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TGF� exists as an inert complex covalently bound to the ECM, and is released/activated upon injury 
via interaction with integrins � mechanosensing cell-surface receptors that mediate cell-adhesion 
[60]. This mechanism is directly correlated to the contraction of myo�broblasts and sti�ness of the 
ECM, which represents a reservoir of latent TGF� in the tissue [27,61]. While controlled amounts of 
TGF� play an essential role in the physiological wound healing process, overexpression of TGF� in 
�brotic tissues is detrimental, with matrix sti�ness acting as an ampli�er of TGF� activity [18,62,63]. 
TGF� mediates signalling through two types of transmembrane serine/threonine kinases, TGF� type 
I (TGF�RI, ALK5) and type II (TGF�RII) receptors [64,65]. Interaction of TGF� with its receptors elicits a 
multitude of cellular responses via both SMAD and non-SMAD-dependent signalling pathways [56,66]. 
In the canonical SMAD-dependent pathway, binding of TGF� to TGF�RII induces the recruitment 
and phosphorylation of TGF�RI, activating its kinase activity [67]. Signal transduction is propagated 
through phosphorylation of receptor-regulated SMAD proteins, namely SMAD2 and SMAD3, which 
then translocate as a complex with SMAD4 into the nucleus and regulate the transcription of the 
target genes [66,68]. Alternatively, TGF� modulates downstream cellular responses via non-SMAD 
pathways [69,70], such as mitogen-activated protein kinases (MAPK) signalling cascades involving 
p38, extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK). TGF� also activates 
Rho-like GTPases, phosphatidylinositol-3-kinase PI3K/Akt and nuclear factor-�B (NF-�B) pathways. 
Although non-SMAD pathways have been reported to be involved in TGF�-induced �brosis, TGF� 
mainly drives �brosis via SMAD signalling [57]. 

Other important soluble pro�brogenic mediators include platelet-derived growth factor (PDGF), 
connective tissue growth factor (CTGF), vascular endothelial growth factor (VEGF), �broblast 
growth factor (FGF) and epithelial growth factor (EGF). These mediators function as ligands for the 
corresponding receptor tyrosine kinases (RTKs). Activation of RTKs after injury plays an important role 
in organ �brosis [52,71�74]. Binding of the ligand results in RTK dimerization and autophosphorylation, 
with subsequent activation of the downstream signalling pathways [75]. Among the mentioned growth 
factors, members of the PDGF family are potent mitogens and chemo-attractants for mesenchymal 
cells in most organs, driving their recruitment and proliferation during �brosis [76,77]. Similar to TGF�, 
PDGF stimulates synthesis of major ECM components.
Altogether, the diversity in molecular pathways driving �brogenesis highlights the complexity of the 
regulation of organ �brosis.

ANTIFIBROTIC STRATEGIES UNDER CLINICAL DEVELOPMENT
Decades of research signi�cantly advanced our understanding of the central cellular and molecular 
mechanisms underlying the progression of organ �brosis. This has laid the foundation for the 
development and clinical validation of rational mechanism-based anti�brotic strategies. Here, we 
outline current therapies that are under clinical development for �brotic diseases in liver, kidney and 
gut, as these organs comprise the main focus of this thesis (Figure 3). 

Figure 3. Pipeline for therapeutic strategies to combat organ �brosis. Agents are classi�ed based on their mode of 
action, and colours code for a particular organ � liver (yellow), kidney (red) and intestine (green). Therapeutics denoted 
by circles are experimental treatments, while stars mark those that are commercially available for indications other 
than �brotic diseases of liver, kidney or gut. Data are derived from clinicaltrials.gov and literature; for more details see 
[14,16,77�86].
mAb, monoclonal antibody; CTGF, connective tissue growth factor; PDGF, platelet-derived growth factor; TGF�, 
transforming growth factor beta; TKI, tyrosine kinase inhibitor; IL-13, interleukin-13; PDE, phosphodiesterase; NRF2, 
nuclear factor erythroid 2�related factor 2; CNI, calcineurin inhibitor; TNF, tumor necrosis factor; CCR2/CCR5, C-C 
chemokine receptor type 2/ type 5; MCP, monocyte chemoattractant protein; ASK1, apoptosis signal-regulating kinase 1; 
NOX, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; PPAR, peroxisome proliferator-activated receptor; 
FXR, farnesoid X receptor; HIF-PHI, hypoxia-inducible factor prolyl hydroxylase inhibitor; mTOR, mammalian target of 
rapamycin; JAK, Janus kinase; ACC, acetyl-CoA carboxylase; AT1 inhibitor, angiotensin II type 1 receptor inhibitor; LOXL2, 
lysyl oxidase-like 2; ERAs, endothelin-1 receptor antagonists; MMP9, matrix metalloproteinase 9. 
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