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Abstract: Liver fibrosis involves progressive extracellular matrix (ECM) remodeling that creates a stiff 

microenvironment, driving hepatic stellate cell (HSC) activation. This narrative review summarizes 

current advances in the understanding of mechanotransduction pathways—including integrin signaling, 

Hippo–YAP/TAZ, TGF-β, and mechanosensitive ion channels—that convert mechanical cues into 

profibrotic responses. We highlight how ECM stiffness and cytoskeletal tension regulate HSC 

activation, inflammation, and fibrogenesis. Recent therapeutic approaches aim to modulate tissue 

mechanics or inhibit key mechanotransduction targets such as Rho/ROCK and YAP/TAZ, showing 

promising antifibrotic potential in preclinical studies. By integrating emerging mechanistic insights and 

progress in drug development, this review provides future research directions toward clinically viable 

mechanotransduction-based therapies. 

Keywords: liver fibrosis; hepatic stellate cells; extracellular matrix; anti-fibrotic therapies; Signaling 

pathways; hippo pathway; Rho/ROCK; notch signaling.  
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1. Background 

The mechanisms of cell interactions with the extracellular matrix (ECM), adjacent cells, 

and surrounding fluids determine its capacity to detect physical stress. A set of intracellular 

molecular mechanisms collectively termed mechanotransduction converts mechanical stimuli 

into biochemical responses in living systems, thereby influencing various cellular 

characteristics [1-3]. The hepatic microstructure possesses unique mechanical properties, and 

an optimal microenvironment is vital for its specialized roles in synthesis, metabolism, 

detoxification, and immune protection [4]. Mechanotransduction pathways are deeply involved 

in both liver repair and injury. When the liver experiences mechanical stress, these pathways 

convert physical forces into biochemical signals that guide cellular behavior and drive tissue 

remodeling [5]. Recent studies on liver cells have revealed new evidence that mechanical 

signals play a crucial role in the onset and progression of liver diseases. Structural and 
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functional abnormalities within the liver can both arise from and contribute to abnormal 

mechanical stress [6]. Mechanotransduction pathways are particularly significant among the 

multiple cellular mechanisms contributing to liver injury [7,8]. Two well-characterized 

mechanotransduction pathways, RhoA/ROCK and YAP/TAZ, regulate cellular behavior and 

phenotype across multiple liver cell types. Integrin-mediated focal adhesions serve as the 

primary structures that sense mechanical cues from the hepatic extracellular matrix (ECM), 

while downstream signaling routes such as SRF and YAP/TAZ respond dynamically to changes 

in liver tissue stiffness during chronic fibrosis [9,10]. 

Identifying potential therapeutic targets within these cellular signaling cascades is 

critical for advancing the treatment of liver diseases. In recent years, substantial progress in 

understanding the molecular and cellular mechanisms underlying liver injury and cirrhosis has 

paved the way for the development of novel antifibrotic agents. Several of these compounds 

have already reached phase II or III clinical trials, while others are moving closer to regulatory 

approval [11]. Although substantial progress has been achieved, mechanotransduction in liver 

fibrosis remains a dynamic and evolving field of study. Key pathways such as YAP/TAZ and 

TGF-β have been extensively characterized, whereas others—including Notch signaling and 

Rho GTPase networks—have received comparatively less attention. This review aims to 

summarize the major mechanotransduction pathways and their pharmacological targets, 

emphasizing their roles in hepatic stellate cell (HSC) activation and the early stages of hepatic 

fibrogenesis. By examining these critical signaling mechanisms, this work seeks to provide a 

deeper understanding of their functions and potential as therapeutic intervention points. 

2. Search Strategy 

A systematic literature search was conducted for this narrative review to ensure that the 

most comprehensive and up-to-date developments were covered. Relevant research articles, 

reviews, and short communications published over the last five years (2020–2025) were 

retrieved from online databases including Xmol, Google Scholar, ScienceDirect, PubMed, 

SciSpace, Elicit, and Research Rabbit. The main search keywords included “liver fibrosis,” 

“mechanotransduction,” “hepatic stellate cells,” “YAP/TAZ,” “RhoA/ROCK,” “Notch 

signaling,” and “TGF-β.”Studies that explore the role of mechanotransduction pathways in 

liver fibrosis and liver diseases, or hepatic stellate cell activation, were added. Experimental 

data, both In vitro and in vivo, and all kinds of review papers were taken into consideration. 

However, articles that were not in English or lacked information on mechanotransduction or 

liver fibrosis and mechanotransduction pathways were not included. Recent findings, 

molecular understanding, and feasible therapeutic implications of key signaling pathways were 

highlighted throughout the selection process. To identify new research gaps and potential fields 

for future study, the collected literature was reviewed, arranged by routine, and summarized. 

3. Types of Mechanical Stimuli in Liver Injury 

An increase in matrix stiffness, shear stress, compression, and mechanical stretch 

significantly impacts liver injury and regeneration. To regulate gene transcription and 

biological responses, mechanoreceptors collect data on mechanical forces and transmit it to the 

cell. Mechanotransduction is the name given to the process that occurs in response to 

mechanical stimuli [12]. Mechanotransduction is mediated by the cytoskeleton, the 

extracellular matrix, and focal adhesions, which are linked to integrins [13-15]. Because they 
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activate portal fibroblasts and hepatic stellate cells, chronic liver diseases, such as cancer and 

fibrosis, contribute to the development of a stiff liver, as noted by Joung et al. Drug-induced 

liver damage (which may be exacerbated by mechanical changes in the liver environment), Pu 

Delves further explains the function of mitochondrial and endoplasmic reticulum stress [16-

18]. Research has demonstrated that long-term mental stress can worsen liver damage and 

fibrosis [19-22]. Altering the composition of gut microbiota causes inflammation in liver tissue. 

This occurs because ingested lipopolysaccharides (LPS) trigger inflammation by activating the 

Toll-like receptor 4 (TLR4) pathway in the liver [23]. 

4. The Molecular Mechanism Involved in Mechanotransduction 

Molecular genetics has taken over the medical sector, putting molecular biology on the 

back burner. This is noteworthy given that numerous diseases arise from mechanical or 

structural abnormalities in tissues. This process might be affected by alterations in the 

extracellular matrix, cellular mechanics, or dysregulation of molecular pathways that enable 

cells to detect mechanical signals and respond chemically or electrically. The molecular 

processes underlying the initial phase of mechanosensing, which involves tensioned protein 

complexes translating changes in physical force into cellular signaling, remain a mystery [24]. 

Protein phosphorylation, allostery control of enzyme activity, and binding sites are the same 

principles of signal transmission for both biochemical and mechanically driven signaling, 

although there are notable distinctions. In their Commentary, Huveneers et al. aim to 

understand the molecular mechanisms by focusing on mechanotransduction at cell-cell 

junctions [25]. In their analyses of the responses of blood vessels and chondrocytes to 

mechanical stimuli, Yamashiro and Zhao both highlight the roles of several receptors and 

downstream pathways [26,27]. The sensory nerve terminals are the first sites of 

mechanotransduction in mammals, where mechanical stresses are rapidly transformed into 

electrical impulses. Kassianidou further explores the role of nucleocytoplasmic transport in the 

selective translocation of mechanosensitive transcription factors. New studies have elucidated 

the molecular identities and basic properties of mechanotransducer channels. Mechanical 

stimulation may activate cation channels (Piezo1, TRPV4, and ENaC), which, in turn, activate 

several mechanotransducer channels.  

5. Major Signaling Pathways in Liver Fibrosis and HCC 

Wang et al. offer a thorough review of the signaling pathways involved in liver 

regeneration and repair. These results, taken together, show the critical role of signaling 

pathways in liver injury and regeneration, which may inform the development of specific 

therapies. Mechanical stresses and alterations in the extracellular matrix environment after 

damage greatly affect liver regeneration [30]. Notch signaling, YAP/TAZ, and RHO/ROCK 

are among the crucial signaling pathways engaged in numerous cellular activities, including 

metabolism, cancer, and stem cell biology. The interconnection and regular cooperation of 

these pathways in regulating cell fate and behavior increase the complexity of cellular signaling 

networks [31]. Emphasizing the importance of the Rho/ROCK pathway in several diseases, 

Han focused primarily on its relevance in liver damage [32]. Moreover, Jaeschke underlined 

the critical role of reactive oxygen species in inflammatory liver injury, under the control of 

the Rho/ROCK signaling pathway [33]. 
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5.1. Hippo Yap/Taz signaling pathway and its therapeutic inhibition in liver fibrosis and 

HCC. 

According to Sino Dupont et al., YAP and TAZ are central components of the Hippo 

signaling pathway and play critical roles in mechanotransduction. The Hippo pathway is a 

fundamental mechanism by which cells respond to various mechanical signals, including stress, 

extracellular matrix (ECM) stiffness, adhesion, and cell shape [34,35]. While YAP/TAZ act as 

key effectors of these signals, the molecular mechanisms linking mechanical input to Hippo 

signaling remain unclear [36]. Initially identified in Drosophila, the Hippo pathway regulates 

tissue growth [37]. MST1/2, LATS1/2, SAV1, MOB1A/B, and the transcriptional coactivators 

YAP and TAZ constitute its essential elements in mammals. These are regulated through a 

series of SAV1 and MOB1A/B phosphorylation events [38-41]. When activated, the Hippo 

pathway inhibits YAP/TAZ nuclear translocation, thereby suppressing their interaction with 

TEAD transcription factors [42]. 

Persistent YAP activation—observed in fibrotic human livers and CCl₄-treated animal 

models—is associated with increased ECM stiffness and tissue damage [43-45]. Various types 

of liver injury, such as non-alcoholic steatosis and bile acid accumulation, can also promote 

YAP/TAZ activation. In alcoholic hepatitis (AH) and non-alcoholic steatohepatitis (NASH), 

altered Hippo signaling results in elevated YAP/TAZ expression [46]. Notably, hepatocyte-

specific expression of S127A-YAP increases macrophage recruitment and fibrosis [47]. While 

inhibiting YAP/TAZ could impair liver regeneration in healthy tissue, such inhibition shows 

therapeutic potential for liver diseases like cirrhosis and hepatocellular carcinoma (HCC) by 

suppressing fibrotic and oncogenic programs [48-50]. Targeting the YAP/TEAD interaction 

may offer therapeutic value, with compounds such as verteporfin showing efficacy in 

preclinical models despite certain limitations [51,52]. Other agents, such as ivermectin [53], 

sirtuin 6 [54,55], the He Yiqi Huxue formulation [56], resveratrol, and morin [57], have been 

shown to exert inhibitory effects through various mechanisms. YAP/TAZ has been shown to 

exert inhibitory effects through various mechanisms. However, complete inhibition may have 

adverse consequences, as shown in models with liver-specific deletion of both YAP and TAZ, 

which displayed diminished regenerative capacity [58,59]. These findings highlight the dual 

roles of YAP/TAZ in liver repair and pathology, underscoring the need for further research to 

balance therapeutic inhibition without compromising liver function [60]. The major regulators 

and downstream effects of the Hippo signaling pathway in liver pathology are summarized in 

Table 1. 

Table 1. Summary of the Hippo signaling pathway. 
Name Hippo signaling pathway References 

Mechanism A tumor suppressor pathway that regulates organ size, cell proliferation, apoptosis, and 

differentiation. MST1/2 kinases activate LATS1/2, which phosphorylate YAP/TAZ, 

sequestering them in the cytoplasm or marking them for degradation. When Hippo is 

inactive (OFF), YAP/TAZ Signaling to the nucleus and binds TEAD transcription factors, 

driving the expression of growth-promoting genes like CTGF and CYR61. 

[61] 

Receptor YAP/TAZ, MST1/2, LATS1/2, TEAD [62] 
Location Liver tissue, like (Biliary epithelial cells [BECs], hepatocytes, hepatic stellate cells 

[HSCs]) and other mammalian tissues. 
[63] 

Function Homeostasis: Maintains liver size and organ integrity 

Regeneration: Enhances hepatocyte proliferation, BEC differentiation, and ECM 

synthesis. 

Repair: Mediates interactions with Hedgehog and Notch pathways for liver regeneration. 

Immunity: Modulates Kupffer cell activation and cytokine release for inflammation 

control. 

[64-66] 

Pathway role Fibrosis and Cirrhosis: YAP/TAZ overactivation causes HSC activation and excessive 

ECM production. 

Cancer: Persistent YAP/TAZ activation promotes hepatocellular carcinoma (HCC). 

[68-70] 
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Name Hippo signaling pathway References 
Impaired Regeneration: Chronic liver diseases disrupt normal Hippo signaling, leading 

to ineffective liver repair. 
Therapeutic 

Target 

YAP/TAZ Modulation: Target Hedgehog-YAP interaction to prevent HSC activation. 

Cytokine Pathways: Inhibit IL-6 or TGF-β to reduce inflammation. Metabolic Targets: 

Block glutaminolysis to reduce HSC proliferation. PPARγ Agonists: Reverse HSC 

fibrogenic phenotype. Cyr61 Inhibition: Decreases macrophage recruitment to suppress 

fibrosis. 

[71-72] 

5.2. Role of the Rho/ROCK pathway in liver fibrosis and NAFLD: therapeutic importance of 

its inhibition. 

Rho GTPases, first identified in 1981, are small monomeric GTP-binding proteins with 

around 20 family members weighing 20–40 kDa [73]. A key downstream effector is Rho-

associated coiled-coil-containing protein kinase (ROCK), a serine/threonine kinase [74]. The 

Rho/ROCK pathway regulates smooth muscle contraction, stress fiber formation, and cell 

motility, contributing to cell adhesion and migration [75]. Dysregulation of this pathway is 

implicated in inflammation, fibrosis, and metabolic disorders [76]. The two mammalian ROCK 

isoforms—ROCK1 (ROKβ) and ROCK2 (ROKα)—are activated by Rho GTPases in response 

to pro-fibrotic stimuli such as ECM stiffness, TGF-β, and lysophosphatidic acid [77,78]. Figure 

1 presents the various upstream receptors and downstream effects of this pathway. Among Rho 

GTPases, RhoA, RhoC, RhoG, Rac1, and Cdc42 are most studied for their roles in cell 

proliferation, differentiation, apoptosis, gene transcription, and cytoskeletal regulation [79,80]. 

Alan Hall's research linked RhoA, Rac1, and Cdc42 to stress fibers, lamellipodia, and filopodia, 

respectively, underscoring their role in actin cytoskeleton remodeling and cell-matrix adhesion 

[81]. The Rho–ROCK pathway plays a vital role in hepatic stellate cell (HSC) activation—a 

key process in liver fibrosis [82,83]. ROCK2, in particular, drives fibrogenic immune cell 

functions and ECM remodeling, further advancing fibrosis [84,85]. Yee Jr. showed that Rho 

controls cytoskeletal changes in stellate cells, and its inhibition with C3 transferase reverses 

HSC activation features [86]. Inhibiting the Rho/ROCK pathway, especially ROCK2, has 

demonstrated potential to reverse liver fibrosis and improve hepatic function in various models, 

including thioacetamide-induced and CCl4-induced fibrosis [87]. ROCK2 inhibition modulates 

immune, fibrotic, and metabolic pathways, making it a promising target [88,89]. Selective 

inhibitors like GV101 and ANG4201 have shown antifibrotic effects in NASH mouse models, 

improving fibrosis and reducing ALT/AST levels [13,90]. Similarly, RXC007 and KDO25 

suppress ROCK2 and reduce macrophage activity, preventing or reversing fibrosis [91,92]. 

ROCK inhibitors such as RKI-1447 and fasudil mitigate NAFLD and diabetes-induced fibrosis 

by reducing ECM accumulation and inflammatory factors [93,94]. Y-27632, a Rho-p160ROCK 

pathway blocker, prevents HSC activation in CCl4 models, supporting its potential as a 

therapeutic candidate. The major regulators, functions, and therapeutic inhibitors of the ROCK 

pathway involved in liver fibrosis are presented in Table 2.  

Despite encouraging results, targeting the Rho/ROCK pathway presents challenges due 

to its roles in various physiological processes. Off-target effects and the complex nature of liver 

fibrosis necessitate thorough preclinical and clinical evaluation to ensure treatment safety and 

specificity. 
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Figure 1. Schematic representation of the Rho/ROCK pathway in liver fibrosis progression. The figure was 

created using www.biorender.com. 

Table 2. The key aspects of the Rho/ROCK pathway. 

Name Rock signaling pathway References 
Mechanism ROCK is activated downstream of Rho GTPases (e.g., RhoA, RhoB, RhoC) via the Rho-

binding domain (RBD). Activation promotes cytoskeletal dynamics, migration, and stress 

fiber formation. 

[95] 

Receptor RhoA, RhoB, and RhoC serve as upstream activators. ROCK itself interacts with 

substrates like MYPT1 and LIM kinase to regulate actomyosin contractility and adhesion 

[96] 

Location ROCK1: Found in non-neuronal tissues (e.g., liver, spleen, and kidney)  

ROCK2: Abundant in brain, muscle, and heart tissues. 
[97] 

Function Cytoskeletal regulation: Controls stress fiber and focal adhesion formation. 

Cell migration: Facilitates motility. 

Fibrosis: Drives liver fibrosis by activating myofibroblasts and ECM production. 

[98] 

Pathway role In liver diseases, excessive ROCK activity leads to fibrosis by promoting hepatic stellate 

cell activation, inflammatory cytokine expression, and tissue scarring. 

[99] 

Therapeutic 

Target 

Non-Selective Inhibitors: Fasudil and Y-27632 

Selective ROCK2 inhibitors: SLx-2119 targets fibrosis with reduced side effects. 

[100] 

5.3. Notch signaling pathway in liver fibrosis and its therapeutic inhibition. 

The Notch signaling pathway is a juxtacrine signaling system that facilitates direct 

communication between adjacent cells [101]. In mammals, four Notch receptors (NOTCH1–

4) have been identified, each possessing both shared and unique biological functions [102]. 

These genes are located on human chromosomes 9 (NOTCH1), 1 (NOTCH2), 19 (NOTCH3), 

and 6 (NOTCH4), respectively [103,104]. Each of the four Notch receptors is expressed within 

the mesenchymal and epithelial cell populations of the adult liver [105]. Specifically, Notch1 

and Notch2 are primarily localized in epithelial liver cells, whereas Notch3 and Notch4 are 

expressed in mesenchymal and endothelial cells [106]. Five major Notch ligands—DLL1, 

DLL3, DLL4, JAG1, and JAG2—are known in mammals, each fulfilling distinct yet 

complementary functions [107]. DLL1 facilitates cell differentiation and intercellular 

communication, whereas DLL3 promotes apoptosis, thereby restricting excessive cell 

proliferation [108]. DLL4 activates the NF-κB signaling pathway, thereby enhancing VEGF 

secretion and promoting tumor metastasis, while JAG1 facilitates angiogenesis and JAG2 

supports cell survival and proliferation [109]. Canonical Notch signaling is initiated when the 

extracellular domain of a Notch receptor binds to its ligand located on a neighboring cell [110]. 

A step-by-step description of this process is shown in Figure 2, which shows the various 
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proteolytic activities that result in both canonical and non-canonical signaling. Ligand binding 

induces two proteolytic cleavages: first by ADAM metalloproteases, which release the 

extracellular domain, and second by the γ-secretase complex, which liberates the Notch 

intracellular domain (NICD). The NICD then translocates to the nucleus, forming a 

transactivation complex that regulates transcription of target genes such as HES1 and SOX9 

[111]. 

Recent studies have demonstrated that Notch signaling regulates diverse aspects of liver 

metabolism, regeneration, repair, inflammation, and vascular homeostasis, and plays a crucial 

role in the development of fibrosis and hepatocellular carcinoma [112]. In vitro studies have 

shown that rat hepatic stellate cells (HSCs) express Notch receptors, and upon activation and 

transdifferentiation into myofibroblast-like cells, they begin to produce the ligand JAG1 [113]. 

In fibrotic liver tissue, the expression levels of Notch3 and Jagged1 are markedly elevated 

[114], with Jag1 being upregulated in bile ductules, hepatocytes, and activated HSCs [115]. 

Sawitza et al. demonstrated that Jag1 acts as a cell-surface ligand that stimulates collagen and 

α-smooth muscle actin (α-SMA) synthesis in HSCs [116]. Similar signaling mechanisms have 

been observed in pulmonary fibrosis, indicating that Notch-mediated fibroblast activation may 

extend beyond hepatic tissue [117]. In healthy adults, Notch signaling activity in hepatocytes 

is minimal; however, its expression correlates positively with disease severity. Elevated levels 

of NOTCH1, NOTCH2, and the downstream effector HES1 have been observed in NASH 

patients and in high-fat-diet-induced NASH mouse models, where they promote de novo 

adipogenesis and hepatic steatosis [118]. In quiescent HSCs, Notch1 and Notch3 are expressed 

at low levels but are significantly upregulated upon activation and transdifferentiation [119]. 

Aberrant Notch activation is likely mediated by TLR4–JAG1/Notch signaling interactions 

[120]. Downstream, SOX9-dependent activation of SPP1 enhances osteopontin (OPN) 

secretion, which in turn activates HSCs and drives extracellular matrix (ECM) accumulation, 

promoting fibrosis [121]. 

Beyond its direct effects on hepatic stellate cells (HSCs), Notch signaling indirectly 

regulates fibrogenesis through interactions with hepatocytes and liver sinusoidal endothelial 

cells (LSECs). Under physiological conditions, LSECs produce nitric oxide (NO), which helps 

maintain HSC quiescence. Following liver injury, however, LSECs undergo capillarization, 

deposit extracellular matrix (ECM) components, develop a basement membrane, and exhibit 

reduced NO synthesis—processes that collectively drive HSC activation and fibrotic matrix 

deposition [122,123]. Therapeutically, inhibition of Notch signaling using γ-secretase 

inhibitors (GSIs) blocks the release of the Notch intracellular domain (NICD) and prevents 

subsequent transcriptional activation. In mouse models of cholestatic liver injury, GSI 

treatment effectively suppressed Notch signaling and attenuated fibrosis following CCl₄ 

administration [124]. However, the simultaneous inhibition of Notch1 and Notch2 disrupted 

intestinal stem cell homeostasis, resulting in gastrointestinal side effects such as impaired gut 

function, as reported in clinical trials [125]. Additionally, the natural polyphenol curcumin has 

been reported to suppress Notch1 activation, downregulate Jagged1 and Hes1 expression, and 

consequently inhibit downstream Notch signaling [126]. Given the above explanation, further 

research is required to determine Based on the above findings, further research is needed to 

determine whether selective inhibition of the Notch signaling pathway could be employed to 

treat liver diseases while minimizing undesirable side effects. The key components, 

mechanisms, and therapeutic modulators of the Notch signaling pathway, which regulates 

biliary development, liver regeneration, metabolism, and fibrosis, are summarized in Table 3. 

https://doi.org/10.33263/LIANBS152.083
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS152.083  

 https://nanobioletters.com/ 8 of 17 

 

 
Figure 2. Canonical and non-canonical activation of the Notch signaling pathway. The figure was created using 

www.biorender.com. 

Table 3. Highlighted the key components, roles, and therapeutic targeting of the Notch signaling pathway in the 

liver. 

Name Notch signaling pathway References 
Mechanism A juxtracrine signaling mechanism where ligands (e.g., JAG1, DLL1, DLL4) bind to 

receptors (NOTCH1–4). Binding triggers cleavage by γ-secretase (S3 cleavage), 

ADAM10 releases the Notch intracellular signaling that translocates to the nucleus to 

activate the target genes like HES1, SOX9, and others that regulate cell fate and tissue 

repair. 

[127] 

Receptor NOTCH1–4, JAG1, DLL1, DLL4.  
Location Liver tissues like Hepatic stellate cells, Hepatic cells, portal mesenchymal cells, and 

Biliary cells 

Epithelial cells. 

 

Function Biliary Development: Critical for bile duct formation and morphogenesis. 

Liver Regeneration: Regulates hepatocyte proliferation and biliary repair after damage. 

Liver Metabolism: Influences glucose and lipid metabolism through interactions with 

FOXO1 and mTOR pathways. 

[128] 

Pathway role Alagille Syndrome: Mutations in JAG1 or NOTCH2 lead to bile duct paucity and 

cholestasis. 

Liver Fibrosis: Overactivation promotes HSC activation and ECM deposition. 

NASH/Metabolic Disorders: Dysregulation contributes to insulin resistance, steatosis, 

and fibrosis. 

[129] 

Therapeutic 

Target 

Fibrosis Therapy: γ-secretase inhibitors (e.g., DAPT). 

Hedgehog inhibitors (e.g., GDC-0449) and TGFβ modulation to prevent HSC activation. 

Metabolic Therapy: Modulating Notch-FOXO1-mTOR pathways to improve glucose 

metabolism and reduce steatosis. 

Biliary Development: Targeting SOX9 or downstream Notch effectors for bile duct repair  

[130] 

Table 4. The mechanical cues among different liver diseases. 

Liver disease Mechanical cues 

Source of 

mechanical 

change 

Pathways involved Cellular response References 

NAFLD 
Matrix stiffness, 

lipid accumulation. 

ECM expansion 

and hepatocyte 

ballooning under 

steatosis 

Integrin-FAK, 

YAP/TAZ, 

HSCs activation, 

inflammation, and 

endothelial 

dysfunction  

[13] 

Fibrosis 

Increased ECM 

stiffness and 

interstitial tension 

Collagen I/III 

deposition. 

Integrin/FAK-Src, 

RhoA/ROCK, 

YAP/TAZ, TGF-β 

signaling 

Activation of HSCs 

α-SMA expression  

[131] 
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Liver disease Mechanical cues 

Source of 

mechanical 

change 

Pathways involved Cellular response References 

Cirrhosis 
High stiffness and 

portal pressure. 

Scar tissue 

formation, nodular 

architecture, and 

vascular 

remodeling. 

Hippo/YAP, 

mechanosensitive 

ion channels (ENaC, 

TRPV) 

Chronic HSC 

activation, 

angiogenesis, and 

portal hypertension  

[132] 

Hepatocellular 

Carcinoma 

(HCC) 

ECM stiffness and 

altered shear stress 

Tumor matrix 

stiffness and 

aberrant perfusion. 

Integrin-FAK, 

YAP/TAZ, 

RhoA/ROCK. 

cytoskeletal 

remodeling, 

increased invasion, 

tumor progression, 

and therapy 

resistance. 

[133] 

Cholestatic 

Disease 

Bile canaliculi 

stretch, and pressure 

overload 

Obstructed bile 

flow. 

Piezo1 (calcium 

signaling). 

Cholangiocyte 

proliferation, 

inflammation, 

periportal fibrosis  

[134] 

6. Future Research Direction and Perspective 

Despite significant advances in understanding the functions of the Hippo/YAP/TAZ, 

Rho/ROCK, and Notch signaling pathways in liver fibrosis, HCC, and NAFLD, translating 

these discoveries into targeted therapies remains a major challenge. Future research must 

unscramble pathway-specific modulation to minimize off-target effects—such as the 

development of isoform-selective ROCK2 inhibitors, ligand- or receptor-specific Notch 

antagonists (e.g., JAG1 or NOTCH3), and context-sensitive YAP/TAZ modulators that maintain 

liver regeneration while inhibiting fibrosis. Integrating high-throughput omics techniques with 

mechanobiological insights may reveal new treatment targets and crosstalk mechanisms. 

Furthermore, successful clinical translation will necessitate the identification of accurate 

biomarkers to enable early detection and effective therapy monitoring. Moving these strategies 

forward through rigorous preclinical studies and well-structured clinical trials could completely 

change the way that liver fibrosis and NAFLD are treated. 

7. Conclusion 

Mechanotransduction significantly influences liver injury pathogenesis and progression 

by integrating various mechanical stimuli and cellular responses. A nuanced comprehension of 

these mechanotransduction pathways offers a foundation for identifying effective therapeutic 

targets to manage liver diseases. Liver injury involves a multifaceted interaction among 

mechanical cues, such as shear stress, stretch, and stiffness, that triggers intricate 

mechanotransduction cascades. These responses, orchestrated through signaling pathways, 

cytoskeletal alterations, and integrin-mediated cell adhesion, intricately contribute to the 

development and progression of liver disease. Strategically targeting pivotal 

mechanotransduction pathways presents promising avenues for therapeutic intervention. 

Strategies such as modulation of the Hippo/YAP/TAZ pathway and interference with Notch 

signaling have the potential to ameliorate liver injury and fibrosis. Moreover, emerging 

therapeutic targets, such as the Rho GTPase and Notch signaling pathways, offer novel avenues 

to impede disease progression. Continuing research on the cellular and molecular processes 

that connect mechanical forces in liver sinusoids to their biological functions, and using this 

knowledge to understand the specific mechanisms of liver fibrosis, could lead to the discovery 

of new therapeutic targets and the development of disease management strategies based on 

mechanical principles. Thus, more detailed and targeted studies are needed to evaluate the 
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clinical safety of these inhibitors and to investigate novel drugs targeting these pathways with 

minimal off-target side effects. This will be a revolution in the treatment of liver fibrosis. 
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