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Abstract

Fibrosis has been shown to develop in individuals with underlying health conditions, especially 

chronic inflammatory diseases. Fibrosis is often diagnosed in various organs, including the liver, 

lungs, kidneys, heart, and skin, and has been described as excessive accumulation of extracellular 

matrix that can affect specific organs in the body or systemically throughout the body. Fibrosis as 

a chronic condition can result in organ failure and result in death of the individual. Understanding 

and identification of specific biomarkers associated with fibrosis has emerging potential in the 

development of diagnosis and targeting treatment modalities. Therefore, in this review, we will 

discuss multiple signaling pathways such as TGF-β, collagen, angiotensin, and cadherin and 

outline the chemical nature of the different signaling pathways involved in fibrogenesis as well as 

the mechanisms. Although it has been well established that TGF-β is the main catalyst initiating 

and driving multiple pathways for fibrosis, targeting TGF-β can be challenging as this molecule 

regulates essential functions throughout the body that help to keep the body in homeostasis. We 

also discuss collagen, angiotensin, and cadherins and their role in fibrosis. We comprehensively 

discuss the various delivery systems used to target collagen, angiotensin, and cadherins to manage 

fibrosis. Nevertheless, understanding the steps by which this molecule drives fibrosis development 

can aid in the development of specific targets of its cascading mechanism. Throughout the review, 

we will demonstrate the mechanism of fibrosis targeting to improve targeting delivery and therapy.

1. Introduction: fibrosis disease and cell-specific targeting

Fibrosis is characterized by excessive deposition of extracellular matrix components such 

as collagen in tissues or organs. It is an autoimmune and rheumatology-related condition 

that can develop in the heart, kidneys, liver, skin, and lungs, and1 is a process that 
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develops in response to the body’s tissue repair activity. Homeostatic conditions in the body 

regulate the normal tissue repair process that is self-regulated. However, when the tissue 

repair process deviates from the regulatory mechanisms caused by pathological conditions, 

fibroblasts undergo a phenotypical change into myofibroblasts, which leads to uncontrolled 

accumulation of fibrotic tissue causing abnormal organ function and failure.2 There are 

multiple types of fibrotic diseases that can be organ-specific or systemic each having 

different pathologies. However, they all share common molecular reactions that result in 

the formation of fibrotic tissue because of the uncontrolled accumulation of ECM proteins 

and macromolecules.2 Fig. 1 presents the differences between normal organs and organs 

with fibrosis by depicting the accumulation of ECM proteins in the tissues of the fibrosed 

organs.3

It has been widely accepted that myofibroblasts are the causative agent for the development 

of fibrosis. The fibroblast-myofibroblast transition (FMT) is a regulatory process where 

fibroblasts differentiate into myofibroblasts. This transition can be started by various stimuli, 

but ultimately the process will end in either myofibroblast apoptosis or fibrosis due to 

deviation from homeostatic conditions.4 This transition that falls out of cellular regulations 

leads to overexpression of ECM deposits resulting in α-SMA (alpha-smooth muscle actin) 

expression, leading to overproduction of fibrillar collagens driven by myofibroblasts.5

Myofibroblasts are contractile cells characterized by bundles of actin filaments that 

contain α-SMA which gives the myofibroblast its contractibility.6 Increased contractility 

facilitates the ECM overproduction by activating surrounding cells.7 Excess stiffness 

and overproduction of ECM deposits can further activate myofibroblasts. The fibroblast–

myofibroblast transitions begin with the fibroblast being activated to a proto-myofibroblast 

phenotype.8 The proto-myofibroblasts contain collagen types I and III along with fibronectin 

EDA (Fibronectin extra domain A), an important protein used in wound healing closure.8 

Mechanical tension, fibronectin EDA, and platelet-derived growth factor, help facilitate 

the transition of the fibroblast to the proto-myofibroblast.8 Increased cell motility, stress, 

and fiber formation are driven by PDGF. Once the fibroblast transitions to the proto-

myofibroblast, the cell initiates expression of β- and γ-actin isoforms which are found in 

stress fibers along with N-cadherin.9 N-cadherin helps facilitate increased cell motility but 

does not have as high an adhesion force as OB-cadherin (Osteoblast-cadherin). OB-cadherin 

is expressed when the fibroblast fully transitions to the mature myofibroblast.10 This 

prolonged stress of the transition initiates the proto-myofibroblast to fully transition into 

a myofibroblast through the synthesis of α-SMA which gradually starts to form the stress 

fibers that phenotypically characterize myofibroblast cells.11 The presence of mature focal 

adhesions, expression of OB-cadherin and tensin, and lower motility/proliferation rate with 

enhanced contractility play the distinguishing factor in the full differentiation of fibroblast–

myofibroblast transition (Fig. 2).10 The contractile nature expressed by these cells is shown 

as bundles of microfilaments rich with α-SMA ending with focal adhesions. The focal 

adhesions of myofibroblasts have been shown to be positive for integrins (α1, α3, α4, α5, 

αV, β1), vinculin, paxillin, talin, and tensin.Myofibroblasts are connected by gap junctions 

and have similar features to smooth muscle cells.12 Commonly expressed in mesenchymal 

cells, myofibroblasts express fibroblast surface protein (FSP) and vimentin.13
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Since FMT is regulated by processes that are essential for normal body functions, using 

targeted treatment approaches is essential. FMT can be achieved through the development 

of targeted drug delivery systems. However, targeted drug delivery systems have limited 

progress due to various barriers. The cell-specific drug delivery systems can be more 

interested. Studies need to be conducted towards investigating the different types of 

materials and their specificity toward the cells and carbohydrates such as chitosan, polymers 

such as β-glucan, and inorganic materials such as boron nitrite sheets. With systems 

such as polymeric, inorganic, lipid, liposome, and dendrimers it is very important to 

explore the cell-specific uptake. Cell-specific targeted drug delivery enables prolongation 

of circulation time and reduces toxicity induced on cells and tissue. This system is novel 

to fight a range of disorders and we envision employing cell-specific targeting to develop 

treatments to target fibrosis. Specific biomarkers expressed on the cell membrane which are 

unique to fibrosis can be utilized to design the targeting therapeutics and delivery of the 

drug. Recently, the cell-specific targeting approach showed promising results compared to 

traditional approaches used for therapy.14 Working on the development of a targeted drug 

delivery system for cancer and diabetics has made great progress. Mainly, the focus is on 

the development of cell-specific drug delivery systems. Different types of materials and 

their specificity toward the cells were widely investigated. Currently, carbohydrates such as 

chitosan, polymers such as β-glucan, and inorganic materials such as boron nitrite sheets are 

the most interesting. Drug delivery systems such as polymeric, inorganic, lipid, liposome, 

and dendrimer ones are very important to explore cell-specific uptake. Cell-specific targeted 

drug delivery enables prolongation of circulation time and reduces toxicity induced on cells 

and tissue. This system is novel to fight a range of disorders.

Specific biomarkers expressed on the cell membrane which are unique to fibrosis can be 

utilized to design the targeting therapeutics and therefore the delivery of the drug. Our group 

has been researching cell-specific targeted drug delivery for over a decade and reported 

various unique approaches in cancer targeting for specific diagnosis and treatment. For 

instance, we have developed a quantum dot nanoparticle specific to the HER-2 receptor 

of breast cancer cells for targeted therapy and imaging.14 The studies conducted on a 

tumor-bearing mouse shows that the near-IR nanoparticle decorated with a biocompatible 

polymer and Herceptin monoclonal antibody significantly inhibit tumor growth within 30 

days of intravenous administration. We have also developed a photo-sensitizer nanoparticle 

composed of heparin/gold,16 and a hybrid nanoparticle of iron oxide coated gold for target-

specific photodynamic and photothermal therapy for cancer.17 Along the same line, we later 

reported the development of graphene derivatives for target-specific cancer imaging and 

phototherapy.18 Later, to improve the targetability of the graphene, we modified its surface 

with polydopamine to target the dopamine receptor,19 and with hyaluronic acid to target 

the CD44 receptor of specific cells.20 Our team has also been investigating oral delivery 

systems specific to bile acid transporters, and M-cell targeting, to improve the oral delivery 

of biologics, small molecules as well immunomodulators.21–24 Moreover, we have recently 

published a review article on the importance of cellular and sub-cellular specific targeting 

delivery systems and their mechanism.25 With our given expertise in cell-specific drug 

delivery and interest, we have further expanded our research program beyond cancer and are 
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now vastly focused on myofibroblast specific targeting delivery of therapeutics to improve 

fibrosis treatment.

2. Identification of key cellular biomarkers and their targeting mechanism 

and method of integration

2.1. TGF-β as a catalyst for fibroblast–myofibroblast transition

Pathways that result in the initiation of fibrosis can be activated in various ways. TGF-β 
(transforming growth factor-β) has been shown to be a major driver of fibrosis progression. 

TGF-β operates by a canonical or Smad mediated pathway and a non-canonical or non-

Smad mediated pathway.26 In the Smad mediated pathway TGF-β1 receptor I (TGF-β-RI), 

can also be referred to as activin-like kinases, where ALK-5 is the most common in terms 

of fibrogenesis.27 TGF-β receptors are regulated by phosphorylation of the heterotetrameric 

TGF-β latent complex.28 Phosphorylation activates the latent complex of TGF-β receptors 

which leads to the activation of Smad/non-Smad pathways.28 The activation forms a trimeric 

complex that eventually translocates across the nuclear membrane to aid transcription 

factors in transcribing specific target genes.13 In non-Smad signaling pathways which are 

independent of R-Smad, TGF-β fibrosis effects are activated by cell-specific reactions.26 

TGF-β can activate PI3K (phosphoinositide 3-kinase) which activates p21-activated kinase/

c-Abelson kinase along with Akt-mTORIC1 initiating a cascade of events that upregulate 

collagen production.29 JNK activation also leads to an increase in the highly potent 

transcription factor c-Jun. If TGF-β is phosphorylated on a tyrosine residue on TGF-β-RII 

this leads to the regulation of myofibroblast formation and ECM synthesis through the 

activation of ERK1/MAPK (Fig. 3).13

Activation of TGF-β also stimulates the other profibrotic mediators including connective 

tissue growth factor (CTGF), platelet-derived growth factor (PDGF), and epidermal growth 

factor (EGF).30 Bone morphogenic growth factors are a member of the TGF-β family 

that also regulates fibrogenesis. However, they have also been shown to have anti-fibrotic 

effects specifically with BMP-6, BMP-7, and BMP-9. BMP signaling is like TGF-β 
pathways. BMPs bind to their specific cell surface receptors initiating a cascade of 

phosphorylation events that activate Smad1/5/8. The heteromeric complex binds with Smad4 

for translocation to the cell nucleus inducing specific fibrogenic transcription factors.13

TGF-β is an essential molecule that regulates multiple systems in the body including cell 

proliferation and differentiation, wound healing, adhesion, and migration of immune cells.30 

This molecule comes in three isoforms; TGF-β1 which is the most expressed isoform found 

throughout the body, TGF-β2 found in epithelial cells, and TGF-β3 found in mesenchymal 

cells.31 The TGF-β working mechanism is through the Smad mediated signaling cascade. 

It is a family of protein growth factors also called cytokines, that have a similar dimeric 

structure and have a “cysteine knot structural motif”.32 TGF-β is a known driver for fibrosis 

disease. TGF-β mediates diseases like lung, kidney, skin, and liver fibrosis not only by 

producing an excessive amount of ECM but by recruiting and activating monocytes and 

fibroblasts.33 The three isoforms, TGF-β1, TGF-β2, and TGF-β3 play an important role in 

various fibrotic diseases once they are activated. TGF-β1 has been demonstrated in lung, 
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liver,15 and kidney fibrosis and is fundamental in regulating cellular processes and the 

production of ECM components such as collagen, fibronectin, and elastin.13 It binds to 

specific cell surface receptors TGF-β-RI and TGF-β-RII,33 that drive the cascade for EMT 

and fibrogenesis. The TGF-β mechanism of operation is a downstream regulatory process 

involving Smad2, Smad3, Smad4, and Smad7. Smad2 and Smad3 are the main vehicles of 

this process while Smad7 is shown to be a fibrosis antagonist that protects against fibroid 

tissue accumulation.13

The three isoforms of TGF-β are secreted by different cell types in latent complexes. 

These consist of a mature TGF-β dimer bound by a disulfide bond where hydrophobic 

interactions strengthen the bond.34 This pro-peptide dimer is noncovalently bonded to a 

latency-associated protein (LAP), which is linked to the latent TGF-β binding protein 

(LTBP). The noncovalent association of LAP creates the latency of the complex as well 

as the high binding affinity to TGF-β. LAP and LTBP are also bound through a disulfide 

bond.35 LTBP is made up of epidermal growth factor-like repeats and 8 cysteine residue 

domains; the disulfide bond to LAP can only happen on the third cysteine residue while 

the others help the LTBP localize in the ECM.35 The latent complex allows for storage 

of TGF-β to prevent unnecessary activation and signaling of the protein. However, an 

activation event is necessary to make the latent TGF-β biologically active.13 The activation 

process is usually dependent on the cell type and physiology of the surrounding area but 

in general, activation can occur through matrix metalloproteases (MMPs), plasmin, and 

thrombin. Regardless of the activation event, the activator targets the LTBP of the latent 

complex releasing TGF-β from the latent complex to allow binding to TGF-β receptors on 

the surface of the cell membrane.31

The canonical signaling pathway is shown in Fig. 3. In the canonical singling pathway, 

TGF-β binds to TGF-β receptor type II, which recruits and phosphorylates TGF-β receptor 

type I. The activated TGF-β-RI leads to Smad2/3 phosphorylation. The Smad2/3 complex 

then binds to Smad4 and translocates into the nucleus, where it induces gene transcription. 

The signaling can be inhibited by negative feedback of Smad7 on the TGF-β-R1.36

Activation of TGF-β begins by targeting LTBP for the release of TGF-β1 by proteolytic 

cleavage from the extracellular matrix,37 which then allows TGF-β1 to bind to integrins 

on the surface of the cell membrane. Plasmin, a serine protease, and metalloproteases 

(MMP-2 and MMP-9) are enzymes that degrade ECM to promote the activation of TGF-β. 

TGF-β1 can also be activated by αvβ6 integrin because TGF-β1 has an RGD integrin 

binding sequence.38 LTBP’s N-terminus is covalently linked to the ECM by an isopeptide 

bond.38 TGF-β1 binds to serine/threonine auto phosphorylated receptor protein TGF-β-RII 

to recruit and phosphorylate TGF-β-RI (ALK-5 expressed most in epithelial cells) into 

the receptor complex. Since TGF-β is a structure composed of two bound monomers, the 

resulting structure of the two activated receptors is a tetramer of two TGF-β-RII molecules 

and two TGF-β-RI molecules. Two molecules of TGF-β-RI stabilize TGF-β-RII dimers 

through ligand binding. Phosphorylation of the short juxta membrane glycine and serine-rich 

domains by TGF-β-RII kinases on TGF-β-RI serine and threonine induces a conformational 

change activating the TGF-β1 receptor kinase; the GS domain of the activated receptor 

gives the surface of interaction for MH2 domains of Smad2 and Smad3. At the same time, 
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immunophilin inhibitor FKBP12 is released which helps maintain the TGF-β1 latent state 

of the unattached TGF-β receptor. Activated TGF-β1 phosphorylates two serine molecules 

on the C-terminus of the R-Smad allowing interaction that weakens the R-Smad binding to 

TGF-β1 to release the activated R-Smad from the receptor.39

The activated serine/threonine of TGF-β-RII activates TGF-β-RI receptors on the glycine 

and serine domain (GS domain) in the juxta membrane domain of the receptor.29,40,41 The 

activated TGF-β-RI receptor phosphorylates two members of the R-Smad family;40 Smad2 

by ALK5 and Smad3 by ALK4 on a serine residue at the C-terminal.42 The Smad2/Smad3 

complex detaches from the receptors into the cytoplasm of the cell to then join with a 

co-Smad, Smad4, together forming a hetero-trimeric complex.42 The trimeric Smad complex 

is translocated into the nucleus where it acts as a regulator for transcription by binding to 

DNA to target specific genes.43 The MH1 domain located at the C-terminal of the complex 

drives the translocation to the nucleus, while the MH2 domain of the N-terminal controls 

the binding affinity to DNA.44 CAGAC is a DNA sequence recognized by Smad proteins 

where the binding takes place, however, there is a low binding affinity, so Smad proteins 

associate with partners to bind to DNA.45 The heteromeric Smad complex translocates to 

the nucleus where binding to DNA proteins FAST1, FAST2, Fos/Jun, ATF2, TFE3, PECP2/

CBF, and the Vitamin D receptor assists in specific genes such as integrins, E-cadherin, and 

collagen.46 Target genes AGAC or GTCT sequences are the most commonly efficient for 

TGF-β transcription that may also help regulate and restore Smad complexes.33

Besides the R-Smad (receptor-regulated Smad) pathway, TGF-β can also activate non-Smad 

signaling pathways. TGF-β has been shown to activate stress-induced kinases such as p38 

and Jun N-terminal kinase (JNK) which can lead to EMT or apoptosis.47 Through activation 

of extracellular-signal-regulated kinases (ERK1 and ERK2) by mitogen-activated protein 

kinase (MAPK), initiated by TGF-β, it is also possible to induce EMT. Stimulated by TGF-β 
activation, activation of RhoA, Cdc42, and Rac (Rho GTPases) can lead to reorganization of 

the cytoskeleton, motility, and invasion of cells.48

While inhibiting TGF-β signaling has been challenging due to several automatic 

phosphorylation40 events designed to regulate TGF-β, there are some pathways that can 

stop Smad cascades. One example is with Smad7 which acts in a negative feedback 

loop to stop TGF-β signaling.41 Smad7 prevents formation of the Smad2 and Smad3 

complex by preventing interaction with TGF-β-RI.41 Smad7 is also capable of seques-

tering Smurf1/2 (ubiquitin ligases) and protein phosphatases to active TGF-β to stop its 

signals. Another means of TGF-β regulation is through clathrin-independent/dependent 

mechanisms of internalization by endocytic adapters to TGF-β receptors.49 Within the 

nucleus the Smad2/Smad3 complex can also be degraded by ubiquitin-proteasome mediation 

and dephosphorylated;50 in each case, the signaling process terminates. Epidermal growth 

factor and oncogenic Ras signaling can also negatively regulate nuclear translocated Smad 

signaling.

Intracellular kinase inhibitors such as MAPK kinases, calcium-calmodulin-dependent 

protein kinase II, cyclin-dependent kinase CDK2, casein kinase, protein kinase C, and G 
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protein-coupled receptor kinase 2 (GRK2) can also stop Smad signal transduction through 

phosphorylation of the linker domain of R-Smads at serine and threonine locations.51

Regulation of TGF-β is modulated by various feedback mechanisms not only at the 

receptors but also through upstream and downstream mechanisms to terminate TGF-β 
signaling.52 One such mechanism is through Smad7 which happens at the receptors. 

Through TGF-β induction, Smad7 forms a complex with Smurf ligase and PP2C 

phosphatase to bind with TGF-β-RI; this mechanism promotes the ubiquitylation of the two 

proteins to initiate degradation and depho-sphorylation of the receptors which eventually 

leads to deactivation of the TGF-β-RI.40 While Smad7 can inhibit TGF-β type 1 receptors 

(ALK-5), Smad6 prefers binding to BMP type 1 receptors ALK-3 and ALK-6 to inhibit the 

signaling cascade.40

While R-Smad signaling plays a crucial role in the TGF-β signaling pathway mediating 

fibrosis, non-Smad signaling pathways can also drive TGF-β signaling through specific 

cell-mediated effects.53 One mechanism is through the activation of Erk1/2 MAP kinase by 

phosphorylated Shc tyrosine residues in TGF-β-RI.54 Ras nucleotide exchange protein Grb2 

forms a complex with Sos1 and associates with the previously mentioned phosphorylated 

tyrosine residue activating the Ras protein to activate Erk1/2 MAP kinase.55

It has also been shown that ubiquitin ligase tumor necrosis factor receptor-associated 

factor 6 (TRAF6) plays an important role in several non-Smad pathways.56 Stimulation 

of TGF-β enhances TRAF6 binding to the juxta membrane part of TGF-β-RI promoting its 

activation.40 TAK1 is then activated through the ubiquitination of MAP-kinase by TRAF6.57 

MAP kinase 3 or 6 is activated through phosphorylation by TAK1 which in turn activates 

p38 MAP kinase.57 P38 is an essential regulator of apoptosis and EMT through TGF-β 
induction.47 The three kinases come closer by binding to Smad7 and then to TGF-β-RI.40

P12 activated kinase (PAK2)-Abelson kinase (Abl) and Akt-mTOR1 are two profibrotic 

pathways that are activated by PI3K by the stimulation of TGF-β. C-Abl targets PKCδ/

Fli-1, Egr, and Smad1 downstream fibrotic mediators.58 For Smad1 activation, activated 

c-Abl is required for the phosphorylation of protein kinase C-δ (PKC-δ). Since this 

process leads to the phosphorylation of the Fli-1 transcription factor which reverses its 

inhibition of collagen gene expression.58 Another profibrotic transcription factor is c-Jun 

which is activated through the activation of Jun N-terminal kinase (JNK).59 TGF-β-RI 

may also be phosphorylated on tyrosine residues which leads to Erk1/2 MAPK activation, 

important for myofibroblast regulation and the synthesis of matrix proteins.40 Connective 

tissue growth factor (CTGF/CCN2) is shown to play an important role in mediating tissue 

fibrotic responses, especially for SSc tissue fibrosis.60 In vitro studies have shown that 

overexpression of CTGF leads to fibrosis. TGF-β also promotes CTGF synthesis in multiple 

cells including fibroblasts, vascular smooth muscle cells, and endothelial cells, and may 

even act as a mediator to enhance TGF-β-activated fibrosis.61

The Wnt-signaling pathway has also been found in multiple fibrotic diseases such as 

pulmonary, renal, dermal, and liver.62 β-catenin is critical in canonical Wnt signaling. 

Proteins of Wnt signaling are ligands that send signals across the plasma membrane by 
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interaction with Frizzled receptors and low-density lipoprotein.63 This signaling process 

disrupts the complex of adenomatosis polyposis coli (APC), axin, glycogen synthase 

kinase-3β (GSK-3β), and casein kinase, to stabilize β-catenin for transportation to the 

nucleus where it aids in the transcription of target genes.

Not only does TGF-β-RI phosphorylation contribute to activation of other signaling 

pathways, but TGF-β-RII phosphorylation can also activate different substrates.64–66 One 

example is through the interaction with Par6, the polarity complex protein. Par6 undergoes 

a phosphorylation process by TGF-β-RII after it interacts with TGF-β-RI who then presents 

it to RII.40 After this, Smurf1 is recruited and ubiquitylates RhoA, a small GTPase, for 

degradation.40 RhoA is an important protein for regulating actin filaments that are made 

by the accumulation of α-SMA found in myofibroblasts;67 degradation of RhoA interferes 

with maintaining tight junctions. For BMP, LIM kinase 1 is recruited by the BMP-RII C-

terminal but remains inactive and therefore cannot phosphorylate cofilin.68 Cofilin inhibits 

the polymerization of actin, and since LIMK1 inactivates this protein BMP-RII aids in 

limiting actin polymerization.68

Pits in early endosomes coated in clathrin internalize the receptor complexes of TGF-β 
receptors, which is needed for the activation of Smad.69 Interaction with β2-adaptin of the 

clathrin-associated adapter of the AP2 complex is necessary for the internalization.69 Inside 

the endosome the receptors meet the Smad anchor for receptor activation (SARA) which 

helps facilitate the Smad2 presentation for TGF-β-R1.70 SARA works with two proteins, 

tumor suppressor protein cytoplasmic promyelocytic leukemia (cPML) and adaptor protein 

disabled-2 (DAB2), that stabilizes the complex. Internalization is a necessary step for Smad 

molecules because if the clathrin-dependent pathway interferes with R-Smad signaling and 

phosphorylation does not take place thereby making the Smad molecules incapable of 

binding to TGF-β receptors. Recycling of TGF-β receptors is also possible through adaptor 

CIN85 independent of Rab11 recycling vesicles for TGF-β-RI, and DAB2 adapter protein 

for TGF-β-RII where both can occur with or without ligand binding.71 Intracellularly there 

is a reservoir of TGF-β receptors that can be moved to the surface of the cell through 

phosphorylation of Rab-GTPase induced by Akt.26 PI3-kinase activates Akt which makes 

cells more susceptible to stimulation by TGF-β. The phosphorylation of β-glycan at the 

carboxyl tail by TGF-β-RII also promotes clathrin-dependent endocytosis.40 Independently 

of TGF-β, its receptor II can bind the retromer vacuolar protein-sorting 26 (Vps26).72

Besides clathrin-coated internalization, receptors can also be internalized by lipid rafts into 

caveolin-coated vesicles. This type of internalization promotes degradation of the TGF-β 
receptors. Degradation takes place in proteasomes and lysosomes after interaction with 

the ubiquitylation complex of Smad7/Smurf2.28 Clathrin-dependent or clathrin-independent 

internalization can also happen to β-glycan, the protein that anchors TGF-β receptors 

to the surface of the cell membrane. For successful activation of Smad2 and p38 map 

kinase β-glycan internalization is required.40 For β-glycan endocytosis promotion, β-glycan 

phosphorylation on Thr841 by TGF-β-RII fosters the interaction of β-arrestin which 

mediates flotillin of lipid rafts necessary for the endocytosis process. In competition with 

Smad7 binding which prevents receptor degradation, TGF-β-RII binds to transmembrane 
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metalloproteinase ADAM12 to encourage the localization of receptor II to the early 

endosomes.40

The tissue repair response is a necessary and important function of the body to 

repair damaged tissues.73 This process is heavily regulated, however, when it becomes 

dysregulated it can have devastating effects on various organs in the body, especially in the 

case of chronic inflammatory disorders. When there is an injury in the body, the immune 

response is activated which promotes the production of extracellular matrix proteins such 

as collagen and fibronectin which is a normal function of tissue repair for bodily organs.73 

Upon tissue injury, fibroblasts of the surrounding injured area become activated which 

increases mechanical functions such as cellular contractility which induces the secretion 

of inflammatory cytokines to begin the production of ECM proteins, initiating the body’s 

wound healing response.74 When the damage that occurs to a tissue is a minor injury or 

does not happen chronically the production of ECM deposits helps fix the damaged area 

and cease ECM component production.73 However, when there is chronic or repetitive injury 

to the tissue this produces a prolonged inflammatory response that dysregulates the normal 

wound repair response leading to excessive accumulation and production of ECM proteins 

making the surrounding tissue stiffer, adding to the synthesis of proteins such as collagens 

which eventually lead to organ failure.75 Recent studies have shown that inflammation could 

be a cause of fibrosis as embryonic tissue repair and tissue repair of immature tissues have 

the ability to heal without scarring.

Another pro-fibrotic trigger found in several tissues that activates the Smad 2/3 cascade 

is activins. Activins promote the proliferation of fibroblasts as well as their transition into 

myofibroblasts. In diseases like cystic fibrosis, chronic kidney disease, and heart failure 

activins have been found in increased concentrations.27 Activin is a ligand of TGF-β 
signaling through activating type 2 receptors known as Act-RII-A/Act-RII-B. A complex 

can be formed with four proteins, activin A, activin B, myostatin GDF-8/GDF-11, and 

Act-RII-A/Act-RII-B to initiate signaling by the Smad2/3 complex.76 Activin does not 

overlap with other ligands of TGF-β in terms of their bioactivities since activin is specific 

to the cell/tissue type. Activin has a specific preference for binding with type one receptors 

such as ALK4, ALK5, and ALK7.77 One distinct difference between activin is that unlike 

TGF-β isoforms, activin is released in an active form. Due to this, their activity has to 

be regulated to prevent excessive signaling.78 Activin is regulated by follistatin outside 

of the cell.79 Follistatin binds to receptor sites of activin ligands to limit their potential 

signaling.79 Despite this difference, like TGF-β isoforms, activin has an affinity for ECM 

binding proteins such as heparin-sulfated proteoglycans (HSPG).27 In fibrotic diseases such 

as human idiopathic lung fibrosis, Duchenne muscular dystrophy, liver disease, and kidney 

fibrosis, HSPGs are upregulated as well as heparinase which enhances the metabolization of 

the carbohydrate chains of such proteoglycans. Enhanced activity of heparinase drives the 

release and activation of activin and TGF-β. Due to activin’s high affinity for HSPG, there is 

a supplemented pool of growth factors in the ECM.27
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3. Targeting fibroblast-derived proteins?

Collagen is the main protein of the ECM constituting between 30–70% of the total 

proteins present in all tissue types. Collagens are highly upregulated in fibrotic diseases 

and hence, the reduction of collagen biosynthesis, cross-linking and deposition is the 

primary target for new anti-fibrotic drugs to evaluate the fibrosis in vitro and in vivo.1,80,81 

Ultimately, the drugs, which target the central pathway (TGF-b, CTGF and mTOR), 

affect the collagen synthesis and maturation but some drugs are not anti-collagenic due 

to the multiple phenotypic traits.81–83 Hence, the reduction in collagen biosynthesis and 

stopping the induction of its maturation has gained more attention as a therapeutic 

target during the last decade. However, collagen is an omnipresent protein in the body 

responsible for the important functions, such as a macromolecular scaffold, regulation 

of growth factors and receptor binding in each tissue. Hence, it is challenging to target 

the disease-specific collagen pathways (e.g. La-related protein 6 (LARP6); hsa-miR-29; 

Collagen Prolyl-4-Hydroxylase; FK506-binding protein 10 (FKBP10); heat shock protein 47 

(HSP47); Transport and Golgi organization protein 1 (TANGO1); Lysyl Oxidases; Matrix 

metalloproteinase (MMPs)) without affecting right collagens.81

In all types of fibrosis such as lung, kidney, liver, and skin, the activated fibroblasts and 

their myofibroblasts play crucial roles in excessive essential structural productions of ECM 

proteins (majorly collagens I and III, and fibronectin),84 in all types of fibrosis.64–66 The 

fibroblasts and myofibroblasts are responsible for the production of large quantities of 

other proteins such as elastin, specialized adhesive proteins (e.g., laminin), or molecules 

dconstituting structural proteins with high water, ion, and growth factor binding capacity 

(space-filling hydrated gels of proteoglycans and glycosaminoglycans).7

The production of ECM components by fibroblasts is tissue-specific e.g., lung,64 skin,65 

and liver.66 In addition, fibroblasts play a crucial role in the maintenance of the ECM and 

connective tissue, which is regulated by the secretion of proteolytic enzymes, mainly MMPs, 

as well as MMP inhibitors, largely tissue inhibitors of metalloproteinases (TIMP)-1.85

Amongst various collagens synthesized in the ECM, collagens type I (~80%), III (~15%), 

and V (<5%) are major products and the rate of estimated collagen molecule synthesis 

is 40 molecules/cells.86,87 The other types of collagens (type VI, XII, and XIV) are very 

limited in production but they are still considered modulators found on the surface (types 

XII and XIV) of the thick collagen fibrils (composites made up of collagens type I, III and 

V) which regulates the interaction with cells and other ECM components.88 The fibroblasts 

also produce fibrillar collagens (type I, III, and V), fibril-associated collagen (type XII or 

XIV), and interfibrillar micro filamentous collagen (type VI). The fibroblasts may produce 

α1(IV) and α2(IV) chains which are associated with the basement membrane collagen89–91 

because it is reported that the fibroblast type IV collagen conditions their microenvironments 

and may reduce their migration.90

3.1. The role of collagens in organ-specific fibrosis

Activated fibroblasts (myofibroblasts) are primarily responsible for fibrotic ECM deposition 

in various organs such as the lung, liver, kidney, and skin.92 For example, the deposition of 
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interstitial collagens (type I, III, and VI) are increased in the alveolar region when idiopathic 

pulmonary fibrosis (IPF) occurs.93 In the kidney, skin, and liver fibrosis, the deposition of 

the interstitial micro filamentous collagen (type VI) is increased with an increased risk of 

mortality.94

Collagens (type I and III) deposition are increased when the fibrosis progressed from mild 

to moderate to advanced (cirrhosis) which makes the ECM more dense and less flexible.94 

The various types of collagens within the liver play distinct roles within the ECM and 

multicellular context. In addition, the collagens can be synthesized predominantly by non-

fibroblastic cells both in rodents and in humans in vivo. For instance, the activated biliary 

cells and sinusoidal endothelia synthesize collagen type IV while type XVII are synthesized 

by hepatocytes and bile duct epithelial cells in advanced fibrosis stages.

The most relevant examples are the synthesis of collagen type IV and other basement 

membrane proteins by activated biliary cells and sinusoidal endothelia95 and collagen type 

XVIII by hepatocytes and bile duct epithelial cells, with an only modest up to 2-fold 

increase even in advanced fibrosis stages.96 Hence, the elevated level of type XVII collagen 

in liver fibrosis and cirrhosis is observed due to the high production of fibrillar collagens in 

hepatocytes and bile duct epithelial cells.

In addition, type IV collagen and other basement membrane components such as fibronectin 

are also increased and surrounded near myofibroblasts with the loss of a thin ECM 

network.97 Therefore, fibrosis is considered a complex disease that involves a change in 

the compositions of collagens including non-collagen ECM molecules with a relative loss of 

some types of collagens and the overexpression of others, or with collagens deposited “at the 

wrong place.”

Apart from the fibrillar collagens, other non-fibrillar collagens are accumulated forming a 

complex of branched networks by an association of larger collagen fibrils with each other.98 

Thus, the normal ECM components are lost due to changes in collagen composition and 

location when liver fibrosis progresses to cirrhosis.99

3.2. Collagen binding mechanism in hemostasis, wound healing, and fibrosis

Collagens help in the initiation of coagulation and maintain the hemostatic environment 

by platelet activation and these platelets are separated from the ECM under normal 

physiological conditions.100 The basement membrane is destructed when the vascular and 

epithelial cells are damaged, and it can be extended towards the interstitial membrane if 

the damage is severe enough.101 This phenomenon exposes the collagens to platelets in the 

basement and interstitial matrix resulting in platelet adhesion, activation, and aggregation. 

This process is very important for clot formation and wound healing activity. Moreover, 

it induces the release of platelet-derived growth factor (PDGF) and TGF-β which are 

responsible for fibroblast activation.102

The collagens mostly bind with three main platelet receptors viz. integrin α2β1-, VWF-, 

and glycoprotein VI (GPVI)-receptors at the site of injury.103 The collagens type IV and 
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VI directly interact with platelet receptors GPVI and α2β1 binding through a Gly-Pro-Hyp 

motif and a triple-helix motif (GFOGER) specific for type I and IV collagens.103

In addition to these receptors, the glycoprotein Von Willebrand Factor (VWF) also interacts 

with the collagen and platelet receptors GPIb and α2β3 indirectly and this interaction plays 

an important role in wound healing by facilitating the adhesion of platelets to collagens in 

the ECM, maintaining hemostasis and bleeding disorders such as Von Willebrand Disease 

(VWD).104 Collagens type I and III majorly interact with VWF via the A3 domain and play 

a crucial role in the binding with the activated platelets upon release of the agonists ADP 

and thromboxane A2.105

The coagulation and platelet activation together eventually forms the fibrin clots that heal the 

lesion, but they also act as a substrate and create the framework for tissue remodeling.106 

If collagen remodeling is improper or the collagen turnover is uncontrolled, it can lead 

to malfunctioning of wound healing and the hemostasis process and generates bleeding 

disorders and fibrosis as well.101 The interstitial collagens, fibrillar collagens (type I and 

III), and microfibrillar type VI have crucial roles in the initiation of the fibrotic process. In 

addition, mutations of collagen type I and III are responsible for vascular and ECM related 

diseases such as Ehlers-Danlos syndrome.107,108

Scleroderma is the finest example for understanding collagen binding which involves 

excessive collagen fiber deposition in the skin layers leading to systemic sclerosis (SSc) with 

multiple organ manifestations such as the lung and gastro-intestinal tract in which vessel 

integrity and function is altered. Fibroblast activation and ECM production are primary 

hallmarks of SSc resulting in platelet activation by endothelial damage done by reactive 

oxygen species.109

Platelet activation is a central driving force of fibrosis, which was illustrated in a study of 

liver fibrogenesis, and it was determined that all PDGF-AB and -BB activity was due to 

platelet activation.110 It was concluded that anti-platelet therapy with aspirin was effective to 

reduce fibrosis progression and a potent PDGF-B neutralizing antibody. Moreover, activated 

platelets induce the secretions of other proinflammatory and fibrotic cytokines, chemokines, 

and TGF-β1 (most potent profibrogenic factor) when clot formation happens and make an 

important contribution to fibrosis in SSc and liver fibrosis.111

In addition, there are several reports which outline the agonistic activity of anti-PDGFR 

antibodies towards fibroblasts in vitro.112 Hence, platelets are a primary source of cytokines 

and chemokines which are responsible for fibrosis of SSc.113,114

3.3. Angiotensin

3.3.1. Angiotensin.—Angiotensin was isolated in the late 1930s and subsequently 

characterized and synthesized by groups at the Cleveland Clinic and Ciba laboratories.115 

Angiotensin I is officially called proangiotensin. There are four types of angiotensin termed 

angiotensin I–IV. The major and active form of the hormone is angiotensin II. If the level 

of angiotensin is lower than normal it can cause hypotension, hyperkalemia, hyponatremia, 

and water loss through urine.116 When the blood pressure is low, kidneys release the enzyme 
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renin into the bloodstream. Renin splits angiotensinogen, a protein made in the liver and 

releases pieces of it; one of the pieces is angiotensin I, an inactive form. Its further splits by 

angiotensin-converting enzyme in the lungs and kidneys.116 The other piece is angiotensin 

II, an active hormone. When the level of angiotensin is higher than the normal level, it can 

cause water retention and hypertension. Hence angiotensin is a target for fibrosis.

3.3.2. Role of angiotensin in fibrosis.—Angiotensin is linked to a group of 

hormones, enzymes, proteins, and reactions that help in blood pressure regulation. 

Angiotensin has a complex series of effects such as stimulating aldosterone release from 

adrenal glands and antidiuretic hormone from the pituitary gland, enhancing blood pressure 

by narrowing blood vessels, and triggering the thirst sensation.116,117 Aldosterone releases 

potassium through urine and enhances sodium in the blood-stream resulting in retention 

of water.116 Hence, blood pressure increases. The renin-angiotensin-aldosterone system 

(RAAS) is also activated by other hormones such as corticosteroids, estrogen, and thyroid 

hormones. If there is any issue among these it can affect blood pressure, sodium, and 

potassium levels.116

The renin-angiotensin-aldosterone system plays a crucial role in normal myocardial 

function. During connective tissue repair, activated fibroblasts relocate to the wound 

area and then synthesized the new extracellular matrix. Proteins such as angiotensin 

II contribute to myofibroblast differentiation and persistence. However, the elevation of 

angiotensin II (Ang II) is associated with hypertension, myocardial hypertrophy, fibrosis, 

and bad remodeling. A lack of treatment results in heart failure. Fibrotic diseases are 

major causes of mortality and morbidity globally. They are an economic burden to the 

healthcare system. This is mediated through Ang II receptor AT1. Signals from AT2 are 

opposed to AT1-dependent pro-inflammatory, pro hypertrophic and pro-fibrotic effects. 

Ang II upregulates matrix metalloproteinases (MMPs) which promote ECM degradation. 

This results in increased cardiac fibroblast migration and proliferation, ECM deposition, 

fibrosis, and adverse remodeling. The levels of MMPs are very low at normal heart function. 

Following injury, activation of MMP2, MMP9, MT1-MMP, and MMP7 promotes ECM 

breakdown and hence results in fibroblast invasion and proliferation, and fibrosis. Siddesha 

et al., studied fibroblast migration via differential regulation of matrixins and RECK. RECK 

is a unique membrane protein that regulates MMPs. Ang II infusion for 2 weeks induced 

cardiac fibrosis and enhanced levels of MMPs 2, 7, 9, and 14. But RECK expression was 

significantly reduced. These effects are inhibited by AT1 and losartan codelivery. They 

demonstrated that Ang II suppresses RECK and induces MMPs in vitro and in vivo. RECK 

overexpression blunts Ang II-induced MMP activation and cardiac fibroblast migration.118

3.3.3. Targeting angiotensin

3.3.3.1. Targeting RAAS in cardiac and renal fibrosis.: Recently cardiac fibroblasts 

have been found to possess a functional intracellular renin-angiotensin-aldosterone system 

(RAAS) that is particularly interesting for targeted treatment of cardiac fibrosis.119 The 

RAAS pathway regulates blood pressure. A schematic of RAAS is presented in Fig. 4. 

RAAS is an important pathway that contributes to cardiac fibrosis with TGF-β through 

downstream Ang II/AT1R to induce fibrosis in the heart. However, the full mechanism 
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is not understood yet. The Ang II/AT1R/p38 MAPK pathway is activated in cardiac and 

renal fibrosis. Inhibition of renin is a promising strategy as it limits Ang II synthesis 

and hence combats cardiac and renal fibrosis. Fibroblast activation occurs in response to 

angiotensin II. Targeting fibroblasts is a great strategy which not only reduces collagen 

deposition but also limits macrophages in remodeling the heart. Clinical studies showed 

that renin-angiotensin system inhibition with ACE inhibitors or AT1 receptor antagonists 

reduced myocardial fibrosis. RAS inhibitors showed the ability to reduce fibrosis in human 

myocardium. The aldosterone antagonist spironolactone has also shown promising effects. 

Calcium channel blockers also showed promising pre-clinical performances. However, the 

exact mechanism of anti-hypertensive drugs against fibrosis is not fully understood yet. Ang 

II shows fibroblast activation, proliferation, and collagen production. Targeting the RAAS 

system may reverse cardiac fibrosis.119,120

Studies found that angiotensin and TGF-β1 are integrated signaling networks, which 

promote fibrosis. Drugs that inhibit the angiotensin pathway are called angiotensin-

converting enzyme inhibitors or angiotensin receptor antagonists. These drugs are used for 

hypertension and cardiomyopathies.

Losartan, an angiotensin receptor inhibitor showed effectiveness in fibrosis treatment in 

a variety of animal models and humans.122 Compared to TGF-β signaling an angiotensin-

converting enzyme inhibitor may be a potential approach.

The medication for high angiotensin levels is an angiotensin-converting enzyme inhibitor 

(e.g., enalapril) and angiotensin receptor blockers (e.g., losartan).116 One side effect of 

these drugs is an increase in potassium levels in the body. There are several angiotensin 

receptor blockers available such as Azilsartan (Edarbi), candesartan (atacand), Eprosartan, 

Irbesartan (Avapro), Losartan (Cozaar), Olmesartan (Benicar), Telmisartan (Macarids), and 

Valsartan (Diovan).116 Angiotensin II receptor blockers may also treat chronic kidney 

diseases, heart failure, and kidney failure in diabetes. The major side effects are dizziness, 

potassium level enhancement, and swelling of the skin.116 Several markers such as vimentin, 

fibronectin, periostin, and β1-integrin have been overexpressed in fibroblasts. None of them 

are fibroblast specific.119,120

Heart failure is usually caused by impaired cardiovascular reflexes and dysregulated 

neurohumoral activation mechanisms such as the renin angiotensin system, sympathetic 

nervous system, and cytokine system. The pathological activation of myocardial function 

and cardiovascular homeostasis causes heart failure.123 This also affects pulmonary and 

renal systems. Since the identification of the angiotensin-(I-7)- Mas receptor axis renin-

angiotensin system it has become an important target in cardiovascular disease.

Aliskiren is a United States Food and Drug Administration (US-FDA) approved renin 

inhibitor for hypertension treatment. It attenuates collagen deposition, oxidative stress, 

and TGF-β synthesis in both normal and diabetic mice. It may affect anti-fibrotic 

activity independently of Ang II.124 Queisser et al. showed MR receptor blocking 

with spironolactone ameliorated heart fibrosis in hypertensive rats. At optimum doses, 

spironolactone prevented heart fibrosis. The advantage of RAAS inhibition in the reduction 
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of reactive oxygen species in cardiac tissues.125 Lisinopril also showed collagen volume 

reduction in patients.126 So it can be a potential anti-fibrotic agent. Two weeks of enalapril 

treatment also showed great progress in cardiac fibroblast physiology which protects the 

heart.126 Pirfenidone is an anti-fibrotic agent which ameliorates fibrosis in different tissues. 

Recently, it was reported that pirfenidone converges the RAAS pathway in cardiac fibrosis. 

Pirfenidone balances the ACE/ACE2 ratio, inhibits AT1R/p38 MAPK, and controls RAAS 

balance. ARB losartan also inhibits AT1R/p38 MAPK and Liver X receptor and increases α 
(LXR α) expression which shows anti-fibrotic effects.125

However, extensive research specifically focused on fibrosis and targeting needs to be 

conducted including detailed clinical trials.

3.3.3.2. Targeting RAAS in liver fibrosis.: Hepatic fibrosis involves hepatic stellate 

cells (HSC) and Kupffer cells (KC), growth factors, chemokines, and cytokines. This 

results in disruption of homeostatic functions and organ failure. RAAS is overproduced 

at different stages of liver fibrosis. AT1R blockers (ARBs), ACE inhibitors, and selective 

aldosterone blockers have been reported to be effective for hepatic fibrosis suppression. 

ARB candesartan treatment for 6 months showed ameliorated liver fibrosis and reduced 

fibrotic area, scores, and markers of α-SMA and hydroxyproline levels in patients with 

alcoholic liver fibrosis. The clinical trials in patients with liver fibrosis were significantly 

reduced with RAAS inhibition. Ang (1–7) inhibits hepatic stellate cell activation which 

results in the reduction of fibrosis. The potential of the RAAS blockade for liver fibrosis 

therapy has been tested in several investigations. Randomized controlled clinical trials 

in patients with liver fibrosis showed that the RAAS inhibitor reduces liver fibrosis 

significantly. This data concluded that RAAS antagonism is a promising therapeutic 

approach for liver fibrosis. Altogether it can be concluded that RAAS antagonism is a 

promising approach for liver fibrosis treatment. However, further clinical trials need to be 

conducted.

3.3.3.3. Targeting RAAS in skin fibrosis.: RAAS regulates wound healing in the skin 

by stimulating synthesis and release of pro-fibrotic proteins. The skin expresses local 

RAAS components which are dysregulated during wound healing and result in hypertrophic 

scars and keloid formation. Blocking ACE/AT1R and activating ACE2/AT2R is a good 

choice of treatment.127 Fang et al. studied the potential of ACE inhibitors against scar 

formation. They used ACE inhibitors and studied the in vitro studies using NIH 3T3 

fibroblasts and a rat scar model. Flow cytometry and western blotting analysis confirm 

the potential antifibrotic activity in the ramipril or losartan treated group compared to the 

control. This study concluded that ACE inhibitors inhibit scar formation by suppressing 

TGF-β/SMAD2/3 and TGF-β1/TAK1 pathways.127 The AT1R inhibitor losartan reduced 

scar formation significantly. ACE inhibitors decreased fibroblast proliferation, collagen, and 

TGF-β expression. In pilot clinical trials topical losartan showed a significant reduction in 

scar scores in patients with hypertrophic scars and keloids. Mouse of porcine with chronic 

diabetic wounds and aging diabetic pigs showed faster wound healing with good quality 

skin observed when treated with 1% losartan gel.128 However, the AT1R and AT2R skin 

healing is phase dependent and late treatment may take a longer time to heal. However, 
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ACE inhibitors reduce Ang II production which results in a lack of stimulation to AT1R 

and AT2R, hence ACE inhibitors failed to produce beneficial effects. Losartan specifically 

blocks AT1R without affecting binding of AT2R.

Even through basic understanding of RAAS and other targeting pathways for treatment of 

fibrosis the exact mechanism needs to be investigated which may open a new window for the 

development of fibrosis therapy.

3.4. Cadherin

3.4.1. Fibroblasts – cadherin producers of the interstitial matrix.—The cells 

adhere to each other and interact with ECM through cellular adhesion molecule (CAM) 

proteins through the calcium-dependent cellular adhesion mechanism and this regulates 

many biological processes including ECM remodeling and inflammation.129 It has been 

reported that cadherins have a role in malignancy and tumor invasiveness.130–133 The 

epithelial cells become more invasive during the EMT and malignant transformation, which 

involves the down regulation of right cadherins (e.g. E-cadherin) and up-regulation of 

mesenchymal cadherins (e.g. N-cadherin and cadherin-11) responsible for fibrosis.131,133,134 

It has been shown that cadherin-11 are overexpressed in fibrotic tissues and studied in 

the context of lung, liver, intestinal, cardiac, and skin fibrosis.135–139 In addition, it has 

been reported that cadherin-11 are overexpressed in fibroblasts within the synovial lining 

joints where they regulate the production of interleukin-6 and MMPs.140–142 Cadherin-11 

regulates multiple cell populations such as macrophage, epithelial and fibroblast cells 

responsible for fibrosis. For instance, the fibrotic macrophages produce more TNFα than 

cadherin-11 deficient macrophages.135,142 Additionally, the mesenchymal gene expression 

and EMT were blocked when cadherin-11 was downregulated in lung epithelial cells.135 

Furthermore, cadherin-11 regulates the migration and levels of β-catenin in dermal 

fibroblasts which is very important in the fibrosis development.139 All these reports suggest 

that cadherin-11 may be a therapeutic target for treating the fibrosis.

The biological process such as tissue remodeling and inflammation involves calcium-

dependent cell-to-cell interaction in the extracellular matrix, and it determines the ability to 

adhere the cells with each other via cell adhesion molecules. These adhesion molecules are 

categorized into four families such as selectins, immunoglobulin, integrins, and cadherins 

according to their molecular structure.129 Amongst several molecules responsible for 

cellular adhesion, cadherins are important proteins responsible for the progression of fibrotic 

and cancer diseases.129 Cadherin is categorized into several subtypes: type I classical 

cadherins such as E-cadherin, N-cadherin, and P-cadherin; type II classical cadherins 

such as VE-cadherin (CDH5) and OB-cadherin (CDH11), the desmosomal cadherins; the 

seven-pass transmembrane cadherins, FAT and dachsous (DCHS) group cadherins, and 

protocadherins (PCDHs).143

Cadherins have a repeating amino acid sequence with about 110 residues, each representing 

an immunoglobulin-like fold structure called an “extracellular cadherin” or “EC” domain 

responsible for homotypic cadherin–cadherin interaction.144 The cadherin family are 

structurally diverse proteins including transmembrane cell adhesion molecules, cytoplasmic 

domain and G-protein coupled receptors (GPCR).145 The E-cadherins are expressed in 
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epithelial cells while N-cadherin and cadherin-11 are expressed during mesenchymal cell 

transition in fibroblasts. The malignant cells are characterized by changes in the expression 

level of cadherins.146

3.4.2. The role of cadherins in organ fibrosis.—CDH11 expression is enhanced 

when the fibroblast to myofibroblasts differentiation occurs which further results in cell-to-

cell adhesion and contractility.147 The expression of N-cadherin is increased in alveolar 

epithelial cells when the cells are in epithelial-mesenchymal transition.139 The significant 

role of cadherin-11 in dermal fibrosis has also been reported by several authors.148 There 

are enough reports available that suggest that cadherin-11 targeting could be a potential 

therapeutic strategy in fibrotic patients.

The mechanism by which cadherin-11 regulates fibrosis is still under investigation. It is 

demonstrated from the immuno-histochemistry that cadherin-11 is expressed in fibroblasts 

of fibrotic lungs, macrophages, and type II alveolar epithelial cells.135 The cadherin-11 

modulates the fibrotic process through multiple steps. For instance, less TGF-β is produced 

by macrophages that are cadherin-11 deficient, but similar amounts of TNF-α are produced, 

compared to wild-type macrophages.135 Moreover, the mesenchymal gene expression 

and EMT are blocked in lung epithelial cells after cadherin-11 is downregulated.135 

The migration of dermal fibroblast migration and of β-catenin levels are regulated 

by cadherin-11 in the development of fibrosis.139 Furthermore, the expression of the 

proinflammatory cytokine interleukin-6 (IL-6) and myofibroblast markers e.g., TGF-β1 is 

increased when the cadherin-11 is overexpressed in injured joints, lungs, and heart valves.135

3.4.3. Cadherins binding mechanism.—Besides, other ectodomains such as EC5, 

EC2, and EC4 would pair with EC1 domains when the cadherin-coated surfaces are 

“pulled apart” as shown by atomic force microscopy analysis.149 Chu et al. showed that 

cadherin binds between cells by association of their EC1 with EC5 domains measured by 

fluorescence resonance energy transfer (FRET) analysis (Table 1).149

Moreover, the Ca2+ ion plays a major role in cell adhesion. Boggon et al. showed that 

the connection between multiple EC domains (EC1 and EC5) is regulated by the Ca2+ 

coordination and they are held at well-defined orientations which were observed from the 

crystal structure, electron micrographs, and EM tomograms of each ectodomain.177

Detailed information on type-I cadherins has been provided regarding its adhesive dimer 

interface.177 The amino-terminal β-strands of EC1 domains swap results in replacing the 

A strand of one monomer with the A strand of the other. The binding occurs through the 

insertion of the side chain from the A strand of the tryptophan-2 (Tryp-2) residue which is 

extended to the hydrophobic core. Any mutation in the Tryo-2 results in the loss of adhesive 

function of all cadherins (Fig. 5).177

A similar type of strand-swap binding occurs in type II cadherin ectodomains observed by 

the crystal structures. In addition, Trp-4 also plays a role in binding with type II cadherins 

through the insertion into a hydrophobic pocket of the EC1 domain.178 In addition, the 
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EC1–EC1 interface in type II cadherins offers a larger surface for interaction that runs along 

the entire length of the interface.

Kim and colleagues have reported another interaction mechanism between E-cadherin and 

α3β1 integrin, which was observed in an immunofluorescent study.179 E-cadherin also 

interacts with the α3β1 integrin and TGF-β receptor in alveolar epithelial cells.180 This 

trio of interaction results in the tyrosine phosphorylation of β-catenin at position Y654 

(pY654). This pY654 binds with the pSmad2 (a TGFβ signaling molecule) and regulates the 

transcription by translocating into the nucleus. In addition, this interaction has been found in 

the myofibroblast of both mice and humans but not in the fibroblast.

4. Conclusions and future perspectives

Fibroblast targeting has not been studied extensively despite its great potential and clinical 

need. Among the several proteins, TGF-β, collagen, angiotensin, and cadherins are the key 

proteins that are closely associated with the development of fibrosis. Understanding the 

mechanism of proteins in fibroblast activation development and targeting these proteins can 

be an effective strategy for fibrosis therapy. Collagen research is still relatively unexplored. 

There is a need to develop remodeling strategies that remove the wrong collagen from the 

right place (fibrous tissue) but not the right collagen in the right place (normal interstitial 

ECM and bone). This could be feasible by developing activated (myo-) fibroblast targeted 

therapies.114 Another unexplored area is the replacement of a pathological ECM with the 

natural ECM and regeneration of the tissue by re-establishment of the spatial distribution 

of polarized cells on an ordered basement membrane. Moreover, it is necessary to think 

if a diseased ECM is removed/replaced by normal ECM, the epithelial cells undergoing a 

mesenchymal transition in fibrosis and cancer should be transitioned back to the normal 

condition.

In the past decade, significant progress has been made in understanding the mechanism of 

tissue fibrosis. In many ways, the many pathways are similar and interconnected in different 

tissue fibrosis such as lungs, skin, liver, and kidneys. So far very few drugs have been 

developed for treatment. Cadherin-11 plays an important role in tissue fibrosis as evidenced 

in several mouse models. Further investigation about how cadherins change the behaviour 

of fibroblasts and myofibroblasts responsible for the development of fibrosis is still needed. 

The targeting of cadherins, cadherin-11, appears to be a more targeted inhibition of key 

fibrotic pathways e.g., TGF-β and β-catenin. The clinical translation of these targets is still 

under investigation.

We have written this article after reviewing hundreds of excellent research publications 

from recent decades and highlighted several fibroblast activating pathways. This review 

provides insight into the different signalling pathways and discusses their chemical nature 

and their interference with fibrogenesis. We reviewed the key proteins that play crucial 

roles in fibrosis such as TGF-β, collagen, angiotensin, and cadherin, and their potential for 

developing myofibroblast-specific targeting therapy for an improved and efficient treatment 

approach.
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This review provides insights into TGF-β and its importance in the regulation of multiple 

systems in the body including cell proliferation and differentiation, wound healing, 

adhesion, and migration of immune cells. TGF-β signalling is a well-established pathway 

of fibrosis. TGF-β is activated in fibrotic diseases and is sufficient and required for the 

induction of fibrosis. We comprehensively reviewed TGF-β driving canonical ALK5/Smad3 

for fibrosis. The article provides TGF-β targeting strategies extensively. However, TGF-β 
plays a crucial role in tissue homeostasis, immunity, and cell proliferation. Hence blocking 

the TGF-β may lead to potential side effects. There are other strategies that have been 

developed but they have not shown promising antifibrotic potential in pre-clinical studies. 

However, combined therapies targeting TGF-β minimize the adverse effects even though 

there is a lack of clinical evidence.

We also briefly outline the various systems and conditions which enhance the production of 

collagens which lead to fibrosis. We extensively discussed strategies for the degradation 

of collagen to treat fibrosis including extracellular and intracellular pathways. Under 

homeostatic conditions, collagen is continuously produced and degraded, which prevents the 

formation of fibrosis. However, collagen degradation may be associated with the formation 

of permanent scar tissue. Moreover, collagen degradation reduces the pace of collagen 

production which results in extracellular accumulation of fibrillar collagen.

We also discussed the angiotensin II pathway toward fibrosis. We provided insights into the 

release of angiotensin and its mechanism which leads to fibrosis. Angiotensin II plays a role 

in increasing the blood pressure by narrowing the blood vessels. We have also provided a 

brief overview of the renal angiotensin aldosterone system. We discussed various strategies 

to target angiotensin II such as angiotensin II receptor blockers, angiotensin-converting 

enzyme inhibitors, and compounds that interfere with the binding of angiotensin II with a 

G-protein coupled receptor. However, the exact mechanism of angiotensin II has not been 

explored yet.

The last pathway we discussed in this article is based on cadherins. We provided insight into 

the potential pathways of cadherin II such as the regulation of fibroblast migration, alveolar 

macrophage production of TGF-β and mesenchymal gene expression, and possibly EMT of 

type II AECs. We also discussed the role of Cadherin-11 in tissue fibrosis including several 

pieces of evidence. The targeting of cadherins, cadherin-11, appears to be a more targeted 

inhibition of key fibrotic pathways e.g., TGF-β and β-catenin. The clinical translation of 

these targets is still under investigation.

There are a few drugs that have been developed to control fibroblast activation and have 

been approved by the FDA. These drugs include Trikafta to help treat cystic fibrosis, and 

nintedanib and pirfenidone for idiopathic pulmonary fibrosis. However, these drugs are 

limited to use due to adverse side effects. So, the control and targeted delivery systems 

need to be explored to minimize the side effects and improve the potential of drugs. We 

are currently developing various delivery systems to target specific myofibroblasts cells of 

the kidneys, lungs, and skin. We are using a novel targeting approach through engineering 

the nanocarriers loaded with payload. We have developed various myofibroblast targeting 

ligand functionalized nanoparticles. To target kidney myofibroblasts, we will use peptide 
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ligands. To identify the potential peptide ligands, we synthesized a library of peptides. 

Targeted mRNA therapy can be a potential system still needing exploration. This article 

concludes that the fibroblast targeting system is a good choice for fibrosis therapy. However, 

the protein mechanism needs to be evaluated before clinical use.

The fibroblast protein targeting system may not be successful for fibrosis treatment due 

to unexpected barriers and a lack of ideal drugs and properties of drugs may also impact 

the delivery system. Identification of ideal carriers is also a big challenge. The relationship 

between carriers and drugs also has a critical role. However, recently, artificial intelligence 

and machine learning have received great interest. AI and ML play a crucial role in the 

identification and analysis of hypotheses using computers without the need for laboratory 

facilities and a work force. It is very clear that AI and ML are the most powerful techniques 

in science, technology, and medicine. However, the interface needs to be developed to make 

a connection between the computer and medicine. This is the major challenge we need to 

address in the future. We strongly believe that the advancement of technology may provide 

a solution through human body scanning. The technology may analyse the signals from the 

human body and provide point of care. The future of medicine could be ruled by human–

computer–bio–nanotechnology.
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Fig. 1. 
The differences between the liver, kidneys, lungs, heart and skin under normal conditions 

and the same organs with fibrosis. The fibrotic organs depicting the accumulation of ECM 

proteins in the tissues are shown in the magnified images. Reproduced with permission from 

ref. 3 Copyright 2018 Elsevier.
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Fig. 2. 
Fibroblast-to-myofibroblast transition (FMT). The scheme summarizes the FMT process, the 

corresponding changes in fibroblast behaviour, and the downstream effects at the tissue 

level. The transition starts from the fibroblast activation due to the different kinds of 

stimuli. The activation can sometimes be reversed or can proceed to the apoptosis of the 

myofibroblasts. When they escape these routes, due either to the persistent stimuli or to 

intracellular misregulations, FMT will lead to changes in the extracellular matrix (ECM) 

deposition and its architecture, driving the tissue into a pathological state. At the cellular 

level, FMT results are appreciable in the intracellular stress fibres and α-SMA expression. 

Reproduced with permission from ref. 15 Copyright, 2020 D’Urso and Kurniawam Frontier.
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Fig. 3. 
Canonical and noncanonical pathways of TGF-β signaling.
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Fig. 4. 
Schematic of the renin-angiotensin-aldosterone system (RAAS). Reproduced with 

permission from ref. 121, 2019 Frontiers, Open Access.
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Fig. 5. 
Strand-swap binding by classical cadherins. (A) 3D domain swapping by cadherin EC1 

domains. 3D domain swapping provides a simple mechanism for constructing homophilic 

interfaces. A protein made up of a “main” domain and a “swapping” domain connected 

by a flexible region can form a “closed” monomer, or a multimer (a dimer in the case 

of cadherins). These two molecular configurations compete with one another, leading to 

weak binding affinities. (B) Comparison of strand-swap interfaces of type I and type 

II classical cadherins. Although the folding topology is identical, these two subfamilies 

have incompatible binding interfaces. Type II cadherins include two conserved Trp anchor 

residues, rather than one, and form a hydrophobic interface that runs the length of the EC1 

domain. Reproduced with permission.149 Copyright 2009 Cold Spring Harbor Laboratory 

Press.
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