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Liver fibrosis is a core pathological process in the progression of chronic liver diseases to cirrhosis and hepatocellular carcinoma, characterized by abnormal deposition of extracellular matrix. Transforming growth factor-β (TGF-β), through classical small mothers against decapentaplegic (Smad)-dependent and non-Smad-dependent pathways, activates hepatic stellate cells to transdifferentiate into myofibroblasts, promotes extracellular matrix synthesis, and regulates immunity, serving as a key driver of fibrogenesis. This review systematically summarizes the role of TGF-β in liver fibrosis and details the research progress of TGF-β-targeted inhibitors. Studies show that TGF-β neutralizing antibodies, small molecule receptor antagonists, small molecule signaling inhibitors, and natural compounds and extracts significantly improve experimental liver fibrosis by inhibiting Smad or non-Smad pathways. In clinical trials, drugs such as Pirfenidone and Hydronidone have demonstrated potential for fibrosis reversal in patients with chronic hepatitis. Although TGF-β-targeted therapy has made breakthroughs in basic research and clinical translation, future studies need to focus on multi-target drug design, personalized treatment regimens, and novel delivery systems to accelerate the transition from preclinical research to clinical application, providing innovative therapeutic strategies for liver fibrosis and related liver diseases.
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1 Introduction

Liver fibrosis is a pathological process involving structural changes in liver tissue and excessive extracellular matrix (ECM) deposition due to chronic injury and inflammation (1). Liver fibrosis is a common complication of various chronic liver diseases (CLDs), such as viral hepatitis, fatty liver disease, and alcoholic liver disease, and represents the early stage of liver cirrhosis (2, 3). The progression of liver fibrosis typically impairs liver function and may further lead to liver cirrhosis, failure, and cancer (4). Data show that from 1999 to 2016, the number of deaths due to liver cirrhosis in the United States increased by 65%, reaching 34,174. The number of deaths from hepatocellular carcinoma (HCC) more than doubled, reaching 11,073 (5). In 2017, approximately 1.5 billion people worldwide were affected by CLD; thus, it is a substantial global public health issue (6). Liver fibrosis is a critical stage in liver disease progression, and current treatments are focused primarily on managing underlying diseases; effective drugs that directly target fibrosis are scarce. Transforming growth factor-beta (TGF-β) is a representative member of the TGF-β family, which also includes activins, nodal factors, bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs), and other related factors (7). TGF-β is widely recognized as a key mediator of tissue fibrosis, primarily through the activation of its downstream Smad signaling pathway, triggering the overexpression of profibrotic genes and further inducing scar tissue formation (8). Numerous studies have demonstrated that dysregulation of the TGF-β pathway is a critical pathogenic mechanism in tissue fibrosis (9–12), playing a central role in its initiation and progression (13). TGF-β activates hepatic stellate cells (HSCs), causing their transdifferentiation into myofibroblasts (MFBs) and leading to the excessive accumulation of ECM components such as collagen in the liver, thereby driving the progression of liver fibrosis (14, 15). Additionally, the TGF-β signaling pathway is involved in liver repair, immune responses, and cell apoptosis (16). Given the critical role of TGF-β in liver fibrosis, the use of TGF-β inhibitors has become an important research focus in treating liver fibrosis. In recent years, numerous studies have validated the potential of TGF-β-targeted inhibitors in treating fibrotic diseases (17–22), indicating that TGF-β inhibitors are widely regarded as promising antifibrotic therapies. With a deeper understanding of the mechanisms of the TGF-β signaling pathway, researchers have developed various TGF-β-targeted inhibitors and achieved preliminary results in different animal experiments and clinical trials. This review focuses on the biological processes of TGF-β, its dual role in the development of liver fibrosis, and the application of TGF-β inhibitors in liver fibrosis treatment, exploring previous research progress, clinical achievements, and future development trends.




2 Relationship between the TGF-β signaling pathway and liver fibrosis



2.1 TGF-β family

In mammals, the 33 genes of the TGF-β family each encode a polypeptide comprising a secretory signal peptide, a pro-domain of 1–250 residues, and a growth factor domain of 1–110 residues (23, 24). The TGF-β superfamily includes TGF-β, BMPs, GDFs, activins, and nodal factors, with TGF-β being the prototype. The three primary TGF-β protein isoforms are TGF-β1, TGF-β2, and TGF-β3 (25). As key members of the TGF-β family, these isoforms are widely involved in critical physiological processes, such as embryonic development, cell differentiation, organ formation, and tissue repair (26–29). Additionally, TGF-β plays a significant role in immune regulation by inhibiting T-cell proliferation, promoting the generation of regulatory T cells, and modulating the differentiation and function of Th1/Th17 cells, thereby profoundly influencing immune tolerance, autoimmune diseases, and tumor immunity (30, 31). The expression of TGF-β is regulated by various factors, including proinflammatory cytokines, oxidative stress, Toll-like receptor (TLR) signaling, the ECM, and matrix metalloproteinases (MMPs) (32, 33). TGF-β, which plays important roles in numerous physiological and pathological processes, is primarily produced by macrophages and epithelial cells; platelets, T cells, fibroblasts, and mast cells can also secrete this cytokine (34, 35).

TGF-β is a key activator of fibroblasts and plays a central regulatory role in fibrotic responses. It directly promotes fibroblast activation and may further drive pathological progression by modulating the fibrotic phenotypes of immune cells and vascular cells (36, 37). Additionally, TGF-β stimulates the synthesis of ECM proteins and induces tissue fibrotic responses in vivo (38). In fibrotic diseases, TGF-β promotes the proliferation and activation of fibroblasts by inducing the transdifferentiation of HSCs, lung fibroblasts, and renal tubular epithelial cells into MFBs, leading to excessive collagen and ECM deposition, ultimately resulting in organ fibrosis. Therefore, TGF-β is considered a key pathogenic factor in fibrotic diseases of the liver, lungs, kidneys, and other organs (8, 39–41). Furthermore, TGF-β plays a dual role in the tumor microenvironment. In early tumorigenesis stages, TGF-β is suppressive; in the advanced stages, it promotes immune evasion, angiogenesis, and tumor metastasis, driving cancer progression (42, 43) (Figure 1).
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Figure 1 | TGF-β family and its biological functions.




2.2 TGF-β signaling pathway

TGF-β ligands initiate downstream signaling by binding to their receptors, TGF-β receptor type I (TGF-βR I) and type II (TGF-βR II), which are primarily involving two pathways. Among these pathways, the canonical small mothers against decapentaplegic (Smad)-dependent pathway is crucial to TGF-β signaling. Smads are key transducers of the TGF-β family signaling pathway and are divided into three main subclasses: receptor-regulated Smads (R-Smads), common Smads (Co-Smads), and inhibitory Smads (I-Smads) (44, 45). R-Smads include Smad2, Smad3, Smad1, Smad5, and Smad8, with Smad2 and Smad3 being the key downstream mediators of TGF-β-induced tissue fibrosis (46). In this pathway, the TGF-β-activated receptor complex phosphorylates R-Smads, which then form a complex with Co-Smad4. This R-Smad–Co-Smad complex translocates to the nucleus and regulates the transcription of target genes (47, 48). Smad1, Smad5, and Smad8, which are R-Smads, primarily participate in BMP signaling, regulating osteoblast differentiation and bone and cartilage development (49, 50). Within the I-Smad family, Smad6 and Smad7 function as negative regulators of the TGF-β/Smad signaling pathway. Specifically, Smad7 inhibits pathway activation by binding to activated TGF-β type I receptors, thereby blocking Smad2 phosphorylation. Additionally, its MH2 domain (Mad Homology 2 Domain) mediates specific binding to TGF-β/BMP receptor complexes, further suppressing signaling from the TGF-β superfamily (51–53).

The other pathway is the non-Smad-dependent pathway, in which TGF-β activates signaling cascades through phosphorylation, acetylation, sumoylation, ubiquitination, and protein–protein interactions. These pathways include mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), ras homolog family GTPase (Rho GTPase), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), wingless-related integration site/β-catenin (Wnt/β-catenin), mammalian target of rapamycin (mTOR) (54, 55). These non-Smad-dependent pathways interact with Smad signaling to jointly regulate fibroblast proliferation, fibrosis-related gene expression, and ECM remodeling, significantly driving fibrosis initiation, progression, and disease development (56, 57) (Figure 2).
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Figure 2 | TGF-β signaling pathway: smad-dependent and non-smad-dependent mechanisms.




2.3 Pathogenesis of liver fibrosis

Liver fibrosis represents a reversible wound-healing response characterized by abnormal deposition of ECM triggered by chronic liver injury, which may progress to cirrhosis and even liver cancer (58, 59). While mild and transient liver injury allows the liver to restore normal structure through robust self-healing capacity, persistent damage induces chronic inflammation and excessive ECM accumulation, leading to gradual replacement of normal hepatic parenchyma by fibrotic scar tissue and eventual progression to cirrhosis (60). Hepatic parenchyma is composed primarily of hepatocytes and liver sinusoidal endothelial cells, whereas non-parenchymal cells include HSCs, Kupffer cells, and infiltrating immune cells. The development and progression of liver fibrosis depend fundamentally on intercellular interactions among these cell types (61).

Kupffer cells, as resident macrophages located on the surface of hepatic sinusoidal endothelial cells (62), collaborate with infiltrating inflammatory cells during liver injury to release proinflammatory cytokines that activate HSCs and induce their transdifferentiation into MFBs (63). Activated HSCs lose their original stellate morphology and intracellular vitamin A-laden lipid droplets, instead vigorously synthesizing ECM components and secreting proinflammatory mediators, thereby forming the core driver of fibrogenesis (64). Concurrently, capillarization of liver sinusoidal endothelial cells—characterized by basement membrane thickening and loss of fenestrated structures—diminishes their normal capacity to regulate HSCs quiescence (65), further exacerbating ECM deposition and fibrotic progression (Figure 3A). The stark contrast between the quiescent phenotype of HSCs (vitamin A storage, lipid droplet-rich) and their activated state (ECM production, proinflammatory signaling) during this process (Figure 3B) constitutes the central pathological mechanism underlying the initiation and development of liver fibrosis.
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Figure 3 | Pathogenesis of liver fibrosis. (A) Cellular interactions and progression mechanisms of liver fibrosis. (B) Role of HSCs in normal and injured liver. (C) Pro-inflammatory role of macrophages in liver fibrosis progression. (D) Macrophage-mediated reversal mechanism of liver fibrosis.

During fibrosis progression, large numbers of Kupffer cells and Ly6C+ proinflammatory monocyte-derived macrophages are recruited to the liver via C-C motif chemokine ligand 2 (CCL2)-mediated chemotaxis. These cells release proinflammatory factors such as TGF-β and tumor necrosis factor-alpha (TNF-α), further activating HSCs and accelerating ECM accumulation. Additionally, HSCs secrete interleukin-6 (IL-6), intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), enhancing interactions with macrophages and T cells (66), thus amplifying profibrotic signaling and promoting disease progression (Figure 3C). However, during fibrosis regression, Kupffer cells and monocyte-derived macrophages transition into Ly6C− anti-inflammatory macrophages, releasing MMP-9 and MMP-12 and thus promoting ECM degradation and liver tissue repair (67). Simultaneously, the reduction in MFBs and TIMP levels further enhances MMP activity, accelerating ECM clearance and ultimately facilitating fibrosis reversal (68) (Figure 3D). In conclusion, macrophages play dual roles in the progression and regression of liver fibrosis.




2.4 Role of TGF-β in liver fibrosis

As a key regulatory factor in liver fibrosis, TGF-β drives the fibrogenic process through the TGF-β/Smad signaling pathway, which regulates DNA synthesis to promote the transformation of quiescent HSCs into MFBs. This process accelerates the excessive deposition of ECM and propels fibrosis progression. Concurrently, activated HSCs upregulate TGF-β1 expression via autocrine and paracrine mechanisms, forming a positive feedback loop that sustains the activation of the TGF-β signaling cascade (69). This process is mediated by the binding and activation of TβRI, which subsequently induces the phosphorylation of Smad2 and Smad3, leading to the formation of the Smad2/3/4 complex, which translocates to the nucleus. This complex triggers the transcription of fibrotic genes, including type I and type III collagens, ultimately resulting in ECM accumulation (39). However, Smad7, an endogenous inhibitor of the TGF-β signaling pathway, can competitively bind to TβRI, blocking TGF-β-mediated signaling and suppressing HSCs activation, thereby limiting fibrosis progression to some extent (70, 71). TGF-β also interacts with other signaling pathways, including the Notch, Wnt/β-catenin, and yes-associated protein/transcriptional co-activator with PDZ-binding motif (YAP/TAZ) pathways, further enhancing the profibrotic capacity of HSCs and exacerbating hepatocyte apoptosis and tissue damage (72–74).

In the context of immunoregulation, TGF-β regulates the progression of liver fibrosis in multiple stages. In the early stages of fibrosis, TGF-β promotes Kupffer cell and macrophage secretion of proinflammatory cytokines, such as IL-1β, TNF-α, and IL-6, and the chemokines CCL2 and CCL5. These factors activate paracrine protective or apoptotic signaling pathways in hepatocytes and recruit additional immune cells, thereby aggravating inflammation and exacerbating liver damage (75). As fibrosis progresses to the later stages, TGF-β induces M2 macrophage polarization, enhancing immune suppression and facilitating the occurrence of HCC (76). In the fibrosis resolution phase, TGF-β may promote the production of MMP-9 and MMP-12, accelerating ECM degradation and facilitating fibrosis regression (77, 78) (Figure 4). Given TGF-β’s involvement in key processes of liver fibrosis, including HSCs activation, ECM production, immunoregulation, and fibrosis reversal, TGF-β and its associated signaling pathways have emerged as critical therapeutic targets. Various interventions have been developed, such as TGF-β-neutralizing antibodies, small molecule TGF-β receptor antagonists, small molecule TGF-β signaling inhibitors, and natural compounds, all aiming to block its profibrotic effects, promote reversal of liver fibrosis, and reduce the risk of liver cancer.
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Figure 4 | The role of TGF-β in liver fibrosis.





3 Research progress of TGF-β inhibitors in liver fibrosis



3.1 TGF-β inhibitors: types and molecular mechanism



3.1.1 TGF-β neutralizing antibodies

TGF-β neutralizing antibodies directly bind to TGF-β, blocking its interaction with receptors and inhibiting fibrosis progression (Table 1). For example, BI 113823, a B1R small-molecule nonpeptide orally active inhibitor, can inhibit TGF-β-induced activation, proliferation, migration, and fibrotic protein expression in human hepatic stellate cells (hHSCs) and suppress the activation of the PI3K/Akt signaling pathway (79). Additionally, peptide seq-1 targets HepG2 human hepatocellular carcinoma cells (HepG2 cells) to negatively regulate the TGF-β signaling pathway, reducing the synthesis of ECM and alleviating the imbalance of ECM-remodeling-related enzymes MMP-2 and TIMP-2. This effect subsequently inhibits the activation, oxidative stress, and fibrogenic responses of HSCs via paracrine signaling mediated by conditioned medium from seq-1-treated HepG2 cells (80). The bifunctional fusion protein Bintrafusp alfa simultaneously targets TGF-β and programmed death-ligand 1 (PD-L1), significantly promoting T cell activation, regulating ECM deposition, and inhibiting fibrogenesis in vitro. Studies have shown that bintrafusp alfa is more effective than monotherapy, as it can neutralize both circulating free TGF-β and locally activated TGF-β on target cell surfaces (81, 82).


Table 1 | Types and mechanism of action of TGF-β inhibitors.
	Types of TGF-β 
inhibitors
	Drug
	Animal model types
	Cell types
	Mechanism
	Molecular expression alterations
	References



	TGF-β neutralizing antibody
	BI 113823
	1.Carbon tetrachloride-induced mice model
2.Bile duct ligation-induced mice model
	1.LX2 hHSC
2.Monocyte
3.Neutrophils
	Inhibition of the PI3K/Akt signaling pathway
	TGF-β↓, DBK↓, PDGF↓, CTGF↓, VEGF↓, B1Rs↓, P-Akt↓, α‐SMA↓, Col-1, 3, 4↓, IL-1↓, IL-6↓, MCP-1↓, MCP-3↓, TIMP-1↓, TNF-α↓
	(79)


	TGF-β neutralizing antibody
	Peptide Seq-1
	―
	1.HepG2
2.LX2 hHSC
	Inhibition of the TGF-β/Smand signaling pathway
	TGF-β↓, ACTA2↓, Colla1↓, MMP-2↓, TIMP-2↓, ROS↓, IL-10↓, ALT↓, AST↓
	(80)


	TGF-β neutralizing antibody
	Bintrafusp alfa
	MC38 tumor-bearing mice
	1. TIL
2. Detroit 562 cell
	Inhibition of TGF-β and PD-L1
	TGF-β↓, Colla3↓
	(81, 82)


	Small molecule TGF-β receptor antagonists
	AZ12601011
	Paraquat-induced mice model
	―
	Inactivation of TGF-β/Smad3
	α-SMA↓, Col-1↓, IL-1β↓, IL-6↓, TNF-α↓
	(83)


	Small molecule TGF-β receptor antagonists
	HTH-01-015
	Carbon tetrachloride-induced mice model
	LX2 hHSC
	Inhibition of TGF-β/Smad2/3 signaling pathway and promotion of TGF-βR II/Smad4 degradation
	α-SMA↓, Col-1↓, PAI-1↓, ALT↓, AST↓
	(86)


	Small molecule TGF-β receptor antagonists
	N-butyl-fluoperazine iodide
	1.Carbon tetrachloride-induced mice model
2.Thioacetamide-induced mice
	1.LX2 hHSC
2.Primary mouse hepatic stellate cells
	Inhibition of the TGF-β/Smad signaling pathway
	TGF-βR II↓, P-Smad2/3↓, c-Jun↓, α-SMA↓,
FN-1↓, PAI-1↓, ACTA2↓, Col1a1↓
	(87)


	Small molecule TGF-β receptor antagonists
	J-1048
	Thioacetamide-induced mice model
	HSC
	Inhibition of the TGF-β/Smad signaling pathway
	TGF-βR I↓, P-Smad2/3↓, Smad7↑, α-SMA↓, Col-1↓, ALK5↓, P38α MAP↓,
NLRP3↓, IL-1β↓
	(88)


	Small molecule TGF-β receptor antagonists
	Galunisertib
	Carbon tetrachloride-induced mice model
	―
	Targeting ALK5 to inhibit TGF-β/Smad2/3 signaling pathway
	α-SMA↓, Col1a↓, FN-1↓, CTGF↓, MMP-1↑, Decorin↓
	(91)


	Small molecule TGF-β receptor antagonists
	J-1155,
J-1156
	Thioacetamide-induced mice model
	HSC-LX2
	Inhibition of the TGF-β/Smad signaling pathway and blockade of the P2X7R-NLRP3 inflammasome axis
	TGF-βR I↓, p-Smad2/3↓, Smad4↓, P2X7R↓, NLRP3↓, IL-1β↓, α-SMA↓, Col-1↓, Smad7↑, Smurf1/2↑
	(92)


	Small molecule TGF-β signaling inhibitors
	12a and 12h
	―
	LX2 hHSC
	Inhibition of the TGF-β/Smad signaling pathway
	α-SMA↓, Col1a1↓, FN↓,
	(93)


	Small molecule TGF-β signaling inhibitors
	Z-RIPΔ
	Carbon tetrachloride-induced mice model
	1.HSC-T6
2.LX2 hHSC
	Inactivation of the TGF-β1/Smad and P38 MAPK signaling pathways
	α-SMA↓, FN↓, P-Smad2/3↓, P-P38↓
	(94)


	Small molecule TGF-β signaling inhibitors
	SIRT6 and SIRT7
	1.Myeloid cell-specific knockout mice
2.Sirt6 whole-body knockout mice
	LX2 hHSC
	Inactivation of the TGF-β/Smad2/3
signaling pathway
	α-SMA↓, P-Smad2/3↓, Col1a1↓, Col1a2↓, Col3a1↓
	(95, 96)


	Small molecule TGF-β signaling inhibitors
	Arbidol
	Bile duct ligation-induced mice model
	―
	Inactivation of the TGF-β/Smad2/3
signaling pathway
	TGF-β1↓, P-Smad2/3↓, PDGFRII↓, PDGFRII↓, TGF-βr II↓, MMP-2↓, MMP-9↓, Col-1↓, ALT↓, AST↓
	(97)


	Small molecule TGF-β signaling inhibitors
	ZINC62678696
	1.Carbon tetrachloride-induced mice model.
2.Bile duct ligation-induced mice model
	1.Murine immortalized macrophages RAW264.7
2.Human umbilical vein endothelial cells
	Inhibition of the JNK, NF-κB and TGF-β signaling pathways
	TGF-β1↓, TGF-β3↓, TNK/NF-kB↓, TNF-α↓, IL-6↓
	(98)


	Small molecule TGF-β signaling inhibitors
	Empagliflozin
	1.Mice model of non-alcoholic fatty liver
2.Methionine- and choline-deficient diet-induced fibrosis model
	1.LX2 hHSC
2.Human hepatoma cell line
	Inhibition of the TGF-β signaling pathway
	miR-34a-5p↓, TGF-β↓, Grem2↓
	(99)


	Natural compounds and extracts
	NR1
	Carbon tetrachloride-induced mice model
	1.Primary hepatic stellate cell
2.LX2 hHSC
	Inhibition of the TGF-β1/Smad signaling pathway
	PPAR-γ↑, TGF-βR I↓, P-Smad2/3↓, ALT↓, AST↓
	(100)


	Natural compounds and extracts
	Curcumin
	Carbon tetrachloride-induced mice model
	LX2 hHSC
	1.Activation of PI3K/Akt/mTOR signaling pathway
2.Inhibition of the TGF-β signaling pathway
	H1↑, H2↑, KIF11↑, Dynein-3↑, TGF-β1↓, FN↓, HYP↓, Col-1↓, α-SMA↓, PDGFRB↓, TIMP-1↓, TLR-9↓, TGF-β↓
	(101–104)


	Natural compounds and extracts
	Dihydrokaempferol
	Carbon tetrachloride-induced mice model
	1.LX2 hHSC
2.HepG2
	Inhibition of the TGF-β1/Smad2/3, TNF-α and ERK1 signaling pathways
	TGF-β1↓, P-Smad2/3↓, P-ERK1/2↓, α-SMA↓, Col-1/3↓, HYP↓, MDA↓, H2O2↓, SOD↑, IL-6↓, IL-1β↓, TNF-α↓, NF- kB↓, P65↓
	(105)


	Natural compounds and extracts
	Raspberry unripe fruit extract
	Carbon tetrachloride-induced mice model
	―
	Inhibition of the TGF-β/Smad signaling pathway
	TGF-β1↓, P-Smad2/3↓, Smad4↓, HYP↓,
α-SMA↓, Col1a1↓, TNF-α↓, MCP-1↓,
IL-1β↓, IL-6↓, ALT↓, AST↓
	(106)


	Natural compounds and extracts
	Sauchinone
	Carbon tetrachloride-induced mice model
	LX2 hHSC
	Inhibition of the TGF-β/Smad/2/3 signaling pathway
	α-SMA↓, PAI-1↓, MMP-2↓, P-Smad2/3↓,
AVO↓, ROS↓, HIF-1α↓
	(107)


	Natural compounds and extracts
	CPP-A-1
	Carbon tetrachloride-induced mice model
	LX2 hHSC
	Inhibition of the TLR4/NF-kB and TGF-β1/Smad3 signaling pathways
	TLR4/NF-kB↓, TGF-β1/Smad3↓, Col-1↓, α-SMA↓, MMP-1↓, TIMP-9↓, ALT↓, AST↓, TNF-α↓, IL-11↓, SOD↑, GSH↑, MDA↓
	(108)


	Natural compounds and extracts
	LBPW
	Carbon tetrachloride-induced mice model
	LX2 hHSC
	Inhibition of the TGF-β/Smad/2/3 signaling pathway
	α-SMA↓, FN1↓, Col1a1↓, TGF-β1↓, TGF-βR II↓, P-Smad2/3↓,
Smad7↑, MUC2↑, Occludin↑
	(109)


	Natural compounds and extracts
	Esculetin
	High fat diet-induced rat model
	―
	Inhibition of the PI3K/FoxO1, TGF-β and NF-kB signaling pathways
	TGF-β↓, NF-kB↓, MMP-1↓, P-MEK1↓, P-ERK1↓
	(110)


	Natural compounds and extracts
	Breviscapine
	1.High-fat or high-cholesterol diet-fed mouse models
2.Diet-fed mouse models of methionine and choline deficiency
	Primary hepatic stellate cell
	Inhibition of the MAPK and TGF-β signaling pathways
	Col1a1, Col3a1↓, CTGF↓, TIMP-1↓,
TAK1↓, JNK↓, P38↓
	(111)


	Natural compounds and extracts
	Periplaneta americana extract
	Pig serum-induced liver fibrosis mice
	―
	Inhibition of the TGF-β1 and NF-κB signaling pathways
	HA↓, LN↓, PC-III↓, IV-C↓, TGF-β↓, TIMP-1 ↓, NF-kB↓, α-SMA↓
	(112)


	Natural compounds and extracts
	Auranofin
	Bile duct ligation-induced mice model
	LX2 hHSC
	Inhibition of the TGF-β1, NF-κB and IκBα signaling pathways
	TGF-β1↓, Col1a↓, THBS↓, FN-1↓, ET-1↓,
	(113)


	Natural compounds and extracts
	Ferulic acid
	Concanavalin-induced mouse model
	―
	1.Promotion of the Nrf2 signaling pathway
2.Inhibition of the TGF-β/smad3 and NF-κB signaling pathways
	NF-kB↓, COX-2↓, TGF-β↓, Smad3↓, HYP↓, Caspase-3↓
	(114)


	Natural compounds and extracts
	Echinacoside
	Thioacetamide-induced mice model
	―
	Inhibition of the TGF-β1 signaling pathway
	TGF-β1↓, β-catenin↓, SMAD4↓, MMP-9↓, PI3K↓, mTOR↓, CCN2↓, PDGFB ↓, Fascin↓, E-cadherin↑
	(115)










3.1.2 Small molecule TGF-β receptor antagonists

Small molecule TGF-β receptor antagonists target TGF-β receptors to prevent receptor activation, thereby regulating Smad and non-Smad signaling pathways and influencing the progression of liver fibrosis (Table 1). AZ12601011 (a TGF-βR I inhibitor) directly binds to TGF-βR I, blocking Smad3 activation, inhibiting the TGF-β/Smad3 signaling pathway, and alleviating paraquat-induced liver fibrosis in mice (83). AMP-activated protein kinase 5 (ARK5) prevents the degradation of TGF-βR I and maternal Smad4 proteins by inhibiting the expression of Smad ubiquitin regulatory factor 2, thereby maintaining TGF-β signal transduction (84, 85), whereas the selective inhibitor HTH-01–015 can target ARK5, reducing carbon tetrachloride (CCl4)-induced liver fibrosis deposition in mice and the expression of fibrosis-related proteins such as α-SMA and type I collagen (Col-1) (86). N-butyl-fluoperazine iodide inhibits TGF-βR II, reducing the response of HSCs to TGF-β1, decreasing TGF-β/Smad signaling transduction and fibrotic gene expression, improving CCl4- or thioacetamide-induced liver fibrosis in mice in a dose-dependent manner, and alleviating liver function damage and tissue lesions (87). J-1048 (an ALK5 inhibitor, another name for a TGF-βR I inhibitor) reduces the phosphorylation levels of TGF-βR I and Smad2/3 and increases Smad7 expression in a dose-dependent manner, thereby regulating TGF-β signal transduction and inhibiting thioacetamide-induced liver fibrosis in mice (88). Galunisertib, an ALK5 inhibitor, exerts antifibrotic effects by targeting ALK5 downstream of TGF-β signaling, thereby impeding the expression of Smad2/3-regulated genes. In vivo, it reduces hepatic collagen deposition, inhibits HSCs activation, prevents steatosis, and restores proper liver lobular architecture in CCl4-induced liver fibrosis rat models (89–91). J-1155 and J-115, novel thiazole derivatives that selectively target and inhibit ALK5, effectively alleviate thioacetamide-induced liver fibrosis and associated inflammation in mice through dual inhibition of the TGF-β/Smad signaling pathway and blockade of the P2X7R-NLRP3 inflammasome axis (92).




3.1.3 Small molecule TGF-β signaling inhibitors

Various small molecule inhibitors exert antifibrotic effects by targeting the TGF-β signaling pathway and its key proteins (Table 1). Studies have shown that rsodeoxycholic acid-amino pyrimidine hybrids (12a and 12h) significantly inhibit the migration of the human hepatic stellate cell line LX2 (HSC-LX2) by blocking the TGF-β/Smad signaling pathway (93). In vivo studies have demonstrated that Z-RIPΔ, a novel TGF-βR I mimetic peptide, specifically binds to TGF-β1-activated HSCs, inhibiting cell proliferation and migration while reducing the expression of the fibrosis markers α-SMA and fibronectin and the TGF-β1 pathway effectors phosphorylated-Smad2/3 and phosphorylated-P38 MAPK (94). Sirtuin 6 (SIRT6) and Sirtuin 7 (SIRT7) inhibit Smad2/3 transcriptional activity by inducing its deacetylation, thereby reducing HSCs activation (95, 96).

Arbidol reduces the mRNA expression levels of PDGDR, TGF-βR I, TGF-βR II, MMP-2, and MMP-9, inhibits the phosphorylation of Smad2/3 in TGF-β1-treated HSCs and bile duct ligation-induced mice, and ultimately alleviates collagen deposition, liver injury, and fibrosis (97). G protein-coupled receptor 65 (GPR65) is closely related to liver inflammation, injury, and fibrosis. The GPR65 inhibitor ZINC62678696 reduces the activation of HSCs and hepatocyte injury induced by bile duct ligation and CCl4 by inhibiting the c-Jun N-terminal kinase (JNK) and NF-κB pathways, thereby inducing downregulation of pro-inflammatory cytokines such as TNF-α, IL-6, and TGF-β (98). Empagliflozin, a sodium-glucose cotransporter 2 inhibitor, inhibits the TGF-β pathway in HSCs by downregulating miR-34a-5p expression and upregulating Gremlin 2 in the LX-2 human hepatic stellate cell line (LX-2 HSCs) and ob/ob mouse fibrosis models, thereby improving NAFLD-related fibrosis (99).




3.1.4 Natural compounds and extracts

Studies have shown that certain natural compounds and extracts inhibit CCl4-induced liver fibrosis in mice by regulating TGF-β/Smad and associated signaling pathways (Table 1). In vivo investigations demonstrate that notoginsenoside R1 (NR1), an extract derived from the traditional Chinese medicine Panax notoginseng, suppresses TGF-β1/Smads signaling by upregulating peroxisome proliferator-activated receptor gamma (PPAR-γ), thereby attenuating the activation of HSCs (100). Curcumin, a natural polyphenolic pigment extracted from Curcuma longa, exerts anti-fibrotic effects by inhibiting autophagy and inducing apoptosis in HSC-LX2 cells via activation of the PI3K/Akt/mTOR signaling pathway. Additionally, curcumin interacts with fibrosis-related proteins such as platelet-derived growth factor receptor B (PDGFRB), TIMP-1, TLR-9, and TGF-β, thereby blocking the TGF-β/Smad signaling pathway (101–104). Dihydrokaempferol (CAS 480-20-6), a natural compound related to flavonol in E. alatus, exerts its effects by inhibiting the PARP-1-regulated TGF-β1 pathway and TNF-α transcription, leading to reduced phosphorylation levels of Smad2/3 and ERK1 (105). Raspberry unripe fruit extract attenuates HSCs activation and proliferation by suppressing the TGF-β/Smads signaling pathway and downregulating the expression of related proteins, including TGF-β1, phosphorylated-Smad2/3, and Smad4 (106). Sauchinone, an active lignan found in Saururus chinensis, exerts anti-fibrotic effects in vivo by blocking TGF-β1-induced Smad2/3 phosphorylation and inhibiting the transcription of plasminogen activator inhibitor-1 (PAI-1) and MMP-2 (107). Codonopsis pilosula root polysaccharide (CPP-A-1), extracted from the traditional Chinese medicine Radix Codonopsis, downregulates Col-1 and α-SMA expression through the inhibition of the TLR-4/NF-κB and TGF-β1/Smad3 signaling pathways. Additionally, while also inhibits ECM production by restoring the balance between MMPs and TIMPs (108). A peptidoglycan isolated from the fruit of Lycium barbarum, designated as LBPW, upregulates Smad7—a negative regulator of the TGF-β/Smad signaling pathway—to delay the activation of HSCs (109). These studies collectively demonstrate that natural compounds and extracts exert antifibrotic effects in CCl4-induced liver fibrosis models by modulating the TGF-β/Smad pathway.

Esculetin, a coumarin compound belonging to the benzopyran derivative class, alleviates high-fat diet-induced liver fibrosis by activating Forkhead box O1 (FoxO1) through modulation of the Akt/PI3K/FoxO1 signaling pathway, thereby inhibiting TGF-β-mediated lipid peroxidation and ECM protein accumulation (110). Breviscapine, a flavonoid extract derived from the traditional Chinese herb Erigeron breviscapus (Vant.), mitigates lipid accumulation, inflammatory cell infiltration, liver injury, and fibrosis by directly binding to transforming growth factor-β-activated kinase 1 (TAK1) and inhibiting both MAPK and TGF-β signaling pathways (111). Periplaneta americana extract reduces hepatic collagen deposition and reverses liver fibrosis in vivo by inhibiting the expression of TGF-β1, NF-κB, TIMP-1, and α-SMA (112). Auranofin, a gold-based compound, reduces hepatic steatosis and fibrosis in vivo by decreasing TGF-β1-induced NF-κB and inhibitor of nuclear factor kappa B alpha (IκBα) levels (113). Ferulic acid, a naturally occurring phenolic acid compound, mitigates concanavalin-induced liver fibrosis by stimulating the Nrf2 signaling pathway while inhibiting NF-κB and the TGF-β/Smad3 signaling pathway (114). Echinacoside, a natural phenol belonging to the phenylpropanoid class of caffeic acid glycosides, suppresses liver fibrosis in vivo by reducing the expression of TGF-β1, β-catenin, Smad4, MMP-9, PI3K, mTOR, cellular communication network factor 2 (CCN2), platelet-derived growth factor-B (PDGFB) (115).





3.2 Clinical applications of TGF-β inhibitors

Several TGF-β inhibitors have been evaluated in clinical trials (Table 2). Pirfenidone (PFD), a broad-spectrum antifibrotic drug acting on the TGF-β target, blocks TGF-β signaling through dual action pathways. On one hand, it directly binds to TGF-β1 mRNA to inhibit its transcription; on the other hand, it suppresses Smad2/3 phosphorylation and blocks their nuclear translocation. These mechanisms collectively downregulate the mRNA and protein levels of TGF-β1, TGF-βR I, and TGF-βR II, ultimately inhibiting TGF-β-induced fibroblast proliferation, ECM synthesis, and the expression of fibrotic genes (116). A single-dose open-label study by a Mexican team demonstrated that in cirrhotic patients (8 cases each with Child-Pugh class A/B), oral administration of 1200 mg prolonged-release pirfenidone (PR-PFD) resulted in the area under the curve (AUC0-last and AUC0-α) and maximal concentration 3.6-fold and 4.4-fold higher than those in healthy controls, respectively—with more pronounced increases in Child-Pugh B patients—while maintaining good tolerability (117). Another multicenter study involving 122 patients with alcoholic liver fibrosis showed that 35% of those in the PR-PFD treatment group exhibited significant fibrosis reduction (vs. 4.1% in the control group), with a 29.7% improvement rate in Child-Pugh scores (118). Hydronidone, a novel structural modification of PFD designed to reduce hepatotoxicity, was tested in a Chinese Phase II double-blind trial: chronic hepatitis B patients receiving combination therapy of hydronidone (270 mg/day) and entecavir for 52 weeks showed the most significant histological improvement in liver fibrosis with favorable safety (119). Collectively, these three studies confirm the antifibrotic potential of PR-PFD and its derivatives, with efficacy demonstrating dose-dependent trends. However, PFD is associated with inherent limitations, including high-dose-specific toxic effects and off-target reactions, which restrict its broader clinical implementation (120, 121).


Table 2 | Clinical application of TGF-β inhibitors.
	Drug
	ClinicalTrial.gov Identifier
	Phase
	Sample size
	Mechanism
	Notes
	Key efficacy data
	Adverse events
	References



	PR-PFD
	EI/064, 153300CT190290/2015
	Phase I
	N=24
(8 controls without hepatic fibrosis, 8 patients with Child-Pugh A cirrhosis, and 8 patients with Child-Pugh B cirrhosis)
	Inhibition of TGF-β production
	1200mg
daily,
blood samples were drawn at 0 hours post-dose and at 0.5, 1, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 8, 12, 24, 30, and 36 hours
	In Child - Pugh A and B, pirfenidone exposure was 3.6 - and 4.4 - fold higher. Cmax was 1.6 - and 1.8 - fold higher than in non - hepatic fibrosis group.
	Nausea (20%), vomiting (12.5%),urinary tract infection (8%), transient hypertension (4%), transient ALT elevation (4%), and transient azotemia (4%).
	(117)


	NCT04099407
	Phase II
	N = 122 (ALF, F3-F4 with Child-Pugh grade A/B)
	Inhibition of TGF-β1, reduction of inflammatory cytokines (IL-6, TNF-α), endothelin-1
	1200mg
daily,
12 months of treatment.
	Hepatic fibrosis was reversed in 35.2% of patients in the treatment group, which was higher than 4.1% in the control group (p < 0.05)
	Mild nausea (9.8%), light sensitivity (7%)
	(118)


	Hydronidone
	NCT02499562
	Phase II
	N = 168(CHB + cirrhosis)
	Blocked TGF-β1/Smad3 pathway
	52 weeks of treatment
	270mg/d group: Ishak fibrosis score ↓ 1.2 ± 0.8, significantly better than placebo (p < 0.05) Fibrosis reversal rate (54.8%) was significantly higher than placebo (25.6%, p =. 006)
	Thrombocytopenia (5%), mild anemia (3%)
	(119)


	Montelukast
	NCT04080947
	Phase II
	N=52
(Overweight NASH patients.)
	Reduce the expression of TGF-β and NF-κB in the inflammatory cell liver to reverse fibrosis.
	10mg daily, 3 months of treatment.
	FibroScan score(From 10.32 kPa to 7.28 kPa)
	Gastrointestinal disorders, headache and sore throat(disappearance of symptoms after tolerance)
	(122)







Montelukast, a leukotriene receptor antagonist, is used in the treatment of non-alcoholic steatohepatitis. In a 12-week randomized, double-blind, placebo-controlled trial conducted in Egypt, 52 overweight non-alcoholic steatohepatitis patients were randomly assigned to receive either montelukast 10 mg once daily (n=26) or placebo (n=26). Results showed significant improvements in liver stiffness, liver enzymes, metabolic parameters, TNF-α, and liver fibrosis biomarkers (hyaluronic acid and TGF-β1) in the montelukast group, with good tolerability observed (122).

Clinical trial results indicate that TGF-β inhibitors can slow or reverse liver fibrosis and improve liver function. However, their long-term safety and efficacy require further validation. Additionally, different stages and etiologies of liver fibrosis may influence the effectiveness of TGF-β inhibitors. Furthermore, hepatic and renal function can affect drug metabolism and clearance, impacting drug concentration and efficacy.




3.3 Combination therapy

Combination therapy has received widespread attention in liver fibrosis research, as studies have shown that different drugs can enhance antifibrotic effects through synergistic mechanisms (Table 3). Andrographolide, a diterpenoid compound extracted from the traditional Chinese herb Andrographis paniculata, has been demonstrated in preclinical studies to prevent hepatic inflammation and fibrosis (123). The combination of PFD and andrographolide inhibits the TGF-β/Smad signaling pathway, reduces Smad2/3 phosphorylation, and downregulates the expression of α-SMA, Col-1, connective tissue growth factor (CTGF), and inflammatory factors such as IL-1β, IL-6, and TNF-α. This effect suppresses HSCs activation and improves liver fibrosis (124). Curcumin 2005-8, a curcumin derivative, improves fatty liver disease through AMPK activation and autophagy regulation (125). EW-7197 (vactosertib), a small-molecule inhibitor of TGF-βR I, alleviates fibrosis by reducing reactive oxygen species via the classical Smad2/3 pathway (126). The combined application of curcumin 2005–8 and EW-7197 reduces liver fibrosis and steatohepatitis while maintaining the benefits of both drugs (127).


Table 3 | The mechanism of combination therapy.
	Drug
	Animal model types
	Cell types
	Mechanism
	Molecular expression alterations
	References



	PFD+AGD
	Bile duct ligation-induced mice model
	LX2 hHSC
	Inhibition of the TGF-β/Smad signaling pathway
	P-Smad2/3↓, TGF-β1↓, Col-1↓, Col-2↓, α-SMA↓, CTGF↓, IL-1β↓, IL-6↓, TNF-α↓
	(123, 124)


	Cur5-8+ EW-7197
	Model mice on amethionine-choline deficient diet.
	1.LX2 hHSC
2.AML12
	1.Promotion of the AMPK signaling pathway
2.Inhibition of the Smad2/3 signaling pathway
	α-SMA↓, Col-1↓, P-Smad2/3↓, Rock1↓, Srebp1c↓, AMPK↑, Nrf2↓, HO-1↓, HYP↓
	(125–127)


	MDB5+Anti-miR-96
	Alcohol-fed mice
	AKL12
	Inhibition of the Hedgehog and TGF-β1 signaling pathways
	TGF-β1↓, Smad7↑, Gli1↓, Col-1↓, PKA↓, ALT↓, AST↓, ECM↓, FOXO3↑
	(128)


	Simvastatin+NS-398
	Thioacetamide-induced mice model
	1.LX2 hHSC
2.Hepa RG cell
	1.Promotion of the ERK1/2 and Bax/Bcl-2 signaling pathways
2.Inhibition of the TGF-βsignaling pathway
	TGF-β↓, α-SMA↓, Col-1↓, P-Smad2/3↓, P-ERK1/2↑, Caspase-3↑, Bax↑, Bcl-2↓, TIMP-1/2↓, MMP1/13↓
	(129)







MDB5, a small molecule inhibitor targeting the Hedgehog pathway, blocks HSCs activation by inhibiting Gli1 transcriptional activity. Lipid nanoparticles co-loaded with MDB5 and anti-miR-96 suppress the Hedgehog pathway, reducing HSCs activation and ECM gene expression while upregulating forkhead box O3 (FOXO3) and Smad7. These actions collectively inhibit TGF-β1 signal transduction and collagen synthesis, reducing liver fibrosis (128). NS-398, a selective cyclooxygenase-2 (COX-2) inhibitor, alleviates inflammation-driven fibrosis by inhibiting the synthesis of prostaglandin E2. The combination of simvastatin and NS-398 exerts antifibrotic effects by activating the ERK1/2 and Bax/Bcl-2 signaling pathways, inhibiting the TGF-β pathway, and reducing TIMP-1 and TIMP-2 expression. This effect leads to decreased liver fibrosis and collagen deposition, ultimately suppressing HSCs activation (129).

These findings suggest that the rational development of multiple antifibrotic therapies, such as the combination of TGF-β inhibitors with natural compounds, has greater therapeutic potential for improving liver fibrosis.




3.4 Applications of TGF-β inhibitors in liver cancer treatment

In addition to treating liver fibrosis, inhibiting the TGF-β signaling pathway helps reduce tumor progression and metastasis. A nanoparticle-based drug (NCG) encapsulating the TGF-β receptor inhibitor galunisertib and the sonosensitizer chlorin e6 has been shown to inhibit the differentiation of myeloid-derived suppressor cells, induce M1-like polarization of tumor-associated macrophages, and disrupt the immunosuppressive barrier formed by tumor-associated fibroblasts. In a mouse model of colorectal cancer liver metastasis, combination therapy with NCG (+) and anti-PD-L1 effectively inhibited colorectal cancer liver metastasis (130). The C-C motif chemokine receptor 4 inhibitor C-021 or the TGF-βR I inhibitor galunisertib, when combined with anti-PD-L1 therapy, has been found to suppress SOX12-mediated HCC progression and metastasis (131). Similarly, the TGF-βR I inhibitor (vactosertib) or the C-X-C chemokine receptor 4 inhibitor (AMD3100), in combination with anti-PD-L1, has been shown to significantly inhibit SYR-related high-mobility group box 18-mediated HCC progression and metastasis (82). Moreover, microwave ablation in combination with the ALK5 inhibitor SB-525334 effectively inactivates the TGF-β1/Smad2/Smad3 pathway, reducing the survival rate of HCC cells and promoting apoptosis (132).





4 Conclusion and future prospects

The TGF-β signaling pathway plays a central role in the occurrence and progression of liver fibrosis. The processes it mediates, including HSCs activation, ECM deposition, and inflammation regulation, are key mechanisms driving fibrosis. In recent years, TGF-β inhibitors have emerged as potential antifibrotic therapeutic strategies, and significant progress has been made. Various interventions, including TGF-β neutralizing antibodies, TGF-β receptor antagonists, small-molecule inhibitors, and natural compounds, have been found to inhibit HSCs activation and reduce fibrosis marker expression in both in vitro cell experiments and animal models. Furthermore, several TGF-β inhibitors have entered clinical trials, with certain drugs (such as PFD and galunisertib) showing promising effects in improving liver fibrosis and liver function.

Although progress has been made in the use of TGF-β inhibitors for treating various fibrosis-related diseases (133–135), the multifaceted roles of TGF-β suggest that single-target inhibition may not fully address the complexities of fibrosis treatment. Therefore, future research should focus on developing multitarget therapeutic strategies, personalized treatment approaches, and novel drug delivery systems. For example, the combination of TGF-β inhibitors with anti-inflammatory agents, antioxidants, or immunomodulators may enhance antifibrotic efficacy. Integrating gene editing technologies and cell therapy also holds promise for advancing liver fibrosis treatment. Additionally, further clinical trials are essential to evaluate the long-term efficacy and safety of TGF-β inhibitors.

In conclusion, the use of TGF-β inhibitors represents a promising antifibrotic therapeutic strategy, demonstrating potential in both basic research and clinical trials. TGF-β-targeted therapy may become an important approach for treating liver fibrosis and related liver diseases in the future through approaches to optimize drug design, develop combination therapies, and advance precision medicine applications.
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Glossary

ECM Extracellular matrix

CLD Chronic liver disease

HCC Hepatocellular carcinoma

TGF-β Transforming growth factor-beta

BMP Bone morphogenetic protein

GDF Growth and differentiation factor

HSCs Hepatic stellate cells

MFBs Myofibroblasts

MMP Matrix metalloproteinase

TGF-βR I Transforming growth factor beta receptor I

TGF-βR II Transforming growth factor beta receptor II

Smad Small mothers against decapentaplegic

R-Smad Receptor-regulated small mothers against decapentaplegic

Co-Smad Common small mothers against decapentaplegic

I-Smad Inhibitory small mothers against decapentaplegic

MAPK Mitogen-activated protein kinase

PI3K/Akt Phosphoinositide 3-kinase/protein kinase B

NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells

Wnt/β-catenin Wingless-related integration site/β-catenin

mTOR Mammalian target of rapamycin

NAFLD Nonalcoholic fatty liver disease

TIMP Tissue inhibitors of metalloproteinase

α-SMA α-smooth muscle actin

CCL2 C-C motif chemokine ligand 2

TNF-α Tumor necrosis factor-alpha

IL-6 Interleukin-6

HepG2 cell Human hepatocellular carcinoma cell line HepG2

hHSCs Human hepatic stellate cells

PD-L1 Programmed death-ligand 1

ARK5 AMP-activated protein kinase 5

CCl4 Carbon tetrachloride

Col-1 Type I collagen

HSC-LX2 Hepatic stellate cell line LX2

GPR65 G protein-coupled receptor 65

JNK C-Jun N-terminal kinase

LX-2 HSCs LX-2 human hepatic stellate cell line

NR1 Notoginsenoside R1

PPAR-γ Peroxisome proliferator-activated receptor gamma

PDGFRB Platelet-derived growth factor receptor B

PAI-1 Plasminogen activator inhibitor-1

CPP-A-1 Codonopsis pilosula root polysaccharide

TAK1 Transforming growth factor-β-activated kinase 1

IκBα Inhibitor of nuclear factor kappa B alpha

CCN2 Cellular communication network factor 2

PDGFB Platelet-derived growth factor B

TLR Toll-like receptor

FoxO1 Forkhead box O1

PFD Pirfenidone

PR-PFD Prolonged-release pirfenidone formulation

CTGF Connective tissue growth factor

COX-2 Cyclooxygenase-2

NCG Nanoparticle-based drug
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ClinicalTrial.gov Sample size Mechanism Key efficacy data Adverse events References

Identifier
PR-PFD EV064, Phasel | N=24 Inhibition of TGF-  1200mg In Child - Pugh A and B, pirfenidone | Nausea (20%), vomiting )
153300CT190290/2015 (8 controls without B production daily, exposure was 3.6 - and 4.4 - fold (12.5%),urinary tract infection
hepatic fibrosis, § patients blood samples were drawn | higher. Cmax was 1.6 - and 18 - fold | (8%), transient hypertension
with Child-Pugh A at 0 hours post-dose and at  higher than in non - hepatic (4%), transient ALT elevation
cirrhosis, and 8 patients 05,1,2,25,3,35,4,45,5, | fibrosis group. (4%), and transient
with Child-Pugh 6,8, 12,24, 30, and 36 hours azotemia (4%).
B cirthosis)
NCT04099407 Phasell | N =122 (ALF, F3-F4 Inhibition of TGF-  1200mg Hepatic fibrosis was reversed in Mild nausea (9.8%), light (118)
with Child-Pugh grade B, reduction of daily, 35.2% of patients in the treatment sensitivity (7%)
A/B) inflammatory 12 months of treatment. group, which was higher than 4.1% in
cytokines (IL-6, the control group (p < 0.05)
TNF-a),
endothelin-1
Hydronidone  NCT02499562 Phasell | N = 168(CHB Blocked TGF-BI/ 52 weeks of treatment 270mg/d group: Ishak fibrosis score | | Thrombocytopenia (5%), mild  (119)
+ cirrhosis) Smad3 pathway 1.2 + 08, significantly better than anemia (3%)

placebo (p < 0.05) Fibrosis reversal
rate (54.8%) was significantly higher
than placebo (25.6% p =. 006)

Montelukast NCT04080947 Phase I N=52 Reduce the 10mg daily, 3 months FibroScan score(From 10.32 kPa to Gastrointestinal disorders, 22)
(Overweight expression of TGF- of treatment. 7.28 kPa) ‘headache and sore throat
NASH patients) 8 and NF-xB in the (disappearance of symptoms
inflammatory cell after tolerance)
liver to

reverse fibrosis.
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References

PFD+AGD Bile duct ligation-induced LX2 hHSC Inhibition of the TGF-B/ P-Smad2/3}, TGF-B1|, Col-1{, Col- (123, 124)
mice model Smad signaling pathway 2], a-SMAJ, CTGF|, IL-1B}, IL-6J,
TNF-0.}
Cur5-8+ EW-7197 Model mice on 1.LX2 hHSC 1.Promotion of the AMPK o-SMAJ, Col-1], P-Smad2/3|, (125-127)
amethionine-choline 2.AMLI2 signaling pathway Rockl], Srebplc|, AMPKY, Nrf2],
deficient diet. 2Inhibition of the Smad2/3 =~ HO-1|, HYP|
signaling pathway
MDB5+Anti-miR-96 = Alcohol-fed mice AKLI2 Inhibition of the Hedgehog TGF-B1}, Smad71, Glil|, Col-1{, (128)
and TGF-B1 PKA|, ALT|, AST|, ECM|, FOXO31
signaling pathways
Simvastatin+NS-398 Thioacetamide-induced 1.LX2 hHSC 1.Promotion of the ERK1/2 = TGF-Bl, 0-SMAJ, Col-1], P-Smad2/ (129)

mice model

2.Hepa RG cell

and Bax/Bcl-2 signaling
pathways
2.Inhibition of the TGF-

Bsignaling pathway

31, P-ERK1/21, Caspase-31, Bax1,
Bcl-2, TIMP-1/2}, MMP1/13]
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Types of TGF-B Animal model types Cell types Mechanism Molecular expression alterations References
inhibitors
TGF-p neutralizing a BI 113823 1.Carbon tetrachloride-induced  1.LX2 hHSC Inhibition of the PI3K/Akt TGF-Bl, DBK, PDGFl, CTGF|, VEGF], BIRsl, | (79)
‘mice model 2.Monocyte signaling pathway P-Aktl, 0-SMAL, Col-1, 3, 41, IL-11, 1L-61,
2Bile duct ligation-induced 3 Neutrophils MCP-14, MCP-31, TIMP-11, TNF-0.}
‘mice model
TGF-p neutralizing antibody  Peptide Seq-1 —_ 1HepG2 Inhibition of the TGF-B/Smand TGF-Bl, ACTA2l, Collal |, MMP-21, TIMP-2|,  (80)
21X2 hHSC signaling pathway ROSI, IL-104, ALTJ, AST}
TGF-B neutralizing antibody  Bintrafusp alfa 'MC38 tumor-bearing mice LTIL Inhibition of TGF-B and PD-L1 TGF-B, Colla3 (81, 82)
2. Detroit 562 cell
Small molecule TGF-B AZ12601011 Paraquat-induced mice model  —— Inactivation of TGF-p/Smad3 SMAL, Col-11, IL-11, IL-61, TNF-ot) (53)
receptor antagonists
Small molecule TGF-B HTH-01-015 Carbon tetrachloride-induced | LX2 hHSC Inhibition of TGE-B/Smad2/3 signaling ~ «-SMAL, Col-11, PAI-1], ALT, AST} (56)
receptor antagonists ‘mice model pathway and promotion of TGE-BR 11/
Smadd degradation
Small molecule TGF-B Nebutyl- 1.Carbon tetrachloride-induced  1.LX2 hHSC Inhibition of the TGF-B/Smad TGF-BR 111, P-Smad2/31, c-Junl, a-SMAL, (s7)
receptor antagonists fluoperazine iodide mice model 2.Primary mouse signaling pathway FN-1, PAL-1}, ACTA2, Collal|
2 Thioacetamide-induced mice  hepatic stellate cells
Small molecule TGE-B J-1048 Thioacetamide-induced HSC Inhibition of the TGF-B/Smad TGF-BR 11, P-Smad2/3], Smad71, 0-SMAL, Col-  (88)
receptor antagonists mice model signaling pathway 11, ALK51, P380: MAPI,
NLRP3L, IL-1B}
Small molecule TGF-B Galunisertib Carbon tetrachloride-induced ~ —— Targeting ALKS to inhibit TGF-B/ -SMAL, Collal, FN-11, CTGF, MMP- ©n
receptor antagonists ‘mice model Smad2/3 signaling pathway 11, Decorin|
Small molecule TGF-B J-1ss, Thioacetamide-induced HSC-LX2 Inhibition of the TGF-B/Smad signaling ~ TGF-BR 11, p-Smad2/3, Smadd{, P2X7RI, ©2)
receptor antagonists J-1156 ‘mice model pathway and blockade of the P2X7R-  NLRP3, IL-1BJ, &-SMAL, Col-11, Smad71,
NLRP3 inflammasome axis Smurfl/2]
Small molecule TGF-B 122 and 12h — LX2 hHSC Inhibition of the TGF-/Smad «-SMAL, Collall, FNJ, ©3)
signaling inhibitors signaling pathway
Small molecule TGF-B Z-RIPA Carbon tetrachloride-induced | LHSC-T6 Inactivation of the TGF-B1/Smad and  0-SMAL, FN1, P-Smad2/3], P-P38] ©9)
signaling inhibitors mice model 21X2 hHSC P38 MAPK signaling pathways
Small molecule TGF-B SIRT6 and SIRT7 1.Myeloid cell-specific LX2 hHSC Inactivation of the TGF-B/Smad2/3 -SMAJ, P-smad2/31, Collall, Colla2}, Col3all | (95, 96)
signaling inhibitors knockout mice signaling pathway
256 whole-body
knockout mice
Small molecule TGE-B Arbidol Bile duct ligation-induced — Inactivation of the TGF-f/Smad2/3 TGF-B11, P-Smad2/3}, PDGFRIIL, PDGFRILL, ©7)
signaling inhibitors ‘mice model signaling pathway TGF-Br 11}, MMP-24, MMP-91, Col-14,
ALT, AST
Small molecule TGF-B ZINC62678696 1.Carbon tetrachloride-induced 1.Murine immortalized  Inhibition of the JNK, NF-xB and TGF-BLL, TGF-B31, TNK/NF-KBI, TNF-ail, ©8)
signaling inhibitors ‘mice model. ‘macrophages RAW2647  TGF- signaling pathways 16l
2Bile duct ligation-induced 2. Human umbilical vein
‘mice model endothelial cells
Small molecule TGF-B Empagliflozin 1.Mice model of non-alcoholic  1.LX2 hHSC Inhibition of the TGF-B miR-34a-5p 1, TGF-B1, Grem2}, ©9)
signaling inhibitors fatty liver 2.Human hepatoma signaling pathway
2Methionine- and choline- cell line
deficient diet-induced
fibrosis model
Natural compounds NRI Carbon tetrachloride-induced | 1.Primary hepatic PPAR-YT, TGF-BR 11, P-Smad2/31, ALTI, AST | (100)
and extracts mice model stellate cell signaling pathway
21X2 hHSC
Natural compounds Curcumin Carbon tetrachloride-induced | LX2 hHSC 1 Activation of PI3K/Akt/mTOR Hit, H2{, KIF111, Dynein-31, TGE-LL, FN1, (101-104)
and extracts ‘mice model signaling pathway HYPJ, Col-1}, &-SMAL, PDGFRBJ, TIMP-11,
21Inhibition of the TGF-B TLR-9, TGF-BI
signaling pathway
Natural compounds Dihydrokaempferol Carbon tetrachloride-induced  1.LX2 hHSC Inhibition of the TGF-B1/Smad2/3, TGF-B11, P-Smad2/3], P-ERK1/2], 0-SMAL, Col- | (105)
and extracts ‘mice model 2HepG2 TNF-c and ERKI signaling pathways ~ 1/31, HYPL, MDAL, H202l, SOD1, IL-61, IL-
1B, TNF-aul, NF- kB, P6s)
Natural compounds Raspberry unripe Carbon tetrachloride-induced ~ —— Inhibition of the TGF-B/Smad TGF-B11, P-Smad2/3], Smad4l, HYPI, (106)
and extracts fruit extract ‘mice model signaling pathway -SMAL, Collall, TNF-cl, MCP-1,
IL-1BL, TL-61, ALTI, AST]
Natural compounds Sauchinone Carbon tetrachloride-induced ~ LX2 hHSC Inhibition of the TGF-B/Smad/2/3 -SMAL PAI-11, MMP-21, P-Smad2/31, 107)
and extracts ‘mice model signaling pathway AVOL, ROS|, HIF-la}
Natural compounds CPP-A-L Carbon tetrachloride-induced ~ LX2 hHSC Inhibition of the TLR4/NF-kB and TLR4/NF-KBI, TGF-B1/Smad31, Col-11, a-SMAL | (108)
and extracts mice model TGF-B1/Smad3 signaling pathways MMP-1}, TIMP-91, ALT}, AST}, TNF-ctJ, IL-
114, SOD1, GSHT, MDA}
Natural compounds LBPW. Carbon tetrachloride-induced | LX2 hHSC Inhibition of the TGE-B/Smad/2/3 -SMAL, FN11, Collall, TGF-B11, TGFBR 11, | (109)
and extracts mice model signaling pathway P-Smad2/31,
Smad71, MUC21, Occludint
Natural compounds Esculetin High fat diet-induced — Inhibition of the PI3K/FoxO1, TGE-B TGF-BJ, NF-kBJ, MMP-11, P-MEK1}, P-ERK1L  (110)
and extracts rat model and NF-kB signaling pathways
Natural compounds Breviscapine 1 High-fat or high-cholesterol  Primary hepatic Inhibition of the MAPK and TGF-B Colial, Col3all, CTGF, TIMP-11, i
and extracts diet-fed mouse models stellate cell signaling pathways TAKI, JNKI, P38}
2Diet-fed mouse models of
‘methionine and
choline deficiency
Natural compounds Periplaneta Pig serum-induced liver — Inhibition of the TGE-B1 and NF-xB  HAL, LNJ, PC-IILL, IV-CJ, TGF-BJ, TIMP-1 |, (112)
and extracts americana extract fibrosis mice signaling pathways NE-kBI, a-SMA}
Natural compounds Auranofin Bile duct ligation-induced 1X2 hHSC Inhibition of the TGE-B1, NE-kBand  TGF-Bl, Collal, THBSL, FN-1, ET-1], 13
and extracts ‘mice model IxBat signaling pathways
Natural compounds Ferulic acid Concanavalin-induced — 1.Promotion of the Nrf2 signaling NF-kBJ, COX-2J, TGF-B, Smad3|, HYPI, (114
and extracts ‘mouse model pathway Caspase-3
21nhibition of the TGF-B/smad3 and
NF-kB signaling pathways
Natural compounds Echinacoside — Inhibition of the TGF-B1 TGE-B1, B-catenin, SMAD4}, MMP-9}, PI3KI, | (115)

and extracts

‘mice model

signaling pathway

mTOR|, CCN2|, PDGFB |, Fascinl, E-cadherinf





