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Abstract 

Fibrosis is an inadequate response to tissue stress with very few therapeutic options to prevent its 

progression to organ dysfunction. There is an urgent need to identify drugs with a therapeutic 

potential for fibrosis, either by designing and developing new compounds or by repurposing drugs 

already in clinical use which were developed for other indications. In this Perspective, we summarize 

some pathways and biological targets involved in fibrosis development and maintenance, focusing 

on common mechanisms between organs and diseases. We review the therapeutic agents under 

experimental development, clinical trials or in clinical use for the treatment of fibrotic disorders, 

evaluating the reasons for the discrepancies observed between preclinical and clinical results. We 

also discuss the improvement that we envision in the development of therapeutic molecules able to 

achieve improved potential for treatment, including indirect modulators, targeting approaches or drug 

combinations.   
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1. Introduction. Molecular and cellular players mediating fibrosis. 

Fibrosis is a maladaptive response to tissue or organ injury, such as chronic inflammation or chemical 

and mechanical insults. These result in metabolic dysregulation, abnormal production of extracellular 

matrix (ECM), formation of stiff scar tissue and compromised organ function. Fibrosis can affect any 

organ of the body. In response to tissue injury, the repair process may result in two distinct 

phenomena, a normal regenerative process, limited in time, in which injured tissues and cells are 

replaced by cells of the same type, maintaining tissue homeostasis; and a chronic fibrotic process, 

non-controlled, in which connective tissue replaces normal tissues. During the process of normal 

remodeling, resolution of organ fibrosis includes regeneration of the normal cell and tissue functions 

and disappearance of myofibroblasts,1 which is a process not observed in chronic fibrotic processes. 

The mechanisms leading to the development of fibrosis are not completely understood and depend 

on the underlying diseases and/or local tissue properties. An inflammatory response to an initial 

injury, whatever the injury, can be postulated in most but not all fibrotic processes. For example, 

inflammation is involved in liver fibrosis; metabolic disorders and inflammation are involved in heart 

and kidney diseases, whereas there is no real inflammation in idiopathic pulmonary fibrosis (IPF). 

The quality of the connective tissue, especially of the collagens, is also important in the maintenance 

of homeostasis in the different tissue compartments. Pathological fibrotic processes are associated 

with abnormal and excessive deposition of an altered ECM by activated (myo)fibroblasts, a 

consequence and a driver of fibrosis,2,3 which finally results in the replacement of normal tissue with 

permanent scar tissue of increased stiffness.4 Whereas there has been progress in understanding some 

of the mechanisms of fibrosis, there is still an urgent need to find new biological targets and 

therapeutics to control fibrosis development, progression and resolution. Indeed, there are very few 

treatment options for this progressive, often fatal condition, which may be responsible of up to 45% 

of deaths in the industrialized world.5,6 Current therapeutics are mostly supportive rather than 

curative, but as ongoing research identifies the molecular pathways that initiate and propagate fibrotic 

processes, better antifibrotic therapeutic possibilities may become available.  

Immune cells (T-cells and macrophages), fibroblasts and epithelial cells all contribute to the 
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development of tissue fibrosis. In fibrotic diseases involving inflammation, macrophages and other 

immune cells are recruited to inflamed/injured tissues to promote diseased tissue clearance, repair 

and healing, and are crucial in maintaining tissue homeostasis. Profibrotic M1-type macrophages can 

locally synthesize a variety of growth factors, pro-inflammatory cytokines, enzymes and ECM 

proteins, whereas M2-type macrophages produce anti-inflammatory compounds, together influencing 

fibrogenesis and its resolution. However, activation of resident and/or recruited tissue fibroblasts into 

activated (myo)fibroblasts is central to the development of fibrosis,7 in conjunction with the 

transforming growth factor-β (TGF-β)-associated signaling pathways.8,9 TGF-β is predominantly 

produced by circulating monocytes, tissue macrophages and cancer cells. Epithelial damage triggers 

the production of TGF-β and its associated molecules, which in turn activate the epithelial-to-

mesenchymal transdifferentiation (EMT) program as well as fibroblasts to become ECM-secreting 

(myo)fibroblasts. TGF-β is synthesized as an inactive latent peptide, needing transconformational 

and/or proteolytic processing to become active. In addition to TGF-β, cytokines (such as interleukin 

(IL)-4, IL-6, IL-13), chemokines (C-C motif chemokine ligand (CCL2)), growth factors (such as 

platelet-derived growth factor, PDGF), cadherins, integrins (in particular the αvβ6 integrin) able to 

activate latent TGF-β via a RGD-binding site, also contribute to the fibrotic processes and hence are 

potential therapeutic targets. Other inducers of fibrosis include the cellular pathways associated with 

the components of the angiotensin and endothelin systems. Angiotensin and endothelin peptides 

exhibit profibrotic activity, enhancing the production and signaling of active TGF-β, ECM deposition 

and fibroblast proliferation and differentiation into collagen-producing myofibroblasts via autocrine 

amplifying loops. During the normal process of tissue remodeling, the final stages include not only 

reduced synthesis but also increased degradation of collagens. An imbalance between the levels and 

activities of proteases secreted by myofibroblasts and/or their inhibitors, may compromise this 

regenerative phase and drive a progressive fibrotic process, suggesting that protease inhibitors also 

are potential therapeutics for controlling fibrosis. Several proteolytic enzymes, such as the matrix 

metalloproteinases (MMPs) or enzymes of post-prolyl-cleaving specificities such as dipeptidyl 

peptidase IV (DPP IV/CD26) or fibroblast activation protein-α (FAP-α) are involved in fibrotic 
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processes. Resolution of organ fibrosis can also be envisioned as a biological process under the 

control of three critical components: 1) eradication of the cause of injury; 2) degradation and removal 

of the fibrotic ECM, mainly by increasing the activity of specific MMPs and/or decreasing the 

expression level of MMP inhibitors; and 3) elimination of fibrogenic myofibroblasts, through 

apoptosis, senescence, de-differentiation and reprogramming, according to not well-defined 

processes.1  

As stated above, the accumulation of proliferating activated ECM-producing fibroblasts and 

myofibroblasts in response to an initial inflammatory stress or tissue injury is central to tissue fibrosis, 

across a range of pathologic states. In comparison with their resting counterparts, activated ECM-

secreting (myo)fibroblasts express de novo specific molecules;10 however, all the precise molecular 

mechanisms are not yet elucidated. Myofibroblasts are activated by a variety of stimuli, including 

mechanical stress as well as autocrine and paracrine inflammatory and non-inflammatory cell-derived 

factors, in particular from the TGF-β pathway. Myofibroblasts are present at very low number in 

normal tissues, but in increased number in healing wounds, fibrotic and cancerous tissues. The 

hallmarks of myofibroblasts consist in the expression of α-smooth muscle actin (α-SMA), comparable 

to smooth muscle cells, the production of ECM, including several collagens, and of ECM-modifying 

enzymes. The source of activated fibroblasts and myofibroblasts is believed to be multiple, potentially 

including tissue-resident fibroblasts, circulating bone-marrow-derived fibrocytes, vascular pericytes 

and epithelial/endothelial cells via EMT and endothelial-to-mesenchymal transdifferentiation 

(EndMT) mechanisms.10-12 The increased number of (myo)fibroblasts could also originate from 

excessive proliferation or acquired resistance to physiological apoptosis of tissue-resident cells. 

Fibroblasts represent a heterogeneous population of cells7,10-15 with diverse features between 

anatomic sites and even within a single tissue. Fibroblasts exhibit considerable functional diversity, 

but it is not clear whether this is due to intrinsic differentiation properties of these cells or if it is a 

response to environmental factors. The identification and characterization of distinct lineages of 

fibroblasts, based on functional roles or with intrinsic fibrogenic potential, suggest that some 

populations of fibroblasts are more prone than others to induce fibrosis. Recently, in the mouse skin, 
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at least two lineages of fibroblasts with different location, capacities for wound healing and the 

production of ECM proteins and to express the Wnt/β-catenin pathway could be distinguished.16,17 

DPP IV was shown to be a cell marker of this fibrogenic lineage and exposure to a DPP IV/FAP-α 

inhibitor during wound healing resulted in diminished cutaneous scarring. Fibroblast heterogeneity 

was stable following transplantation, suggesting tissue origin memory rather than tissue 

environmental differences. In summary, myofibroblasts producing an altered ECM3 with increased 

stiffness4 are found in fibrotic, metabolic, oncogenic and inflammatory diseases, and in implant-

related fibrotic disorders. In this Perspective, we will review what is known about the mechanisms 

involved in the development and maintenance of fibrotic processes in an organ-specific manner in 

order to determine potential therapeutic targets which may be common to all organs. We will also 

discuss some of the drugs developed for therapeutic intervention presently available.  

 

2. Organ-specific fibrosis and therapeutic targets. 

As stated above, fibrosis, the excessive scarring of tissues, is a non-specific terminal pathway of many 

toxic, metabolic and inflammatory diseases and can develop in almost all organs exposed to chronic 

injury.9 Fibrogenic mechanisms are initially aimed at repairing short-term tissue insults, however, 

when repetitive, they lead eventually to organ scaring and failure. While fibrosis represents a final 

common response to injury from ubiquitous processes, the resulting phenotype is tissue-specific and 

the course of organ failure can be highly variable, dependent on local tissue characteristics,18 thus 

presenting opportunities for targeted therapeutic intervention.19 However, in all organs, fibrosis has 

been linked to the activation of the TGF-β signaling pathway, which currently represents the main 

pathway under investigation for the development and evaluation of therapeutic approaches. Below 

we will discuss for the most commonly affected organs some novel therapeutic options to control 

fibrosis and organ dysfunction. The chemical structures of the molecules discussed in the following 

paragraphs are presented in Figures 2 to 16, and some selected clinical trials in Table 1. 

 

2.1. Liver fibrosis  
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Liver fibrosis leading to cirrhosis results from persistent healing attempts to replace defective/dead 

hepatocytes in response to injury and is a common consequence of chronic liver disorders. Following 

liver injury, either toxic or metabolic, hepatic stellate cells and portal fibroblasts transform into 

myofibroblasts and with disease progression express the integrin αvβ3. Hepatic stellate cells are 

responsible for maintaining the ECM in the liver and activation of these cells leads to excess collagen 

formation and fibrosis. Controlling the functions of stellate cells may thus represent means of 

regulating the fibrotic response.20 Kupffer cells are an important source of cytokines and are known 

to stimulate stellate cells to secrete hepatocyte growth factor (HGF). Presently, there is no effective 

therapy for liver fibrosis. However, as compared to other organs, the liver has some potential for 

regeneration. Proteolytic digestion of collagens with disappearance of myofibroblasts may resolve 

fibrosis upon cessation of liver injury.21,22 Liver fibrosis has been mostly studied in nonalcoholic fatty 

liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH), either in animal models of the disease 

or human surgical specimens.23 NASH covers a range of diseases that result from fat accumulation 

in the liver leading to liver inflammation, scarring, irreversible damage and liver failure. NASH is 

currently estimated to affect up to 20 to 30% of the general population in the western world. Patients 

with type-2 diabetes mellitus and morbid obesity are the most affected. Thus, fatty acid metabolic 

pathways have been evaluated as therapeutic targets. Peroxisome proliferator-activated receptor 

(PPAR)-γ agonists combined with cholesterol-lowering agents, the “statins”, possibly associated with 

omega 3 fatty acids, antidiabetic agents or vitamin E, have been proposed;24,25 but only very limited 

clinical trial data are presently available. Farnesoid X-activated receptor (FXR) agonists are under 

investigation as potential treatment for multiple metabolic and liver disorders. For example, single 

agonists to the FXR receptor26 and the PPAR-γ receptor 27 or dual PPAR-γ/FXR agonists28 are under 

clinical development for NASH. A liver-directed oral inhibitor of acetyl CoA carboxylase (ACC), an 

enzyme involved in the metabolism of fatty acids in the liver, has shown beneficial effects in animal 

models and in a clinical trial in overweight adult male subjects.29 In NASH, the protein 

sterol regulatory element-binding protein 1 (SREBP-1), which regulates fatty acid biosynthesis in the 

liver, is increased, and could represent another therapeutic target.30 The renin-angiotensin system 
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(RAS) has also been implicated in NASH. However, trials including angiotensin receptor type 1 

(AT1R) blockers produced mixed results, while control of obesity, of insulin resistance and of 

hypercholesterolemia may be more efficient to reverse fibrosis.31 Fibroblast growth factor 21 

(FGF21) is a hepatoprotective hormone identified as a substrate of FAP-α, a membrane-bound 

protease expressed at sites of tissue remodeling, inflammation and fibrosis. Cleavage by FAP-α 

inactivates FGF21, while FAP-α inhibition increases endogenous levels of active FGF21, making 

FAP-α an attractive target for liver diseases.32,33 The lysyloxidase-like 2 (LOXL2) enzyme catalyzes 

the oxidation of ε-amines of lysine residues within collagen, generating reactive aldehydes that 

condense to form collagen cross-linkages. Dysregulation of this process can lead to fibrosis and 

LOX(L) inhibitors were shown to significantly reduce fibrosis in mouse models. Following on these 

experimental results, a phase I trial was completed in healthy volunteers.34 Blocking chemokine 

pathways is also a promising approach and a dual C-C chemokine receptor (CCR)-2/5 antagonist is 

under a phase IIb study in adults with NASH and liver fibrosis (CENTAUR study) after promising 

results in experimental rodent models.35 The clinically approved family of DPP IV inhibitors, the 

“gliptins”, and several kinase inhibitors are evaluated in various clinical trials, either completed or 

ongoing, but no molecule has been presently approved for this indication. In animal models, another 

promising target, besides TGF-β, is the sphingosine axis,36 expressed and active in many organs and 

tissues. Sphigosine-1-phosphate (S1P)/S1PR signaling has both pro- and anti-fibrotic effects 

depending on the context and site of action.37 In the liver, S1P is involved in profibrotic processes, 

including the differentiation of resident hepatic stellate cells into activated myofibroblasts.38  

 

2.2. Lung fibrosis  

In the lung, fibrosis encompasses a variety of idiopathic disorders with distinct clinical phenotypes, 

characterized by progressive replacement of normal alveolar structures by dense connective tissue 

that prevents normal gas exchange. Idiopathic pulmonary fibrosis (IPF) is the most frequent, 

progressive and fatal fibrotic lung disease that eventually leads to respiratory failure and death. 

Presently, lung transplantation is the sole curative intervention for IPF. The contribution of 
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inflammation is not the main driver of IPF, but can orchestrate existing fibrotic responses.39 

Unfortunately, no animal model truly reproduces the pathogenesis of IPF. The mouse bleomycin 

model has been nevertheless extensively studied, but bleomycin is associated with a marked influx 

of inflammatory cells into the lung parenchyma, in contrast to IPF in humans. A recent review has 

described the therapeutic agents of interest in IPF.40 We will not repeat the discussion of the molecules 

presented in this review with some exceptions for the compounds that we believe are of a broader 

interest in the development of therapies for fibrotic diseases other than IPF. Currently no approved 

treatment can cure this disease, nevertheless, pirfenidone (1, structure in Figure 2), a pleiotropic anti-

inflammatory, anti-fibrotic and antioxidant molecules, and nintedanib (63, structure in Figure 9), a 

multikinase inhibitor, have been shown (ASCEND, CAPACITY, TOMORROW and IMPULSIS 

trials) to slow down disease progression and prevent acute exacerbations in patients with IPF, and 

have been recently approved for the treatment of IPF. In lung fibrosis, most mechanisms of disease 

induction converge toward the TGF-β pathway, making this pathway an obvious target for the 

development of therapy.41 In addition, myofibroblasts are activated by the components of the 

endothelin axis, another potential therapeutic target.42 TGF-β induces endothelin (ET)-1 expression, 

forming an autocrine amplifying loop. ET-1 is chemotactic and proliferative for fibroblasts, induces 

α-SMA expression, ECM accumulation and contraction, and the myofibroblast phenotype in human 

lung fibroblasts, mediated by the ETA and ETB receptors. ET receptor antagonists are approved for 

the treatment of pulmonary hypertension. The dual ET-1 receptor antagonist bosentan (40, structure 

in Figure 6) decreases collagen I and III synthesis by fibroblasts, suggesting that ET-1 receptors 

antagonists may have therapeutic potential in lung fibrosis. However, several phases II or III clinical 

trials in patients with established pulmonary fibrosis of the dual ETA/B antagonists 40 (Build-1, -2 and 

-3 trials) and macitentan (41, structure in Figure 6) (MUSIC trial) and the ETA-selective ambrisentan 

(43, structure in Figure 6) (ARTEMIS trial) produced negative results. Acquisition of an apoptosis-

resistant myofibroblast phenotype in the injured lung is mediated, at least in part, by the sustained 

activation of focal adhesion kinase (FAK) and protein kinase B (PKB/Akt).43 A C-Jun N-terminal 

kinase (JNK)-1 inhibitor is currently being evaluated in a phase I/II trial. A reversible inhibitor of 
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PI3K/Akt/mammalian target of rapamycin (mTOR) and the approved immunosuppressive drug 

sirolimus/rapamycin (16, structure in Figure 3), also targeting mTOR, are being evaluated in double-

blind placebo-controlled trials. A Rho-associated protein kinase (ROCK) II inhibitor is in phase II 

trial. Compounds with anti-inflammatory and anti-oxidative properties were shown to attenuate or 

even reverse fibrosis in several animal and clinical studies.44 A multikinase inhibitor related to the 

natural antioxidant quercetin (110, structure in Figure 11) is presently being evaluated in a phase I 

trial. Basic fibroblast growth factor (bFGF) is mitogenic for human lung fibroblasts via the 

plasminogen activator inhibitor type 1 (PAI-1) cascade.45 Inhibitors targeting among others platelet-

derived growth factor receptor (PDGFR)α/β, and vascular endothelial growth factor receptors 

(VEGFRs) have been evaluated in several clinical trials with some positive effects.46 The protease 

FAP-α is selectively expressed by activated myofibroblasts. FAP-α, in concert with MMPs, 

participates in collagen catabolism and clearance, scar resolution and restoration of lung homeostasis, 

displaying protective effects in murine experimental models.47 Loss of this protease was associated 

with fibrosis exacerbation in FAP-α-deficient mice exposed to bleomycin. Fatty acid pathways have 

also been studied. Agonists to the S1P pathways are pro-fibrotic in human lung fibroblasts in a Smad- 

independent mechanism.48 Lysophosphatidic acid (LPA) is a bioactive phospholipid acting on LPA 

receptors. Results in LPA1 receptor-knockout mice suggested that blocking LPA1 signaling could 

provide a potential novel approach for the treatment of IPF.49 A selective LPA1 antagonist inhibited 

proliferation and contraction of normal human lung fibroblasts following LPA stimulation.50 An 

antagonist to the LPA1 receptor has been tested in a phase II trial, but results are not yet published. 

An inhibitor of autotaxin (ATX), an enzyme involved in the synthesis of LPA, is evaluated in an 

ongoing phase II trial. As IPF is characterized by a paucity of inflammatory cells within the lung 

parenchyma, classical anti-inflammatory treatments such as glucorticosteroids or purine inhibitors 

have proven ineffective, except for acute exacerbation episodes. A small molecule antagonist of the 

αvβ6 integrin was evaluated in phase I trials.51 Drugs modulating the immune system have mostly 

involved antagonizing antibodies, which we will not discuss in the present Perspective. Stem cell 

therapies and anti-senescence therapies are novel therapeutic approaches to repair damaged tissue. 
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They are too recent and only in early preclinical stage to draw conclusion, but they may be interesting 

targets to pursue. 

 

2.3. Kidney fibrosis 

Fibrosis in the kidney is the final common pathway following severe acute and chronic kidney 

diseases, independent of the type of initial injury. Inflammatory and non-inflammatory stresses can 

affect the structure and physiological function of the glomeruli (the main filtration barrier that 

determines global kidney function) and/or the tubulointerstitial compartment, leading to progressive 

renal failure requiring dialysis or renal transplantation.52,53 Acute kidney injury is an increasing 

common clinical disorder, in particular in frail and hospitalized patients, due to multiple causes, such 

as ischemic injury and exposure to nephrotoxic substances.18,54,55 Oxidative stress-mediated injury as 

well as toxins mainly affect the tubulointerstitial compartment resulting in an inflammatory response. 

This process is characterized by fibroblast proliferation near the site of the injury, the appearance of 

α-SMA-positive activated myofibroblasts depositing excessive ECM in the interstitial space, and the 

activation of an EMT program in tubular epithelial cells.54,56-58 The crosstalk between tubular cells 

and myofibroblasts in driving fibrosis is not clear, but seems to involve the transcription factors Snail 

and Twist that regulate EMT.56,59,60 The glomerular compartment can also be damaged by acute or 

chronic primary glomerulopathies as well as during systemic ongoing diseases such as diabetes. 

Defaults in the metabolism of fatty acids, driven by TGF-β1 and involving PPAR-γ pathways, have 

also been implied. PPAR-γ agonists activating the S1P axis are anti-fibrotic in the kidney.61 

Activation of PPAR-γ by synthetic agonists,62 the “glitazones” rosiglitazone (117) or pioglizazone 

(118, structures in Figure 12), approved in the treatment of type-2 diabetes, inhibit TGF-β profibrotic 

effects. These molecules are presently under clinical evaluation for kidney fibrosis. Activation of ET-

1 receptors has also been implicated in the pathophysiology of chronic kidney disease and particularly 

in diabetic nephropathy. Animal models have shown beneficial effects on proteinuria and kidney 

function of the blockade of the endothelin axis, using either dual ETA/B or ETA-selective antagonists.42 

For example, an ETA-selective antagonist is in phase III for diabetic nephropathy.42 Central to the 

https://en.wikipedia.org/wiki/Diabetes_mellitus_type_2
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therapy of kidney diseases are antagonists to the RAS, either angiotensin converting enzyme (ACE) 

inhibitors, AT1R antagonists or antagonists to mineralocorticoids, which have been in clinical use for 

decades for hypertension and cardiovascular disorders. However, in glomerular fibrosis, RAS 

blockade only modestly slows down progression. The RAS is a potent inducer of TGF-β, suggesting 

that anti-RAS drugs should be associated with TGF-β antagonists.63 Angiotensin (Ang) II activates 

the epidermal growth factor receptor (EGFR) pathway, another potential therapeutic target in renal 

fibrosis.54,64 The bone morphogenic protein (BMP) receptor activin–like kinase 3 (Alk3) has anti-

fibrotic properties in the tubular epithelium, inhibiting TGF-β1/Smad3 signaling, epithelial damage 

and fibrosis. The peptide AA123/THR123 BMP7 agonist could reverse fibrosis in mouse models of 

kidney injury and are presently in Phase I for acute kidney injury.65,66 Combining AA123/THR123 

and the approved ACE inhibitor, captopril (35, structure in Figure 5), exhibited additive therapeutic 

benefit in controlling fibrosis. Anti-TGF-β therapeutics clinically evaluated include neutralizing 

antibodies and antisense or silencing nucleotides. The small molecule antagonist of the TGF-β 

receptor 1 has been examined in several clinical trials for diabetic nephropathy and was proposed to 

be effective in slowing the decline of renal function. Tranilast (17, structure in Figure 3), a drug 

approved for bronchial asthma and hypertrophic scar, as well as new cynnamoylanthranilate 

analogs,67 have been shown to inhibit the TGF-β and PDGF pathways and are presently under clinical 

evaluation for the treatment of diabetic nephropathy. Additional pathways such as integrin-linked 

kinases and Wnt/β-catenin, which have a central role in EMT regulation, have been suggested to be 

potential therapeutic targets for renal fibrosis. Activation of the Wnt/β-catenin, pathway, of which the 

RAS is a target in the kidney, enhances renal fibrotic processes.68 Inhibition of the Ca2+-activated K+ 

channel (KCa3.1) inhibits TGF-β-induced upregulation of ECM-associated genes in renal 

fibroblasts.54,57,69 Janus kinase/signal transducers and activators of transcription (JAK/STAT)-3/6 that 

governs lymphocyte functions has an important role in interstitial fibrosis development which is 

abolished by a JAK3 inhibitor.70 An antagonist to the CCR2 chemokine is being evaluated in three 

phase II trials for diabetic nephropathy.71 The kidney is the organ expressing the highest levels of the 

protease DPP IV which has been associated with cell survival and ECM remodeling, suggesting that 
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beside their glucose-lowering action, DPP IV inhibitors, the “gliptins”,72 may have potential renal 

protective effects, inhibiting EndMT.73,74 Anti-cholesterol agents, the “statins”, diminish EMT, TGF-

β signaling and oxidative stress in glomerular cells.75 An antioxidant NADPH oxidases (NOX1/4) 

inhibitor is in phase II trial for diabetic nephropathy. A non-selective phosphodiesterase (PDE) 

inhibitor is under one phase III and two phase IV clinical trials and the PDE-5-selective PF00489791 

is in phase II all for diabetic nephropathy.76 It has to be underlined that in the kidney the course of 

fibrosis progression is heterogeneous between patients, depending on the nature of the injury, 

continuous activation of the (myo)fibroblasts and patient-associated environmental and genetic 

factors.77 Facilitating regeneration through the ability of resident progenitor cells to differentiate into 

new renal cells was shown in experimental models to enhance recovery from acute kidney injury.78 

 

2.4. Cardiovascular system-associated fibrosis 

Fibrillar collagen-1 is the main protein of the heart structural ECM network, providing a scaffold for 

and regulating the contraction of cardiomyocytes. This ECM scaffolding is maintained by interstitial 

fibroblasts. In heart diseases, such as ischemic cardiomyopathy, cardiomyocytes loss is observed but 

the heart structural integrity is maintained by activated myofibroblasts in a healing response, with 

formation of a scar tissue involving stiff crosslinked fibrillar collagen-1 and various ECM proteins. 

With disease progression, this initial reparative process results in an amplification loop of continuous 

fibrogenesis and general cardiomyocyte dysfunction. The mediators and pathways involved are the 

RAS, the ET-1 axis and TGF-β-dependent signaling, growth factors, macrophage-derived pro-

inflammatory molecules, such as tumor necrosis factor (TNF)-α, oxidative stress, and proteases. 

Candidate proteases include MMP-2 and MMP-9,79 as well as the serine proteases FAP-α80 and DPP 

IV expressed by activated fibroblasts and smooth muscle cells.81 The PREMIER clinical trial of a 

MMP inhibitor was not conclusive of a beneficial effect.82 FAP-α is induced by TNF-α in activated 

myofibroblasts and can degrade type-1 collagen.80,83 In vascular diseases, atherosclerotic plaque 

rupture is facilitated by the protease activity of FAP-α able to degrade type-1 collagen.83 Antifibrotic 

therapeutics for heart diseases include anti-oxidants such as flavonoids, mitochondrial regulators such 
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as cyclosporin A (20, structure in Figure 3), β-adrenergic receptor antagonists and inhibitors of the 

angiotensin and endothelin pathways, such as the “sartan” family of AT1R antagonists or ACE 

inhibitors (ACEI) and the “sentan” family of ETRs antagonists. Both activators and antagonists of 

the fatty acid pathways, such as the S1P/S1PR axis, must also be considered, as well as antagonists 

to inflammatory mediators, since most chronic heart diseases have an inflammatory component. 

Antagonizing the binding of stromal cell-derived factor 1 (SDF1, also known as C-X-C motif 

chemokine 12 (CXCL12)) to its CXCR4 receptor was as efficient in reducing cardiac fibrosis as 

inhibiting the binding of Ang II to AT1R, independently of the level of blood pressure control.84 Notch 

signaling has also been involved in cardiac and other organs fibrotic processes.85 Notch activation 

was shown to be protective by reducing the effects of the profibrotic cytokine TGF-β on the 

differentiation of fibroblasts into myofibroblasts, the production of fibrillary type-1 collagen, as well 

as EMT and EndMT. These data suggest that activating Notch functions, for example with soluble 

Notch ligands or Notch pathway activators including the hormone relaxin, may be beneficial in 

preventing cardiac fibrosis.86,87 Relaxin indeed affects collagen metabolism, inhibiting collagen 

synthesis and enhancing its breakdown by MMPs. Adenosine and its G-protein coupled receptors 

(GPCR), in particular the A2BAR, are able to modulate fibrosis in the heart following myocardiac 

damage. In the early stages of the disease, Adenosine receptor (AR) agonists seem to be anti-fibrotic 

whereas antagonists seem to be of interest for a chronic treatment.88  

 

2.5. Wound healing  

Wound repair involves stages of inflammation, tissue regeneration and remodeling. In the healing 

skin, α-SMA-positive myofibroblasts contract and exert mechanical tension on the ECM causing it 

to be reorganized into a functional connective tissue with the formation of a normal temporary 

fibrogenic process, the closing of the wound and the reconstruction of a functional skin. As already 

stated, discrete skin fibroblast lineages have been described, at least in mice, depending on their 

embryonic origin and their expression of specific markers, in particular of the Wnt/β-catenin pathway, 

and their capacity to deposit ECM in response to fibrogenis stresses. The subset of fibroblasts 

https://en.wikipedia.org/wiki/Collagen
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contributing mainly to ECM deposition are DPP IV- and likely also FAP-α-positive,16,17 and express 

ADAM12,89 suggesting potential therapeutic intervention targeting these proteases. Two deviations 

from the normal process of healing may happen in the skin: an over-reaction of the myofibroblasts 

resulting in scar tissue as observed for example in scleroderma or in cheloid formation, or on the 

contrary the absence of wound closing and the formation of ulcers. Scleroderma is an autoimmune 

chronic connective tissue disease that may be limited to the skin of the face and extremities, but it 

may also affect internal organs (systemic sclerosis) including lungs, heart, gastrointestinal tract and 

kidneys. The etiology is not well defined and no specific treatment is currently available. The 

prognosis is determined by the form of the disease and the extent of visceral involvement. The 

underlying mechanism involves abnormal growth of connective tissue, exaggerated deposition of 

collagen and ECM, and tissue fibrosis, which is believed to occur as a result of an initial insult by the 

immune system. Some biological pathways have been implicated, including the TGF-β and PDGF 

signaling pathways, as well as the endothelin axis. The purinergic P2X7 receptor, a nucleotide-gated 

ionotropic channel primarily involved in inflammatory response, may also play a role.90  Therapeutic 

approaches have been based on the control of myofibroblasts differentiation and recruitment.91 In this 

regard, the Wnt/β-catenin/tankyrase signaling is an important mediator of sustained fibroblast 

activation in fibrotic diseases, including systemic sclerosis.92 Chronic non-healing wounds are 

characterized by unresolved inflammation, impaired fibroblast function and ECM deposition, and 

increased levels of proteolytic activity. To date, approved therapies for chronic cutaneous wounds 

include human skin substitutes and recombinant human PDGF. Blockade of the endothelin axis by 

the dual ETA/B antagonist 40 for digital ulcers is presently approved, following the demonstration in 

phase III and IV trials, of beneficial effects on the development of new ulcers. However, many 

patients affected with chronic ulcers remain unhealed, suggesting that the design of novel topical 

therapies is necessary.93  

 

2.6. Allogeneic transplant-associated fibrosis 

Solid organ, cell or engineered tissue transplantation are therapies required in the treatment of patients 

https://en.wikipedia.org/wiki/Connective_tissue
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with end-stage organ diseases. Graft-associated fibrosis is a predictor of dysfunction of solid organ 

transplants and implanted biomaterials.5,57,94 While the development of potent immunosuppressive 

regimens has resulted in improved short-term allograft outcome, long-term survival and functioning 

of the grafts remain a challenge. Beside alloimmune injuries such as cell- and antibody-mediated 

rejection, late allograft loss is often due to a conjunction of non-immune factors, such as local 

oxidative stress due to ischemic injury, or the toxicity of immunosuppressive drugs used for 

maintenance therapy, leading to progressive non-specific inflammation, ECM deposition by tissue 

(myo)fibroblasts and fibrosis. Some degree of ischemia-reperfusion injury is unavoidable in the early 

phase of organ transplantation and influences both short-term and long-term allograft outcome. 

Carbon monoxide (CO) has attracted attention as a medical gas with anti-inflammatory and anti-

apoptotic effects. CO decreases oxidative stress and mRNA expression of proinflammatory 

cytokines. In experimental models of kidney transplantation, CO inhibited inflammation, interstitial 

fibrosis, tubular apoptosis and injury.95 By controlling leukocyte trafficking, S1PR agonists produce 

clinical immunosuppression useful for preventing transplant rejection and treating immune diseases. 

However, they also cause side effects due to the activation of different S1PRs, suggesting that 

receptor-specific agonists or antagonists may be preferable. S1PR modulators attenuated myocardial 

fibrosis following heart transplantation by reducing oxidative stress and apoptosis in a rat 

experimental model.96 The complement pathway is part of the innate immune system. Inappropriate 

activation of this system is involved in organ dysfunction in transplantation, in particular in kidney 

transplantation. The complement cascade may be activated by ischemia/reperfusion injury and other 

non-specific inflammatory processes, representing a potential therapeutic target.97 But to the best of 

our knowledge, no small molecule has presently been developed able to inhibit complement 

activation (apart from anti-C3a and C5a antibodies). DPP IV/CD26 is a co-stimulator of T-cells and 

a therapeutic target for type-2 diabetes. Following transplantation, type-2 diabetes is a common side 

effect of immunosuppressive anti-rejection therapies, which is improved by DPP IV inhibition.98 In 

a murine model of lung allograft DPP IV inhibition promoted graft acceptance by reducing T-cell 

infiltration and modulating cytokine expression.99 The secretion of TGF-β by activated fibroblasts 
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together with other cytokines and chemokines, the activation of the mammalian target of rapamycin 

(mTOR) pathway, the release of ET-1, prostacyclins, MMPs and the activation of the RAS by 

immunosuppressive drugs are some of the identified culprits of allograft fibrosis and dysfunction. 

However, no clinically evidence-based regimen has emerged so far. Another form of transplantation 

and regenerative medicine is represented by the direct transfer of cells, mostly by injecting them in 

the blood or following encapsulation into a polymeric device. Therapeutic mesenchymal stem cell 

therapy100 has raised hopes for new treatments as these cells have high self-renewal capacity and can 

generate multiple cell lineages. They can be isolated from many tissues such as bone marrow, 

amniotic fluid, skin, heart, kidneys, liver and the adipose tissue. Amnion-derived fetal epithelial cells 

which are non-immunogenic and have anti-inflammatory and anti-fibrotic potential101,102 are of 

potential interest. Autologous or allogeneic mesenchymal stem cells are presently under evaluation 

in many clinical trials (ClinicalTrials.gov) for the treatment of organ fibrosis, including after 

transplantation. As many adult tissues contain stem and progenitor cells able to proliferate, 

differentiate and maintain tissue homeostasis and repair, efforts have been made to enhance these cell 

populations using small molecules.103 

 

2.7. Medical bio-device implants-associated fibrosis  

Biomedical devices have important applications as orthopedic, dental and breast implants, 

pacemakers, vascular grafts, heart valves, intraocular lenses, drug delivery devices and biosensors. 

The fate of almost all medical implants is dictated by the biological response at the interface of host 

tissue and the implanted devices.104 The engineering of safe biomaterials is fundamental since tissue-

replacement scaffolds in regenerative medicine provide physical support and deliver biologically 

active molecules and cells, or mobilize endogenous cells to repair, maintain, replace or enhance the 

function of a specific tissue or organ.105 Medical devices must be biocompatible, not activating the 

immune system,106 and functional, displaying properties adapted to the aims of the replacement.107 

However, many bio-materials promote local inflammation, the adhesion, proliferation and activation 

of (myo)fibroblasts, resulting in abnormal tissue repair and fibrosis, ultimately hindering long-term 
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functioning of the devices. For example, we have shown (LJJ; unpublished results) that human 

fibroblasts grown in 3-dimensional collagen lattices in which a synthetic surgical implant was 

incorporated enwrap the implant in a thick ECM layer (Figure 1).  

 

                                          

Figure 1. Implant-induced fibrosis. Three-dimensional culture in collagen gels of human fibroblasts 

with a surgical mesh. Left: at the initiation of the culture no ECM layer could be detected; right after 

two weeks of culture the fibroblasts adhered to the mesh and secreted a thick ECM layer (brown layer 

tightly surrounding the mesh). 

 

The mechanisms behind implant-associated fibrosis are postulated to involve an initial, and probably 

repetitive, injury and tissue stress at the interface of the implant and the receiving tissue.108 

Manipulating the surface chemistry of biomaterials104 is a way to modulate protein recognition and 

biomaterials-host contact and, subsequently local the inflammatory response. Several support systems 

may be envisioned, natural source-derived, polymer-derived or tissue-derived following sophisticated 

processing. To be accepted by the host tissue, a medical implant requires two main properties: first 

to resist inflammation and subsequent fibrosis development, and second  to support vascularization, 

to bring nutriments, growth factors and oxygen for local physiological needs.109,110 The development 

of a functional vascular system depends on the response of vascular cells to inflammation and 

oxidative stress.111,112 Thus, controlling these processes will improve the viability of the 

bioengineered implants. These issues have been addressed by innovative approaches: the 

development of tissue-engineered blood vessels for arterial revascularization, and the production of 

non-immunogenic de-cellularized 3-D matrix organ scaffolds that can be re-cellularized with host-

derived stem cells, as performed in experimental models and pioneering clinical studies in the 

respiratory system.112,113 Modulating the local cell responses against engineered structures must also 
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involve controlling the release of pro-inflammatory cytokines/chemokines induced by biomaterials. 

Besides the modification of the physical and chemical properties of biomaterials to minimize 

inflammatory responses, novel therapies are being developed, based on cells with specific anti-

inflammatory functions.114 Presently, very few studies have aimed at developing anti-fibrotic 

strategies in the context of implanted biomaterials. However, there is an urgent need to develop 

strategies to prolong the physiological life of the implant and prevent implant failure. Up to now, 

most tissue-engineered products have been used in the clinic for the management of burns and severe 

wounds, as well as for cartilage and bone replacement. We believe that evaluating and comparing 

what has been developed in several organs as anti-fibrotic therapy for other situations may allow to 

define relevant strategies to prevent fibrosis associated to implants. Molecules able to favor medical 

device implantation are also under development, which includes 1,115 an approved drug for treating 

IPF.  

 

2.8. Cancer-associated fibrosis 

Tumors are heterogeneous populations of cells, the tumor cells themselves, inflammatory and 

immune cells, vascular cells and cancer-associated (myo)fibroblasts (CAFs) interacting with each 

other through direct interactions or mediated by secreted factors and their receptors, as well as 

enzymes, including many kinases, all influenced by inflammation-derived signaling processes.116 The 

fibrotic tumor stroma has only recently emerged as a potential target for anti-cancer therapy. Many 

previous and recent reviews117,118 have discussed the involvement of the stroma in cancer progression, 

including CAFs, thus we will only summarize the information relevant to our purpose provided in 

these reviews. CAFs express specific markers and display distinct properties and origin,117-119 and are 

resistant to apoptosis. CAFs recruited to the stroma of tumors modulate oncogenic processes and 

cancer progression. They produce an altered cross-linked ECM3 of increased stiffness,4 which 

influences tumor immunity, vascularization and metastatic behavior, as well as the distribution of 

therapeutics. Collagen cross-linking is dependent on the action of LOX and LOXL enzymes. 

Inhibitors for these enzymes are under investigation. Collagen cross-linking might be also indirectly 
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targeted with the approved immunosuppressive drug tacrolimus/FK506 (18, structure in Figure 3) 

which inhibits FKBP65 a peptidyl prolyl isomerase that enhances lysine-hydroxylase-2 (LH2) 

activity.120 Classically, CAFs are considered as pro-tumorigenic, however, when in a non-stimulated 

form, tumor-resident fibroblasts may also display anti-tumoral functions, promoting anti-tumor 

immunity similar to what is known about polarized pro- and anti-tumor (M1 and M2, respectively) 

populations of macrophages. From a therapeutic view, selectively promoting anti-tumor fibroblast 

populations would be more interesting, than eradicating all fibroblast populations. CAFs express 

and/or secrete TGF-β, CXCL12/SDF1 and its CXCR4 receptor, Notch, Wnt and HGF (the cMet 

ligand expressed on tumor cells and involved in cell scattering and invasion), several cytokines, 

chemokines, growth factors, proteins, and enzymes. CAFs also express fibroblast-specific protein-1 

(FSP-1/S100A4), α-SMA, FAP-α and PDGFRβ. Altogether, this results in the activation of the EMT 

and the metastasis programs,121 but also provides targets for therapy. In CAFs the transcriptional 

regulator heat shock factor 1 (HSF1) is activated and regulates cancer cell growth via TGF-β and 

CXCL12/SDF1 signaling in an autocrine loop.122 CAFs have been involved in promoting cancer stem 

cell properties via insulin-like growth factor (IGF)1R-Akt signaling, suggesting the applicability of 

antagonists of IGFR, however, combination therapies will probably be necessary.123 The enzyme 

FAP-α is expressed in the stroma directly surrounding epithelial cancers and in melanoma and 

sarcoma tumor cells. FAP-α inhibition is generally considered a potential therapeutic target for 

oncologic diseases. The proteolytic activity of FAP- is pro-fibrogenic being involved in remodeling 

of the ECM, in particular increasing the levels of fibronectin and collagen fibers, an effect mediated 

by the α9β1 integrin which contributes to the recruitment of CAFs.124-126 Thus, antagonists to integrins 

are also of potential therapeutic value in oncologic contexts. Tumor-associated S1P kinase signaling 

pathway promotes the differentiation of fibroblasts into myofibroblasts, then myofibroblasts-

associated S1P kinase via a S1P receptor promotes tumor cell dissemination,127 suggesting that the 

S1P axis is a potential target for controlling CAFs. The enzyme thrombin can directly stimulate ECM 

deposition, fibroblast proliferation and differentiation into myofibroblasts. Several thrombin 

inhibitors have been developed in the context of coagulopathies and may be of therapeutic interest. 
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In normal tissues, epithelial cells create an anti-inflammatory milieu which is lost in cancer and may 

be an initial signal for fibrotic responses. The combination of 1 and 63, two drugs approved for the 

treatment of IPF has demonstrated a survival benefit in cancer.128 A phase II clinical trial combining 

the approved AT1R antagonist losartan (37, structure in Figure 5) and FOLFIRINOX regimen is 

underway in pancreatic cancer. Chemotherapy- and radiotherapy-induced fibrosis in cancer survivors 

is a common complication of therapeutic cancer regimens.19 Targeting tumor stromal cells would be 

advantageous as these cells are genetically stable and therefore less prone to develop resistance 

mechanisms. Stromal cells also express specific markers, different of the markers expressed by tumor 

cells, thus, allowing more diversified combination and targeted therapies. In cancer, therapeutic 

attempts have been mainly, with a few exceptions, directed at blocking the effects in tumor cells of 

factors secreted by CAFs, or to develop drugs aimed at modulating the vascular and immune systems 

in the stroma. Very few preclinical and clinical attempts have been made (yet) aimed at directly 

targeting CAFs.  

 

2.9. Common mechanisms and therapeutic strategies 

In summary, during development and wound healing, physiological fibrogenesis maintains 

connective tissue integrity and structure through the synthesis of ECM. However, chronic organ stress 

results in fibrosis, overgrowth, hardening, and scarring of tissues, ultimately progressing to loss of 

organ function. Currently, there are very few approved anti-fibrotic therapeutic drugs (3.1.) and often 

these drugs are only slowing disease progression. Whilst the pathology of fibrosis and its functional 

significance are well described, its molecular regulation and therapeutic targets for preventing and 

treating fibrosis are less understood. Whereas fibrosis represents a final common pathway to injury, 

the course of organ failure can be highly variable, dependent on local tissue characteristics.18 It seems 

however possible to generalize some findings between organs, as common key contributors to fibrotic 

diseases have been identified and are as outlined in Schema 1. The TGF-β1 signaling pathway (3.2.) 

is central to fibrosis,129-131 and selectively antagonizing it is mandatory in the therapeutic arsenal. An 

inflammatory stress has been shown to be relevant in the initiation of fibrosis in defined organs, but 
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inflammation seems to be less involved in later stages. Thus, anti-inflammatory strategies (3.3.) must 

be initiated early in the course of the disease. Controlling the bioactive lipid S1P (3.4.) is also very 

relevant in anti-fibrotic therapies for all organs considered.37,96 Depending on the context, targeting 

the kinases acting on sphigosine or developing agonists and/or antagonists for the S1PRs is to be 

considered. Targeting vasoactive peptides, in particular angiotensin and endothelin and their 

receptors (3.5.), also represent common mechanisms in the development and progression of fibrosis. 

In many organs, RAS blockade is currently the best available anti-fibrotic therapy.82 Activation of 

AT1R by Ang II mediates inflammation and fibrogenesis, whereas activation of the AT2R has counter-

regulatory anti-inflammatory and anti-proliferative effects, suggesting that compounds activating 

AT2R have therapeutic interest.132 The blockade of ETA/B receptors by itself was shown to be not 

sufficient to control fibrosis progression,42 but combination therapies with ET-1 receptor(s) 

antagonists provided interesting results. Several enzymes, in particular some proteases and the 

lysyloxidases have been shown to be involved in fibrotic processes and inhibitors able to control their 

activity have been developed and evaluated (3.6.). Kinases and receptors involved in the 

differentiation of fibroblasts into activated (myo)fibroblasts have also been the targets of anti-fibrotic 

strategies (3.7.). Modulators of several metabolic pathways, in particular oxidative stress, PPAR-γ, 

FXR and the synthesis of fatty acids (3.8.) have also been developed and evaluated. Controlling the 

adenosine pathway, in particular the A2BAR,88 and the Notch1 pathway85,86 are also relevant to 

fibrogenesis therapy. A few natural products have shown interesting properties and may be relevant 

for developing synthesis programs and optimization (3.9.). Finally, cell therapy options must be 

considered (3.10.) to replace organ transplantation in terminal diseases. Stem cell therapies offer 

opportunity to enhance tissue repair in chronic organ diseases.101,102,133 but in this Perspective these 

therapeutic approaches will only be outlined and not discussed in detail. In conclusion, the recent 

development of treatment strategies offers the prospect of more efficacious therapies to prevent or 

even treat fibrosis (see Table 1 for the list of clinical trials). However, as these anti-fibrotic therapies 

may target widely expressed and important physiological pathways, it will be mandatory to develop 

tissue-selective approaches.  
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Schema 1. Schematic representation of cellular pathways mediating fibrosis.  

 

3. Anti-fibrotic therapeutics. 

A large amount of potential therapeutics against fibrotic diseases have been designed, prepared and 

evaluated in vitro, in animal experimental models (Figures 2-10) and for some of them in clinical 

trials (summarized in Table 1). Several excellent previous review papers have described in detail the 

molecules that have been designed, prepared and evaluated.40,134-137 We will not repeat here in deep 

all this information, but only outline the most relevant characteristics of these previously described 

therapeutics. Therefore, in this chapter, we will discuss a selection of small molecules developed for 

the prevention and therapy of fibrosis and fibrosis progression, excluding genetic tools, antibodies 
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and analogs of proteins. We will also not discuss in detail cell-based therapies that were recently 

reviewed.102 We have chosen to discuss the development of therapeutics according to the 

physiological pathways targeted, rather than the affected organ/tissue in an attempt to extract relevant 

information of more general interest for anti-fibrotic therapy in human diseases.  

 

3.1. Clinically approved drugs for the prevention and treatment of fibrosis. 

Presently, only very few drugs, in particular 1 (pirfenidone, trade names Esbriet, Pirespa, Etuary, 

structure in Figure 2) and 63 (nintedanib/BIBF1120, trade name Ofev, structure in Figure 9) have 

been specifically approved for clinical use as anti-fibrotic therapeutics. These two drugs have been 

shown in several clinical trials (the ASCEND, CAPACITY, TOMORROW and INPULSIS trials) to 

reduce the decline in lung function in patients with IPF and have been approved for this indication. 1 

is an anti-fibrotic drug able to suppress fibroblast proliferation and to downregulate the production of 

growth factors, including TGF-β, and of procollagens I and II. It is also under evaluation for the 

treatment of other fibrotic processes, including renal, cardiac and liver fibrosis and abnormal wound 

healing.138-141 1 was evaluated in the CAPACITY-004 and -006 clinical trials, resulting in its approval 

by the FDA for IPF in 2014. 63 is an intracellular inhibitor of multiple receptor-associated tyrosine 

kinases, including PDGFR. 63 was evaluated in the INPULSIS-1 and -2 phase III clinical trials as an 

oral treatment for IPF, resulting in its approval by the FDA for this indication in 2014. In addition, 

several drugs designed, developed and clinically approved for other indications have been shown to 

be clinically interesting for the treatment of fibrotic conditions. 17 (tranilast, trade name Rizaben, 

structure in Figure 3) is a drug inhibiting IL-6 production, initially approved for allergic bronchial 

asthma. Therapeutic indication for hypertrophic scars was added later. In vitro it reduces collagen 

synthesis in fibroblasts.142 and has been shown to also display modest anti-TGF-β activity, however, 

with disappointing results in the PRESTO study.143 Roflumilast (127, trade names Daxas, Daliresp, 

structure in Figure 13), an orally active, selective, long-acting inhibitor of the enzyme PDE-4 with 

anti-inflammatory effects, was approved for the treatment of inflammatory conditions of the lungs.144 

1 and 17 have adverse effects on liver function. It has to be noted that these therapeutics can slow 

https://en.wikipedia.org/wiki/Bronchial_asthma
https://en.wikipedia.org/wiki/Bronchial_asthma
https://en.wikipedia.org/wiki/Hypertrophic_scar
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down the progression of the disease but cannot reverse it. Therapeutic anti-fibrotic strategies using 

approved drugs also include RAS antagonists, either ACEI, such as 35 (captopril, trade name 

Capoten) or AT1 antagonists such as 37 (losartan, trade name Cozaar) (structures in Figure 5), as well 

as ET-1 receptor antagonists, such as bosentan (40, trade name Tracleer), macitentan (41, trade name 

OPSUMIT) or ambrisentan (43, trade names Letairis, Volibris) (structures in Figure 6). 

 

3.2. Inhibitors of TGF-β signaling (Figure 2). 

TGF-β1-4s are a family of multifunctional cytokines that bind to TGF-β receptors, composed of type 

1 (TGF-βRI) and type 2 (TGF-βR2) receptor subunits. After the binding of TGF-β, TGF-βR2 kinase 

phosphorylates TGF-βR1 kinase, inducing a signaling cascade that recruits and activates the Smads 

proteins. Their translocation to the cell nucleus induces transcription of different effectors of 

downstream regulatory proteins, which results in differentiation, chemotaxis, proliferation and 

activation of target cells. TGF-β1 has been the most studied pro-fibrogenic factor. TGF-β1 is 

biosynthesized as an inactive latent peptide needing proteolytic activation by several proteases 

including MMPs, but also by transconformation by integrins, local pH, and reactive oxygen species. 

TGF-β1 key functions include regulation of inflammatory processes, ECM production, stem cell 

differentiation as well as T-cell regulation and differentiation. In the context of fibrosis, TGF-β 

signaling promotes the differentiation of quiescent fibroblasts into ECM-secreting myofibroblasts. 

TGF-β-dependent signaling via the Smad-3 pathway is responsible for many of its functions, 

therefore inhibiting TGF-β1 binding to its receptors and the associated Smad3 signaling pathway has 

been the target of many attempts in fibrosis. The profibrotic effects of TGF-β1-Smad 2/3 may also 

be antagonized by the activation of the BMP7-Smad1/5 axis, but to the best of our knowledge, no 

synthetic agonists for this axis have been described. Only small peptide analogs of BMP7 

(AA123/THR123, Thrasos Therapeutics) have been prepared, presently in phase I clinical trials.66 

TGF-β antagonists have been examined in several clinical trials for diabetic nephropathy and were 

proposed to be effective in slowing fibrogenesis. GW 788388 (2), IN 1130 (3), LY 364947 (4), R 

268712 (5), RepSox (6), SB 525334 (7) and ITD 1 (8) are potent and selective TGF-βRI inhibitors; 

https://en.wikipedia.org/wiki/Cytokine
https://en.wikipedia.org/wiki/TGF_beta_receptors
https://www.tocris.com/products/gw-788388_3264
https://www.tocris.com/products/in-1130_6016
https://www.tocris.com/products/ly-364947_2718
https://www.tocris.com/products/r-268712_5288
https://www.tocris.com/products/r-268712_5288
https://www.tocris.com/products/repsox_3742
https://www.tocris.com/products/sb-525334_3211
https://www.tocris.com/products/itd-1_5068
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A 83-01 (9), and SB 431542 (10) inhibit TGF-βRI, anaplastic lymphoma kinase (ALK)-4 and ALK-

7; D 4476 (11) inhibits TGF-βRI and casein kinase-1 (CK1); SD 208 (12) is a potent ATP-competitive 

TGF-βRI inhibitor. SIS3 (13), a selective Smad3 inhibitor, was shown to delay the progression of 

diabetic nephropathy in experimental models by reducing ECM proteins and antagonizing the effects 

of C5a receptor activation.65,145 The new cynnamoylanthranilate analog FT011 (14) inhibits the TGF-

β and PDGF pathways,67 and is presently under clinical evaluation for the treatment of diabetic 

nephropathy. Hydronidone (15), a cyclo-oxygenase (COX) and TGF-β inhibitor, is in clinical trial 

for liver fibrosis, whereas PDE inhibitors, also able to decrease TGF-β, are in trials for diabetic 

nephropathy.146. Relaxin, an endogenous potent vasodilator hormone with pleiotropic effects, controls 

fibrosis by inhibiting TGF-β and Smads, regulating the MMP proteolytic balance and inhibiting local 

inflammatory response. Relaxin displayed anti-fibrotic effects in experimental models of 

cardiovascular diseases, but only when TGF-β1 levels were elevated.147-150  

 

               

Figure 2. Examples of inhibitors of the TGF-β signaling pathway.  

                       

pirfenidone (1)        GW788388 (2)       IN 1130 (3)                         LY 364947 (4)

     

      R 268712 (5)          RepSox (6)          SB 525334 (7)            ITD 1 (8) 

 

         A83-01 (9)         SB 431542 (10)                      D 4476 (11)            SD 208  (12) 

         

               SIS3 (13)    FT011(14)           hydronidone (15) 

https://www.tocris.com/products/sb-431542_1614
https://www.tocris.com/products/d-4476_2902
https://www.tocris.com/products/sd-208_3269
https://www.tocris.com/products/sis3_5291
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In summary, antagonizing TGF-β-associated pathways is necessary to control fibrosis, however, due 

to the pleiotropic effects of these pathways in normal physiological conditions, it will be necessary 

to develop disease-targeted and target-addressed therapeutics. 

 

3.3. Inhibitors of inflammation and immunosuppressive drugs (Figure 3). 

Although the trigger of fibrosis in different organs and clinical situations not always implies an 

inflammatory stress, the mechanisms leading to fibrosis frequently involve either initial or subsequent 

inflammation and the secretion of cytokines and chemokines by immune cells. In response to these 

stimuli, monocytes/macrophages infiltrate the interstitial space, perpetuating inflammation and 

inducing differentiation and proliferation of myofibroblasts. Then, it is generally thought that the 

fibrotic process progressively becomes independent of inflammation. Therefore, anti-inflammatory 

drugs targeting cytokine production and their cognate receptors may be relevant to be used early in 

the fibrogenic process. 16 and 17, approved for bronchial asthma and hypertrophic scar, 18 and 20, 

as well as 127, an inhibitor of PDE-4 approved for chronic obstructive pulmonary disease, have also 

anti-inflammatory properties. The oral chemokine receptor antagonist cenicriviroc/TAK-652/TBR-

652 (19), an inhibitor of CCR2/5 receptors, has been evaluated in the CENTAUR phase IIb study in 

NASH and liver fibrosis in adults at increased risk of progression to cirrhosis, but failed for this 

indication although it had a significant impact on fibrosis.35 18 and 20 are immunosuppressive drugs 

used in preventing transplant rejection. They inhibit the activation and effector function of T-cells, 

including the production of inflammatory cytokines.20 forms a complex with cyclophilin to block the 

phosphatase activity of calcineurin. Thalidomide (21) and pomalidomide (22) are able to inhibit 

inflammation-induced angiogenesis. PBI-4050 (23) binds to GPR40 and GPR84 receptors, inhibiting 

collagen I production in epithelial cells and fibroblasts. Bardoxolone (24) inhibits the pro-

inflammatory nuclear transcription factor NF-κB. Selective p38 mitogen-activated protein kinase 

(MAPK) inhibitors blocked the secretion of TNF-α and decreased cardiac fibrosis in mice,151 and 

may represent a new treatment modality in humans. The RENEWAL study152 examining the effect 

https://en.wikipedia.org/wiki/Immunosuppressant
https://en.wikipedia.org/wiki/Immunosuppressant
https://en.wikipedia.org/wiki/Cyclophilin
https://en.wikipedia.org/wiki/Phosphatase
https://en.wikipedia.org/wiki/Calcineurin
https://en.wikipedia.org/wiki/Angiogenesis
https://en.wikipedia.org/wiki/NF-%CE%BAB
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B61
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of the TNF-α fusion protein antagonist etanercept in patients with heart failure was negative and the 

ATTACH trial was stopped prematurely as the high dose of the anti-TNF-α monoclonal antibody 

infliximab increased mortality in patients with moderate-to-severe chronic heart failure.153 Statins are 

also anti-inflammatory and were shown to attenuate cardiac fibrosis in animal models and in a small 

clinical study, but the large-scale CORONA and GISSIF-HF trials displayed only a neutral effect.154-

157 

                 

Figure 3. Examples of inhibitors of the immune/inflammatory stress. 

 

In summary, inhibitors of inflammatory pathways are likely to be of therapeutic interest in defined 

organs in controlling the early phase, but not the late phase, of fibrosis development and progression.   

 

3.4. Inhibitors of the sphingosine pathway (Figure 4).  

The S1P/S1PR axis is expressed and active in many organs and tissues and involved in diverse 

cellular processes. Sphingosine (2-amino-4-octadecene-1,3-diol) is an unsaturated 18-carbon amino 

       

             sirolimus (16)          tranilast (17)                tacrolimus (18)        

       
           cenicriviroc (19)        cyclosporin A (20) 

   

thalidomide (21)     pomalidomide (22)          PBI-4050 (23)          bardoxolone (24) 

http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B8
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B1
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B58
https://en.wikipedia.org/wiki/Amino_alcohol
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alcohol cell membrane lipid. Sphingosine is phosphorylated in vivo by two kinases, sphingosine 

kinase-1 (SK1) and SK2, leading to the formation of S1P. S1P exhibits a broad spectrum of biological 

activities, including cell proliferation, survival, migration, cytoskeletal organization, morphogenesis 

and the differentiation of resident hepatic stellate cells into activated myofibroblasts. S1P is active 

intracellularly and can also bind extracellularly to five distinct GPCRs, S1P1-5R, displaying both pro- 

and anti-fibrotic effects, depending on the context and site of action.37 S1PR agonists and antagonists 

and SK inhibitors have been developed and evaluated, in particular in liver fibrosis,38 and represent 

targets for the treatment of fibrosis. Side effects are observed due to the non-selective activation of 

different S1PRs, suggesting that receptor-specific agonists or antagonists may be preferable. The 

agonist FTY720/fingolimod (25) following its phosphorylation by SKs binds to S1P1R, S1P3R, 

S1P4R and S1P5R. SEW2871 (26) is a selective S1P1R agonist not active on the S1P2-5R. KRP203 

(27) is a selective S1P1R agonist with potential immunosuppressive activity by decreasing the 

production by lymphocytes of inflammatory cytokines, such as interferon (IFN)-γ, IL-12 and TNF-

α. VPC23019 (28) is a dual S1P1/3R antagonist. W146 (29) is a S1P1R antagonist with no agonist or 

antagonist activity on S1P2R, S1P3R, or S1P5R. JTE-013 (30) is a potent (IC50 = 20 nM), selective 

S1P2R antagonist of the human and rat receptors modulating cell migration, contraction and cyclic 

AMP accumulation. CAY-10444/BML-241 (31) is a selective antagonist of S1P3R, blocking calcium 

increase in cells. However, the selectivity of several S1P agonists and antagonists currently under 

development has been questioned.158 For example, 30 also inhibited the effects of ET-1. PF543 (32) 

is a cell-permeable hydroxyl methyl pyrrolidine compound that reversibly inhibits SK1-catalyzed 

sphingosine phosphorylation in a sphingosine-competitive manner (Kd=5 nM), exhibiting no affinity 

toward S1PRs, with no effect on cell proliferation and survival. SKI-II (33) is a dual orally active 

SK1/2 inhibitor (IC50 = 35 and 20 μM for SK1 and SK2, respectively) which inhibits tumor growth 

in vivo. N,N-dimethylsphingosine (34), a natural metabolite of sphingosine inhibiting both SKs, 

induces apoptosis, decreases airway inflammation and is cardioprotective. Selectively silencing SKs 

or S1PRs with siRNAs has also been attempted. 
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Figure 4. Examples of modulators of the sphingosine pathway. 

 

In summary, S1PR-selective agonists and antagonists and SK inhibitors have the potential to be of 

therapeutic use in fibrosis. However, their target organs and their optimal molecular structures and 

timing of therapeutic efficacy in fibrogenesis need to be better defined.  

 

3.5. Inhibitors of vasoactive peptides: angiotensin and endothelin (Figures 5 and 6). 

Angiotensin (Ang) and endothelin (ET) peptides are pro-fibrotic, enhancing TGF-β1 production, 

fibroblast proliferation and activation and EMT/EndMT, effects mediated by autocrine amplifying 

loops. Antagonists of the Ang and ET pathways may represent interesting molecules for anti-fibrotic 

therapy, since several drugs are already approved for clinical use in the management of cardiovascular 

and hypertensive diseases.  

 

Angiotensin pathway inhibitors (Figure 5). From the angiotensinogen precursor, the enzyme renin 

selectively releases an inactive decapeptide Ang I, further activated by ACE to the active octapeptide 

Ang II which acts on two GPCRs AT1R and AT2R. AT1R activation is pro-fibrogenic, pro-
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inflammatory and pro-oxidative.31,159 whereas AT2R activation counteracts AT1R activation, being 

protective against fibrosis.132 Ang(1-7) produced by the action of ACE2 and acting on the Mas 

receptor attenuates myofibroblasts activation,160 hence functioning as a negative regulator of Ang II-

mediated fibrosis. Ang II may be released locally by activated macrophages and fibroblasts, activating 

an inflammatory response, TGF-β production and signaling, and fibroblast proliferation and 

differentiation into ECM-producing myofibroblasts. Inhibition of the conversion of Ang I to Ang II 

with ACE inhibitors or blockade of AT1R by antagonists demonstrated the role of the RAS in fibrosis. 

Inhibitors of ACE, including 35 or enalapril (36), as well as antagonists of the AT1R, including 37 or 

valsartan (38), in clinical use for the treatment of cardiovascular disorders, have been evaluated in 

the context of fibrosis, showing some benefit. For example, 37 was shown in cancer models to 

reprogram CAFs, reduce their number and decrease TGF-β, connective tissue growth factor (CTGF) 

and ET-1.161 Agonists of AT2R have been developed. such as the AT2R-selective non-peptidyl 

molecule C21 (39) (Ki 0.4 nM for AT2R and 10 µM for AT1R) are anti-fibrotic in cardiovascular and 

renal diseases.132   

                          

Figure 5. Examples of inhibitors of the angiotensin pathways. 

 

Endothelin pathway inhibitors (Figure 6). Precursor endothelin polypeptides (ppET1-3) are 

proteolytically activated in two steps, first by the intracellular serine proteases subtilisin-like 

convertases/furins, releasing the 38 aa-long pro-ETs/big ETs, then subsequently by the more specific 
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membrane-bound endothelin converting enzyme-1 (ECE-1) to yield the 21aa active ET-1, ET-2 and 

ET-3 peptides. Following secretion, ET peptides act on two distinct high-affinity GPCRs, ETA and 

ETB, located on target cell membranes and signaling through the MAPK pathway. The ET-1 axis 

plays a fundamental role in the pathogenesis of fibrosis,162,163 mediating the profibrotic effects of 

TGF-β. ET-1 is chemotactic for cells and induces fibroblast proliferation, ECM accumulation and 

contraction, mediated by the two ET-1 receptors. Most cells express both receptors, rendering 

difficult to define the culprit receptor in the context of fibrosis. A consensus exists that dual ETA/B 

antagonists are probably to be preferred.42,163 Antagonists for the ET receptors, either dual ETA/B or 

ETA-selective, are in clinical use for the treatment of pulmonary hypertension.42 Receptors 

antagonists decrease collagen I and III synthesis by fibroblasts. Several phases II or III clinical trials 

were performed in patients with fibrosis-associated diseases. The dual ETA/B receptor antagonist 40 

was evaluated in the BUILD-1 and -3 trials in lung fibrosis and in the RAPIDS-1 and -2 trials in skin 

fibrosis. The dual ETA/B receptor antagonists 41 and enrasentan (42) were evaluated in the MUSIC 

trial in lung fibrosis and in heart fibrosis, respectively. The ETA-selective antagonist 43 was evaluated 

in the ARTEMIS trial for lung fibrosis. The ETA-selective antagonists avosentan (44), sitaxentan (45) 

and darusentan (46) were evaluated in the ASCEND trials for kidney fibrosis and in the EARTH trial 

for heart fibrosis; whereas the ETB-selective BQ-788 (47) was evaluated only in liver fibrotic 

diseases. All trials showed mixed outcomes, mostly being ineffective to reverse fibrosis, with the 

exception of 40, which has received clinical approval for digital ulceration in systemic sclerosis. ETA-

selective antagonists demonstrated some reduction of proteinuria in kidney fibrosis, but they are 

associated with side effects when prescribed in combination with RAS blockade.42,163 The dual 

ETA/AT1R antagonist, sparsentan/RE-021/retrophin/BMS456567 (48) is presently in a phase II trial 

for diabetic nephropathy. 
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Figure 6. Examples of inhibitors of ET-1 receptors. 

 

In summary, blockers of the Ang and ET pathways may present interest in the treatment of fibrosis, 

mainly by their beneficial effects on associated pathologies, such as diabetes or hypertension. In the 

context of fibrosis, they are likely to be mandatory in combination regimens.  

 

3.6. Enzyme inhibitors (Figures 7 and 8). 

In fibrosis, two families of enzymes have crucial roles in ECM remodeling. Proteases involved in 

ECM degradation, the Zn-dependent proteases such as MMPs and ADAMs or the prolyl-specific 

serine-proteases of the DPP IV family, and enzymes involved in ECM stabilization, the lysyloxidases 

LOX and LOXL1-4.  

 

Inhibitors of proteases (Figure 7). Inhibitors of the proteases. MMPs and ADAMs are implicated in 

a variety of physiological processes as well as in pathological conditions such as inflammation, 

cancer, fibrosis and tissue repair,164 acting on cytokines, chemokines, adhesion and signaling 

molecules and structural proteins.165 MMPs and ADAMs mediate ECM remodeling and release 
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fibrogenic factors including TGF-β or TNF-α, triggering inflammation and fibrosis.166 The role of 

MMPs in fibrogenic diseases has been previously reviewed by several authors.167 The first MMP 

inhibitors failed in clinical trials due to their low selectivity. Later on, MMP inhibitors with higher 

affinity and increased selectivity or MMP inhibitors targeting exosites mediating cell surface 

interactions and activation, were designed. Whereas MMP inhibitors, for instance 18 (structure in 

Figure 3) and batimastat/BB-94 (49) or marimastat (50), can control the perpetuation of fibrosis 

induced by MMP overproduction,169 the PREMIER clinical trial of the MMP inhibitor PG-116800 

(51) was not conclusive of a beneficial effect.168 Specific inhibitors have been developed against the 

proteases able to process biologically active prolyl-containing peptides: DPP IV, FAP-α and 

POP/PREP.72,124 DPP IV/CD26 is a co-stimulator of T-cells and a therapeutic target for type-2 

diabetes. Indeed, DPP IV inhibitors, the “gliptins”, are approved in the clinic for the treatment of type 

2 diabetes,72 a condition frequently associated with fibrosis. Diabetic nephropathy is associated with 

increased expression of DPP IV on endothelial and tubular epithelial cells. The proteolytic activity of 

FAP- is pro-fibrogenic but the protein itself is a regulator of cell apoptosis, adhesion and migration. 

FAP-α protein and/or activity has been associated with fibrosis in many organs.124 FAP-α inhibition 

increases endogenous levels of active FGF21, making FAP-α an attractive target for the treatment of 

liver diseases and NASH.32,33 Synthetic POP inhibitors have been developed and evaluated mainly in 

the context of neurodegenerative diseases. However, as POP, and possibly also FAP-α, have been 

involved in the activation of the anti-fibrotic Ac-Ser-Asp-Lys-Pro peptide from thymosin-β4,124 its 

inhibition in the context of fibrosis would be detrimental. The DPP IV inhibitor linagliptin (52) has 

incretin-independent anti-fibrotic effects in diabetic nephropathy, preventing renal fibrosis mediated 

by TGF-β. 52 has the advantage that it can be used in patients with renal dysfunction without dose-

adjustment since it is not excreted by the kidney. New onset diabetes after transplantation is a 

common side effect of immunosuppressive therapies, which could be improved by the DPP IV 

inhibitor vildagliptin (53).98 In a murine model of lung allograft, 53 promoted graft acceptance by 

reducing T-cell infiltration and modulating cytokine expression.99  In DPP IV- and likely FAP-α-

positive fibroblasts, able to deposit ECM in response to fibrogenic stresses, diprotin A/Ile-Pro-Ile 
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(54), a competitive substrate of DPP IV-like proteases could reduce scar formation.16,17 The only 

FAP-α inhibitor which has been evaluated in clinical trials is the small molecule dual DPP IV/ FAP-

α inhibitor PT-100/ValboroPro/talabostat (55). Clinical trials of 55 demonstrated positive response in 

a phase II trial of stage IV melanoma patients.124 Dabigatran (56) is in clinical use to inhibit thrombin-

induced fibroblast proliferation, presently under consideration for clinical trial.  

              

Figure 7. Examples of protease inhibitors. 

 

Inhibitors of lysyloxidases (Figure 8). LOX and LOXL-1–4 enzymes are a family of lysine-

tyrosylquinone-dependent copper amine oxidases which are upregulated by TGF-β1 before the 

appearance of fibrotic lesions. These enzymes catalyze the oxidation of ε-amines of lysine residues 

within collagen, generating reactive aldehydes that condense to form covalent collagen cross-linkages 

in the ECM.170,171 Crosslinking by LOX and LOXLs not only stabilizes collagen fibers, rendering 

them more resistant to degradation, but also contribute to myofibroblast activation due to increased 

stiffness, causing progression of interstitial fibrosis.172,173 Specific LOXL inhibitors could prevent 

fibrosis. β-Aminopropionitrile (57, BAPN), a small molecule inhibitor of the LOX family, improved 

the outcome of experimental liver and reversed cardiac fibrosis.174-176 Based on this lead, LOX(L) 

inhibitors have been designed. PAT-1251 (58) was identified as a potent, highly selective, irreversible 
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inhibitor of LOXL2, significantly reducing fibrosis in mouse bleomycin-mediated lung injury 

models. It has completed a healthy volunteer phase I trial.34 CCT365623 (59) successfully disrupted 

LOX signaling pathway by decreasing the EGFR pathway in cancer models.177 Out of two series of 

potent chemical inhibitors for LOXL-2, either para-substituted benzylamines or 2-substituted pyridin-

4-ylmethanamines, the most potent and reversible inhibitor was the 2-chloropyridin-4-

yl)methanamine  (60), selective for LOXL-2 compared to LOX.34 Other selective inhibitors under 

development with wide application from fibrotic disease to cancer include the 3-fluoro-4-

aryloxyallylamine inhibitors PXS-S1A (61) able to significantly reduce the activation of CAFs in 

cancer models,178 as well as collagen accumulation and cross-linking in CCl4-induced liver fibrosis. 

Gilead Sciences is testing simtuzumab, a recombinant humanized monoclonal antibody against 

LOXL2 designed as an immunomodulator for the treatment of fibrosis. It is in multiple phase II trials 

for several organ fibrosis. Tipelukast/MN-001 (62) is an oral dual leukotriene receptor 

antagonist/LOXL-2 inhibitor, which also inhibits PDE-3 and PDE-4, as well as 5-lipoxygenase. It 

downregulates collagen type 1, MMP inhibitors, pro-inflammatory chemokines and is presently being 

evaluated in a phase II trial.  

                    

Figure 8. Examples of LOX and LOXL inhibitors. 

 

In summary, inhibiting the activity of proteases and lysyloxidases in the early phase of fibrosis 

development is relevant. However, more information is necessary to ascertain their effect in 

progression and late phase of fibrosis. Combination therapies would probably be necessary. 
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3.7. Inhibitors of kinases and cellular signaling pathways (Figures 9 and 10). 

Several kinases and cellular signaling pathways participate in the development and progression of 

fibrotic processes. These include the EGFR-MAPK, IGF1R-Akt, JAK3/STAT6, Wnt/β-catenin and 

Notch signaling pathways, CXCL12/ SDF1 and its CXCR4 receptor, integrins and cadherins. Thus, 

controlling activation of these pathways with antagonists and/or inhibitors has been attempted, but 

reaching selectivity for one pathway over the others is difficult. Moreover, many of these pathways 

are involved in tissue homeostasis in normal physiological conditions. It is impossible in this 

Perspective to describe all pathways and molecules; thus, we present a selection that we hope is 

representative of the attempts made. 

 

Kinases inhibitors (Figure 9). EGFR (ErbB-1; HER1 in humans) belongs to a family of receptors for 

members of the EGF protein ligands. Overexpression of EGFR signaling is associated with the 

development of a wide variety of diseases. Upon activation by its growth factor ligands, EGFR 

dimerizes which stimulates its intrinsic intracellular protein-tyrosine kinase activity. The resulting 

autophosphorylation initiates signal transduction cascades, principally the MAPK-ERK, PI3K-Akt-

mTOR and STAT/JNK pathways, leading to cell activation, proliferation and migration. Interruption 

of EGFR signaling can be achieved either by blocking EGFR binding sites on the extracellular domain 

of the receptor or by inhibiting intracellular tyrosine kinase activity. Therapeutics directed against 

EGFR include small molecule kinase inhibitors or antibodies, targeting the ligand binding site or the 

downstream signaling pathways. CAFs have also been shown to activate the insulin-like growth 

factor 1 receptor (IGF1R)-Akt signaling,123 raising interest for antagonists of these receptors. 

However, due to the similarity of IGF-1R and the insulin receptor structures, especially in the ATP 

binding site and tyrosine kinase domain, side-effects can be expected. Selectivity of inhibitors for 

specific kinases has been generally difficult to achieve and several small molecule drugs display 

multikinase inhibition, suggesting that the design of targeted analogs will be necessary. 16 (structure 

in Figure 3), an immunosuppressive drug targeting mTOR, is being evaluated in a double-blind 
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placebo-controlled trial. 63, clinically approved for IPF, is a tyrosine kinase inhibitor of VEGFR, 

FGFR and PDGFR. Dasatinib/BMS-483525 (64), a multikinase inhibitor, in association with the 

natural antioxidant 110 (structure in Figure 11) is presently being evaluated in a phase I trial. Suramin 

(65) is a polysulphonated naphthylurea with potential anti-tumor activity, able to block the binding 

of various growth factors, including IGF-I, EGF, PDGF and TGF-β to their receptors, thereby 

inhibiting cell proliferation and migration. Sunitinib (66), a multikinase inhibitor, was developed as 

a kidney-targeted therapeutic by conjugating the analog 17864 (67) to the kidney-specific enzyme 

lysozyme, but this did not result in anti-fibrotic effects.179 Cabozantinib (68) is a small molecule 

inhibitor of the tyrosine kinases c-Met, VEGFR2, AXL and RET. Omipalisib/GSK2126458 (69) is a 

highly selective and potent inhibitor of p110α/β/δ/γ and mTORC1/2 with Ki in the low nM range, 

able to decrease mitogenic fibroblast responses through inhibition of the PI3K/Akt/mTOR pathway. 

It has been already tested in a completed phase I trial. KD025/Slx-2119 (70) is an orally available 

selective ROCK2 versus ROCK1 inhibitor, with IC50 and Ki of 100 nM and 40 nM, respectively, able 

to reduce the secretion of the IL-21 and IL-17 proinflammatory cytokines by leukocytes. It is 

presently evaluated in an ongoing phase II trial. Tanzisertib/CC930 (71), a potent, selective, and 

orally active anti-fibrotic inhibitor of the MAPK/JNK pathway (IC50 values 61 nM, 7 nM, 6 nM, 480 

nM, and 3400 nM for JNK1, JNK2, JNK3, ERK1, and p38α, respectively) was evaluated in a phase 

II trial for the treatment of IPF. CC90001 (72), a second generation JNK inhibitor, selective for JNK1, 

has completed phase I and is presently evaluated in a phase II trial.180 Several EGFR kinase inhibitors 

have been approved for clinical use, mostly in the context of cancer. Gefitinib/ZD1839 (73) was the 

first selective antagonist of EGFR, inhibiting the ATP-binding site of the enzyme and the anti-

apoptotic Ras signal transduction cascade. Erlotinib (74), the second approved EGFR inhibitor, 

reversibly binds to the ATP site of the receptor. Afatinib (75), is an irreversible covalent inhibitor of 

EGFR and ErbB-2/HER2. Lapatinib (76), is an orally active dual HER2/EGFR inhibitor of the ATP-

binding pocket of the kinase domains. Brigatinib/AP26113 (77), is a dual ALK/EGFR inhibitor, able 

to overcome resistance conferred by the EGFR C797S mutation when combined with an anti-EGFR 

antibody. Icotinib/BPI-2009H (78) is a highly selective, first generation EGFR tyrosine kinase 
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inhibitor, solely approved and marketed in China. Osimertinib/AZD9291 (79) is a third-generation 

irreversible and specific inhibitor of T790M or L858R mutated EGFR or of EGFR with exon 19 

deletion. Imatinib (80, Glivec) and sorafenib/BAY43-9006 (81) are active on PDGFR and VEGFR. 

Synthesizing selective inhibitors of IGF-1R is difficult, but includes ChEBI:75252 (82), BMS-

754807 (83) and NVP-AEW541 (84). The tyrphostins AG538 (85) and AG1024 (86) are in early pre-

clinical testing. They do not appear to be ATP-competitive and show some selectivity towards IGF-

1R. K252a (87), a staurosporine analog, is a cell permeable inhibitor of CaM kinase and 

phosphorylase kinase (IC50 = 1.8 and 1.7 nM, respectively). Monoclonal antibodies, such as 

figitumumab, are probably the most specific and promising therapeutic compounds currently 

undergoing trials. 
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Figure 9. Examples of kinase inhibitors. 

 

Inhibitors of cellular signaling pathways (Figure 10). Activation of fibroblasts depends on the 

profibrotic cytokines IL-4 and IL-13, resulting in activation of JAK3 and phosphorylation of STAT6, 

which translocates to the nucleus and promotes responsive gene transcription, production of ECM 

proteins (fibronectin and collagen I) and fibrosis. These effects can be antagonized by JAK3 

inhibition.70 Tofacitinib/CP-690550 (88) is a selective JAK3 inhibitor with an IC50 of 1 nM, that 

governs lymphocyte survival, proliferation, differentiation, cytokine and chemokine production and 

apoptosis. Treatment with 88 was shown to significantly reduce myofibroblast transformation and 

fibrosis development in a murine model of kidney fibrosis.70 ZM 39923 (89) is a dual JAK1/3 

inhibitor. WHI-P154 (90) is a JAK3 inhibitor with an IC50 of only 1.8 μM, but selective versus JAK1 

or JAK2, preventing STAT3, but not STAT5 phosphorylation, and also inhibiting EGFR, VEGFR 

and MAPK. Cerdulatinib/PRT-062070 (91) is an orally active non-specific kinase inhibitor with an 
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IC50 of 12 nM, 6 nM or 8 nM for JAK1, JAK2 or JAK3, respectively. The Wnt/β-catenin-TCF 

signaling pathways are a group of highly conserved cell surface receptors and signal transduction 

pathways, mediating sustained fibroblast activation in fibrotic diseases, including systemic sclerosis. 

The binding of a Wnt-protein ligand to a receptor of the Frizzled family activates downstream 

signaling to the Dishevelled protein, which leads to gene transcription, cytoskeleton reorganization, 

intracellular calcium regulation and cell proliferation and migration. The Wnt-dependent pathways 

are necessary in embryo development, tissue regeneration and cancer progression, making 

interferences with these pathways prone to side-effects. PKF118-310 (92) disrupts the TCF4/β-

catenin complex and inhibits the expression of TCF4-responsive genes and of survivin. ICG-001/PRI-

724 (93) antagonizes Wnt/β-catenin/TCF-mediated transcription by specifically binding to CREB-

binding protein (CBP) with an IC50 of 3 μM, it is presently in phase II clinical trials.92 XAV-939 (94) 

selectively inhibits Wnt/β-catenin-mediated transcription through tankyrase1/2 inhibition with an 

IC50 of 11 nM, it does not affect NF-κB or TGF-β.92 Lectin antagonism has also been examined. 

TD139 (95) is a high-affinity inhibitor of galectin-3 carbohydrate binding domain with a Kd of 14 nM 

able to decrease TGF-β1–induced β-catenin phosphorylation and translocation to the nucleus, 

reducing fibrosis. In a completed phase Ib/IIa clinical trial for IPF, it was shown that inhaled 95 is 

effective, safe and well-tolerated. The Notch signaling pathway is a highly conserved cell signaling 

system. The single-pass transmembrane receptor Notch is activated by direct cell-cell contact. 

Binding of protein ligands to the extracellular domain induce sequential proteolytic cleavage, in 

particular involving γ-secretase, releasing the intracellular domain, which migrates to the cell nucleus 

to modify gene expression. We have previously reviewed in detail Notch inhibition and the associated 

therapeutics.85 Notch antagonism is mainly based on the use of γ-secretase inhibitors, such as MK-

0752  (96, IC50=5 nM, LY411575 (97, IC50=0.39 nM), RO4929097 (98, IC50=5nM), 

avagacestat/BMS-708163 (99, IC50=58 nM), semagacestat/LY450139 (100, IC50=14 nM) and LY-

900009 (101, IC50=27 nM). Inflammatory signaling has also been targeted. The CXCR4 and CCR2 

receptors are inhibited, respectively, by plerixafor/AMD3100 (102), recently approved for 

hematopoietic stem cell mobilization, and CCX140B (103). Antagonists have been developed for the 
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c-Met/hepatocytes growth factor receptor/scatter factor (HGFR/SF). HGFR/SF tyrosine kinase is 

essential for wound healing and angiogenesis and the cMet ligand expressed on tumor cells is 

involved in tissue invasion and metastasis. SU11274 (104) is a selective c-Met inhibitor with an IC50 

of 10 nM inactive on PDGFRβ, EGFR and Tie2. PHA665752 (105) is a potent, selective ATP-

competitive c-Met inhibitor with an IC50 of 9 nM. Antagonists to the prostacyclin receptor, such as 

the PGI2 analog treprostinil (106), to the purinergic P2X2/3 receptor, such as 

gefaxinant/AF219/MK7264 (107) or to Hedghog, such as vismodegrib (108), are in clinical trials. 

Controlling the integrins and cadherins-associated pathways is also of interest in fibrotic therapies181 

as the integrin α3β1 and the cadherin-11 adhesion molecule are mediators of tissue fibrosis and the 

integrin αvβ6 activates latent TGF-β. Naphthyridine derivatives, such as GSK3008348 (109) have 

been developed for the treatment of fibrotic diseases as antagonists of the integrin αvβ6.  
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Figure 10. Examples of inhibitors of cell signaling pathways. 

 

In summary, inhibitors of kinases and antagonists to cellular pathways are likely to play an indirect 

role by modifying the functions of activated myofibroblasts as well as fibrosis-associated cells other 

than fibroblasts. More information from the outcome of clinical trials is needed to define the most 

relevant pathway(s).  

 

3.8. Inhibitors of metabolic pathways (Figures 11 to 14). 

Several metabolic pathways, including oxidative stress, FXR and PPAR receptors and fatty acid 

synthesis have been targeted with small molecules in the aim to achieve treatment of fibrosis and able 

to modulate the level of activity of these pathways.   

 

Inhibitors of oxidative stress (Figure 11). In humans, oxidative stress is involved in the development 

of many diseases, including fibrosis. Oxidative stress reflects an imbalance between the production 

of reactive oxygen species (ROS) and detoxification mechanisms. Oxidative stress disrupts normal 

mechanisms of cellular signaling and damages all components of the cell, including proteins, lipids 

and nucleic acids. Oxidative stress plays a role in the inflammatory cascade in ischemic-reperfusion 

injury, an important problem in solid organ transplantation procedures. But some ROS also act as 
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cellular messengers in redox signaling, and the immune system uses the lethal effects of oxidants in 

its mechanism of killing pathogens. ROS under normal conditions in humans are produced by the 

mitochondria during oxidative phosphorylation as well as by various oxidases. Some organic 

compounds, such as quinones cycling with their conjugate semiquinones and hydroquinones, in 

addition to metal redox catalysts can produce ROS. Cellular antioxidant enzymes encompass 

superoxide dismutase, catalase, glutathione peroxidase, glutathione-S transferases and various 

aldehyde dehydrogenases. Several physiological pathways, such as TGF-β signaling and the RAS, as 

well as some pathologic conditions, such as type-2 diabetes, have been associated with oxidative 

stress. Therefore, drugs developed to control these pathways are of interest in controlling oxidative 

stress. In addition, small molecules have been developed as more specific anti-oxidative therapeutics. 

The natural anti-inflammatory and anti-fibrotic compounds 110 and curcumin (111) are antioxidant, 

protecting DNA and regulating the immune system. Melatonin/N-acetyl-5-methoxytryptamine (112), 

a regulator of circadian rhythm, S-nitroso-N-acetylcysteine (113), a nitric oxide donor and 

antioxidant, regulates proteolytic balance, collagen deposition and TGF-β activation.182 α-Lipoic acid 

(114) is a mitochondrial fatty acid organosulfur compound essential for aerobic metabolism. As a 

dietary supplement it is an antioxidant, with protective effects in inflammatory diseases. The 

approved antioxidant and free-radical scavenger compounds edaravone (115) can reduce cardiac 

fibrosis by decreasing TGF-β1/Smad2/3 signaling, collagen I synthesis and AT1R signaling, while 

up-regulating AT2R. They also decrease the recruitment of macrophages and myofibroblasts to the 

myocardium,183,184 attenuating or even reversing fibrosis as shown in animal and clinical studies. The 

antioxidant NOX1/4 inhibitor GKT137831 (116) is in phase II for diabetic nephropathy.  
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Figure 11. Examples of inhibitors of oxidative stress. 

 

PPAR and FXR agonists (Figure 12). FXR is a nuclear receptor that, when activated, translocates to 

the cell nucleus, where it forms a heterodimer with retinoid X receptor (RXR) and binds to hormone 

response elements on DNA. This regulates gene expression, in particular cholesterol 7 alpha-

hydroxylase, the rate-limiting enzyme in bile acid synthesis and hepatic triglycerides. FXR agonists 

are under investigation in early clinical and preclinical trials as potential therapeutics for NASH. 

Several FXR agonists are presently in phase I or II development for NASH, such as 117 and 118. The 

synthetically modified bile acid obeticholic acid/ocaliva (119) is a potent agonist of FXR used to 

treat liver diseases. The FXR agonists EDP-305 (structure not disclosed) and tropifexor/LJN452 

(120) were shown to perturb FXR-dependent gene expression and reduce hepatocyte ballooning and 

liver fibrosis in animal models. 120 was successfully tested in the phase II FLINT trial, showing a 

reduction of fibrosis and scaring. oral antidiabetic agents belonging to the thiazolidinedione class or 

GS-9674 (121). FXR can interact with PPAR-γ coactivator 1-alpha. The PPAR subfamily of nuclear 

receptors can form heterodimers which regulate transcription of various genes. The nuclear PPAR-

γ/glitazone regulates fatty acid storage and glucose metabolism and is implicated in the pathology of 

numerous diseases. Many naturally occurring agents directly bind with and activate PPAR-γ, 

including various polyunsaturated fatty acids like arachidonic acid. PPAR-γ agonists decrease the 

inflammatory response. Many insulin-sensitizing drugs, the “thiazolidinediones”, used in the 

treatment of diabetes activate PPAR-γ. Compounds that more weakly activate PPAR-γ as partial 
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agonists, such as the medium-chain triglyceride decanoic acid, are currently under study. 118 is also 

a PPAR-γ agonist, acting on adipocytes, hepatocytes and muscle cells to inhibit TGF-β profibrotic 

effects. Its combination with anti-cholesterol agents, the “statins”, and omega 3 fatty acids or vitamin 

E has been proposed 24,25 but only limited clinical trial data are presently available. 117 is another 

antidiabetic drug of the thiazolidinedione class that works as an insulin-sensitizer by binding to 

PPAR-γ in fat cells. Elafibranor/GFT505 (122), a dual PPAR-α/δ agonist,28 developed for the 

treatment of metabolic disorders, and in particular NASH, produced mixed results in phase II trials.  

                    

Figure 12. Examples of FXR and PPAR-γ modulators. 

 

Fatty acid synthesis and phosphodiesterases (Figure 13). Lysophospholipids (LPs), which include 

S1P and lysophosphatidic acid (LPA), are bioactive phospholipids that transduce signals through their 

specific cell-surface GPCRs, S1P1-5R and LPA1-6R, respectively. LPs and their receptors have been 

implicated in both physiological and pathological processes, including fibrosis. S1P has been 

discussed separately in paragraph 3.4. Targeting the biosynthesis of fatty acids has been attempted, 

mostly in the liver, using either inhibitors of ACC and of 3-hydroxy-3-methylglutaryl-coenzyme A 

(HMG-CoA) reductase or antagonists to the LPARs-MAPK signaling pathways, involved in the 

production of pro-inflammatory cytokines. NDI-010976/ND630 (123) is a potent liver-directed 

inhibitor of ACC in NASH. Pyrazole- and triazole-derived carbamates, such as RO6842262 (124), 

are selective antagonists for LPA1R (IC50 25 nM) versus LPA3R. They inhibit the proliferation and 

contraction of normal human lung fibroblasts following LPA stimulation, suggesting a potential novel 
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approach for the treatment of IPF.50 The clinically-approved cholesterol lowering agents, the “statins” 

family, diminish EMT, TGF-β signaling and oxidative stress in glomerular cells.75,154-156 GLPG1690 

(125), an ATX inhibitor, the major enzyme generating the LPA, is presently in a phase II clinical 

trial. BMS-986020/AM152 (126) is a LPAR antagonist presently tested in a completed phase II trial. 

Inhibitors of PDEs have also attracted interest as potential anti-fibrotic therapeutics. As already stated, 

127, an orally active, selective, long-acting inhibitor of the enzyme PDE-4 with anti-inflammatory 

effects, was approved for the treatment of inflammatory conditions of the lungs.144 Pentoxifylline 

(128), a methylxanthine non-specific PDE inhibitor developed for vascular diseases, displaying also 

anti-inflammatory and anti-oxidative properties, is under one phase III and two phase IV clinical 

trials. The cyclic GMP-specific PDE5A-selective inhibitors sildenafil (129) and PF00489791 (130), 

in phase II for diabetic nephropathy and the PDE4-selective inhibitor 15, approved for chronic 

obstructive pulmonary disease, are less potent therapeutics for fibrotic disorders. In the first proof-

of-concept human study, 129 was shown to reduce TGF-β in IPF;146 however, fibrosis parameters 

were not measured.   

                      

Figure 13. Inhibitors of fatty acid synthesis and phosphodiesterases. 

 

Others (Figure 14). Therapeutic attempts have also included targeting histone H4 acetylation, 
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inhibition of the Ca2+-activated K+ channel (KCa3.1), the mineralocorticoid/aldosterone receptors or 

the vitamin D-dependent pathways. TGF-β1- or PDGF-mediated profibrotic and inflammatory 

responses in lung fibroblasts of patients with IPF were attenuated by the bromodomain 4 (Brd4) 

inhibitor JQ1 (131).185 Inhibition of KCa3.1 channel by TRAM34 (132) suppresses TGF-β-induced 

upregulation of ECM-associated genes in renal fibroblasts.69 Inhibitors of the 

mineralocorticoid/aldosterone receptor, such as spironolactone (133) tested in the RALES trial, 

finerenone/BAY-94-8862 (134) in a phase III trial, esaxerenone/CS-3150 (135) or PF-03882845 

(136), can suppress fibrosis development in the heart and the kidney.186 Stimulation of the adenosine 

A2BR has anti-fibrotic properties, mediated by antagonizing ET-1 effects on fibroblasts.187 Adenosine 

receptor antagonists include caffeine, theophylline or theobromine and the pharmaceutical drug 

regadenoson (137).  

                  

Figure 14. Examples of various pathways modulators of potential interest in fibrosis treatment. 

 

In summary, modulators of metabolic pathways and FXR and PPAR-γ agonists display anti-fibrotic 

properties and anti-inflammatory properties. They may be of therapeutic interest in combination 

therapy regimens, but they are likely to act in the early phase of fibrosis. 

 

3.9. Natural products (Figure 15). 

Several natural products with antioxidant properties as well as immunomodulatory and anti-

inflammatory activities, such as 110, 111 or 112 (structures in Figure 11), have been evaluated as 
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anti-fibrotic therapeutics. Schisandrin B (138) reduces ROS formation, inhibits the apoptotic 

mitochondrial pathway and is a regulator of TGF-β signaling.188 Astragaloside IV (139), a glycoside 

of cycloartane-type triperpene, protects against fibrosis development in several organs by attenuating 

ECM deposition.189 Echinacoside (140) was demonstrated to inhibit the TGF-β signaling pathway.190   

                  

Figure 15. Examples of natural products of potential interest in fibrosis treatment. 

 

In summary, natural products display anti-fibrosis properties and may be of therapeutic interest as 

potential leads for the development of anti-fibrotic therapeutics. 

 

3.10. Regenerative cell therapeutics for fibrosis treatment (Figure 16). 

Healing from tissue injury depends on the regeneration of damaged tissue cells through de-

differentiation of surviving cells and/or the ability of resident progenitor cells to proliferate and 

differentiate into new organ-specific cells. Since, for end-stage fibrotic diseases, the only treatment 

is organ transplantation and as donor organs are in very short supply, facilitating tissue regeneration 

is a key component to treating both acute and chronic organ diseases. Besides fetal-derived tissues,101 

many adult tissues contain stem and progenitor cells able to proliferate and differentiate, and to 

maintain tissue homeostasis and repair. In the kidney, mesenchymal stromal cells (MSCs, also called 

mesenchymal progenitor/stem cells) have been shown to have beneficial paracrine-mediated effects, 

both on the initial acute recovery from ischemia-reperfusion injury and in preventing the development 

of further chronic kidney disease.78 This demonstrates that effective treatment may be possible, either 

through adoptive cell therapy or through stimulation of paracrine responses from resident MSCs after 

injury.100 Direct transfer of autologous or allogeneic MSCs, mostly by injecting them in the blood or 

   

   schisandrin B (138)       astragaloside IV (139)          echinacoside (140) 



51 
 

following encapsulation into a polymeric device, is presently under evaluation in a large amount of 

clinical trials, mainly, but not only, for the treatment of acute liver injury and chronic fibrosis. Thus, 

efforts have been made to enhance these regenerative cell populations using small molecules. 102 

(structure in Figure 10), a CXCR4 antagonist, SB497115/eltrombopag (141), a thrombopoietin 

mimetic, FT1050/16,16-dimethyl prostaglandin E2 (142), a PGE2 analog, and Isx-9 (143), a GPR68 

agonist,103 are under evaluation to enhance proliferation and differentiation of stem and progenitor 

cells.  

                   

Figure 16. Examples of small molecules of potential interest in regenerative cell therapy for 

fibrosis. 

 

In summary, recent progress in regenerative medicine has opened new therapeutic perspectives in the 

treatment of fibrosis, in particular the possibility to induce the repair of diseased tissues rather than 

reverse progression. 

 

4. Lessons from clinical trials for the treatment of fibrosis. 

Several hundreds of molecules able to interfere with the fibrotic process at each of its phases of 

progression have been designed, prepared and evaluated in preclinical models. The most promising 

of them have been evaluated in human clinical trials for possible therapy of fibrosis. Again, hundreds 

of trials, either phase I, II or III or IV trials, have been performed, much too many to discuss all of 

them in this Perspective. In this part, we will focus the discussion on clinical trials, either terminated 

or ongoing, which have the potential to provide therapeutics for the prevention and treatment of 

fibrosis. We will concentrate on small molecule drugs, excluding antibodies, fusion proteins, 

modified proteins or protein fragments, or genetic tools. Toward this aim, we have compiled the US 

clinical trials registry (ClinicalTrials.gov), published reviews and original manuscripts describing and 

               
             SB497115 (141)       FT1050 (142)   Isx-9 (143)   

https://en.wikipedia.org/wiki/ClinicalTrials.gov


52 
 

discussing the outcomes of these trials.5,6,42,63,82,124,135,136,163 The information obtained is summarized 

in Table 1. 

 

Table 1. Selected clinical trials for small molecule modulators of fibrotic pathways. 

 

drug / target  trial code  organ         phase/status/outcome 

1 / TGF-β  NCT00287729 lung  III, positive results 

   /CAPACITY 

   NCT01366209 lung  approved 

  NCT00001959 kidney GS II, completed 

  NCT00063583 kidney DN I/II, completed 

15 / COX  NCT02499562 liver  II, no information 

16 / mTOR   NCT01462006 lung  II, worsening, unpublished 

19 / CCR2/5  NCT02217475 liver  II, completed 

   /CENTAUR 

NCT03028740 liver  III, ongoing 

/AURORA 

21 / inflammation NCT00162760 lung  II, completed, unpublished 

22 / inflammation NCT01135199 lung  II, withdrawn 

23 / CTGF  NCT02538536 lung  II, open, completed, no results 

24 / NFκB  NCT01351675 kidney  III, terminated for safety concerns 

37 / AT1R  NCT00298714 liver   IV, completed, improvement 

   NCT00879879 lung  pilot, stabilized lung function 

   NCT01150461 heart          II, completed, lower progression 

   NCT01051219 liver  III, no information 

   /FELINE 

40 / ETA/B  NCT00070590 lung  II, completed, no improvement 

   /Build2 

   NCT00631475 lung  open label, failed 

   /Build3 

   NCT00319696 digital ulcers  III, completed 

/RAPIDS-1 

   NCT01395732 digital ulcers IV, completed, approved 

   /RAPIDS-2 

41 / ETA/B  NCT00903331 lung        II, completed, no improvement 

https://en.wikipedia.org/wiki/CCR2
https://en.wikipedia.org/wiki/CCR5
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   /MUSIC 

43 / ETA  NCT00879229 lung  III, fail 

   /ARTEMIS-PH 

NCT01051960 Ssc  IV, terminated, unknown 

     NCT00768300 lung              III, ineffective, halted 

  /ARTEMIS-IPF 

44 / ETA  NCT00120328/ kidney      III, lower proteinuria, halted 

   ASCEND 

46 / ETA  EARTH  heart  ineffective 

48 / AT1R/ETA NCT01613118 kidney  II, active 

58/ LOXL2  NCT02852551 several organs I, safety in volunteers, completed 

62 / PDE3/LO /LTR NCT02503657 lung  II, ongoing 

63 / PDGFR/VEGFR NCT00514683 lung  II, positive results 

   /INPULSIS 

       NCT01335464 lung  III, completed, approved 

   /INPULSIS 

NCT 01335477 lung  III, completed, approved  

       NCT02597933 Ssc  III, ongoing 

   /SENCSIS 

64 / PDGFR  NCT00764309 lung (Ssc) II, completed, ineffective 

69 / PI3K/mTOR NCT01725139 lung  I, completed, no published data 

70 / ROCK2  NCT02688647 lung  II, open label, ongoing 

71 / JNK   NCT01203943 lung  II, discontinued for side effects 

80 / PDGFR  NCT00131274 lung  II/III, failed 

  NCT006677092 lung  II, completed  

81 / PDGFR/VEGFR NCT01425216 keloids  II, terminated; approved 

95 / galectin-3  NCT02257177 lung  I/II, completed, no information 

103 / CCR2  NCT01028963 kidney  II, completed 

   NCT01440257 kidney  II, completed 

   NCT01447145 kidney  II, completed 

109 / integrin αvβ6 NCT02612051 lung  II, safety and tolerability 

106 / prostacyclin R NCT00703339 lung/PH, IPF II, completed, early termination  

107 / purinergic R NCT02502097 lung /cough     II, completed, unpublished 

116 / NOX1/4  NCT02010242  kidney DN II, completed 

119 / FXR  NCT01265498/ liver NASH II, completed  

   FLINT   
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       NCT02548351 liver NASH III, completed 

   /REGENERATE 

120 / FXR   NCT02855164 liver   II, recruiting 

122 / PPARα/δ  NCT01694849.  liver NASH    II, resolution no fibrosis worsening 

123 / ACC  NCT02876796  liver  I, safety, overweight volunteers 

125 / ATX  NCT02738801 lung  II, partial report, stabilization 

126 / LPAR   NCT02588625 Ssc  II, completed, no results 

NCT01766817 lung  II, withdrawn  

128 / PDEs   NCT00285298 kidney DN III, completed 

   NCT01382303 kidney DN IV, ongoing 

   NCT01377285 kidney  DN IV, ongoing 

130 / PDE5  NCT01200394 kidney DN II, ongoing 

 

Drug combinations 

1+63 /TGF-β +PDGF/VEGF NCT02598193  lung  IV, tolerability, completed 

    NCT02579603 lung  IV, tolerability, completed 

1+108 / Hedghog+TGF-β  NCT02648048 lung  I, completed, no results 

37+FOLFIRINOX      NCT01821729 cancer  II, ongoing 

  / AT1+therapy regimen 

44+37 / ETA+AT1R  ASCEND follow-up kidney  tolerability, no information 

110+64 / anti-ox+PDGF NCT02874989  lung  I, open label, ongoing 

___________________________________________________________________________ 

ACC: acetyl-CoA carboxylase; AT1R: angiotensin receptor 1; ATX: autotaxin; CCR: C-C chemokine 

receptor; COX: cyclooxygenase; CTGF: connective tissue growth factor; DN: diabetic nephropathy; 

ETA: endothelin receptor A; ETA/B:  endothelin receptors A and B; GS: glomerulosclerosis; IPF: 

idiopathic pulmonary fibrosis; LO: lipoxygenase; LOX-L: lysyloxidase-like; LPAR: 

lysophosphatidic acid receptor; LTR: leukotriene receptor; PDE: phosphodiesterase; PH; pulmonary 

hypertension; PPAR: peroxisome proliferator activated receptor; ROCK: Rho-associated protein 

kinase; Ssc: systemic scleroderma. 

 

In summary, most completed and published clinical trials were rather disappointing, showing only 

limited efficacy to reverse established fibrotic diseases. The majority of recent and previous trials 

were performed using drug monotherapy and were aimed at the treatment of IPF, many with not yet 

published results. Trials of combination therapies and new anti-fibrotic agents are underway.51,137 

https://en.wikipedia.org/wiki/PPAR_agonist
http://clinicaltrials.gov/show/NCT01694849
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Two very recent clinical reviews have analyzed clinical trials performed for IPF.135,136 both reviews 

concluded that compounds that have shown efficacy in preclinical studies failed to demonstrate 

positive effects when translated into humans, due to the limitations of animal models. TGF-β is central 

to fibrosis development and small molecules able to decrease TGF-β production and inhibitors of the 

kinase activity of the TGF-β receptors or the intracellular signaling proteins Smads have been 

evaluated in clinical trials. However, they were associated with adverse cardiovascular and hepatic 

side-effects.191,192 Only 1, which decreases TGF-β production, and 63, a multikinase inhibitor, have 

been approved for the treatment of IPF in humans; 1 is under trials for fibrosis therapy in other organs. 

The endothelin and angiotensin systems are also central to fibrosis development, promoting the 

myofibroblast phenotype and the production of TGF-β. Drugs able to control the endothelin and 

angiotensin pathways are in clinical use since many years for cardiovascular and hypertensive 

diseases. Clinical trials have evaluated ETA-selective, ETB-selective or dual ETA/B antagonists in 

disorders of the lung, liver, heart, kidney and the skin.42,154 The primary objective of reducing 

mortality/morbidity was generally not achieved, with however, a positive trend. In the context of 

digital skin ulcer, even if 40 was not able to shorten the time to healing, it was effective in preventing 

the formation of new ulcers, suggesting that dual ETA/B antagonists may be interesting tools to prevent 

fibrosis in medical situations. Ang II interaction with AT1R stimulates fibroblast proliferation and 

collagen synthesis. To the best of our knowledge, only very few dedicated clinical trials have been 

performed to test per se antagonism of the RAS to treat fibrosis. Most of the trials evaluated anti-

fibrotic drugs in patients already on RAS inhibition for cardiovascular or diabetic disorders. Ang II 

receptor blockers, ACEI or mineralo-corticoid receptor antagonists demonstrated however, some 

potential to improve fibrotic processes by controlling the underlying diseases. Inflammatory 

mediators are involved in the initiation and progression of fibrosis, in some clinical situation like 

kidney fibrosis, but not in IPF, for example. Clinical trials attempting to decrease cytokine and 

chemokine secretion using kinase inhibitors or antagonists to their cognate receptors were performed. 

To date, mainly fusion proteins or blocking antibodies were used; the RENEWAL study152 examined 

the effect of the TNF-α fusion protein antagonist etanercept and in the ATTACH trial the anti-TNF-

http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B5
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B5
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B5
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α monoclonal antibody infliximab was tested. These trials were halted for inefficacy regarding the 

primary outcome or for side-effects. The cholesterol-lowering agents statins are also anti-

inflammatory. Two large-scale clinical trials, the CORONA and GISSIF-HF trials155-157 demonstrated 

only a neutral effect of statins. PPAR agonists have anti-inflammatory properties, however, their 

cardiac safety profile is controversial.193 Overall, there is yet a lack of effective fibrosis inhibitors in 

patients. 

 

Conclusion and Perspective 

Fibrosis proceeds in three steps: an initial phase of injury, an inflammatory phase in most clinical 

situations and a remodeling phase. Then, in normal situations, the third phase is followed by a fourth 

phase of resolution, which does not happen in the context of progressive fibrosis. Anti-fibrotic 

treatments under development and (pre-)clinical evaluation include small molecules, antibodies, 

genetic tools, peptides, protein analogs and receptor decoys. Progression to fibrosis is mediated by 

the activation of TGF-β-associated signaling pathways and the appearance of myofibroblasts 

producing an altered ECM. Thus, blockade of the TGF-β pathways is an obvious target for the 

treatment of fibrotic diseases. However, due to the ubiquitous and pleiotropic physiological functions 

of TGF-β, depending on the local microenvironment and the organ, a challenge to be addressed will 

be to achieve its targeted inhibition. Therefore, despite its critical importance in fibrosis, systemic 

and non-selective inhibition of TGF-β may not be the best approach to treat fibrosis. The same 

consideration applies for inhibition of other important signaling pathways, such as the Wnt or Notch 

pathways. Thus, one major challenge in anti-fibrotic therapy is selectivity and specificity of the drugs 

aimed at controlling fibrosis.194 Functionalized therapeutics with tissue- and/or cell-selective 

molecules must be designed. For example, in a recent approach,85.195 we used experimental rodent 

models of acute inflammatory and profibrotic kidney diseases to selectively target Notch1 signaling 

activation. We developed γ-secretase inhibitor-based prodrug strategies for enzymatic activities 

specifically expressed in injured kidneys. Using these functionalized prodrugs, we could demonstrate 

a nephroprotective effect without systemic toxicity. Drug-delivering nanoparticles displaying at their 

http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B1
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B58
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B58
http://journal.frontiersin.org/article/10.3389/fphar.2017.00186/full#B52
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surface reconnaissance molecules for overexpressed targets in fibrosis-associated cells may represent 

another approach to solve some of the problems of off-target side-effects, as shown in a rat model of 

pulmonary fibrosis.196   

Drugs able to modulate physiological pathways other than the TGF-β, such as oxidative stress, lipids, 

enzymes, kinases or peptide receptors, have been evaluated. Most clinical trials were disappointing, 

although the molecules had shown efficacy in preclinical animal models of the diseases. The majority 

of the therapeutics evaluated in preclinical models were selected to prevent the development of the 

fibrotic process. Novel compounds are often tested in patients with diseases that did not respond to 

established therapies, meaning that many compounds are tested at the later refractory stages of 

disease. Animal models do not recapitulate the complex nature of human fibrotic diseases, since in 

these simplified models, treatment is initiated in the early phase of the disease. In humans, fibrosis 

takes decades to develop and has often reached a no-return point when therapeutic intervention is 

attempted, requiring long-term treatment to diminish its progression. The type of fibrosis, its tissue 

origin, its stage of progression, the exact cells involved and the level of heterogeneity between organs 

and diseases must be also considered. But this is generally not realistic in the medical context. In 

addition, young and healthy animals were studied, while patients with fibrosis are generally at a more 

advanced age, and may have other co-morbidities, suggesting that drug combination regimens must 

be considered to achieve optimal therapeutic efficacy with limited toxicity. It remains to be 

demonstrated however, which adjuvant drug(s) may be more appropriate and which combined-

schedule therapy should be proposed to patients according to their level of risk. In order to improve 

clinical translation, it is important in the future to design more clinically-relevant research models, 

and to perform clinical trials that include larger cohorts of suitable patients.  

Presently, end-stage chronic fibrotic diseases of the lung, kidney, liver, heart and skin require 

organ/tissue replacement by either autologous or allogeneic transplantation, or the implantation of 

artificial medical devices. In these processes, the time of injury is known but unavoidable, either due 

to ischemia/reperfusion injury or due to the presence of a foreign body and an accompanying 

inflammation. Therefore, anti-fibrotic therapies should ideally be delivered at the time of 
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transplantation/implantation. Recent progress in regenerative medicine to induce the repair of 

diseased tissues, rather than reverse progression, has open new therapeutic perspectives in the 

treatment of fibrosis.  

In conclusion, to control and possibly reverse fibrosis progression, treatment approaches require the 

control of key pathways that influence cell functions and the development of a permissive 

environment, mainly composed of activated (myo)fibroblasts. In order to achieve clinically 

meaningful results in human trials, the strategy to treat fibrosis should include the three following 

challenges: 1) a targeted/addressed delivery of therapeutic drugs to the organ or to the tissue to avoid 

systemic side-effects; 2) an upfront combination therapy with molecules targeting different pathways; 

3) a treatment administered very early in the course of the disease, since organ dysfunction is unlikely 

to regress significantly once present. We believe that selectively blocking the TGF-β signaling 

pathways will be necessary. Blocking the RAS was shown to improve fibrosis therapy. Thus, 

combining RAS blockade with the approved anti-fibrotic drugs 1 or 2 may be an option. Therapeutics 

able to modulate the endothelin pathway must also be considered in combination therapeutic 

regimens. Controlling inflammation and oxidative stress is probably not of interest in the late phase 

of the fibrotic processes. As several kinases, the PPAR, FXR and fatty acid pathways such as S1P, 

mediate a variety of pro-fibrotic effects in many tissues and organs, kinases and receptor-specific 

agonists or antagonists may be of interest.  
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protein kinase; ROS: reactive oxygen species; S1P(R): sphingosine-1-phosphate (receptor); SK: 
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transforming growth factor-beta (receptor); TNF-α: tumor necrosis factor-α; VEGF: vascular 

endothelial growth factor. 

 



61 
 

References 

1. Jun, J. I.; Lau, L. F. Resolution of organ fibrosis. J. Clin. Invest. 2018, 128, 97-107.  

 

2. Herrera, J.; Henke, C. A.; Bitterman, P. B. Extracellular matrix as a driver of progressive 

fibrosis. J. Clin. Invest. 2018, 128, 45-53.  

 

3. Karsdal, M. A.; Nielsen, M. J.; Sand, J. N.; Henriksen, K.; Genovese, F.; Bay-Jensen, A. C.; 

Smith, V.; Adamkewicz, J. I.; Christiansen, C.; Leeming, D. J. Extracellular remodeling: the common 

denominator in connective tissue diseases. Assay Drug Dev. Technol. 2013, 11, 70-92. 

 

4. Tschumperlin, D. J.; Ligresti, G.; Hilscher, M. B.; Shah, V. H. Mechanosensing and fibrosis. 

J. Clin. Invest. 2018, 128, 74-84.  

 

5. Wynn, T.A. Common and unique mechanisms regulate fibrosis in various fibroproliferative 

diseases. J. Clin. Invest. 2007, 117, 524-529. 

 

6. Li, X.; Zhu, L.; Wang, B.; Yuan, M.; Zhu, R. Drugs and targets in fibrosis. Front Pharm 2017, 

8, 855. 

 

7. Kendall, R. T.; Feghali-Bostwick, C. A. Fibroblasts in fibrosis: novel roles and mediators. 

Front. Pharm. 2014, 5, 123. 

 

8. Gauldie. J.; Bonniaud, P.; Sime, P.; Ask, K.; Kolb, M. TGF-β, Smad3 and the process of 

progressive fibrosis. Biochem. Soc. Trans. 2007, 35, 661-664. 

 

9. Rockey, D. C.; Bell, P. D.; Hill, J. A. Fibrosis - a common pathway of organ injury and failure. 

New Eng. J. Med. 2015, 372, 1138-1149. 

https://oweb.chuv.ch/owa/redir.aspx?C=fRnN2ozRe4rFnekx2Q6xy8TphOKD5LRFQCitpn2ca5f6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48442%2f264d882fb205e66dbfd3
https://oweb.chuv.ch/owa/redir.aspx?C=oC8IVsx55J1RHFsmwSxObaKDK92l2utv2iDK1IlNY4H6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48437%2f264d882fb205e66dbfd3
https://oweb.chuv.ch/owa/redir.aspx?C=oC8IVsx55J1RHFsmwSxObaKDK92l2utv2iDK1IlNY4H6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48437%2f264d882fb205e66dbfd3
https://oweb.chuv.ch/owa/redir.aspx?C=w46vaI848FzNhiwxzXNL23WOYsfn2W1Z3c2zJrm_KRn6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48440%2f264d882fb205e66dbfd3
http://www.jci.org/articles/view/31487
http://www.jci.org/articles/view/31487
http://www.biochemsoctrans.org/content/35/4/661
http://www.biochemsoctrans.org/content/35/4/661


62 
 

 

10. Kraman, R.; DiRocco, D. P.; Humphreys, B. D. Understanding the origin, activation and 

regulation of matrix-producing myofibroblasts for the treatment of fibrotic diseases. J. Pathol. 2013, 

231, 273-289. 

 

11. Reilkoff, R. A.; Bucala, R.; Herzog, E. L. Fibrocytes: emerging effector cells in chronic 

inflammation. Nature Rev., Inflamm. 2011, 11, 427-435. 

 

12. Di Carlo, S. E.; Peduto, L.The perivascular origin of pathological fibroblasts. J. Clin. Invest. 

2018, 128, 54-63.  

 

13. Lynch, M. D.; Watt, F. M. Fibroblast heterogeneity: implications for human disease. J. Clin. 

Invest. 2018, 128, 26-35.  

 

14. Reese, C.; Lee, R.; Bonner, M.; Perry, B.; Heywood, J.; Silver, R. M.; Tourkina, R. P.; 

Hoffman, S. Fibrocytes in the fibrotic lung: altered phenotype detected by flow cytometry. Front. 

Pharm. 2014, 5, 141. 

 

15. Habiel, D. M.; Hogaboam, C. Heterogeneity in fibroblast proliferation and survival in 

idiopathic pulmonary fibrosis. Front. Pharm. 2014, 5, 2 

 

16. Rinkevich, Y.; Walmsley, G. G.; Hu, M. S.; Maan, Z. N.; Newman, A. M.; Drukker, M.; 

Januszyk, M.; Krampitz, G. W.; Gurtner, G. C.; Lorenz, H. P.; Weissman, I. L.; Longaker, M. T. 

Identification and isolation of a dermal lineage with intrinsic fibrogenic potential. Science 2015, 348, 

aaa2151-1-14. 

 

17. Driskell, R. R.; Lichtenberrger, B. M.; Hoste, E.; Kretzchmar, K.; Simons, B. D, 

https://oweb.chuv.ch/owa/redir.aspx?C=iEfBssXxtgqs664QKGrjf6Em-mTGHopfD2BmDHIeNr_6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48438%2f264d882fb205e66dbfd3
https://oweb.chuv.ch/owa/redir.aspx?C=LmF1Kgv2H7WkdAEUUQYQCL2sh_G8HTl7HKDMWO6v4nj6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48435%2f264d882fb205e66dbfd3


63 
 

Charalambous, M.; Ferron, S. R.; Herault, Y.; Pavlovic, G.; Ferguson-Smith, A. C.; Watt, F. M. 

Distinct fibroblast lineages determine dermal architecture in skin development and repair. Nature 

2013, 504, 277-281. 

 

18. Hewiston, T. D.; Holt, S. G.; Smith, E. R. Progression of tubulointerstitial fibrosis and the 

chronic kidney disease phenotype- role of risk factors and epigenetics. Front. Pharm. 2017, 8, 520. 

 

19. Mancini, M. L.; Sonis, S. T. Mechanisms of cellular fibrosis associated with cancer regimen-

related toxicities. Front. Pharm. 2014, 5, 51. 

 

20. Bataller, R.; David A. Brenner, D. A.. Liver fibrosis. J. Clin. Invest. 2005, 115, 209–218.  

  

21. Xu, J.; Liu, X.; Koyama, Y.; Wang, P.; Lan, T.; Kim, I. G.; Kim, I. H.; Ma, H. Y.; Kisseleva, 

T. The types of hepatic myelofribroblasts contributing to liver fibrosis of different etiologies. Front. 

Pharm. 2014, 5, 167 

 

22. Cordero-Espinoza, L.; Huch, M. The balancing act of the liver: tissue regeneration versus 

fibrosis. J. Clin. Invest. 2018, 128, 85-96.  

 

23. Samir, A. E.; Dhyani, M.; Vij, A.; Bhan, A. K.; Halpern, E. F.; Méndez-Navarro, J.; Corey, 

K. E.; Chung, R. T. Shear-wave elastography for the estimation of liver fibrosis in chronic liver 

disease: determining accuracy and ideal site for measurement. Radiology 2015, 274, 888-896.  

 

24. Athyros, V. G.; Alexandrides, T. K.; Bilianou, H.; Cholongitas, E.; Doumas, M.; Ganotakis, 

E. S.; Goudevenos, J.; Elisaf, M. S.; Germanidis, G.; Giouleme, O.; Karagiannis, A.; Karvounis, C.; 

Katsiki, N.; Kotsis, V.; Kountouras, J.; Liberopoulos, E.; Pitsavos, C.; Polyzos, S.; Rallidis, L. S.; 

Richter, D.; Tsapas, A. G.; Tselepis, A. D.; Tsioufis, K.; Tziomalos, K.; Tzotzas, T.; Vasiliadis, T. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bataller%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15690074
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brenner%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=15690074
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC546435/
https://oweb.chuv.ch/owa/redir.aspx?C=_8MvKMvUu4VrkBzojNcfFBLEVbhUU0mO2gyVEZFH_6P6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48441%2f264d882fb205e66dbfd3
https://oweb.chuv.ch/owa/redir.aspx?C=_8MvKMvUu4VrkBzojNcfFBLEVbhUU0mO2gyVEZFH_6P6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48441%2f264d882fb205e66dbfd3
https://www.ncbi.nlm.nih.gov/pubmed/?term=Samir%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dhyani%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vij%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhan%20AK%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Halpern%20EF%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=M%C3%A9ndez-Navarro%20J%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Corey%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Corey%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chung%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=25393946
https://www.ncbi.nlm.nih.gov/pubmed/25393946


64 
 

G.; Vlachopoulos, C.; Mikhailidis, D. P.; Mantzoros, C. The use of statins alone, or in combination 

with pioglitazone and other drugs, for the treatment of non-alcoholic fatty liver disease/non-alcoholic 

steatohepatitis and related cardiovascular risk. An expert panel statement. Metab. Clin. Exp. 2017, 

71, 7–32 

 

25. Caldwell, S. NASH therapy: omega 3 supplementation, vitamin E, insulin sensitizers and 

statin drugs. Clin. Mol. Hepatol. 2017, 23, 103-108. 

 

26. Makri, E.; Cholongitas, E.; Tziomalos K. Emerging role of obeticholic acid in the 

management of nonalcoholic fatty liver disease. World J. Gastroenterol. 2016, 22, 9039–9043. 

 

27. Ratziu, V.; Harrison, S. A.; Francque, S.; Bedossa, P.; Lehert, P.; Serfaty, L.; Romero-Gomez, 

M.; Boursier, J.; Abdelmalek, M.; Caldwell, S.; Drenth, I.; Anstee, Q.M.; Hum, D.; Hanf, R. ; Roudot, 

A.; Megnien, S.; Staels, B.; Sanyal, A. Elafibranor, an agonist of the peroxisome proliferator-

activated receptor-α and -δ, induces resolution of nonalcoholic steatohepatitis without fibrosis 

worsening. Gastroenterology 2016, 150, 1147-1159. 

 

28. Merk, D.; Lamers, C.; Weber, J.; Flesch, D.; Gabler, M.; Proschak, E.; Schubert-Zsilavecz, 

M. Anthranilic acid derivatives as nuclear receptor modulators - Development of novel PPAR 

selective and dual PPAR/FXR ligands. Bioorg. Med. Chem. 2015, 23, 499-514. 

 

29.  Stiede, K.; Miao, W.; Blanchette, H. S.; Beysen, C.; Harriman, G.; Harwood, H. J.; Kelley, 

H.; Kapeller, R.; Schmalbach, T.; Westlin, W. F. Acetyl-coenzyme A carboxylase inhibition reduces 

de novo lipogenesis in overweight male subjects: A randomized, double-blind, crossover study. 

Hepatology, 2017, 66, 324-334. 

 

30. Stein, S.; Lemos, V.; Xu, P.; Demagny, H.; Wang, X.; Ryu, D.; Jimenez, V.; Bosch, F.; 

http://www.metabolismjournal.com/article/S0026-0495(17)30075-6/fulltext
http://www.metabolismjournal.com/article/S0026-0495(17)30075-6/fulltext
http://www.metabolismjournal.com/article/S0026-0495(17)30075-6/fulltext
https://www.ncbi.nlm.nih.gov/pubmed/?term=Makri%20E%5BAuthor%5D&cauthor=true&cauthor_uid=27895393
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cholongitas%20E%5BAuthor%5D&cauthor=true&cauthor_uid=27895393
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tziomalos%20K%5BAuthor%5D&cauthor=true&cauthor_uid=27895393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5107587/
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
https://www.sciencedirect.com/science/journal/00165085
https://www.sciencedirect.com/science/journal/00165085/150/5
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/article/pii/S096808961400861X#!
https://www.sciencedirect.com/science/journal/09680896
https://www.sciencedirect.com/science/journal/09680896/23/3
https://www.ncbi.nlm.nih.gov/pubmed/28470676
https://www.ncbi.nlm.nih.gov/pubmed/28470676


65 
 

Lüscher, T. F.; Oosterveer, M. H.; Schoonjans, K. Impaired SUMOylation of nuclear receptor LRH-

1 promotes nonalcoholic fatty liver disease. J. Clin. Invest. 2017, 127, 583-592.  

 

31. Verbeek, J.; Spincemaille, P.; Vanhorebeek, I.; Van den Berghe, G.; Van der Elst, I.; 

Windmolders, P.; van Pelt, J.; van der Merwe, S.; Bedossa, P.; Nevens, F.; Cammue, B.; Thevissen, 

K.; Cassiman, D. Dietary intervention, but not losartan, completely reverses non-alcoholic 

steatohepatitis in obese and insulin resistant mice. Lipids Health Dis. 2017, 16, 46. 

 

32. Coppage, A. L.; Heard, K. R.; DiMare, M. T.; Liu, Y.; Wu, W.; Lai, J. H.; Bachovchin, W. 

W. Human FGF21 is a substrate of fibroblast activation protein. PLOS One 2016,11, e0151269. 

 

33. Dunshee, D. R.; Bainbridge, T. W.; Kljavin, N. M.; Zavala-Solorio, J.; Schroeder, A. C.; Chan, 

R.; Corpuz, R.; Wong, M.; Zhou, W.; Desmukh, G.; Ly, J.; Sutherlin, D. P.; Ernst, J. A.; Sonoda, J. 

Fibroblast activation protein cleaves and inactivates fibroblast growth factor 21. J. Biol. Chem. 2016, 

291, 5986-5996. 

 

34. Hutchinson, J. H.; Rowbottom, M. W.; Lonergan, D.; Darlington, J.; Prodanovich, P.; King, 

C. D.; Evans, J. F.; Bain, G. Small molecule lysyloxidase-like 2 (LOXL2) inhibitors: the identification 

of an inhibitor selective for LOXL2 over LOX, ACS Med. Chem. Lett. 2017, 8, 423-427. 

 

35. Friedman, S. L.; Ratziu, V.; Harrison, S. A.; Abdelmalek, M. F.; Aithal, G. P.; Caballeria, J.; 

Francque, S.; Farrell, G.; Kowdley, K. V.; Craxi, A.; Simon, K.; Fischer, L.; Melchor-Khan, L.; Vest, 

J.; Wiens, B. L.; Vig, P.; Seyedkazemi, S.; Goodman, Z.; Wong, V. W.; Loomba, R.; Tacke, F.; 

Sanyal, A.; Lefebvre, E. A randomized, placebo-controlled trial of cenicriviroc for treatment of 

nonalcoholic steatohepatitis with fibrosis. Hepatology 2018, 67, 1754-1767.  

 

36. Ding, B. S.; Liu, C. H.; Sun, Y.; Chen, Y.;   Swendeman, S.L.; Jung, B.; Chavez, D.; Cao, Z.; 

https://www.jci.org/127/2
https://www.ncbi.nlm.nih.gov/pubmed/?term=Friedman%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ratziu%20V%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harrison%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abdelmalek%20MF%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aithal%20GP%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Caballeria%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Francque%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Farrell%20G%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kowdley%20KV%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Craxi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Simon%20K%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20L%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Melchor-Khan%20L%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vest%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vest%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wiens%20BL%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vig%20P%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Seyedkazemi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Goodman%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wong%20VW%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Loomba%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tacke%20F%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sanyal%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lefebvre%20E%5BAuthor%5D&cauthor=true&cauthor_uid=28833331
https://www.ncbi.nlm.nih.gov/pubmed/28833331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ding%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sun%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Swendeman%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jung%20B%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chavez%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cao%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=28018969


66 
 

Christoffersen, C.; Nielsen, L. B.; Schwab, S.R.; Rafii, S.; Hla, T.. HDL activation of endothelial 

sphingosine-1-phosphate receptor-1 (S1P1) promotes regeneration and suppresses fibrosis in the liver. 

JCI Insight. 2016, 1, e87058.  

 

37. Vestri, A.; Pierucci, F.; Frati, A.; Monaco, L.; Meacci, E. Sphingosine-1-phosphate receptors: 

do they have a therapeutic potential in cardiac fibrosis. Front. Pharm. 2017, 8, 298. 

 

38. Gonsalez-Fernandez, B.; Sanchez, D. I.; Gonsalez-Galego, J.; Tunon M. J. Sphingosine-1-

phosphate signaling as a target in hepatic fibrosis. Front. Pharm 2017, 8, 579. 

 

39. Desai, O.; Winkler, J.; Minasyan, M.; Herzog, E. L. The role of immune and inflammatory 

cells in idiopathic pulmonary fibrosis. Front. Med., 2018, 5, 43. 

 

40. Liu, Y. M.; Nepali, K.; Liou, J. P. Idiopathic pulmonary fibrosis: current status, recent 

progress, and emerging targets. J. Med. Chem. 2017, 60, 527−553. 

 

41. Araya, J.; Nishimura, S. L. Fibrogenic reactions in lung disease. Ann. Rev. Pathol. Mech. Dis. 

2010, 5, 77-98. 

 

42. Aubert, J. D.; Juillerat-Jeanneret, L. Endothelin-receptor antagonists beyond pulmonary 

arterial hypertension: cancer and fibrosis. J. Med. Chem. 2016, 59, 8168-8188. 

 

43. Garneau-Tsodikova, S.; Thannickal, V. J. Protein kinase inhibitors in the treatment of 

pulmonary fibrosis. Curr. Med. Chem. 2008, 15, 2632-2640. 

 

44. Wen, W. X.; Lee, S. Y.; Siang, R.; Koh, R. Y. Repurposing pentoxifylline for the treatment 

of fibrosis: an overview. Adv. Therapy 2017, 34, 1245–1269.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Christoffersen%20C%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nielsen%20LB%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwab%20SR%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rafii%20S%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hla%20T%5BAuthor%5D&cauthor=true&cauthor_uid=28018969
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5161208/
http://www.frontiersin.org/people/u/396241
http://www.frontiersin.org/people/u/529574
http://www.frontiersin.org/people/u/478953
http://www.frontiersin.org/people/u/120274
https://link.springer.com/journal/12325


67 
 

 

45. Han, J. H.; Hwang, A. R.; Nam, D. H.; Kim, S.; Choi, H. C.; Woo, C. H. ERK5 regulates basic 

fibroblast growth factor-induced type 1 plasminogen activator inhibitor expression and cell 

proliferation in lung fibroblasts. Life Sci. 2015, 135, 1-8.  

 

46. Bonella, F.; Stowasser, S.; Wollin, L. Idiopathic pulmonary fibrosis: current treatment options 

and critical appraisal of nintedanib. Drug Des. Dev. Ther. 2015, 9, 6407-6419. 

 

47.  Fan, M. H.; Zhu, Q.; Li, H. H.; Ra, H. J.; Majumdar, S.; Gulick, D. L.; Jerome, J. A.; Madsen, 

D. H.; Christofidou-Solomidou, M.; Speicher, D. W.; Bachovchin, W. W.; Feghali-Bostwick, C.; 

Puré, E. Fibroblast activation protein (FAP) accelerates collagen degradation and clearance from 

lungs in mice. J. Biol. Chem. 2016, 291, 8070-8089.  

 

48. Sobel, K.; Menyhart, K.; Killer, N.; Renault, B.; Bauer, Y.; Studer, R.; Steiner, B.; Bolli, M. 

H.; Nayler, O.; Gatfield, J. Sphingosine-1-phosphate (S1P) receptor agonists mediate pro-fibrotic 

response in normal human lung fibroblasts via S1P2 and S1P3 receptors and Smad-independent 

mechanisms. J. Biol. Chem. 2013, 288, 14839-14851. 

 

49. Tager, A. M.; LaCamera, P.; Shea, B. S.; Campanella, G. S.; Selman, M.; Zhao, Z.; 

Polosukhin, V.; Wain, J.; Karimi-Shah, B. A.; Kim, N. D.; Hart, W. K.; Pardo, A.; Blackwell, T. S.; 

Xu, Y.; Chun, J.; Luster, A. D. The lysophosphatidic acid receptor LPA1 links pulmonary fibrosis to 

lung injury by mediating fibroblast recruitment and vascular leak. Nat. Med. 2008, 14, 45-54.  

 

50. Qian, Y.; Hamilton, M.; Sidduri, A.; Gabriel S.; Ren, Y.; Peng, R.; Kondru, R.; Narayanan, 

A.; Truitt, T.; Hamid, R.; Chen, Y.; Zhang, L.; Fretland, A. J.; Alvarez Sanchez, R.; Chang, K. C.; 

Lucas, M.; Schoenfeld, R. C.; Laine, D.; Fuentes, M. E.; Stevenson, C. S.; Budd D. C. Discovery of 

highly selective and orally active lysophosphatidic acid receptor-1 antagonists with potent activity on 

http://www.sciencedirect.com/science/article/pii/S0024320515002817
http://www.sciencedirect.com/science/article/pii/S0024320515002817
http://www.sciencedirect.com/science/article/pii/S0024320515002817
http://www.jbc.org/content/291/15/8070.short
http://www.jbc.org/content/291/15/8070.short
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tager%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=LaCamera%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shea%20BS%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Campanella%20GS%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Selman%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Polosukhin%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wain%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Karimi-Shah%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20ND%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hart%20WK%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pardo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Blackwell%20TS%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chun%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/?term=Luster%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=18066075
https://www.ncbi.nlm.nih.gov/pubmed/18066075


68 
 

human lung fibroblasts. J. Med. Chem., 2012, 55, 7920–7939. 

 

51. Raghu, G.; Richeidi, L. Current approaches to the management of idiopathic pulmonary 

fibrosis. Resp. Med. 2017, 129, 24-30. 

 

52. Duffield, J. S. Cellular and molecular mechanisms in kidney fibrosis. J. Clin. Invest. 2014, 

124, 2299–2306. 

 

53. Friedman, S. L.; Sheppard, D.; Duffield, J. S.; Violette, S. Therapy for fibrotic diseases: 

nearing the starting line.Sci. Transl. Med. 2013, 5, 167sr1. 

 

54. Chen, J.; Chen, J. K.; Nagai, K.; Plieth, D.; Tan, M.; Lee, T. C.; Threadgill, D. W.; Neilson, 

E. G.; Harris, R. C. EGFR signaling promotes TGFβ-dependent renal fibrosis. J. Am. Soc. Nephrol. 

2012, 23, 215-224. 

 

55. Chen, X.; Zhouhua, W.; Jie, Z.; Xinlu, F.; Jinqiang, L.; Yuwen, Q.; Zhiying, H. Renal 

interstitial fibrosis induced by high doses mesoporous silica nanoparticles via the NF-κB signaling 

pathway. Int. J. Nanomed. 2015, 10, 1-22. 

 

56. Lovisa, S.;   LeBleu, V. S.; Tampe, B.; Sugimoto, H.;  Vadnagara, K.; Carstens, J. L.;  Wu, C. 

C.;  Hagos, Y.;  Burckhardt, B. C.;  Pentcheva–Hoang, T.; Nischal, H.; Allison, J. P.;  Zeisberg, M.; 

Kalluri, R. Epithelial to mesenchymal transition induces cell cycle arrest and parenchymal damage in 

renal fibrosis. Nat. Med. 2015, 21, 998-1009. 

 

57. Eddy, A. A. Overview of the cellular and molecular basis of kidney fibrosis. Kidney Int. Supp.l 

2014, 4: 2-8. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=LeBleu%20VS%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tampe%20B%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sugimoto%20H%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vadnagara%20K%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carstens%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wu%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hagos%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Burckhardt%20BC%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pentcheva%26%23x02013%3BHoang%20T%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Nischal%20H%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Allison%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zeisberg%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26236991
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kalluri%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26236991


69 
 

58. He, J.; Xu, Y.; Koya, D.; Kanasaki, K. Role of the endothelial-to-mesenchymal transition in 

renal fibrosis of chronic kidney disease. Clin. Exp. Nephrol. 2013, 17, 488–497. 

 

59. Grande, T. M.; Sánchez-Laorden, B.; López-Blau, C.; De Frutos, C. A.; Boutet, A.; Arévalo 

M.; Grant Rowe R.; Weiss, S. J.; López-Novoa, J. M.; Nieto, M. A. Snail1-induced partial epithelial-to-

mesenchymal transition drives renal fibrosis in mice and can be targeted to reverse established disease. Nat. 

Med. 2015, 21, 989–997. 

 

60. Ovadya, Y.; Krizhanovsky, V, A new Twist in kidney fibrosis. Nat. Med. 2015, 21, 975-977.  

 

61. Koch, A.; Völzke, A.; Wünsche, C.; Meyer zu Heringdorf, D.; Huwiler, A.; Pfeilschifter, J. 

Thiazolidinedione-dependent activation of sphingosine kinase 1 causes an anti‐fibrotic effect in renal 

mesangial cells. Br. J. Pharmacol. 2012, 166, 1018-1032. 

 

62. Sun, L.; Yuan, Q.; Xu, T.; Yao, L.; Feng, J.; Ma, J.; Wang, L.; Lu, C.; Wang, D. Pioglitazone 

improves mitochondrial function in the remnant kidney and protects against renal fibrosis in 5/6 

nephrectomized rats. Front. Pharm. 2017, 8, 545. 

 

63. Lee, S. Y.; Kim, S. I.; Choi, M. E. Therapeutic targets for treating fibrotic kidney diseases. 

Translat. Res. 2015, 165, 512-530. 

 

64. Liu, N.; Guo, J. K.; Pang, M.; Tolbert, E.; Ponnusamy, M.; Gong, R.; Bayliss, G.; Dworkin, 

L. D.; Yan, H.; Zhuang, S. Genetic and pharmacologic blockade of EGFR inhibits renal fibrosis. J. 

Am. Soc. Nephrol. 2012, 23, 854-867. 

 

65. Walton, K. L.; Johnson, K. E.; Harrison, C. A. Targeting TGF-β mediated SMAD signaling 

for the prevention of fibrosis. Front. Pharm. 2017, 8, 461. 

http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-2
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-3
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-4
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-5
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-6
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-7
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-8
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-9
http://www.nature.com/nm/journal/v21/n9/abs/nm.3901.html#auth-10
http://onlinelibrary.wiley.com/doi/10.1111/j.1476-5381.2012.01824.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1476-5381.2012.01824.x/full
http://www.frontiersin.org/people/u/435064


70 
 

 

66. Sugimoto, H.; LeBleu, V. S.; Bosukonda, D.; Keck, P.; Taduri, G.; Bechtel, W.; Okada, H.;  

Carlson, W.; Bey, P.; Rusckowski, M.; Tampe, B.; Tampe, D.; Kanasaki, K.; Zeisberg, M.; Kalluri, 

P.  Activin-like kinase 3 is important for kidney regeneration and reversal of fibrosis. Nature Med. 

2012, 18, 396–404. 

 

67. Gilbert R. E.; Zhang, Y.; Williams, S. J. A purpose-synthesised anti-fibrotic agent attenuates 

experimental kidney diseases in the rat. PLoS One. 2012; 7, e47160.  

 

68. Zhou, D.; Liu, Y. Renal fibrosis in 2015: Understanding the mechanisms of kidney fibrosis. 

Nature Rev., Nephr. 2016, 12, 68–70. 

 

69. Huang, C.; Shen, S.; Ma, Q.; Gill, A.; Pollock, C. A.; Chen, X. M. KCa3.1 mediates activation 

of fibroblasts in diabetic renal interstitial fibrosis. Nephrol. Dial. Transplant. 2014, 29, 313-324. 

 

70. Yan, J.; Zhang, Z.; Yang, J.; Mitch, W. E.; Wang, Y. JAK3/STAT6 stimulates bone-marrow-

derived fibroblast activation in renal fibrosis. J. Am. Soc. Nephrol. 2015, 26, 3060-3071. 

 

71. de Zeeuw D.; Bekker P.; Henkel E.; Hasslacher C.; Gouni-Berthold I.; Mehling H.; Potarca 

A.; Tesar V.; Heerspink, H. J.; Schall, T. J.; CCX140-B Diabetic Nephropathy Study Group. The 

effect of CCR2 inhibitor CCX140-B on residual albuminuria in patients with type 2 diabetes and 

nephropathy: a randomised trial. Lancet Diabetes Endocrinol. 2015;3, 687-696.  

 

72. Juillerat-Jeanneret, L. Dipeptidyl peptidase IV and its inhibitors: therapeutics for type 2 

diabetes and what else? J. Med. Chem. 2014, 57, 2197-2212. 

 

73. Kanasaki, K.; Shi, S.; Kanasaki, M.; He, J.; Nagai, T.; Nakamura, Y.; Ishigaki, Y.; Kitada, 

http://www.nature.com/articles/nm.2629#auth-1
http://www.nature.com/articles/nm.2629#auth-2
http://www.nature.com/articles/nm.2629#auth-3
http://www.nature.com/articles/nm.2629#auth-4
http://www.nature.com/articles/nm.2629#auth-5
http://www.nature.com/articles/nm.2629#auth-6
http://www.nature.com/articles/nm.2629#auth-7
http://www.nature.com/articles/nm.2629#auth-8
http://www.nature.com/articles/nm.2629#auth-8
http://www.nature.com/articles/nm.2629#auth-9
http://www.nature.com/articles/nm.2629#auth-10
http://www.nature.com/articles/nm.2629#auth-11
http://www.nature.com/articles/nm.2629#auth-12
http://www.nature.com/articles/nm.2629#auth-13
http://www.nature.com/articles/nm.2629#auth-14
http://www.nature.com/articles/nm.2629#auth-15
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gilbert%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=23071743
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23071743
https://www.ncbi.nlm.nih.gov/pubmed/?term=Williams%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=23071743
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3468513/
http://www.nature.com/nrneph/journal/v12/n2/fig_tab/nrneph.2015.215_F1.html#auth-1
http://www.nature.com/nrneph/journal/v12/n2/fig_tab/nrneph.2015.215_F1.html#auth-2
http://www.nature.com/nrneph/journal/v12/n2/full/nrneph.2015.215.html
https://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Zeeuw%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bekker%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Henkel%20E%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hasslacher%20C%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gouni-Berthold%20I%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mehling%20H%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Potarca%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Potarca%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tesar%20V%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heerspink%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schall%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=26268910
https://www.ncbi.nlm.nih.gov/pubmed/?term=CCX140-B%20Diabetic%20Nephropathy%20Study%20Group%5BCorporate%20Author%5D
https://www.ncbi.nlm.nih.gov/pubmed/26268910


71 
 

M.; Srivastava, S. P.; Kanasaki, K.; Nagai, T.; Nitta, K.; Kitada, M.; Koya, D. N-acetyl-seryl-aspartyl-

lysyl-proline: a valuable endogenous anti-fibrotic peptide for combating kidney fibrosis in diabetes. 

Front. Pharm. 2014, 5, 70. 

 

74. Boutet, A.; De Frutos, C. A.; Maxwell, P. H.; Mayol, M. J.; Romero, J.; Nieto, M. A. Snail 

activation disrupts tissue homeostasis and induces fibrosis in the adult kidney. EMBO J. 2006, 25, 

5603–5613. 

 

75. Ma, Z.; Zhu, L.; Liu, Y.; Wang, Z.; Yang, Y.; Chen, L.; Lu, Q. Lovastatin alleviates 

endothelial-to-mesenchymal transition in glomeruli via suppression of oxidative stress and TGF-β1 

signaling. Front. Pharm. 2017, 8, 473. 

 

76. Scheele, W.; Diamond, S.; Gale, J.; Clerin, V.; Tamimi, N.; Le, V.; Walley, R.; Grover-Páez, 

F.; Perros-Huguet, C.; Rolph, T.; El Nahas, M. Phosphodiesterase type 5 inhibition reduces 

albuminuria in subjects with overt diabetic nephropathy. J. Am. Soc. Nephrol. 2016, 27, 3459-3468. 

 

77. Thannickal, V. J.; Zhou, Y.; Gaggar, A.; Duncan, S. R. Fibrosis: ultimate and proximate 

causes. J. Clin. Invest. 2015, 124, 4673-4677. 

 

78. Ranghino, A.; Bruno, S.; Bussolati, B.; Moggio, A.; Dimuccio, V.; Tapparo, M.; Biancone, 

L.; Gontero, P.; Frea, B.; Camussi, G. The effects of glomerular and tubular renal progenitors and 

derived extracellular vesicles on recovery from acute kidney injury. Stem Cell Res. Ther. 2017, 8, 24. 

 

79. Weber, K. T.; Sun, Y.; Bhattacharya, S. K.; Ahokas, R. A.; Gerling, I. C. Myofibroblast-

mediated mechanisms of pathological remodeling of the heart.  Nauret Rev., Cardiol. 2013, 10, 15-

26. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=De%20Frutos%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=17093497
https://www.ncbi.nlm.nih.gov/pubmed/?term=Maxwell%20PH%5BAuthor%5D&cauthor=true&cauthor_uid=17093497
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mayol%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=17093497
https://www.ncbi.nlm.nih.gov/pubmed/?term=Romero%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17093497


72 
 

80. Tillmanns, J.; Hoffmann, D.; Habbaba, Y.; Schmitto, J. D.; Sedding, D.; Fraccarollo, D.; 

Galuppo, P.; Bauersachs, J. Fibroblast activation protein alpha expression identifies activated 

fibroblasts after myocardiac infarction. J. Mol. Cell. Cardiol. 2015, 87, 194-203. 

 

81. Lim, S.; Choi, S. H.; Shin, H.; Cho, B. J.; Park, H. S.; Ahn, B. Y.; Kang, S. M.; Yoon, J. W.; 

Jang, H. C.; Kim, Y. B.; Park, K. S. Effect of a dipeptidyl peptidase-IV inhibitor, des-fluoro-

sitagliptin, on neointimal formation after balloon injury in rats. PLoS ONE 2012, 7, e35007.  

 

82. Fang, L.; Murphy, A. J.; Dar, A. M. A clinical perspective of anti-fibrotic therapies for 

cardiovascular diseases. Front. Pharm. 2017, 8,186. 

 

83. Brokopp, C. E.; Schoenenauer, R.; Richards, P.; Bauer, S.; Lohmann, C.; Emmert, M. Y.; 

Webwe, B.; Winnink, S.; Aikawa, E.; Graves, K.; Genoni, M.; Vogt, P.; Matter, C. M. Fibroblasts 

activation protein is induced by inflammation and degrades type I collagen in thin-cap 

fibroatheromata. Eur. Heart J, 2011, 32, 2713-2722. 

 

84. Chu, P. Y.; Walder, K.; Horlock, D.; Williams, D.; Nelson, E.; Byrne, M.; Jandeleit-Dahm, 

K.; Zimmet, P.; Kaye, D. M. CXCR4 antagonism attenuates the development of diabetic cardiac 

fibrosis. PloS One 2015, 10, e0133616. 

 

85. Kumar, R.; Juillerat-Jeanneret, L.; Golshayan, D. Notch antagonists: potential modulators of 

cancer and inflammatory diseases. J. Med. Chem. 2016, 59, 7719-7737. 

 

86. Nistri, S.; Sassoli, C.; Ban, D. Notch signaling in ischemic damage and fibrosis: evidence and 

clues from the heart. Front. Pharm. 2017, 8, 187. 

 

87. Zhou, X.; Chen, X.; Cai, J. J.; Chen, L. Z.; Gong, Y. S.; Wang, L. X.; Gao, Z.; Zhang, H. Q.; 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ahn%20BY%5BAuthor%5D&cauthor=true&cauthor_uid=22493727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kang%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=22493727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yoon%20JW%5BAuthor%5D&cauthor=true&cauthor_uid=22493727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jang%20HC%5BAuthor%5D&cauthor=true&cauthor_uid=22493727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20YB%5BAuthor%5D&cauthor=true&cauthor_uid=22493727
https://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=22493727


73 
 

Huang, W. J.; Zhou, H. Relaxin inhibits cardiac fibrosis and endothelial-mesenchymal transition via 

the Notch pathway. Drug Des. Dev. Ther. 2015, 9, 4599-4611. 

 

88. Vecchio, E. A.; White, P. J.; May, L. T. Targeting adenosine receptors for the treatment of 

cardiac fibrosis. Front. Pharm. 2017, 8, 43. 

 

89. Dulauroy, S.; Di Carlo, S. E.; Langa, F.; Eberl, G.; Peduto, L. Lineage tracing and genetic 

ablation of ADAM12+ perivascular cells identify a major source of profibrotic cells during acute 

tissue injury. Nat. Med. 2012, 18, 1262-1270. 

 

90. Gentile, D.; Lazzerini, P. E.; Gamberucci, A.; Natale, M.; Selvi, E.; Vanni, F.; Alì, A.; 

Taddeucci, P.; Del-Ry, S.; Cabiati, M.; Della-Latta, V.; Abraham, D. J.; Morales, M. A.; Fulceri, R.; 

Laghi-Pasini, F.; Capecchi, P. L. Searching novel therapeutic targets for scleroderma: P2X7-receptor 

is up-regulated and promotes a fibrogenic phenotype in systemic sclerosis fibroblasts. Front. Pharm. 

2017, 8, 638. 

 

91. Leask, A. Towards an anti-fibrotic therapy for scleroderma: targeting myofibroblast 

differentiation and recruitment. Fibrogen. Tissue Rep. 2010, 3, 8. 

 

92. Bergman, C.; Distler, J. H. W. Canonical Wnt signaling in systemic sclerosis. Lab. Invest. 

2016, 96, 151-155. 

 

93. Hamdan, S.; Pastar, I.; Drakulich, S.; Dikici, E.; Tomic-Canic, M.; Deo, S.; Daunert, S. 

Nanotechnology-driven therapeutic interventions in wound healing: potential uses and applications. 

ACS Cent. Sci. 2017, 3, 163−175. 

 

94. Gajanayake, T.; Olariu, R.; Leclère, F. M.; Dhayani, A.; Yang, Z.; Bongoni, A. K.; Banz, Y.; 



74 
 

Constantinescu, M. A.; Karp, J. M.; Kumar Vemula, P.; Rieben, R.; Vögelin, E. A single localized 

dose of enzyme-responsive hydrogel improves long-term survival of a vascularized composite 

allograft. Sci. Trans. Med. 2014; 6, 49ra110. 

 

95. Abe, T.; Yazawa, K.; Fujino, M.; Imamura, R.; Hatayama, N.; Kakuta, Y.; Tsutahara, K.; 

Okumi, M.; Ichimaru, N.; Kaimori, J. Y.; Isaka, Y.; Seki, K.; Takahara, S.; Li, X. K.; Nonomura, N. 

High-pressure carbon monoxide preserves rat kidney grafts from apoptosis and inflammation. Lab. 

Invest. 2017, 97, 468-477. 

 

96. Ahmed, N.; Linardi, D.; Muhammad, N.; Chiamulera, C.; Fumagalli, G.; San Biagio, L.; 

Gebrie, M. A.; Asiam, M.; Luciani, G. B.; Faggian, G.; Rungarscher, A. Sphingosine-1-phosphate 

receptor modulator fingolimod (FTY720) attenuates myocardial fibrosis in post-heterotropic heart 

transplantation. Front. Pharm. 2017, 8. 645. 

 

97. Cernoch, M.; Viklicky, O. Complement in kidney transplantation. Front. Med. 2017, 4, 66. 

 

98. Gueler, I.; Mueller, S.; Helmschrott, M.; Oeing, C. U.; Erbel, C.; Frankenstein, L.; Gleissner, 

C.; Ruhparwar, A.; Ehlermann, P.; Dengler, T. J.; Katus, H. A.; Doesch, A. O. Effects of vildagliptin 

(GalvusR) therapy in patients with type 2 diabetes mellitus after heart transplantation. Drug Des. Dev. 

Ther. 2013, 7, 297. 

 

99. Yamada, Y.; Jang, J. H.; De Meester, I.; Baertz, L.; Vliegen, G.; Inci, I.; Yoshino, I.; Wedwe, 

W.; Jungraithmayr, W. CD26 costimulation blockade improves lung allograft rejection and is 

associated with enhanced interleukin-10 expression. J. Heart Lung Transl. 2015, 35, 508-517. 

 

100. Li, X.; Zhuang, S. Recent advances in renal interstitial fibrosis and tubular atrophy after 

kidney transplantation. Fibrogen. Tissue Repair 2014, 7, 15. 



75 
 

 

101. Lim, R.; Hodge, A.; Moore, G.; Wallace, E. M.; Sievert, W. A pilot study evaluating the safety 

of intravenously administrated human amnion epithelial cells for the treatment of hepatic fibrosis. 

Front. Pharm. 2017, 8, 549. 

 

102. Lim, R.; Ricardo, S. D.; Sievert, W. Cell-based therapies for tissue fibrosis. Front. Pharm. 

2017, 8, 633. 

 

103. Russell, A. J. Regenerative medicinal chemistry: the in situ control of stem cells. ACS Med. 

Chem. 2013, 4, 365-368. 

 

104.  Tang, L.; Thevenot, P.; Hu, W. Surface chemistry influences implant biocompatibility. Curr. 

Topics Med. Chem. 2008, 8, 270-280. 

 

105.  Nerem, R. M.; Sambanis, A. Tissue engineering: from biology to biological substitutes. 

Tissue Engin. 2007, 1, 3-13. 

 

106. Sadtler, K.; Estrellas, K.; Allen, B. W.; Wolf, M. T.; Fan, H.; Tam, A. J.; Patel, C. H.; Luber, 

B.; Wang, H.; Wagner, K. R.; Powell, J. D.; Housseau, F.; Pardoll, D. M.; Elisseeff, J. H. Developing 

a pro-regenerative biomaterial scaffold microenvironment requires T helper 2 cells. Science 2016, 

352, 366-370. 

 

107. Sadtler, K.; Singh, A.; Wolf, M. T.; Wang, X.; Pardoll, D. M.; Eliseeff, J. H. Design, clinical 

translation and immunological response of biomaterials in regenerative medicine. Nat. Rev., 

Materials 2016, 1, 1-17. 

 

108. Eming, S. A.; Krieg, T.; Davidson, J. M. Inflammation in wound repair: molecular and cellular 

http://www.ingentaconnect.com/search;jsessionid=1lbpu6voxnwj.x-ic-live-01?option2=author&value2=Tang,+Liping
http://www.ingentaconnect.com/search;jsessionid=1lbpu6voxnwj.x-ic-live-01?option2=author&value2=Thevenot,+Paul
http://www.ingentaconnect.com/search;jsessionid=1lbpu6voxnwj.x-ic-live-01?option2=author&value2=Hu,+Wenjing
http://www.ingentaconnect.com/content/ben/ctmc;jsessionid=1lbpu6voxnwj.x-ic-live-01
http://www.ingentaconnect.com/content/ben/ctmc;jsessionid=1lbpu6voxnwj.x-ic-live-01
https://www.sciencedirect.com/science/article/pii/S0022202X15332917#!
https://www.sciencedirect.com/science/article/pii/S0022202X15332917#!
https://www.sciencedirect.com/science/article/pii/S0022202X15332917#!


76 
 

mechanisms. J. Invest. Dermatol. 2007, 127, 514-525. 

 

109. Sabra, G.; Vermette, P. Endothelial cell response towards low-fouling surfaces bearing RGD 

in a three-dimensional environment. Exp. Cell. Res. 2011, 317, 1994-2006. 

 

110. Li, S.; Nih, L. R.; Bachman, H.; Fei, P.; Li, Y.; Nam, E.; Dimatteo, R.; Carmichael, S. T.; 

Barker, T. H.; Segura, T. Hydrogels with precisely controlled integrin activation dictate vascular 

patterning and permeability Nat. Mat. 2017, 16, 953-961. 

 

111. Washington, K. S.; Bashur, C. A. Delivery of anti-oxidant and anti-inflammatory agents for 

tissue engineered vascular grafts. Front. Pharm. 2017, 8, 659. 

 

112. Dorrello, N. V.; Guenthart, B. A.; O’Neill, J. D.; Kim, J.; Cunningham, K.; Chen, Y. W.; 

Biscotti, M.; Swayne, T.; Wobma, H. M.; Huang, S. X. L.; Snoeck, H. W.; Bacchetta, M.; Vunjak-

Novakovic, G. Functional vascularized lung grafts for lung bioengineering. Sci. Adv. 2017; 3: 

e1700521 

 

113. Ott, H. C.; Matthiesen, T. S.; Goph, S. K.; Black, L. D.; Kren, S. M.; Netoff, T. I.; Taylor, D. 

A. Perfusion-decellularized matrix: using nature's platform to engineer a bioartificial heart. Nature 

Med. 2008, 14, 213-221. 

 

114.  Vishwakarma, A.; Bhise, N. S.; Evangelista, M. B.; Rouwkema, J.; Dokmeci, M. R.; 

Ghaemmaghami, A. M.; Vrana, N. E.; Khademhosseini, A. Engineering immunomodulatory 

biomaterials to tune the inflammatory response. Trends Biotechnol. 2016, 34, 470-482.  

 

115.  Jung, K. I.; Park, C. K. Pirfenidone inhibits fibrosis in foreign body reaction after glaucoma 

drainage device. Drug Des. Dev. Ther. 2016, 10, 1477-1488. 

https://www.sciencedirect.com/science/journal/0022202X
http://adsabs.harvard.edu/cgi-bin/author_form?author=Nih,+L&fullauthor=Nih,%20Lina%20R.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Bachman,+H&fullauthor=Bachman,%20Haylee&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Fei,+P&fullauthor=Fei,%20Peng&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Li,+Y&fullauthor=Li,%20Yilei&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Nam,+E&fullauthor=Nam,%20Eunwoo&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Dimatteo,+R&fullauthor=Dimatteo,%20Robert&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Carmichael,+S&fullauthor=Carmichael,%20S.%20Thomas&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Barker,+T&fullauthor=Barker,%20Thomas%20H.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Segura,+T&fullauthor=Segura,%20Tatiana&charset=UTF-8&db_key=PHY
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vishwakarma%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhise%20NS%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Evangelista%20MB%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rouwkema%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dokmeci%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ghaemmaghami%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vrana%20NE%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/?term=Khademhosseini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27138899
https://www.ncbi.nlm.nih.gov/pubmed/27138899


77 
 

 

116. Tlsty, T. D.; Coussens, L. M. Tumor stroma and regulation of cancer development. Ann. Rev. 

Pathol. Mech. Dis. 2006, 1, 119-150. 

 

117. Orimoto, A.; Weinberg, R. A. Stromal fibroblasts in cancer. A novel tumor-promoting cell 

type. Cell Cycle 2006, 5, 1597-1601. 

 

118. Yamauchi, M.; Barker, T. H.; Gibbons, D. L.; Kurie, J. M. The fibrotic tumor stroma. J. Clin. 

Invest. 2018, 128, 16-25. 

 

119. Augsten, M. Cancer-associated fibroblasts as another polarized cell type of the tumor 

microenvironment. Front. Oncol. 2014, 4, 62. 

 

120. Chen, Y.; Terajima, M.; Banerjee, P.; Guo, H.; Liu, X.; Yu J.; Yamauchi, M.; Kurie ,J. 

MFKBP65-dependent peptidyl-prolyl isomerase activity potentiates the lysyl hydroxylase 2-driven 

collagen cross-link switch.  Sci. Rep. 2017, 7, 46021. 

 

121. Tommelein, J.; Verset, L.; Boterberg, T.; Demetter, P.; Bracke, M.; De Wever, O. Cancer-

associated fibroblasts connect metastasis-promoting communication in colorectal cancer. Front. 

Oncol. 2015, 5, 63. 

 

122. Scherz-Shouval, R.; Santagata, S.; Mendillo, M. L.; Sholl, L. M.; Ben-Aharon, I.; Beck, A. 

H.; Dias-Santagata, D.; Koeva, M.; Stemmer, S. M.; Whitesell, L.; Lindquist, S. The reprogramming 

of tumor stroma by HSF1 is a potent enabler of malignancy. Cell 2014, 158, 564-578. 

 

123. Chen, W. J.; Ho, C. C.; Chang, Y. L.; Chen, H. Y.; Lin, C. A.; Ling, T. Y.; Yu, S. L.; Yuan, 

S. S.; Chen, Y. J. L.; Lin, C. Y.; Pan, S. H.; Chou, H. Y. E.; Chen, Y. J.; Chang, G. C.; Chu, W. C.; 

https://oweb.chuv.ch/owa/redir.aspx?C=h9XryAtd1MzwgHOQlX6ZPyIYW_VLHJRhjZny29u9-cz6SiOoOlTVCA..&URL=http%3a%2f%2fnotices.jci.org%2flink%2f48434%2f264d882fb205e66dbfd3
https://www.ncbi.nlm.nih.gov/pubmed/?term=Terajima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Banerjee%20P%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guo%20H%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamauchi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kurie%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=28378777
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kurie%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=28378777


78 
 

Lee, Y. M.; Lee, J. Y.; Lee, P. J.; Li, K. C.; Chen, H. W.; Yang, P. C. Cancer-associated fibroblasts 

regulate the plasticity of lung cancer stemness via paracrine signaling. Nature Comm. 2014, 5, 3472. 

 

124.  Juillerat-Jeanneret, L.; Tafelmeyer, P.; Golshayan, D. Fibroblast activation protein-α in 

fibrogenic disorders and cancer: more than a prolyl-specific peptidase? Exp. Opin. Ther. Targets, 

2017, 21, 977-991. 

 

125. Ota, D.; Kanayama, M.; Matsui, Y.; Ito, K.; Maeda, N.; Kutomi, G.; Hirata, K.; Torigoe, 

T.; Sato, N.; Takaoka, A.; Chambers, A. F.; Morimoto, J.; Uede, T. Tumor-α9β1 integrin-mediated 

signaling induces breast cancer growth and lymphatic metastasis via the recruitment of cancer-

associated fibroblasts. J. Mol. Med. 2014, 92, 1271-1281. 

 

126. Lee, H. O.; Mullins, S. R.; Franco-Barraza, J.; Valianou, M.; Cukierman, E.; Cheng, J. D. 

FAP-overexpressing fibroblasts produce an extracellular matrix that enhances invasive velocity and 

directionality of pancreatic cancer cells. BMC Cancer 2011, 11, 245. 

 

127. Pyne, N. J.; Pyne, S. Sphingosine kinas 1 enables communication between melanoma cells 

and fibroblasts that provides a new link to metastasis. Oncogene 2014, 33, 3361-3363. 

 

128. Wang, J.; Chen, J., Guo, Y.; Wang, B.; Chu, H. Strategies targeting angiogenesis in advanced 

non-small cell lung cancer. Oncotarget 2017, 8, 53854-53872. 

 

129. Meng, X. M.; Nikolic-Paterson, D. J.; Lan, H. Y. TGFbeta: the master regulator of fibrosis. 

Nat. Rev. Nephrol. 2016, 12, 325–338. 

 

130. Yue, Y.; Meng, K.; Pu, Y.; Zhang, X. Transforming growth factor beta (TGF-beta) mediates 

cardiac fibrosis and induces diabetic cardiomyopathy. Diabetes Res. Clin. Pract.2017, 133, 124–130.  



79 
 

 

131. Shihata, W. A.; Putra, M. R. A.; Chin-Dusting, J. P. F. Is there a potential therapeutic role for 

caveolin-1 in fibrosis? Front. Pharm. 2017, 8, 587. 

 

132. Wang, Y.; Del Borgo, M.; Lee, H. W.; Baraldi, D.; Hirmiz, B.; Gaspari, T. A.; Denton, K. M.; 

Aguilar, M. I.; Samuel, C. S.; Widdop, R. E. Anti-fibrotic potential of AT2 receptor agonists. Front. 

Pharm. 2017, 8, 564. 

 

133. Alhomrani, M.; Correia, J.; Zavou, M., Leaw, B.; Kuk, N.; Xu, R.; Saad, M. I., Hodge, A.; 

Greening, D. W.; Lim, R.; Sievert, W. The human amnion epithelial cell secretome decreases hepatic 

fibrosis in mice with chronic liver ibrosis. Front. Pharm. 2017, 8, 748. 

 

134. Nanthakumar, C. B.; Hatley, R. J. D.; Lemma, S.; Gauldie, J.; Marshall, R. P.; Macdonald, S. 

J. F. Dissecting fibrosis: therapeutic insights from the small-molecule toolbox. Nat. Rev., Drug Disc. 

2015, 14, 693-720. 

 

135. Mora, A. L.; Rojas, M.; Pardo, A.; Selman, M.  Emerging therapies for idiopathic pulmonary 

fibrosis, a progressive age-related disease. Nat. Rev., Drug Dis.c 2017, 16, 755-772.  

  

136. Varone, F.; Montemurro, G.; Macagno, F.; Calvello, M.; Conte, E.; Intini, E.; Iovene, B.; 

Leone, P. M.; Mari, P. V.; Richeldi, L. Investigational drugs for idiopathic pulmonary fibrosis. Exp. 

Opin. Invest. Drugs 2017, 26, 1019-1031. 

 

137. Raghu, G. Pharmacotherapy for idiopathic pulmonary fibrosis: current landscape and future 

potential Eur. Resp. Rev. 2017, 26, 170071. 

 

138. Hewitson, T. D.; Kelynack, K. J.; Tait, M. G.; Martic, M.; Jones, C. L.; Margolin, S. B.; 

http://www.frontiersin.org/people/u/366261
http://www.frontiersin.org/people/u/363742
http://www.frontiersin.org/people/u/422792
http://www.frontiersin.org/people/u/437429
http://www.frontiersin.org/people/u/423426
http://www.frontiersin.org/people/u/377518
http://www.frontiersin.org/people/u/437207
http://www.frontiersin.org/people/u/457074
http://www.frontiersin.org/people/u/242065
http://www.frontiersin.org/people/u/210126
http://www.frontiersin.org/people/u/210126
http://www.frontiersin.org/people/u/311995
http://www.frontiersin.org/people/u/422723


80 
 

Becker, G. J. Pirfenidone reduces in vitro rat renal fibroblast activation and mitogenesis. J. Nephrol. 

2001, 14, 453–460. 

 

139. Grattendick, K. J.; Nakashima, J. M.; Feng, L.; Giri, S. N.; Margolin, S. B. Effects of three 

anti-TNF-alpha drugs: etanercept, infliximab and pirfenidone on release of TNF-alpha in medium 

and TNF-alpha associated with the cell in vitro. Int. Immunopharmacol. 2008, 8, 679–687.  

 

140. Shimizu, T.; Kuroda, T.; Hata, S.; Fukagawa, M.; Margolin, S. B.; Kurokawa, K. Pirfenidone 

improves renal function and fibrosis in the post-obstructed kidney. Kidney Int. 1998, 54, 99–109. 

 

141. Noble, P. W.; Albera, C.; Bradford, W. Z.; Costabel, U.; Glassberg, M. K.; Kardatzke, D.; 

King, T. E.; Lancaster, L.; Sahn, S. A.; Szwarcberg, J.; Valeyre, D.; du Bois, R. M. Pirfenidone in 

patients with idiopathic pulmonary fibrosis (CAPACITY): two randomised trials. Lancet 2011, 377, 

1760–1769. 

 

142. Ohshio, Y.; Hanaoka, J.; Kontani, K.; Teramoto, K. Tranilast inhibits the function of cancer-

associated fibroblasts responsible for the induction of immune suppressor cell types. Scand. J. 

Immunol. 2014, 80, 408-416. 

 

143. Holmes, D. R.; Savage, M.; LaBlanche, J. M.; Grip, L.; Serruys, P. W.; Fitzgerald, P.; 

Fischman, D.; Goldberg, S.; Brinker, J. A.; Zeiher, A. M.; Shapiro, L, M.; Willerson, J.;. Davis, B. 

R.; Ferguson, J. J.; Popma, J.; King, S. B.; Lincoff, A. M.; Tcheng, J. E.; Chan, R.; Granett, J. R.; 

Poland, M. Results of Prevention of REStenosis with Tranilast and its Outcomes (PRESTO) trial. 

Circulation 2002, 106, 1243–1250.  

 

144. Field, S. K. Roflumilast: an oral, once-daily selective PDE-4 inhibitor for the management of 

COPD and asthma. Exp. Op. Invest. Drugs 2008, 17, 811–818.  

https://en.wikipedia.org/wiki/Expert_Opinion_on_Investigational_Drugs


81 
 

 

145. Li J.; Li L, Yin Q, Tang X, Bai L, Zhang J, Gou S, Zhu H, Cheng J, Fu P, Liu F. C3a receptor 

antagonist ameliorates inflammatory and fibrotic signals in type 2 diabetic nephropathy by 

suppressing the activation of TGF-β/smad3 and IKBα pathway. PLoS One 2014, 25, 9, e113639. 

 

146. Giannetta, E.; Isidori, A. M.; Galea, N.; Carbone, I.; Mandosi, E.; Vizza, C. D.; Naro, F.; 

Morano, S.; Fedele, F.; Lenzi, A. Chronic Inhibition of cGMP phosphodiesterase 5A improves 

diabetic cardiomyopathy: a randomized, controlled clinical trial using magnetic resonance imaging 

with myocardial tagging. Circulation 2012, 125, 2323–2333.  

 

147. Samuel, C. S.; Bodaragama, H.; Chew, J. Y.; Widdop, R. E.; Royce, S. G.; Hewitson, T. D. 

Serelaxin is a more efficacious antifibrotic than enalapril in an experimental model of heart disease. 

Hypertension 2014, 64, 315–322.  

 

148. Lekgabe, E. D.; Kiriazis, H.; Zhao, C.; Xu, Q.; Moore, X. L.; Su, Y.; Bathgate, R. A. D.; Du, 

X. J.; Samuel, C. S. Relaxin reverses cardiac and renal fibrosis in spontaneously hypertensive rats. 

Hypertension 2005, 46, 412–418.  

 

149. Henry, B. L.; Gabris, B.; Li, Q.; Martin, B.; Giannini, M.; Parikh, A.;  Patel, D.; Haney, J.;. 

Schwartzman, D. S.;  Shroff, S. G.;  Salama, G. Relaxin suppresses atrial fibrillation in aged rats by 

reversing fibrosis and upregulating Na+ channels. Heart Rhythm 2016, 13, 983–991.  

 

150. Xu, Q.; Lekgabe, E. D.; Gao, X. M.; Ming, Z.; Tregear, G. W.; Dart, A. M.; Bathgate, R. A. 

D.;  Samuel, C. S.; Du, X. J. Endogenous relaxin does not affect chronic pressure overload-induced 

cardiac hypertrophy and fibrosis. Endocrinology 2008,149, 476–482.  

 

151. Westermann, D.; Rutschow, S.; Van Linthout, S.; Linderer, A.; Bücker-Gärtner, C.; Sobirey, 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:;
javascript:;
javascript:;


82 
 

M.; Riad, A.; Pauschinger, M.; Schultheiss, H. P.; Tschöpe, G. Inhibition of p38 mitogen-activated 

protein kinase attenuates left ventricular dysfunction by mediating pro-inflammatory cardiac cytokine 

levels in a mouse model of diabetes mellitus. Diabetologia 2006, 49, 2507–2513.  

 

152. Mann, D. L.; McMurray, J. J.; Packer, M.; Swedberg, K.; Borer, J. S.; Colucci, W. S.; Djian, 

J.; Drexler, H.; Feldman, A.; Kober, L.; Krum, H.; Liu, P.; Nieminen, M.; Tavazzi, L.; van 

Veldhuisen, D. J.; Waldenstrom, A.; Warren, M.; Westheim, A.; Zannad, F.; Fleming T. Targeted 

anticytokine therapy in patients with chronic heart failure: results of the Randomized Etanercept 

Worldwide Evaluation (RENEWAL). Circulation 2004, 109, 1594–1602.  

 

153. Chung, E. S.; Packer, M.; Lo, K. H.; Fasanmade, A. A.; Willerson, J. T.; and the anti-TNF 

therapy against congestive heart failure investigators. Randomized, double-blind, placebo-controlled, 

pilot trial of infliximab, a chimeric monoclonal antibody to tumor necrosis factor-alpha, in patients 

with moderate-to-severe heart failure: results of the anti-TNF therapy against congestive heart failure 

(ATTACH) trial. Circulation 2003, 107, 3133–3140.  

 

154. Chang, S. A.; Kim, Y. J.; Lee, H. W.; Kim, D. H.; Kim, H. K.; Chang, H. J.; Sohn, D. W.; Oh, 

B. H.; Park, Y. B. Effect of rosuvastatin on cardiac remodeling, function, and progression to heart 

failure in hypertensive heart with established left ventricular hypertrophy. Hypertension 2009, 54, 

591–597.  

 

155. Kjekshus, J.; Apetrei, E.; Barrios, V.; Böhm, M.; Cleland, J. G.; Cornel, J. H.; Peter 

Dunselman,  P.; Fonseca, C.; Goudev, A.; Grande, P.; Gullestad, L Hjalmarson, A.; Hradec, J.; Jánosi, 

A.; Kamenský, G.; Komajda, M.; Korewicki, J.; Kuusi, T.; Mach, F.; Mareev, V.; McMurray, J. J. 

V.; Ranjith, N.; Schaufelberger, M.; Vanhaecke, J.; van Veldhuisen, D. J.;  Waagstein, F.; Wedel, H.; 

Wikstrand,  J.; for the CORONA Group. Rosuvastatin in older patients with systolic heart failure. 

New Engl. J. Med. 2007, 357, 2248–2261.  



83 
 

 

156. Tavazzi, L.: Maggioni, A. P.; Marchioli, R.; Barlera, S.; Franzosi, M. G.; Latini, R.; Lucci, D.; 

Nicolosi, G. L.; Porcu, M.; Tognoni, G. Effect of rosuvastatin in patients with chronic heart failure 

(the GISSI-HF trial): a randomised, double-blind, placebo-controlled trial. Lancet 2008, 372, 1231–

1239.  

 

157. Krum, H.; Ashton, E.; Reid, C.; Kalff, V.; Rogers, J.; Amarena, J.; Singh, B.; Tonkin, A. 

Double-blind, randomized, placebo-controlled study of high-dose HMG CoA reductase inhibitor 

therapy on ventricular remodeling, pro-inflammatory cytokines and neurohormonal parameters in 

patients with chronic systolic heart failure. J. Cardiac Failure 2007, 13, 1–7.  

 

158. Salomone, S.; Waeber, C. Selectivity and specificity of sphingosine-1-phosphate receptor 

ligands: cavats and critical thinking in characterizing receptor-mediated effects. Front. Pharm. 2011, 

2, 9. 

 

159. Murphy, A. M.; Wong, A. L.; Bezuhly, M. Modulation of angiotensin II signaling in the 

prevention of fibrosis. Fibrogen. Tissue Repair 2015, 8, 7. 

 

160. Alzayadneh, E. M.; Chappell, M. C. Angiotensin-(1-7) abolishes AGE-induced cellular 

hypertrophy and myofibroblasts transformation via inhibition of ERK1/2. Cell Sign. 2014, 26, 3027-

3035. 

 

161. Chauhan, V. P.; Martin, J. D.; Liu, H. ; Lacorre, D. A.; Jain, S. R.; Kozin, S. V.; 

Stylianopoulos, T.; Mousa, A. S.;, Xiaoxing Han, X.; Adstamongkonkul, P.; Popović, Z.; Huang, 

P.; Bawendi, M. G.; Boucher, Y.;  Jain, R. K. Angiotensin inhibition enhances drug delivery and 

potentiates chemotherapy by decompressing tumour blood vessels. Nat. Comm. 2013, 4, 2516 

 

http://www.nature.com/articles/ncomms3516#auth-7
http://www.nature.com/articles/ncomms3516#auth-8
http://www.nature.com/articles/ncomms3516#auth-9
http://www.nature.com/articles/ncomms3516#auth-10
http://www.nature.com/articles/ncomms3516#auth-11
http://www.nature.com/articles/ncomms3516#auth-12
http://www.nature.com/articles/ncomms3516#auth-13
http://www.nature.com/articles/ncomms3516#auth-14
http://www.nature.com/articles/ncomms3516#auth-15


84 
 

162. Clozel, M.; Salloukh, H. Role of endothelin in fibrosis and anti-fibrotic potential of bosentan. 

Ann. Med. 2005, 37, 2–12.  

 

163. Rodriguez-Pascual, F.; Busnadiego, O.; Gonzalez-Santamaria, J. The profibrotic role of 

endothelin-1: is the door still open for the treatment od fibrotic diseases. Life Sci. 2014, 118, 156-164. 

 

164. Yong, V. W.; Zabad, R. K.; Agrawal, S.; Goncalves Dasilva, A.; Metz, L. M. Elevation of 

matrix metalloproteinases (MMPs) in multiple sclerosis and impact of immunomodulators. J. Neurol. 

Sci. 2007, 259, 79-84. 

 

165. Van Lint, P.; Libert, C. Chemokine and cytokine processing by matrix metalloproteinases and 

its effect on leukocyte migration and inflammation. J. Leuk. Biol. 2007, 82, 1375-1381. 

 

166. Kefaloyianni, E.; Muthu, M. L.; Kaeppler, K.; Sun, X.; Sabbisetti, V.; Chalaris, A.; Rose-

John, S.; Wong, E.; Sagi, I.; Waikar, S. S.; Rennke, H.; Humphreys, B. D.; Bonventre, J. V.; Herrlich, 

A. ADAM17 substrate release in proximal tubule drives kidney fibrosis. JCI Insight 2016, 1, e87023. 

 

167. Giannandrea, M.; William, C. Parks, W. C. Diverse functions of matrix metalloproteinases 

during fibrosis. Disease Models Mechanisms 2014, 7, 193-203. 

 

168. Hudson, M. P.; Armstrong, P. W.; Ruzyllo, W.; Brum, J.; Cusmano, L.; Krzeski, P.; Lyon, R.; 

Quinones, M.; Theroux, P.; Sydlowski, D.; E. Kim, H. E.; Garcia, M. J.; Jaber W. A.; Weaver, W. D. 

Effects of selective matrix metalloproteinase inhibitor (PG-116800) to prevent ventricular remodeling 

after myocardial infarction: results of the PREMIER (Prevention of Myocardial Infarction Early 

Remodeling) trial. J. Am. Coll. Cardiol. 2006, 48, 15–20. 

 

169. Migita, K.; Maeda, Y.; Abiru, S.; Nakamura, M.; Komori, A.; Yokoyama, T.; Takii, Y.; Mori, 



85 
 

T.; Yatsuhashi, H.; Eguchi, K.; Ishibashi, H. Immunosuppressant FK506 inhibits matrix 

metalloproteinase-9 induction in TNF-α-stimulated human hepatic stellate cells. Life Sc. 2006, 78, 

2510-2515. 

 

170. Di Donato, A.; Ghiggeri, G. M.; Di Duca, M.; Jivotenko, E.; Acinni, R.; Campolo, J.; Ginevri, 

F.; Gusmano, R. Lysyl oxidase expression and collagen cross-linking during chronic Adriamycin 

nephropathy. Nephron 1997, 76, 192-200. 

 

171. Barker, H. E.; Cox, T. R.; Erler, J. T. The rationale for targeting the LOX family in cancer, 

Nat. Rev. Cancer 2012, 12, 540-552. 

 

172. Georges, P. C.>; Hui, J. J.; Gombos, Z.; McCormick, M. E.; Wang, A. Y.; Uemura, M.; Mick, 

R.; Janmey, P. A.; Furth, E. E.; Wells, R. G. Increased stiffness of the rat liver precedes matrix 

deposition: implications for fibrosis. Am. J. Physiol., Gastrointest. Liver Physiol. 2007, 293, G1147-

1154. 

 

173. Goto, Y.; Uchio-Yamada, K.; Anan, S.; Yamamoto, Y.; Ogura, A.; Manabe, N. Transforming 

growth factor-beta1 mediated up-regulation of lysyl oxidase in the kidneys of hereditary nephrotic 

mouse with chronic renal fibrosis. Virchows Arch. 2005, 447, 859-868. 

 

174. Barry-Hamilton, V.; Spangler, R.; Marshall, D.; McCauley, S.; Rodriguez, H. M.; Oyasu, M.; 

Mikels, A.; Vaysberg, M.; Ghermazien, H.; Wai, C.; Garcia, C. A.; Velayo, A. C.; Jorgensen, B.; 

Biermann, D.; Tsai, D.; Green, J.; Zaffryar-Eilot, S.; Holzer, A.; Ogg, S.; Thai, D.; Neufeld, G.; Van 

Vlasselae, P.; Smith, V. Allosteric inhibition of lysyl oxidase-like-2 impedes the development of a 

pathologic microenvironment, Nat. Med. 2010, 16, 1009-1017. 

 

175. Liu, S. B.; Ikenaga, N.; Peng, Z. W.; Sverdlov, D. Y.; Greenstein, A.; Smith, V.; Schuppan, 

http://www.sciencedirect.com/science/article/pii/S0024320505011070
http://www.sciencedirect.com/science/article/pii/S0024320505011070


86 
 

D.; Popov, Y. Lysyl oxidase activity contributes to collagen stabilization during liver fibrosis 

progression and limits spontaneous fibrosis reversal in mice. FASEB J 2016, 30, 1599-1609. 

 

176. Iwasaki, A.; Sakai, K.; Moriya, K.; Sasaki, T.; Keene, D. R.; Akhtar, R.; Miyazono, T.; 

Yasumura, S.; Watanabe, M.; Morishita, S.; Sakai, T. Molecular mechanism responsible for 

fibronectin-controlled alterations in matrix stiffness in advanced chronic liver fibrogenesis. J. Biol. 

Chem. 2016, 291, 72-88. 

 

177. Tang, H.; Leung, L.; Saturno, G.; Viros, A.; Smith, D.; Di Leva, G.; Morrison, E.; Niculescu-

Duvaz, D.; Lopes, F.; Johnson, L.; Dhomen, N.; Springer, C.; Marais, R. Lysyl oxidase drives tumour 

progression by trapping EGF receptors at the cell surface. Nat. Commun. 2017, 8, 14909. 

 

178. Chang, J.; Lucas, M. C.; Leonte, L. E.; Garcia-Montolio, M.; Singh, L. B.; Findlay, A. D.; 

Deodhar, M.; Foot, J. S.; Jarolimek, W.; Timpson, P.; Erler, J. T.; Cox, T. R. Pre-clinical evaluation 

of small molecule LOXL2 inhibitors in breast cancer. Oncotarget 2017, 8, 26066-26078. 

 

179, Dolman, E. M.; Harmsen, S.; Pieters, E. H. E.; Sparidans, R. W.; Lacombe, M.; Szokol, B.; 

Örfi, L.; Keri, G.; Storm, G.; Hennink, W. E.; Kok, R. C. Targeting of a oral platinum-bound sunitinib 

analog to renal proximal tubular cells. Int. J. Nanomed. 2012, 7, 417-433. 

 

180. Bennett, B.; Blease, K.; Ye, Y.; Azaryan, A.; Ramirez-Valle, F.; Ceres, R.; Horan, G.; Schafer, 

P.; Van Der Velden, J. L.; Janssen-Heininger, Y. M. W. CC-90001, a second generation Jun N-

terminal kinase (JNK) inhibitor for the treatment of idiopathic pulmonary fibrosis. Am. J. Resp. Crit. 

Care Med. 2017, 195, A5409. 

  

181. Agarwal, S. K. Integrins and cadherins as therapeutic targets in fibrosis. Front. Pharm. 2014, 

5,131. 

http://www.atsjournals.org/author/Bennett%2C+Brydon
http://www.atsjournals.org/author/Blease%2C+Kate
http://www.atsjournals.org/author/Ye%2C+Ying
http://www.atsjournals.org/author/Azaryan%2C+Ada
http://www.atsjournals.org/author/Ramirez-Valle%2C+Francisco
http://www.atsjournals.org/author/Ceres%2C+Ralph
http://www.atsjournals.org/author/Horan%2C+Gerald
http://www.atsjournals.org/author/Schafer%2C+Peter
http://www.atsjournals.org/author/Schafer%2C+Peter
http://www.atsjournals.org/author/van+der+Velden%2C+Jos+L
http://www.atsjournals.org/author/Janssen-Heininger%2C+Yvonne+MW


87 
 

 

182. Mazo, D. F. C.; de Oliveira, M. G.; Pereira, I. V. A.; Cogliati, B.; Stefano, J. T.; de Souza, G. 

F. P. ; Rabelo, F.; Lima, F. R. ; Ferreira-Alves, V. A.  Carrilho, F. J.; de Oliveira, C. P. M. S. S-

nitroso, N acetylcysteine attenuates liver fibrosis in experimental nonalcoholic steatohepatitis. Drug 

Des. Dev. Therap. 2013, 7, 553-563. 

 

183. Zhang, W. W.; Bai, F.; Wang, J.; Zheng, R. H.; Yang, L. W.; James, E.; Zhao, Z. Q. Edaravone 

inhibits pressure overload-induced cardiac fibrosis and dysfunction by reducing expression of 

angiotensin II AT1 receptor. Drug Des. Dev. Ther. 2017, 11, 3019–3033. 

 

184 Pang, X. F.; Zhang, L. H.; Bai, F.; Wang, N. P.; Garner, R. E.; McKallip, R. J.; Zhao, Z. Q. 

Attenuation of myocardial fibrosis with curcumin is mediated by modulating expression of 

angiotensin II AT1/AT2 receptors and ACE2 in rats. Drug Des. Dev. Ther. 2015, 9, 6043–6054. 

 

185. Tang, X.; Peng, R.; Phillips, J. E.; Deguzman, J.; Ren, Y.; Apparsundaram, S.; Luo, Q.; Bauer, 

C. M.; Fuentes, M. E.; DeMartino, J. A.; Tyagi, G.; Garrido, R.; Hogaboam, C. M.; Denton, C. P.; 

Holmes, A. M.; Kitson, C.; Stevenson, C. S.; Budd, D. C. Assessment of Brd4 inhibition in idiopathic 

pulmonary fibrosis in lung fibroblasts and in vivo models of lung fibrosis. Am. J. Pathol. 2013, 183, 

470-479. 

 

186. Tesch, G. H.; Young, M. J. Mineralocorticoid receptor signaling as a therapeutic target for 

renal and cardiac fibrosis. Front. Pharm. 2017, 8, 313 

 

187. Phosri, S.; Arieyawong, A.; Burunkchai, K.; Parichatikanond, W.; Nishimura, A.; Nishida, 

M.; Mangmool, S. Stimulation of adenosine A2B receptor inhibits endothelin-1-induced cardiac 

fibroblast proliferation and α-smooth muscle actin synthesis through the Camp/Epac/PI3K/Akt 

signaling pathway. Front. Pharm. 2017, 8, 428. 



88 
 

 

188. Chen, Q.; Zhang, H.; Cao, Y.; Li, Y.; Sun, S.; Zhang, I.; Zhang, G. Schisandrin B atteneuates 

CCl4-induced liver fibrosis in rats by regulation of Nrf2-ARE and TGF-β/Smad signaling pathways. 

Drug Des. Dev. Therap. 2017, 11, 2179-2191. 

 

189. Li, L. C.; Xu, L.; Hu, Y.; Cui, W. J.; Cui, W. H.; Zhou, W. C.; Kan, L. D. Astragaloside IV 

improves bleomycin-induced pulmonary fibrosis in rats by attenuating extracellular matrix 

deposition. Front. Pharm. 2017, 8, 513. 

 

190. Tang, F.; Hao, Y.; Zhang, X.; Qin, J. Effect of echinacoside on kidney fibrosis by inhibition 

of TGFβ1/Smads signaling pathway in the db/db mice model of diabetic nephropathy. Drug Des. 

Dev. Ther. 2017, 11, 2813-2826. 

 

191. Frantz, S.; Hu, K.; Adamek, A.; Wolf, J.; Sallam, A.; Maier, S. K. G.; Lonning, S.; Ling, 

H.; Ertl, G.; Bauersachs J. Transforming growth factor beta inhibition increases mortality and left 

ventricular dilatation after myocardial infarction. Basic Res. Cardiol. 2008, 103, 485–492.  

 

192. Engebretsen, K. V.; Skårdal, K.; Bjørnstad, S.; Marstein, H. S.; Skrbic, B.; Sjaastad, I.; 

Christensen, G.; Bjørnstad, J. J.; Tønnessen, T. Attenuated development of cardiac fibrosis in left 

ventricular pressure overload by SM16, an orally active inhibitor of ALK5. J. Mol. Cell. Cardiol. 

2014, 76, 148–157.  

 

193. Sarma, S. Use of clinically available PPAR agonists for heart failure; do the risks outweigh 

the potential benefits? Curr. Mol. Pharmacol. 2012, 5, 255–263.  

 

194. Poelstra, K.; Beljaars, L.; Meigert, B. N. Cell-specific delivery of biologicals; problems, 

pitfals and possibilities of antifibrotic compounds in the liver. Drug Disc. Today 2013, 18, 1237-

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


89 
 

1242. 

 

195. Wyss, J. C.; Kumar, R.; Schneider, M.; Aebi, J. D.; Juillerat-Jeanneret, L.; Golshayan, D. 

Targeted gamma-secretase inhibition of Notch signaling activation in acute renal injury. Am. J. 

Physiol., Renal Physiol. 2018, 314, F736-F746. 

 

196. Tang, J.; Li, J.; Li, G.; Zhang, H.; Wang, L.; Li, D.; Ding, J. Spermidine-mediated poly(laxtic-

co-glycolic acid) nanoparticles containing fluorofenidone for the treatment of idiopathic pulmonary 

fibrosis. Int. J. Nanomed. 2017, 12, 6687-6704. 

 

 

 

https://doi.org/10.1152/ajprenal.00414.2016


90 
 

Table of Content (TOC) Graphic 

 

 

 

 

 

 

 

 

 

 

 

 


