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Abstract: Fibrosis is a prevalent and detrimental condition associated with various diseases with a 

high impact on global morbidity and mortality rates. Despite its diverse causes and affected organs, 

common underlying mechanisms drive the development and progression of the disease. These 

mechanisms include an exaggerated inflammatory response, excessive activation of fibroblasts, and 

abnormal tissue remodeling following severe or repetitive tissue injury. Although significant 

advancements have been achieved to enhance our understanding of fibrosis, there is still a gap 

between identifying potential antifibrotic targets and successfully translating them into effective 

clinical interventions. Novel approaches that target specific cellular and molecular processes 

involved in fibrosis hold promise for reducing the pathological consequences of the disease. 

Understanding the pathogenesis and clinical implications of fibrotic diseases is crucial for 

developing effective therapeutic strategies and improving patient outcomes. In this review, we 

introduce the concept of fibrosis, discuss the mechanisms by which it arises, and explore existing 

and emerging therapeutic approaches in development.  
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1. Introduction 

Fibrosis is a widely recognized cause of disease-related morbidity and mortality worldwide [1]. 

Despite the diverse array of etiologies and affected organs, common mechanisms underlying the 

development and progression of fibrosis exist [2]. Specifically, these include a hyperactive 

inflammatory response, excessive activation of fibroblasts, and aberrant tissue remodeling following 

severe or repetitive tissue injury [3]. Such damage may occur in response to a variety of stimuli, such 

as persistent infections, prolonged exposure to irritating non-infectious agents (e.g., silica, radiation), 

autoimmune conditions, mechanical injury, or damage to components involved in normal regulation 

of tissue regeneration [4, 5]. Regardless of the underlying cause, fibrosis can occur in any solid organ 

or tissue and is a key underlying feature in numerous chronic diseases [6]. Altogether, fibrosis has 

been implicated in up to 45% of deaths in the developed world [7].  

As a pervasive pathological repair process, fibrosis commonly occurs in various organs in 

response to tissue damage, leading to the substitution of functional tissue with non-functional 

connective tissue [8]. Despite the widespread prevalence of tissue fibrosis across numerous disease 

states in diverse organs, the existing therapeutic approaches aimed at preventing or reducing fibrosis 

are severely limited in terms of both quantify and efficacy. Unfortunately, there is currently no 

effective cure available to address the structural and functional damage induced by fibrosis-related 

disorders. In fibrosis, excessive deposition of extracellular matrix (ECM) components occurs [9]. 

While the deposition of collagen by fibroblasts, specifically activated α-smooth muscle actin+ 

myofibroblasts, is an essential step in physiological wound repair, dysregulation of this process can 
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lead to ECM accumulation and disruption of normal tissue architecture [10]. Over time, this 

accumulation contributes to the development of fibrotic diseases, ultimately resulting in 

compromised organ function or even organ failure [10]. 

Understanding the pathogenesis and clinical implications of fibrotic disorders is paramount for 

developing effective therapeutics and improving patient outcomes. In this review, we aim to both 

introduce the concept of fibrosis and discuss mechanisms by which it may arise. We will then explore 

several diseases to illustrate the impact of fibrosis on organ function, paying attention to how the 

common mechanisms that result in fibrosis can have such varied clinical effects. Finally, we will 

examine the current therapeutic landscape and discuss existing treatments, with a look down the 

pipeline at what new therapies are currently in development.   

1. Pathogenesis of Fibrosis 

1.1. Overview of Wound Healing  

Repair of soft tissues following injury is a highly coordinated physiologic response that involves 

three overlapping, but functionally distinct stages: hemostasis and inflammation, cell regeneration, 

and tissue remodeling [11] [Figure 1]. 

 

Figure 1. Mechanisms of wound healing and fibrosis development. The normal wound healing 

process proceeds through three overlapping, yet independent phases: hemostasis and inflammation, 

regeneration, and remodeling. At each stage, dysregulation can lead to the development of fibrosis. 

A dominance of the TH2 CD4+ T cell phenotype during the inflammatory phase leads to the 
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overproduction of profibrotic cytokines that induce excessive ECM deposition. Hyperactivity of 

fibroblasts/myofibroblasts, either though chronic activation, decreased programmed apoptosis, or 

oversupply via EMT, also results in accumulation of collagen and fibrotic scarring. Abnormal 

remodeling may also lead to buildup of collagen through improper degradation in a process 

involving MMPs and TIMPs. Created with BioRender.com. 

Almost immediately following injury, damaged epithelial cells, endothelial cells, and fibroblasts 

release inflammatory mediators that induce vasoconstriction and platelet plug formation to minimize 

blood loss [12]. Activated platelets within this region aggregate and degranulate to release substances 

including thromboxane A2 and serotonin, which further constrict blood vessels and promote clot 

formation [12]. The clotting cascade is then initiated to induce formation of a fibrin meshwork over 

the platelet plug and stabilization of the blood clot [13, 14]. As this hemostatic process is carried out, 

damaged tissue is simultaneously secreting growth factors, proinflammatory cytokines, and 

chemokines to stimulate recruitment of leukocytes to the site of damage [15]. 

Fibroblasts/myofibroblasts, epithelial cells, and endothelial cells also secrete matrix 

metalloproteinases (MMPs) to degrade the basement membrane and allow access for infiltrating cells 

[16]. Neutrophils and macrophages are the first to arrive on the scene and respond by phagocytosing 

tissue debris and secreting additional factors that induce epithelial regrowth and angiogenesis [17, 

18]. Multiple phenotypes of CD4+ T cells (i.e., TH1, TH2, Treg) are then recruited to the wound site where 

they help mediate later phases of wound repair through regulation of inflammation, stimulation of 

fibroblast activity, and promotion of tissue remodeling [19, 20]. Several studies have demonstrated 

that a delicate balance between TH1-induced collagen degeneration and TH2-induced collagen 

synthesis is necessary for proper ECM remodeling, and that an over-representation of the TH2 

phenotype is associated with abnormal fibrogenesis [20, 21].  

The proliferative phase involves the formation of new tissue to fill the wound gap [22]. The 

primary mediators at this stage are the myofibroblasts, which play vital roles in secreting new ECM, 

inducing wound contraction, and stimulating angiogenesis and granulation tissue formation[23, 24]. 

The pool of cells contributing to the generation of myofibroblasts is vast and includes resident 

mesenchymal cells, as well as local epithelial and endothelial cells in a process termed the 

epithelial/endothelial-mesenchymal transition (EMT/EndoMT) [25]. Synthesis of ECM components 

including collagen, proteoglycans, and fibronectin provides structural support to the healing tissue 

[26]. Angiogenic factors induce endothelial cell proliferation and migration towards the wound site, 

where they will ultimately organize into capillaries that supply oxygen, nutrients, and additional 

immune cells to aid with the healing process [27]. This stage is also characterized by the proliferation 

of epithelial cells at the wound edges, allowing them to form a new layer of skin overlying the wound 

in a process known as reepithelialization [28]. Finally, the newly regenerated tissue undergoes 

extensive remodeling meant to restore original strength and function. Specifically, collagen fibers are 

reorganized and mature in a process that increases the tensile strength of the healing tissue[29]. At 

the same time, excess collagen that was laid down in the regenerative phase begins to be 

enzymatically digested by MMPs secreted by epithelial cells and activated myofibroblasts [30]. The 

rate of collagen turnover is regulated by the opposing activity of MMPs and tissue inhibitors of 

metalloproteinases (TIMPs), among other inhibitors [31].  

Throughout this process, various growth factors and signaling molecules are involved in 

regulating cell migration, proliferation, and ECM synthesis. Transforming growth factor-beta (TGF-

β), platelet-derived growth factor (PDGF), and fibroblast growth factors (FGFs) produced from a 

variety of local and infiltrating cells are among the key drivers of tissue regeneration and remodeling 

[32]. Importantly, the balance between pro- versus anti-inflammatory mediators and collagen 

synthesis versus degradation represents an essential component of proper tissue repair [33]. 

Imbalance of these processes is an important pathological factor seen with deficiencies in tissue 

repair, chronic inflammatory diseases, and fibrosis [34]. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 June 2023                   doi:10.20944/preprints202306.2159.v1

https://doi.org/10.20944/preprints202306.2159.v1


 4 

 

1.2. How Dysregulation of Wound Healing Leads to Fibrosis  

With an understanding of the wound healing process, one can appreciate how there are many 

avenues by which dysregulation can lead to abnormal physiologic effects. Relevant to this review, 

dysregulation of wound repair and chronic inflammation are the pathogenic mechanisms leading to 

fibrosis via a complex series of cellular and molecular events [35]. Fibrosis, which describes the 

excessive deposition of ECM components in an organ or tissue, can result from dysfunction at various 

stages of the repair process [36].   

In the early stages of repair, cells that have been damaged or that are near the site of damage act 

to induce a proinflammatory environment that culminates with the recruitment of leukocytes, 

including TH1 and TH2 CD4+ T cells [37, 38]. The importance of such inflammation is that it triggers 

clearing of debris, pathogens, and damaged cells, and allows for new cells and ECM to fill in the 

evacuated space [39]. Critically, wound repair involves coordinated transitions between TH1- and 

TH2-phenotypes to allow for proper regeneration [40]. In instances where this transition is polarized 

towards a TH2-phenotype, excessive secretion of profibrotic factors such as IL-4 and IL-13 stimulates 

collagen deposition and tissue scarring [41]. Alternatively, Hoffmann and colleagues found that 

when IFN-gamma-producing TH1 CD4+ lymphocytes dominate, the development of tissue fibrosis is 

greatly attenuated [42].  

Improper activity of fibroblasts themselves is also a key cellular mechanism underlying the 

development and progression of fibrotic disorders [43]. Fibroblasts are the main cells responsible for 

producing, remodeling, and maintaining the extracellular matrix [44]. Fibroblasts also play a role in 

wound contraction by maturing into collagen-secreting, α-SMA+ myofibroblasts in response to 

profibrotic signaling via TGF-β, PDGF, and connective tissue growth factor (CTGF) [45]. While this 

maturation process is important for functional repair, dysregulation can result in overactivation of 

myofibroblast phenotype and excessive ECM deposition [46].  

Matrix metalloproteinases (MMPs) have also been implicated in the development of fibrosis [47]. 

Normal ECM remodeling depends on a balance between these MMPs and the activity of endogenous 

protease inhibitors, TIMPs [48]. Pathologically increased activity of TIMPs can disturb this careful 

balance to favor excessive buildup of extracellular collagen and the disruption of normal tissue 

architecture [49]. Additionally, conditions that otherwise decrease production or enhance 

degradation of certain MMPs can have similar effects, whereby ECM components accumulate to 

levels that result in organ dysfunction. Paradoxically, overexpression of some MMPs (specifically, 

MMP-2, -3, -8, among others) can also have profibrotic effects, suggesting that the interaction between 

MMPs and TIMPs is more complex than would be expected [50].  

Yet another cellular process implicated in the development of fibrosis is the EMT [51]. As has 

been discussed previously, fibroblasts and myofibroblasts are the main cell type responsible for the 

deposition of ECM during physiological and pathological tissue regeneration and remodeling. The 

fibroblasts that participate in this process are those present near the site of injury and those recruited 

from the bone marrow [52]. Importantly, an additional source includes local epithelial cells that lose 

characteristic apical-basal polarity and tight junction expression as they transition to a mesenchymal 

phenotype in a process mediated by TGF-β signaling pathways [53]. EMT has been studied 

extensively as it relates to fibrogenesis and has been demonstrated to be a driving force in fibrotic 

disorders of various organs including the lungs, liver, and kidneys, among others [54].  

While the specific mechanisms contributing to fibrosis vary depending on the type of injury, the 

tissue involved, and the underlying pathological conditions, an understanding of these various 

mechanisms is vital as it relates to the development of novel treatments. Through the development 

of pharmaceutical and biological agents that target each of these processes, it may be possible to slow, 

prevent, or even reverse the damages resulting from excessive ECM deposition.  

2. Organ-Specific Fibrosis 

2.1. Pulmonary Fibrosis 
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Pulmonary fibrosis is a pathological finding seen in a wide variety of clinical settings and 

represents a major cause of morbidity and mortality [55]. It describes the process of scarring and 

thickening of lung parenchyma, ultimately resulting in the disruption of normal tissue architecture, 

impaired gas exchange, and respiratory failure [56]. It is a common finding in many systemic 

connective tissue disorders such as systemic sclerosis (scleroderma) or rheumatoid arthritis and can 

sometimes represent the initial manifestation of these diseases [57]. Furthermore, pulmonary fibrosis 

may also appear without any apparent etiology, as is the case in idiopathic pulmonary fibrosis (IPF), 

as well as in response to certain infections, air pollutants, chemotherapies, or radiation therapy [58]. 

Altogether, conditions in which scarring of the lungs is a prominent feature are grouped together 

under the label of interstitial lung diseases (ILD) [59]. While the underlying cause may not always be 

known, the distinction between these various ILD subtypes has clinical implications in that 

treatments may differ, suggesting diversity in pathophysiological mechanisms [60]. However, 

regardless of how the disease progresses, fibrotic scarring universally occurs following some initial 

injury to pulmonary tissue [61]. In situations where pulmonary fibrosis is a complication of systemic 

autoimmune disorders (i.e., scleroderma, rheumatoid arthritis, Sjogrens, 

polymyositis/dermatomyositis, etc.), triggering injury results from a chronic inflammatory reaction 

against self-antigens which leads to excessive ECM deposition and tissue scarring [62]. Accordingly, 

treatment with corticosteroids and immunomodulators (cyclophosphamide, azathioprine, rituximab, 

among others) has been shown to be effective in limiting progression and improving respiratory 

function [60]. Alternatively, while it was once thought that IPF represented another example of 

immune-driven fibrosis, Selman et. al., reported how there was little supporting evidence for this 

paradigm, and instead suggested that the disease was primarily related to abnormal fibroblast 

activation during wound healing [63]. Subsequent reports have provided supporting evidence to this 

claim, including: a lack of inflammatory cells in fibrotic lesions of IPF patients, disjunction of 

inflammatory laboratory markers and disease severity, and a lack of efficacy of anti-inflammatory 

treatment methods [64, 65]. In total, the heterogeneous nature of ILD emphasizes the importance of 

a holistic approach, whereby conditions involving pulmonary fibrosis are distinguished from each 

other to provide the best clinical management. 

2.2. Hepatic Fibrosis 

Similarly, hepatic fibrosis arises due to excessive ECM accumulation in the liver. The driving 

factor in this case is chronic liver injury as is seen with viral hepatitis infections, autoimmune 

hepatitis, alcoholic liver disease, non-alcoholic fatty liver disease (NAFLD), or drug-induced liver 

damage [66]. Acute injury triggers the release of damage-associated molecular patterns (DAMPs) 

which drive induction of an inflammatory response meant to clean up cellular debris and initiate 

wound repair [67]. One of the primary effects of this immune response is the activation of normally 

quiescent hepatic stellate cells (HSCs) and the transformation of the HSCs into collagen-producing 

myofibroblasts in a process analogous to EMT [68]. These HSCs constitute the main effectors of 

fibrogenesis, contributing approximately 90% of the ECM-producing cells involved in tissue 

regeneration [69]. In a normal response, the inflammatory environment would withdraw with 

resolution of the noxious stimuli and the liver would see a return to homeostasis [70]. However, in 

the setting of chronic liver injury, a continuous source of DAMPs triggers an extended immune 

response that increases HSC activity and collagen secretion. Ultimately, this results in the 

replacement of normal hepatocytes with fibrotic scar tissue that, over time, will act to interrupt 

normal liver function [71]. Importantly (and in contrast to pulmonary fibrosis), hepatic fibrosis is a 

reversible process if the underlying cause is treated, and the injury allowed to repair, before it 

progresses too far [72]. However, if connective tissue builds up to sufficient levels, it can lead to the 

development of cirrhosis, portal hypertension, and liver failure that are irreversible and often 

necessitate transplantation [73]. Therefore, aside from earlier detection of hepatic fibrosis, one of the 

primary ways in which morbidity from this disease can be decreased is through the development of 

therapeutics that can reverse ECM deposition and restore proper organ function once the progression 

to cirrhosis has occurred. 
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2.3. Cardiac Fibrosis 

Cardiac fibrosis, also known as myocardial fibrosis, describes the abnormal deposition of ECM 

in the place of myocardial tissue [74]. It represents a common feature of many cardiovascular 

pathologies and can have significant implications in the development of structural disease and loss 

of normal heart function [75]. Myocardial fibrosis is unique in that, unlike fibrotic disorders of other 

organs, this process may paradoxically confer some cardioprotective functions that help to maintain 

relatively normal activity. Given that the heart lacks significant regenerative capacity, the generation 

of a fibrotic scar in conditions that result in large amounts of cardiomyocyte death represents a 

reparative process [76]. Mechanistically, the process is the same as other disorders previously 

discussed. Specifically, myocardial damage induces an immune response which culminates with the 

activation of myofibroblasts and excessive secretion of collagen until a scar is formed. Even though 

this scar may lack the conductive and contractive function of healthy cardiomyocytes, it nevertheless 

plays a crucial role in the maintenance of structural integrity within the heart [77]. Reinforcement 

provided by this scar tissue can serve to prevent catastrophic structural failures, such as cardiac 

rupture following a transmural myocardial infarction (MI) [78, 79]. Alternatively, other scenarios 

such as prolonged exposure to excessive pressures or volumes, metabolic dysfunction, or aging 

involve deposition of fibrotic tissue without a corresponding loss of cardiomyocytes [80]. In these 

cases, resulting thickening of the myocardium can increase wall stiffness, reduce ventricular 

compliance, impair diastolic function, and ultimately lead to the development of heart failure [81]. 

Such structural remodeling can also disrupt electrical conduction pathways within the myocardium, 

leading to arrhythmias such as atrial fibrillation, heart block, or ventricular tachycardia [82]. In 

summary, cardiac fibrosis is unique in that reversal of ECM deposition will not always be the most 

therapeutic option. Thus, treatment regiments must be designed depending on the underlying 

context of the disease, and the end goal may not always be the disruption of fibrotic scarring. 

Many other organ-specific fibrotic diseases exist, including renal fibrosis and skin fibrosis which 

each have a wide range of etiologies. Despite the diverse array of pathologies in which fibrosis is 

involved, each can be traced to a collection of common mechanisms. While current antifibrotic 

therapeutics have mixed success at improving patient outcomes, further exploration of the 

mechanisms underlying fibrosis generation is key in the search for new molecular targets and 

treatment strategies. 

3. Existing Fibrosis Treatments  

Several organ systems have demonstrated the dynamic nature of fibrosis, highlighting its 

potential implications for therapeutic interventions aimed at utilizing this inherent adaptability. 

Single cell genomics have deepened our understanding of human fibrotic disease and generated 

comprehensive cellular and molecular profiles of healthy and fibrotic tissue, demonstrating 

heterogeneity and functional diversity within lung, liver, and GI fibroblasts [83][84]. Thus, the 

application of single-cell genomics techniques, such as single-cell RNA sequencing (scRNAseq), has 

revealed significant diversity within the fibroblast population during organ fibrosis [85]. This 

discovery holds pivotal implications for the design of targeted therapies aimed at treating organ 

fibrosis. However, despite considerable advancements in our comprehension of the mechanisms of 

fibrosis, there continues to be a significant translational divide between the identification of potential 

antifibrotic targets and their successful translation into effective therapeutic strategies in patients.  

3.1. Antifibrotic Agents 

Currently, efficient therapeutic approaches available for treatment of fibrotic diseases are 

limited. One aspect of fibrosis therapies involves systemic delivery of antifibrotic agents to decrease 

levels of growth factors or cytokines [86]. Moreover, cardioselective drugs, such as β-blockers, renin-

angiotensin-aldosterone system (RAAS) inhibitors, ivabradine, loop diuretics, and sildenafil, have 

been investigated for their potential antifibrotic properties in cardiac tissue [87]. However, the 

outcomes of these investigations have yielded divergent results, indicating a lack of consensus 
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regarding the efficacy of these drugs in cardiac fibrosis. Other investigations have showed promising 

findings regarding the potential of statins in reducing fibrosis in multiple organs, including kidney, 

liver, heart, and skin, as evidenced by animal models [88]. Contrasting studies emphasized the 

controversial role of statins and found insufficient evidence for its use in antifibrotic treatments [89].  

3.2. Antifibrotic Drugs: Nintedanib and Pirfenidone 

Between 2011 and 2014, two drugs, Nintedanib and pirfenidone, were approved for the 

treatment of IPF. The prognosis for untreated patients with IPF is poor, with an average life 

expectancy ranging from 3 to 5 years in the absence of antifibrotic therapy [90]. Both drugs have been 

shown to reduce mortality and slow the progression of IPF, prolong patient survival, and reduce 

respiratory-related hospitalizations [91]. However, the mechanisms of these two drugs have not been 

well characterized. Nintedanib exerts its inhibitory effects on lung fibroblasts by targeting PDGF, 

VEGF, and FGF receptor tyrosine kinases, inhibiting pathways of proliferation, migration, and 

maturation of lung fibroblasts [92]. On the other hand, the precise molecular mechanisms of 

pirfenidone still remain unclear [93]. However, both nintedanib and pirfenidone share the ability to 

inhibit the self-assembly of collagen fibrils by downregulating collagen V expression and directly 

interfering with the formation of extracellular fibril through interaction with the triple-helical 

collagen [93]. 

In 2020, the U.S. Food and Drug Administration (FDA) granted approval to Nintedanib as a 

therapeutic option for the management of progressive phenotype chronic fibrosing interstitial lung 

diseases, marking the first FDA-approved treatment for this subset of deteriorating fibrosing lung 

diseases. Ongoing clinical trials are investigating the antifibrotic effects of both Nintedanib and 

Pirfenidone [Table 1]. Additionally, Nintedanib and Pirfenidone has been used to treat consequential 

pulmonary fibrosis following SARS-CoV-2 infection. Combination therapy of Nintedanib and 

Pirfenidone was also found to be more effective than monotherapy of the drugs [94]. While reviews 

have underscored the therapeutic benefits of these medications for both monotherapy and 

combination therapy, further clinical investigations are needed to assess the role of these drugs in the 

treatment of post-COVID lung fibrosis. Currently, a phase IV trial is investigating the efficacy and 

safety of both Nintedanib and Pirfenidone for use in treating fibrotic lung disease post-COVID 

[95][Table 1]. Moreover, it is important to consider the non-immunosuppressive nature of these 

drugs, giving them an advantage over the administration of corticosteroids during the acute phase 

of the disease [96]. Thus, the potential option of transitioning to antifibrotic therapy warrants further 

investigation, particularly for patients with increased susceptibility to infections during COVID 

treatment. 

Table 1. Major antifibrotic clinical trials for Nintedanib and Pirfenidone. 

Trial Name Intervention Phase Study Design Reference 

INBUILD 

(NCT02999178) 

Nintedanib: 150 mg twice 

daily vs placebo 
III 

Randomized, double-blind, 

placebo-controlled, 663 patients 

with fibrosing lung disease 

[97] 

INPULSIS I 

(NCT01335464) 

Nintedanib: 

150 mg twice daily vs 

placebo 

III 

Randomized, double-blind, 

placebo-controlled, 515 patients 

with IPF 

[98] 

INPULSIS II 

(NCT01335477) 

Nintedanib: 

150 mg twice daily vs 

placebo 

III 

Randomized, double-blind, 

placebo-controlled, 551 patients 

with IPF 

[98] 

PINCER 

(NCT04856111) 

Pirfenidone (600 mg daily, 

escalated by 600 mg daily 

every 3-7 days up to 

targeted dose of 2400 mg 

daily) vs. Nintedanib 

(150mg twice daily) 

IV 

Randomized, parallel-

assignment, 48 patients with 

COVID-19 

[95] 
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RELIEF 

(NCT03099187) 

Pirfenidone:  

801mg three times daily vs. 

placebo 

IIb 

Randomized, double-blind, 

placebo-controlled, 253 patients 

with unclassifiable progressive 

fibrosing ILD 

[99] 

4. Novel Anti-fibrotic Therapies  

Recent advancements in anti-fibrotic treatments have been directed towards targeting the 

activation of myofibroblasts, focusing on factors that play in the role in the progression or inhibition 

of fibrosis.  

4.1. Antifibrotic Role of BMP7 

The role of bone morphogenetic protein-7 (BMP7) has been extensively studied and widely 

accepted as an important aspect in the regulation of genes influencing organ homeostasis and 

antifibrotic mechanisms [100]. Overall, it is well established that BMP7 serves as an antagonist to 

TGF-β-mediated profibrogenic signaling, and there is consistence evidence indicating 

downregulation of BMP7 activity in fibrotic tissues [101]. In early studies, the antifibrotic effect of 

BMP7 and its involvement in the control of EMT transition and TGF-β profibrogenic signaling in the 
kidney, heart, liver, and lung were demonstrated through the study of BMP7 deficient mice [102]. 

Downregulation of BMP7 expression was also observed in renal fibrosis, implying the potential 

involvement of BMP7 in the progression of renal fibrosis and potentially extending to other forms of 

organ fibrosis as well [103]. However, while numerous studies highlight the antifibrotic effects of 

BMP7 on multiple organs, there is conflicting evidence regarding the protective effects of BMP7 and 

the specific organs that it influences. A study found that BMP7 was effective exclusively in renal 

fibrosis, demonstrating no antifibrotic effects in lung or skin fibrosis, either in vitro or in vivo [104]. 

BMP7 was also found to have no effect in hepatocyte or breast epithelial cells [105]. Additionally, it 

was also discovered that elevated levels of BMP7 promoted fibrogenesis in patients with chronic liver 

disease [106]. While these studies raise doubts regarding the protective effects of BMP7, additional 

research focused on organ-specific mechanisms of BMP7 could enhance our understanding its effects 

on fibrosis.  

The integration of genetic engineering techniques with BMP7 therapy has also given promising 

results. The transduction of BMP7 with bone marrow mesenchymal stem cells (MSCs) provides a 

novel strategy to enhance its antifibrotic properties and augment therapeutic efficacy, leading to 

notable mitigation of pulmonary fibrosis in rat models [107]. Furthermore, the in vivo delivery of 

BMP7 gene via nanoparticles has demonstrated compelling outcomes and resulted in reduced 

fibrosis in corneal tissues in animal models [108] [109]. These findings emphasize the potential 

implications of targeted gene delivery approaches for specifically addressing organ fibrosis and 

warrants further investigation to explore potential clinical applications.  

4.2. miRNAs 

MicroRNAs (miRNAs) are a class of short non-coding RNAs that exert regulatory control over 

messenger RNA (mRNA) expression, serving as important regulators of cell differentiation, 

development, and homeostasis [110]. The observation of altered miRNA expression levels in disease 

states compared to normal conditions underscores the potential use of miRNAs as diagnostic of 

therapeutic targets with studies revealing distinct miRNA profiles that are frequently tissue or 

cellular type specific [111].  

Many miRNAs have been linked to fibrosis for both systemic and organ-specific manifestations, 

identifying miRNA biomarkers as potential targets for antifibrotic therapy [118][Table 2]. Currently, 

a few antisense oligonucleotides (ASO) are under investigation in the clinical trial phases I and II 

[Table 2]. In cardiac and renal fibrosis, ASO-mediated inhibition of miR-21 expression has shown 

attenuation of the disease state in vivo and in vitro [119]. Additionally, administration of RG-012, a 

miR-21 inhibitor, leads to slowed progression of renal fibrosis [112]. In other studies, the upregulation 
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of certain cardiac miRNA biomarkers was found to have a protective role with reduced collagen 

production and fibrosis. Tanshinone IIA, a cardioprotective drug, was found to have antifibrotic 

effects in postinfarct cardiac fibrosis through the upregulation of miR-29b expression [113]. More 

recently, the antifibrotic effects of miR-101a overexpression were leveraged in conjunction with the 

regenerative properties of MSCs, utilizing miR-101a-loaded MSC extracellular nanovesicles to 

effectively reduce cardiac fibrosis by inhibiting TGF-β and collagen production  [114]. Recent 

research efforts have also placed significant emphasis on investigating the role of miRNAs in other 

organ-specific fibrosis, such as liver, kidney, and lungs. Novel therapeutic approaches, such as 

coadministration of miRNAs, have focused on synergistic roles of profibrotic factors in liver 

fibrogenesis [120]. Remarkably, MRG-229, a lung-targeted miR-29 mimic, exhibited notable reduction 

in pulmonary fibrosis in animal models and human precision cut lung slices, demonstrating 

compelling in vivo therapeutic potential in humans [116]. Overall, the evolving research highlights 

the strong potential of miRNA targeting as a therapeutic approach in addressing fibrotic diseases, 

underscoring the importance of further investigations in this domain. 

Table 2. Overview of current miRNA therapies, targets, expression levels, and clinical trial status. . 

Fibrotic 

Disease 
Drug/Therapy Target 

Target Expression 

Level 
Phase Study 

Renal RG-012 miR-21 Down-regulation I/II [112] 

Cardiac Tanshinone IIA miR-29b Up-regulation -- [113] 

Cardiac 
miR-101a-loaded MSC extracellular 

nanovesicles 

miR-

101a 
Up-regulation -- [114] 

Lung Remlarsen/MRG-201 miR-29 Down-regulation II [115] 

Lung MRG-229 miR-29 Down-regulation -- [116] 

Liver Miravirsen miR-122 Down-regulation II [117] 

4.3. Relaxin  

Relaxin, a peptide hormone produced by the corpus luteum of the ovary during pregnancy, has 

gained significant recognition for its established antifibrotic properties in several organs, and 

consequently, has become a promising therapeutic option for the treatment of fibrosis [121]. The 

nonreproductive significance of relaxin was highlighted using relaxin-null mouse model, wherein 

mice exhibited spontaneous fibrosis in various non-reproductive organs, including the lung, heart, 

kidney, and skin [122][123]. Relaxin has been shown to reduce pathological collagen production by 

impeding its synthesis and secretion from myofibroblasts, which are crucial fibrosis-generating cells 

derived from various organs [124]. Additionally, relaxin also modulates the activity of matrix 

metalloproteinases (MMPs), resulting in the breakdown of extracellular matrix (ECM) and collagen 

[125]. These mechanisms enable the attenuation of fibrotic diseases.   

The investigation of relaxin as a prospective therapeutic approach for fibrotic diseases dates back 

to the mid-20th century when initial studies centered on utilizing porcine ovary-derived relaxin for 

treatment of scleroderma (EV 1959). In more recent years, considerable attention has been directed 

towards serelaxin, a recombinant human relaxin, which has become a focal point in preclinical and 

clinical trials [127]. In preclinical studies, serelaxin has been shown to reduce cardiac fibrosis in vivo 

via the inhibition of EMT transition [128]. However, despite initial expectations, a subsequent phase 

III trial investigating the application of serelaxin in cardiac tissues yielded unsuccessful outcomes 

[129]. Similarly, another phase III trial exploring serelaxin in scleroderma had demonstrated limited 

efficacy [130]. Researchers have also directed their efforts towards the development of novel relaxin 

analogous and agonists, including ML290 and B7-33, which have exhibited promising outcomes in 

reducing fibrosis in heart and kidney of rodent models [131]. While preclinical in vivo models 

provide compelling evidence for potential therapeutic application of serelaxin and relaxin mimetics 

in fibrotic diseases, the underlying mechanisms of these findings remain unclear. Furthermore, the 
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successful translation of these findings into clinical trials involving serelaxin or mimetics is essential 

to ascertain their safety profile and efficacy in the treatment of fibrotic disease in humans.  

4.4. Reprogramming as a Treatment for Fibrosis 

Advancements in the reduction of fibrosis and scar formation through cell reprogramming has 

been a significant highlight in recent research with broad implications. It has been a main topic of 

discussion in cardiac fibrosis due to the low regenerative capacity of cardiomyocytes [132]. Previous 

studies have focused on progenitor cell therapy in hopes of restoration of cardiac capacity; however, 

clinical studies have proven largely unsuccessful [133] [134]. In in vitro studies, cardiac 

reprogramming factors have been identified to induce fully reprogrammed functional 

cardiomyocytes from cardiac fibroblasts (CFs) to reverse fibrosis [135]. The combination of three 

developmental transcription factors, Gata4, Mef2c, and Tbx5 (GMT), to be an effective strategy in 

reprogramming cardiac fibroblasts to adult-cardiomyocyte-like (CM-like) cells in vitro [136]. 

Fibroblasts were then shown to convert into CM-like cells in vivo following local delivery of GMT by 

retroviral-mediated gene transfer [137]. However, the GMT combination, which demonstrated 

efficacy in mice, showed little effectiveness in reprogramming human fibroblasts [138]. 

In 2022, the first study demonstrated reversal of fibrosis in vivo in chronic myocardial infarction 

through cardiac reprogramming by converting profibrotic CFs to an antifibrotic state [139]. Another 

study demonstrated successful reprogramming of human fibroblasts into cardiac-like myocytes 

through the forced expression of three or four cardiac transcription factors or muscle-specific miRNA 

[140]. Notably, a fraction of these reprogrammed cells showed spontaneous contractility, indicating 

their potential for functional cardiac regeneration [140]. More recently, studies have shown cardiac 

reprogramming of cardiac pericytes into functional cardiac cells to improve heart function and 

reduce fibrosis [141]. While most reprogramming studies have focused on cardiac fibrosis, 

advancements have been made in approaches for other organ-specific fibrosis. In vivo investigations 

have specifically explored reprogramming of profibrotic macrophages as a potential therapeutic 

strategy for pulmonary fibrosis [142]. Despite promising results observed in in vivo studies, the 

translation of these findings to human cells has been challenging, as human cells have shown greater 

resistance to reprogramming compared to mouse cells.  

5. Future Direction and Conclusion 

Despite significant progress in our understanding of the pathophysiology of fibrotic diseases, 

there continues to be a pressing demand for effective therapeutic interventions targeting organ-

specific tissue fibrosis. The approval of Nintedanib and Pirfenidone was indeed a breakthrough in 

treating fibrosis. However, there are currently no generic alternatives, creating a significant financial 

barrier for use of these therapies in Europe and the United States [143] [144]. Additionally, research 

into reprogramming, particularly for cardiac fibrosis, is progressing towards clinical application. 

Recent research has also focused on advancing the development of safe and efficient viral vectors for 

human applications. Notably, an in vivo study utilizing Sendai virus vectors has demonstrated 

promising results. Following direct administration of Sendai virus vectors into infarcted hearts, 

cardiac reprogramming was initiated within one week, and significant improvement in cardiac 

function was observed one month after gene delivery [145]. Remarkably, the viral vectors specifically 

targeted cardiac fibroblasts, the desired cell population for cardiac reprograming, rather than 

cardiomyocytes [145]. 

The therapeutic options currently available for fibrosis are limited, lacking effective drug 

treatments for widespread use. Therefore, exploring preventative strategies for fibrosis comes 

increasingly significant. Research has shown that MMP-1 and MMP-10 limit fibrotic responses 

following tissue injury [146]. Additionally, it has been demonstrated that mechanical load stimulates 

a substantial increase in the rate of collagen proteolysis mediated by MMP-1 [147]. Therefore, 

investigating the potential of exercise-induced mechanical load as a preventative measure for fibrosis 

warrants further research. Continued multidisciplinary research efforts will continue to be essential 

in addressing the needs of patients and improving outcomes in fibrotic diseases.  
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