as potential biomarkers and therapeutic targets in liver diseases. Cells 9 (5), 1212. doi:10.3390/cells9051212
 Gruber, E., Heyward, C., Cameron, J., and Leifer, C. (2018). Toll-like receptor signaling in macrophages is regulated by extracellular substrate stiffness and Rho-associated coiled-coil kinase (ROCK1/2). Int. Immunol. 30 (6), 267–278. doi:10.1093/intimm/dxy027
 Harwood, M., Danielewska-Nikiel, B., Borzelleca, J. F., Flamm, G. W., Williams, G. M., and Lines, T. C. (2007). A critical review of the data related to the safety of quercetin and lack of evidence of in vivo toxicity, including lack of genotoxic/carcinogenic properties. Food Chem. Toxicol. 45 (11), 2179–2205. doi:10.1016/j.fct.2007.05.015
 Hayashi, K., Watanabe, B., Nakagawa, Y., Minami, S., and Morita, T. (2014). RPEL proteins are the molecular targets for CCG-1423, an inhibitor of Rho signaling. PLoS One 9 (2), e89016. doi:10.1371/journal.pone.0089016
 He, J., Fang, B., Shan, S., Xie, Y., Wang, C., Zhang, Y., et al. (2021). Mechanical stretch promotes hypertrophic scar formation through mechanically activated cation channel Piezo1. Cell. Death Dis. 12 (3), 226. doi:10.1038/s41419-021-03481-6
 Heldin, C. H., and Westermark, B. (1999). Mechanism of action and in vivo role of platelet-derived growth factor. Physiol. Rev. 79 (4), 1283–1316. doi:10.1152/physrev.1999.79.4.1283
 Hernandez-Gea, V., and Friedman, S. L. (2011). Pathogenesis of liver fibrosis. Annu. Rev. Pathol. 6, 425–456. doi:10.1146/annurev-pathol-011110-130246
 Higashi, T., Friedman, S. L., and Hoshida, Y. (2017). Hepatic stellate cells as key target in liver fibrosis. Adv. Drug Deliv. Rev. 121, 27–42. doi:10.1016/j.addr.2017.05.007
 Hilscher, M. B., Sehrawat, T., Arab, J. P., Zeng, Z., Gao, J., Liu, M., et al. (2019). Mechanical stretch increases expression of CXCL1 in liver sinusoidal endothelial cells to recruit neutrophils, generate sinusoidal microthombi, and promote portal hypertension. Gastroenterology 157 (1), 193–209. doi:10.1053/j.gastro.2019.03.013
 Hinz, B. (2015). The extracellular matrix and transforming growth factor-β1: Tale of a strained relationship. Matrix Biol. 47, 54–65. doi:10.1016/j.matbio.2015.05.006
 Horowitz, J. C., Ajayi, I. O., Kulasekaran, P., Rogers, D. S., White, J. B., Townsend, S. K., et al. (2012). Survivin expression induced by endothelin-1 promotes myofibroblast resistance to apoptosis. Int. J. Biochem. Cell. Biol. 44 (1), 158–169. doi:10.1016/j.biocel.2011.10.011
 Horton, E. R. (2021). Functional bioinformatics analyses of the matrisome and integrin adhesome. Methods Mol. Biol. 2217, 285–300. doi:10.1007/978-1-0716-0962-0_16
 Huang, C. P., Cheng, C. M., Su, H.-L., and Lin, Y.-W. (2015). Syndecan-4 promotes epithelial tumor cells spreading and regulates the turnover of PKCα activity under mechanical stimulation on the elastomeric substrates. Cell. Physiol. Biochem. 36 (4), 1291–1304. doi:10.1159/000430297
 Huang, Z., Khalifa, M. O., Gu, W., and Li, T. S. (2022). Hydrostatic pressure induces profibrotic properties in hepatic stellate cells via the RhoA/ROCK signaling pathway. FEBS Open Bio 12 (6), 1230–1240. doi:10.1002/2211-5463.13405
 Hudson, S. V., Dolin, C. E., Poole, L. G., Massey, V. L., Wilkey, D., Beier, J. I., et al. (2017). Modeling the kinetics of integrin receptor binding to hepatic extracellular matrix proteins. Sci. Rep. 7 (1), 12444. doi:10.1038/s41598-017-12691-y
 Iredale, J. P., Thompson, A., and Henderson, N. C. (2013). Extracellular matrix degradation in liver fibrosis: Biochemistry and regulation. Biochim. Biophys. Acta 1832 (7), 876–883. doi:10.1016/j.bbadis.2012.11.002
 Jagtap, S., Meganathan, K., Wagh, V., Winkler, J., Hescheler, J., and Sachinidis, A. (2009). Chemoprotective mechanism of the natural compounds, epigallocatechin-3-O-gallate, quercetin and curcumin against cancer and cardiovascular diseases. Curr. Med. Chem. 16 (12), 1451–1462. doi:10.2174/092986709787909578
 Jara, C. P., Wang, O., Paulino do Prado, T., Ismail, A., Fabian, F. M., Li, H., et al. (2020). Novel fibrin-fibronectin matrix accelerates mice skin wound healing. Bioact. Mater 5 (4), 949–962. doi:10.1016/j.bioactmat.2020.06.015
 Julian, L., and Olson, M. F. (2014). Rho-associated coiled-coil containing kinases (ROCK): Structure, regulation, and functions. Small GTPases 5, e29846. doi:10.4161/sgtp.29846
 Kang, N. (2020). Mechanotransduction in liver diseases. Semin. Liver Dis. 40 (1), 84–90. doi:10.1055/s-0039-3399502
 Karsdal, M. A., Nielsen, S. H., Leeming, D. J., Langholm, L. L., Nielsen, M. J., Manon-Jensen, T., et al. (2017). The good and the bad collagens of fibrosis - their role in signaling and organ function. Adv. Drug Deliv. Rev. 121, 43–56. doi:10.1016/j.addr.2017.07.014
 Khajehahmadi, Z., Mohagheghi, S., Nikeghbalian, S., Geramizadeh, B., Khodadadi, I., Karimi, J., et al. (2020). Liver stiffness correlates with serum osteopontin and TAZ expression in human liver cirrhosis. Ann. N. Y. Acad. Sci. 1465 (1), 117–131. doi:10.1111/nyas.14259
 Khanam, A., Saleeb, P. G., and Kottilil, S. (2021). Pathophysiology and treatment options for hepatic fibrosis: Can it Be completely cured?Cells 10 (5), 1097. doi:10.3390/cells10051097
 Khurana, A., Sayed, N., Allawadhi, P., and Weiskirchen, R. (2021). It's all about the spaces between cells: Role of extracellular matrix in liver fibrosis. Ann. Transl. Med. 9 (8), 728. doi:10.21037/atm-20-2948
 Kim, J., and Seki, E. (2023). Hyaluronan in liver fibrosis: Basic mechanisms, clinical implications, and therapeutic targets. Hepatol. Commun. 7 (4), e0083. doi:10.1097/hc9.0000000000000083
 Kimura, A., Toyoki, Y., Hakamada, K., Yoshihara, S., and Sasaki, M. (2008). Characterization of heparan sulfate on hepatocytes in regenerating rat liver. J. Hepatobiliary Pancreat. Surg. 15 (6), 608–614. doi:10.1007/s00534-007-1321-7
 Kong, M., Hong, W., Shao, Y., Lv, F., Fan, Z., Li, P., et al. (2019). Ablation of serum response factor in hepatic stellate cells attenuates liver fibrosis. J. Mol. Med. Berl. 97 (11), 1521–1533. doi:10.1007/s00109-019-01831-8
 Konopa, A., Meier, M. A., Franz, M. J., Bernardinelli, E., Voegele, A. L., Atreya, R., et al. (2022). LPA receptor 1 (LPAR1) is a novel interaction partner of Filamin A that promotes Filamin A phosphorylation, MRTF-A transcriptional activity and oncogene-induced senescence. Oncogenesis 11 (1), 69. doi:10.1038/s41389-022-00445-z
 Kornberg, L. J., Earp, H. S., Turner, C. E., Prockop, C., and Juliano, R. L. (1991). Signal transduction by integrins: Increased protein tyrosine phosphorylation caused by clustering of beta 1 integrins. Proc. Natl. Acad. Sci. U. S. A. 88 (19), 8392–8396. doi:10.1073/pnas.88.19.8392
 Kovalszky, I., Schaff, Z., and Jeney, A. (1993). Potential markers (enzymes, proteoglycans) for human liver tumors. Acta Biomed. Ateneo Parm. 64 (5-6), 157–163.
 Kovner, A., Zaparina, O., Kapushchak, Y., Minkova, G., Mordvinov, V., and Pakharukova, M. (2022). Jagged-1/Notch pathway and key transient markers involved in biliary fibrosis during opisthorchis felineus infection. Trop. Med. Infect. Dis. 7 (11), 364. doi:10.3390/tropicalmed7110364
 Lachowski, D., Cortes, E., Robinson, B., Rice, A., Rombouts, K., and Del Rio Hernandez, A. E. (2018). FAK controls the mechanical activation of YAP, a transcriptional regulator required for durotaxis. FASEB J. 32 (2), 1099–1107. doi:10.1096/fj.201700721R
 Lachowski, D., Cortes, E., Rice, A., Pinato, D., Rombouts, K., and Del Rio Hernandez, A. (2019). Matrix stiffness modulates the activity of MMP-9 and TIMP-1 in hepatic stellate cells to perpetuate fibrosis. Sci. Rep. 9 (1), 7299. doi:10.1038/s41598-019-43759-6
 Laronha, H., and Caldeira, J. (2020). Structure and function of human matrix metalloproteinases. Cells 9 (5), 1076. doi:10.3390/cells9051076
 Le Coq, J., Acebrón, I., Rodrigo Martin, B., López Navajas, P., and Lietha, D. (2022). New insights into FAK structure and function in focal adhesions. J. Cell. Sci. 135 (20), jcs259089. doi:10.1242/jcs.259089
 Leeming, D. J., Nielsen, M. J., Dai, Y., Veidal, S. S., Vassiliadis, E., Zhang, C., et al. (2012). Enzyme-linked immunosorbent serum assay specific for the 7S domain of collagen type IV (P4NP 7S): A marker related to the extracellular matrix remodeling during liver fibrogenesis. Hepatol. Res. 42 (5), 482–493. doi:10.1111/j.1872-034X.2011.00946.x
 Leroy, V., Monier, F., Bottari, S., Trocme, C., Sturm, N., Hilleret, M. N., et al. (2004). Circulating matrix metalloproteinases 1, 2, 9 and their inhibitors TIMP-1 and TIMP-2 as serum markers of liver fibrosis in patients with chronic hepatitis C: Comparison with PIIINP and hyaluronic acid. Am. J. Gastroenterol. 99 (2), 271–279. doi:10.1111/j.1572-0241.2004.04055.x
 Li, C., Rezania, S., Kammerer, S., Sokolowski, A., Devaney, T., Gorischek, A., et al. (2015). Piezo1 forms mechanosensitive ion channels in the human MCF-7 breast cancer cell line. Sci. Rep. 5, 8364. doi:10.1038/srep08364
 Li, J., Hou, B., Tumova, S., Muraki, K., Bruns, A., Ludlow, M. J., et al. (2014). Piezo1 integration of vascular architecture with physiological force. Nature 515 (7526), 279–282. doi:10.1038/nature13701
 Li, V. S., Ng, S. S., Boersema, P. J., Low, T. Y., Karthaus, W. R., Gerlach, J. P., et al. (2012). Wnt signaling through inhibition of β-catenin degradation in an intact Axin1 complex. Cell. 149 (6), 1245–1256. doi:10.1016/j.cell.2012.05.002
 Li, W., Li, P., Li, N., Du, Y., Lü, S., Elad, D., et al. (2021). Matrix stiffness and shear stresses modulate hepatocyte functions in a fibrotic liver sinusoidal model. Am. J. Physiol. Gastrointest. Liver Physiol. 320 (3), G272–g282. doi:10.1152/ajpgi.00379.2019
 Li, W., Zhu, C., Li, Y., Wu, Q., and Gao, R. (2014). Mest attenuates CCl4-induced liver fibrosis in rats by inhibiting the Wnt/β-catenin signaling pathway. Gut Liver 8 (3), 282–291. doi:10.5009/gnl.2014.8.3.282
 Lim, C. G., Jang, J., and Kim, C. (2018). Cellular machinery for sensing mechanical force. BMB Rep. 51 (12), 623–629. doi:10.5483/BMBRep.2018.51.12.237
 Liu, C., Chen, X., Yang, L., Kisseleva, T., Brenner, D. A., and Seki, E. (2014). Transcriptional repression of the transforming growth factor β (TGF-β) Pseudoreceptor BMP and activin membrane-bound inhibitor (BAMBI) by Nuclear Factor κB (NF-κB) p50 enhances TGF-β signaling in hepatic stellate cells. J. Biol. Chem. 289 (10), 7082–7091. doi:10.1074/jbc.M113.543769
 Liu, S. B., Ikenaga, N., Peng, Z. W., Sverdlov, D. Y., Greenstein, A., Smith, V., et al. (2016). Lysyl oxidase activity contributes to collagen stabilization during liver fibrosis progression and limits spontaneous fibrosis reversal in mice. Faseb J. 30 (4), 1599–1609. doi:10.1096/fj.14-268425
 Logan, C. Y., and Nusse, R. (2004). The Wnt signaling pathway in development and disease. Annu. Rev. Cell. Dev. Biol. 20, 781–810. doi:10.1146/annurev.cellbio.20.010403.113126
 Lv, J., Bai, R., Wang, L., Gao, J., and Zhang, H. (2018). Artesunate may inhibit liver fibrosis via the FAK/Akt/β-catenin pathway in LX-2 cells. BMC Pharmacol. Toxicol. 19 (1), 64. doi:10.1186/s40360-018-0255-9
 Miron-Mendoza, M., Graham, E., Manohar, S., and Petroll, W. M. (2017). Fibroblast-fibronectin patterning and network formation in 3D fibrin matrices. Matrix Biol. 64, 69–80. doi:10.1016/j.matbio.2017.06.001
 Mason, D. E., Collins, J. M., Dawahare, J. H., Nguyen, T. D., Lin, Y., Voytik-Harbin, S. L., et al. (2019). YAP and TAZ limit cytoskeletal and focal adhesion maturation to enable persistent cell motility. J. Cell. Biol. 218 (4), 1369–1389. doi:10.1083/jcb.201806065
 Matsuda, M., and Seki, E. (2020b). The liver fibrosis niche: Novel insights into the interplay between fibrosis-composing mesenchymal cells, immune cells, endothelial cells, and extracellular matrix. Food Chem. Toxicol. 143, 111556. doi:10.1016/j.fct.2020.111556
 Matsuda, M., and Seki, E. (2020a). Hepatic stellate cell-macrophage crosstalk in liver fibrosis and carcinogenesis. Semin. Liver Dis. 40 (3), 307–320. doi:10.1055/s-0040-1708876
 McQuitty, C. E., Williams, R., Chokshi, S., and Urbani, L. (2020). Immunomodulatory role of the extracellular matrix within the liver disease microenvironment. Front. Immunol. 11, 574276. doi:10.3389/fimmu.2020.574276
 Mead, T. J., Bhutada, S., Martin, D. R., and Apte, S. S. (2022). Proteolysis: A key post-translational modification regulating proteoglycans. Am. J. Physiol. Cell. Physiol. 323 (3), C651–c665. doi:10.1152/ajpcell.00215.2022
 Meng, Z., Qiu, Y., Lin, K. C., Kumar, A., Placone, J. K., Fang, C., et al. (2018). RAP2 mediates mechanoresponses of the Hippo pathway. Nature 560 (7720), 655–660. doi:10.1038/s41586-018-0444-0
 Mienaltowski, M. J., Gonzales, N. L., Beall, J. M., and Pechanec, M. Y. (2021). Basic structure, physiology, and biochemistry of connective tissues and extracellular matrix collagens. Adv. Exp. Med. Biol. 1348, 5–43. doi:10.1007/978-3-030-80614-9_2
 Mo, J. S., Yu, F. X., Gong, R., Brown, J. H., and Guan, K. L. (2012). Regulation of the Hippo-YAP pathway by protease-activated receptors (PARs). Genes. Dev. 26 (19), 2138–2143. doi:10.1101/gad.197582.112
 Mohseni, R., Arab Sadeghabadi, Z., Goodarzi, M. T., and Karimi, J. (2019). Co-administration of resveratrol and beta-aminopropionitrile attenuates liver fibrosis development via targeting lysyl oxidase in CCl4-induced liver fibrosis in rats. Immunopharmacol. Immunotoxicol. 41 (6), 644–651. doi:10.1080/08923973.2019.1688829
 Montagner, M., and Dupont, S. (2020). Mechanical forces as determinants of disseminated metastatic cell fate. Cells 9 (1), 250. doi:10.3390/cells9010250
 Moon, H., Cho, K., Shin, S., Kim, D. Y., Han, K. H., and Ro, S. W. (2019). High risk of hepatocellular carcinoma development in fibrotic liver: Role of the hippo-YAP/TAZ signaling pathway. Int. J. Mol. Sci. 20 (3), 581. doi:10.3390/ijms20030581
 Mooring, M., Fowl, B. H., Lum, S. Z. C., Liu, Y., Yao, K., Softic, S., et al. (2020). Hepatocyte stress increases expression of yes-associated protein and transcriptional coactivator with PDZ-binding motif in hepatocytes to promote parenchymal inflammation and fibrosis. Hepatology 71 (5), 1813–1830. doi:10.1002/hep.30928
 Moya, I. M., and Halder, G. (2019). Hippo-YAP/TAZ signalling in organ regeneration and regenerative medicine. Nat. Rev. Mol. Cell. Biol. 20 (4), 211–226. doi:10.1038/s41580-018-0086-y
 Murphy-Ullrich, J. E., and Suto, M. J. (2018). Thrombospondin-1 regulation of latent TGF-β activation: A therapeutic target for fibrotic disease. Matrix Biol. 68-69, 28–43. doi:10.1016/j.matbio.2017.12.009
 Olsen, A. L., Bloomer, S. A., Chan, E. P., Gaça, M. D., Georges, P. C., Sackey, B., et al. (2011). Hepatic stellate cells require a stiff environment for myofibroblastic differentiation. Am. J. Physiol. Gastrointest. Liver Physiol. 301 (1), G110–G118. doi:10.1152/ajpgi.00412.2010
 Osawa, Y., Hoshi, M., Yasuda, I., Saibara, T., Moriwaki, H., and Kozawa, O. (2013). Tumor necrosis factor-α promotes cholestasis-induced liver fibrosis in the mouse through tissue inhibitor of metalloproteinase-1 production in hepatic stellate cells. PLoS One 8 (6), e65251. doi:10.1371/journal.pone.0065251
 Ota, C., Baarsma, H. A., Wagner, D. E., Hilgendorff, A., and Königshoff, M. (2016). Linking bronchopulmonary dysplasia to adult chronic lung diseases: Role of WNT signaling. Mol. Cell. Pediatr. 3 (1), 34. doi:10.1186/s40348-016-0062-6
 Pan, X., Wan, R., Wang, Y., Liu, S., He, Y., Deng, B., et al. (2022). Inhibition of chemically and mechanically activated Piezo1 channels as a mechanism for ameliorating atherosclerosis with salvianolic acid B. Br. J. Pharmacol. 179 (14), 3778–3814. doi:10.1111/bph.15826
 Parola, M., and Pinzani, M. (2019). Liver fibrosis: Pathophysiology, pathogenetic targets and clinical issues. Mol. Asp. Med. 65, 37–55. doi:10.1016/j.mam.2018.09.002
 Parsons, J. T. (2003). Focal adhesion kinase: The first ten years. J. Cell. Sci. 116, 1409–1416. doi:10.1242/jcs.00373
 Parsons, J. T., Horwitz, A. R., and Schwartz, M. A. (2010). Cell adhesion: Integrating cytoskeletal dynamics and cellular tension. Nat. Rev. Mol. Cell. Biol. 11 (9), 633–643. doi:10.1038/nrm2957
 Peng, Y., Chen, Z., Chen, Y., Li, S., Jiang, Y., Yang, H., et al. (2019). ROCK isoforms differentially modulate cancer cell motility by mechanosensing the substrate stiffness. Acta Biomater. 88, 86–101. doi:10.1016/j.actbio.2019.02.015
 Perepelyuk, M., Terajima, M., Wang, A. Y., Georges, P. C., Janmey, P. A., Yamauchi, M., et al. (2013). Hepatic stellate cells and portal fibroblasts are the major cellular sources of collagens and lysyl oxidases in normal liver and early after injury. Am. J. Physiology-Gastrointestinal Liver Physiology 304 (6), G605–G614. doi:10.1152/ajpgi.00222.2012
 Pibiri, M., and Simbula, G. (2022). Role of the Hippo pathway in liver regeneration and repair: Recent advances. Inflamm. Regen. 42 (1), 59. doi:10.1186/s41232-022-00235-5
 Przybyla, L., Lakins, J. N., and Weaver, V. M. (2016). Tissue mechanics orchestrate wnt-dependent human embryonic stem cell differentiation. Cell. Stem Cell. 19 (4), 462–475. doi:10.1016/j.stem.2016.06.018
 Purushothaman, A., Mohajeri, M., and Lele, T. P. (2023). The role of glycans in the mechanobiology of cancer. J. Biol. Chem. 299 (3), 102935. doi:10.1016/j.jbc.2023.102935
 Qiu, X., Liu, S., Zhang, H., Zhu, B., Su, Y., Zheng, C., et al. (2018). Mesenchymal stem cells and extracellular matrix scaffold promote muscle regeneration by synergistically regulating macrophage polarization toward the M2 phenotype. Stem Cell. Res. Ther. 9 (1), 88. doi:10.1186/s13287-018-0821-5
 Rahman, N. T., Schulz, V. P., Wang, L., Gallagher, P. G., Denisenko, O., Gualdrini, F., et al. (2018). MRTFA augments megakaryocyte maturation by enhancing the SRF regulatory axis. Blood Adv. 2 (20), 2691–2703. doi:10.1182/bloodadvances.2018019448
 Ranade, S. S., Woo, S. H., Dubin, A. E., Moshourab, R. A., Wetzel, C., Petrus, M., et al. (2014). Piezo2 is the major transducer of mechanical forces for touch sensation in mice. Nature 516 (7529), 121–125. doi:10.1038/nature13980
 Regős, E., Abdelfattah, H. H., Reszegi, A., Szilák, L., Werling, K., Szabó, G., et al. (2018). Syndecan-1 inhibits early stages of liver fibrogenesis by interfering with TGFβ1 action and upregulating MMP14. Matrix Biol. 68-69, 474–489. doi:10.1016/j.matbio.2018.02.008
 Ridley, A. J., and Hall, A. (1992). The small GTP-binding protein rho regulates the assembly of focal adhesions and actin stress fibers in response to growth factors. Cell. 70 (3), 389–399. doi:10.1016/0092-8674(92)90163-7
 Robinson, K. A., Sun, M., Barnum, C. E., Weiss, S. N., Huegel, J., Shetye, S. S., et al. (2017). Decorin and biglycan are necessary for maintaining collagen fibril structure, fiber realignment, and mechanical properties of mature tendons. Matrix Biol. 64, 81–93. doi:10.1016/j.matbio.2017.08.004
 Roehlen, N., Crouchet, E., and Baumert, T. F. (2020). Liver fibrosis: Mechanistic concepts and therapeutic perspectives. Cells 9 (4), 875. doi:10.3390/cells9040875
 Romac, J. M., Shahid, R. A., Swain, S. M., Vigna, S. R., and Liddle, R. A. (2018). Piezo1 is a mechanically activated ion channel and mediates pressure induced pancreatitis. Nat. Commun. 9 (1), 1715. doi:10.1038/s41467-018-04194-9
 Russell, J. O., and Camargo, F. D. (2022). Hippo signalling in the liver: Role in development, regeneration and disease. Nat. Rev. Gastroenterol. Hepatol. 19 (5), 297–312. doi:10.1038/s41575-021-00571-w
 Shan, L., Wang, F., Zhai, D., Meng, X., Liu, J., and Lv, X. (2023). Matrix metalloproteinases induce extracellular matrix degradation through various pathways to alleviate hepatic fibrosis. Biomed. Pharmacother. 161, 114472. doi:10.1016/j.biopha.2023.114472
 Shi, M., Zhu, J., Wang, R., Chen, X., Mi, L., Walz, T., et al. (2011). Latent TGF-β structure and activation. Nature 474 (7351), 343–349. doi:10.1038/nature10152
 Shi, Z., Ren, M., and Rockey, D. C. (2020). Myocardin and myocardin-related transcription factor-A synergistically mediate actin cytoskeletal-dependent inhibition of liver fibrogenesis. Am. J. Physiol. Gastrointest. Liver Physiol. 318 (3), G504–g517. doi:10.1152/ajpgi.00302.2019
 Shi, Z., and Rockey, D. C. (2017). Upregulation of the actin cytoskeleton via myocardin leads to increased expression of type 1 collagen. Lab. Invest. 97 (12), 1412–1426. doi:10.1038/labinvest.2017.96
 Shimozato, N., Namisaki, T., Kaji, K., Kitade, M., Okura, Y., Sato, S., et al. (2019). Combined effect of a farnesoid X receptor agonist and dipeptidyl peptidase-4 inhibitor on hepatic fibrosis. Hepatol. Res. 49 (10), 1147–1161. doi:10.1111/hepr.13385
 Sobhy, A., Fakhry, M. M., H, A. A., Ashmawy, A. M., and Omar Khalifa, H. (2019). Significance of biglycan and osteopontin as non-invasive markers of liver fibrosis in patients with chronic Hepatitis B virus and chronic hepatitis C virus. J. Investig. Med. 67 (3), 681–685. doi:10.1136/jim-2018-000840
 Solagna, F., Nogara, L., Dyar, K. A., Greulich, F., Mir, A. A., Türk, C., et al. (2020). Exercise-dependent increases in protein synthesis are accompanied by chromatin modifications and increased MRTF-SRF signalling. Acta Physiol. (Oxf) 230 (1), e13496. doi:10.1111/apha.13496
 Soliman, S., Sant, S., Nichol, J. W., Khabiry, M., Traversa, E., and Khademhosseini, A. (2011). Controlling the porosity of fibrous scaffolds by modulating the fiber diameter and packing density. J. Biomed. Mater Res. A 96 (3), 566–574. doi:10.1002/jbm.a.33010
 Song, Y., Zhang, F., and Linhardt, R. J. (2021). Analysis of the glycosaminoglycan chains of proteoglycans. J. Histochem Cytochem 69 (2), 121–135. doi:10.1369/0022155420937154
 Song, Z., Chen, W., Athavale, D., Ge, X., Desert, R., Das, S., et al. (2021). Osteopontin takes center stage in chronic liver disease. Hepatology 73 (4), 1594–1608. doi:10.1002/hep.31582
 Sun, H., Zhu, Y., Pan, H., Chen, X., Balestrini, J. L., Lam, T. T., et al. (2016). Netrin-1 regulates fibrocyte accumulation in the decellularized fibrotic sclerodermatous lung microenvironment and in bleomycin-induced pulmonary fibrosis. Arthritis Rheumatol. 68 (5), 1251–1261. doi:10.1002/art.39575
 Swift, J., and Discher, D. E. (2014). The nuclear lamina is mechano-responsive to ECM elasticity in mature tissue. J. Cell. Sci. 127, 3005–3015. doi:10.1242/jcs.149203
 Swift, J., Ivanovska, I. L., Buxboim, A., Harada, T., Dingal, P. C., Pinter, J., et al. (2013). Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed differentiation. Science 341 (6149), 1240104. doi:10.1126/science.1240104
 Tada, S., Iwamoto, H., Nakamuta, M., Sugimoto, R., Enjoji, M., Nakashima, Y., et al. (2001). A selective ROCK inhibitor, Y27632, prevents dimethylnitrosamine-induced hepatic fibrosis in rats. J. Hepatol. 34 (4), 529–536. doi:10.1016/s0168-8278(00)00059-3
 Tapial Martínez, P., López Navajas, P., and Lietha, D. (2020). FAK structure and regulation by membrane interactions and force in focal adhesions. Biomolecules 10 (2), 179. doi:10.3390/biom10020179
 Tarrats, N., Moles, A., Morales, A., García-Ruiz, C., Fernández-Checa, J. C., and Marí, M. (2011). Critical role of tumor necrosis factor receptor 1, but not 2, in hepatic stellate cell proliferation, extracellular matrix remodeling, and liver fibrogenesis. Hepatology 54 (1), 319–327. doi:10.1002/hep.24388
 Tátrai, P., Dudás, J., Batmunkh, E., Máthé, M., Zalatnai, A., Schaff, Z., et al. (2006). Agrin, a novel basement membrane component in human and rat liver, accumulates in cirrhosis and hepatocellular carcinoma. Lab. Invest. 86 (11), 1149–1160. doi:10.1038/labinvest.3700475
 Theocharis, A. D., Skandalis, S. S., Gialeli, C., and Karamanos, N. K. (2016). Extracellular matrix structure. Adv. Drug Deliv. Rev. 97, 4–27. doi:10.1016/j.addr.2015.11.001
 Thiele, M., Johansen, S., Gudmann, N. S., Madsen, B., Kjaergaard, M., Nielsen, M. J., et al. (2021). Progressive alcohol-related liver fibrosis is characterised by imbalanced collagen formation and degradation. Aliment. Pharmacol. Ther. 54 (8), 1070–1080. doi:10.1111/apt.16567
 Trivedi, P., Wang, S., and Friedman, S. L. (2021). The power of plasticity-metabolic regulation of hepatic stellate cells. Cell. Metab. 33 (2), 242–257. doi:10.1016/j.cmet.2020.10.026
 Tsuchida, T., and Friedman, S. L. (2017). Mechanisms of hepatic stellate cell activation. Nat. Rev. Gastroenterol. Hepatol. 14 (7), 397–411. doi:10.1038/nrgastro.2017.38
 Uehata, M., Satoh, H., Ono, T., Kawahara, T., Morishita, T., Tamakawa, H., et al. (1997). Calcium sensitization of smooth muscle mediated by a Rho-associated protein kinase in hypertension. Nature 389 (6654), 990–994. doi:10.1038/40187
 Urciuoli, E., and Peruzzi, B. (2020). Involvement of the FAK network in pathologies related to altered mechanotransduction. Int. J. Mol. Sci. 21 (24), 9426. doi:10.3390/ijms21249426
 Walton, K. L., Johnson, K. E., and Harrison, C. A. (2017). Targeting TGF-β mediated SMAD signaling for the prevention of fibrosis. Front. Pharmacol. 8, 461. doi:10.3389/fphar.2017.00461
 Wan, J., Benkdane, M., Teixeira-Clerc, F., Bonnafous, S., Louvet, A., Lafdil, F., et al. (2014). M2 kupffer cells promote M1 kupffer cell apoptosis: A protective mechanism against alcoholic and nonalcoholic fatty liver disease. Hepatology 59 (1), 130–142. doi:10.1002/hep.26607
 Wan, S., Fu, X., Ji, Y., Li, M., Shi, X., and Wang, Y. (2018). FAK- and YAP/TAZ dependent mechanotransduction pathways are required for enhanced immunomodulatory properties of adipose-derived mesenchymal stem cells induced by aligned fibrous scaffolds. Biomaterials 171, 107–117. doi:10.1016/j.biomaterials.2018.04.035
 Wan, S., Luo, F., Huang, C., Liu, C., Luo, Q., and Zhu, X. (2020). Ursolic acid reverses liver fibrosis by inhibiting interactive NOX4/ROS and RhoA/ROCK1 signalling pathways. Aging (Albany NY) 12 (11), 10614–10632. doi:10.18632/aging.103282
 Wang, L., You, X., Lotinun, S., Zhang, L., Wu, N., and Zou, W. (2020). Mechanical sensing protein PIEZO1 regulates bone homeostasis via osteoblast-osteoclast crosstalk. Nat. Commun. 11 (1), 282. doi:10.1038/s41467-019-14146-6
 Wang, Q., and Chi, L. (2022). The alterations and roles of glycosaminoglycans in human diseases. Polym. (Basel) 14 (22), 5014. doi:10.3390/polym14225014
 Weiner, O. H., Zoremba, M., and Gressner, A. M. (1996). Gene expression of syndecans and betaglycan in isolated rat liver cells. Cell. Tissue Res. 285 (1), 11–16. doi:10.1007/s004410050615
 Weiskirchen, R., Weiskirchen, S., and Tacke, F. (2019). Organ and tissue fibrosis: Molecular signals, cellular mechanisms and translational implications. Mol. Asp. Med. 65, 2–15. doi:10.1016/j.mam.2018.06.003
 Wells, R. G. (2008). The role of matrix stiffness in regulating cell behavior. Hepatology 47 (4), 1394–1400. doi:10.1002/hep.22193
 Wells, R. G. (2013). Tissue mechanics and fibrosis. Biochim. Biophys. Acta 1832 (7), 884–890. doi:10.1016/j.bbadis.2013.02.007
 Wu, J., Lewis, A. H., and Grandl, J. (2017). Touch, tension, and transduction - the function and regulation of piezo ion channels. Trends Biochem. Sci. 42 (1), 57–71. doi:10.1016/j.tibs.2016.09.004
 Wu, L., Zhang, Q., Mo, W., Feng, J., Li, S., Li, J., et al. (2017). Quercetin prevents hepatic fibrosis by inhibiting hepatic stellate cell activation and reducing autophagy via the TGF-β1/Smads and PI3K/Akt pathways. Sci. Rep. 7 (1), 9289. doi:10.1038/s41598-017-09673-5
 Xing, X., Wang, Y., Zhang, X., Gao, X., Li, M., Wu, S., et al. (2021). Matrix stiffness-mediated effects on macrophages polarization and their LOXL2 expression. Febs J. 288 (11), 3465–3477. doi:10.1111/febs.15566
 Xiong, W. C., and Mei, L. (2017). Agrin to YAP in cancer and neuromuscular junctions. Trends Cancer 3 (4), 247–248. doi:10.1016/j.trecan.2017.03.005
 Xu, R., Zhang, Z., and Wang, F. S. (2012). Liver fibrosis: Mechanisms of immune-mediated liver injury. Cell. Mol. Immunol. 9 (4), 296–301. doi:10.1038/cmi.2011.53
 Yang, Q., and Shi, W. (2021). Rho/ROCK-MYOCD in regulating airway smooth muscle growth and remodeling. Am. J. Physiol. Lung Cell. Mol. Physiol. 321 (1), L1–l5. doi:10.1152/ajplung.00034.2021
 Yeh, C. F., Chou, C., and Yang, K. C. (2021). Mechanotransduction in fibrosis: Mechanisms and treatment targets. Curr. Top. Membr. 87, 279–314. doi:10.1016/bs.ctm.2021.07.004
 You, Y., Zheng, Q., Dong, Y., Wang, Y., Zhang, L., Xue, T., et al. (2015). Higher matrix stiffness upregulates osteopontin expression in hepatocellular carcinoma cells mediated by integrin β1/GSK3β/β-Catenin signaling pathway. PLoS One 10 (8), e0134243. doi:10.1371/journal.pone.0134243
 Yu, H. X., Yao, Y., Bu, F. T., Chen, Y., Wu, Y. T., Yang, Y., et al. (2019). Blockade of YAP alleviates hepatic fibrosis through accelerating apoptosis and reversion of activated hepatic stellate cells. Mol. Immunol. 107, 29–40. doi:10.1016/j.molimm.2019.01.004
 Yu, W. K., Chen, W. C., Su, V. Y., Shen, H. C., Wu, H. H., Chen, H., et al. (2022). Nintedanib inhibits endothelial mesenchymal transition in bleomycin-induced pulmonary fibrosis via focal adhesion kinase activity reduction. Int. J. Mol. Sci. 23 (15), 8193. doi:10.3390/ijms23158193
 Zhang, J., Zhou, Y., Huang, T., Wu, F., Liu, L., Kwan, J. S. H., et al. (2018). PIEZO1 functions as a potential oncogene by promoting cell proliferation and migration in gastric carcinogenesis. Mol. Carcinog. 57 (9), 1144–1155. doi:10.1002/mc.22831
 Zhao, W., Yang, A., Chen, W., Wang, P., Liu, T., Cong, M., et al. (2018). Inhibition of lysyl oxidase-like 1 (LOXL1) expression arrests liver fibrosis progression in cirrhosis by reducing elastin crosslinking. Biochim. Biophys. Acta Mol. Basis Dis. 1864, 1129–1137. doi:10.1016/j.bbadis.2018.01.019
 Zhao, X. K., Yu, L., Cheng, M. L., Che, P., Lu, Y. Y., Zhang, Q., et al. (2017). Focal adhesion kinase regulates hepatic stellate cell activation and liver fibrosis. Sci. Rep. 7 (1), 4032. doi:10.1038/s41598-017-04317-0
 Zheng, L., Qin, J., Sun, L., Gui, L., Zhang, C., Huang, Y., et al. (2017). Intrahepatic upregulation of MRTF-A signaling contributes to increased hepatic vascular resistance in cirrhotic rats with portal hypertension. Clin. Res. Hepatol. Gastroenterol. 41 (3), 303–310. doi:10.1016/j.clinre.2016.11.010
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zhao, Deng, Xu, Lin, Lu and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-10-1183808-t001.jpg
uiescent HSCs Myofibroblasts

Cell bodies ovoid or irregularly shaped and often projecting several stellate projections | Cell bodies are larger and the stellate projections are stretched and thinned

Rich in retinoid droplets Retinoid loss

ECM homeostasis @-SMA and collagen-1 abundant expression
Non-proliferative Proliferation

Expression of small amounts of TGE-B, PDGE, IGF and other cytokines Accumulation of ECM proteins

Contractility and chemotaxis

Increased cross-linking and promoting Fibrogenesis

Altered matrix degradation

Involved in inflflammatory and mechanical signaling






OPS/xhtml/nav.xhtml
Contents

		Cover

		Mechanical homeostasis imbalance in hepatic stellate cells activation and hepatic fibrosis		1 Introduction

		2 Introduction to the extracellular matrix

		3 Extracellular matrix remodeling in hepatic fibrosis

		4 The effects of biomechanics on hepatic stellate cell activation

		5 Mechanotransduction in hepatic fibrosis		5.1 Hippo-YAP/TAZ signaling pathway

		5.2 Rho-ROCK signaling pathway

		5.3 MRTF-A signaling pathway

		5.4 FAK signaling pathway

		5.5 Wnt/β-catenin signaling pathway

		5.6 PIEZO1 ion channel

		5.7 Other potential mechanotransduction pathways





		6 Therapeutic targets: Inhibition or reversal of hepatic fibrosis		6.1 Regulate extracellular matrix homeostasis and reduce extracellular matrix stiffness

		6.2 Reduction of activated HSCs and inhibition of HSCs response to matrix stiffness





		7 Conclusion

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-10-1183808-g001.gif





OPS/images/fmolb-10-1183808-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





