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Abstract: 

Scars can have multiple physical, social and even psychological burdens for those who develop them. 

One of the main mediators of scarring are the myofibroblasts. In normal circumstances, myofibroblasts 

begin to undergo apoptosis as the site of injury is nearing a fully recovered state. In the case of scarring 

however, myofibroblasts’ activities persist and remodel the extracellular matrix (ECM) which leads to 

scarring. One of the main culprits for this persistence is the transforming growth factor beta-1 (TGF-β1). 

As the myofibroblasts causes further changes in the ECM, inactive TGF-β1 that are located in the ECM 

are released and activated. The increase in active TGF-β1 further cascades myofibroblasts to cause 

excessive scarring through excessive ECM remodeling. There is evidence however, that myofibroblasts 

can be directed to take a more regenerative route without the formation of scars. Bone morphogenetic 

(BMP) signaling leads myofibroblasts to either differentiate into adipocytes or undergo apoptosis. The 

cytokines BMP-2 and BMP-4 led myofibroblasts to differentiate into adipocytes, while exposure to BMP-

7 led to apoptosis. Interestingly, BMP signaling also occurs in hair follicles (HFs) that are present in the 

site of injury in mice. Furthermore, recovering wounds that contained HFs had significant reduction in 

scar formation. The formation of HFs is dependent on the development of the dermal papilla (DP). 

Interestingly, cytokines such as FGFs that are involved in the development of the DP also showed 

attenuation of scar inducing activities in myofibroblasts. In conclusion, treatment using upregulation of 

the BMP signaling pathway at the site of injury could have potential in the reduction of scar formation. 

Furthermore, the use of DP cells in skin grafts in mice has been shown to enhance wound healing and 

reduce scar formation. Thus, the introduction of DP cells during a certain time period in wound healing 

could help in the reduction of scar formation.   

 

 

Introduction: 

The formation of a scar after skin injury has always been a pressing issue when it comes to skin care. 

Depending on the severity of the scar, a person might face psychological, social and physical challenges 

(Bayou et al. 2016). Individuals that have received severe burns for example develop hypertrophic scars 

and keloids with excess skin contraction (Spanholtz et al. 2009). Skin grafts, which are not readily 

available in most cases, are used to treat injuries that have resulted in the loss of skin (Spanholtz et al. 

2009). Excessive skin contraction in burn victims can cause disfigurement of the person and impairment 

in functionality depending on the location of the site of injury (Spanholtz et al. 2009). To resolve these 

repercussions the sufferer might be put into a situation that is both financially and emotionally 

exhausting. Treatment to reduce scar formation is thus invaluable for those who are likely to develop 

scars from injuries. The likelihood of completely reversing scar formation might seem to be improbable, 

however normal wound healing usually undergoes complete recovery of the damaged tissue (Leavitt et 

al. 2016). One of the major culprits that play a vital role in scar formation are the myofibroblasts 

(Gabianna, 2003). During the recovery of a wound, fibroblasts differentiate into myofibroblasts (Darby et 

al. 2014). In normal wound healing, myofibroblasts aid the recovery of the wound and go into apoptosis 

when the site of injury has fully recovered (Houschyar et al. 2015). In cases of scar formation however, 

myofibroblasts persist instead of going into apoptosis and have been found to be primarily active in the 

formation of scars (Darby et al. 2014). Mediating the behavior or differentiation of myofibroblasts could 
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theoretically be a viable option to reduce or even prevent the formation of scars. Interestingly, it has 

been shown in mice that myofibroblasts were naturally reprogrammed into adipocytes and had reduced 

the formation of scars (Plikus et al. 2017). In this review, we will be examining and discussing the 

reduction of scar formation through the physiological reprogramming of myofibroblasts into adipocytes. 

 

Wound healing and scarring: 

After sustaining an injury where the skin is damaged, through for example laceration, the site of injury 

naturally goes through changes. Normally a wound goes through four phases that can be classified as 

inflammation and hemostasis, proliferation and remodeling (See figure 1.). The inflammation and 

hemostasis phases are initiated at the time of injury. Hemostasis is directed to minimize blood loss 

through the formation of a fibrin clot and vasoconstriction (See figure 1.). This is achieved through the 

activation of platelets and the coagulation cascade that is directed through several processes involving 

the wingless-related integration site (Wnt) signaling pathway (Houschyar et al. 2015). This signaling 

pathway is generally accepted as a main mediator throughout the wound healing process (Houschyar et 

al. 2015). After the bleeding has diminished, the inflammatory phase immediately begins. The main 

objective of this phase is the clearing of wound debris, necrotic tissues and organisms that might cause 

further complications through infection such as foreign body bacteria (Houschyar et al. 2015). This is 

done through the recruitment of inflammatory cells, neutrophils and macrophages (Darby et al. 2014). 

Lastly, through chemotaxis, fibroblasts and endothelial cells are also recruited at the site of injury (Darby 

et al. 2014). After the majority of the factors that might cause complications during wound healing have 

been eliminated, the proliferative phase begins (See figure 1.). Due to the hypoxic environment, 

angiogenesis occurs which leads to the formation of a new capillary network that allows vascular 

perfusion (Darby et al. 2014). The formation of the capillary network drastically improves the delivery of 

nutrition that aids in the proliferation of fibroblasts (Darby et al. 2014). The fibrin clot that was formed in 

the previous phase is also replaced with granulation tissue. This granulation tissue is formed through the 

deposition of type III collagen by fibroblasts and angiogenesis (Houschyar et al. 2015). Furthermore, as 

the granulation tissue forms, fibroblasts differentiate into myofibroblasts (Darby et al. 2014). These 

differentiated fibroblasts lead to the replacement of the matrix of the blood clot with additional 

extracellular matrix (ECM) components. Myofibroblasts also decrease the wound size through the 

induction of wound contraction (Houschyar et al. 2015). Lastly, epithelial cells that are present around 

the site of injury begin to cover the wound (Houschyar et al. 2015). As the site of injury recovers its 

structural integrity, the remodeling phase is initiated (Darby et al. 2014). Collagen type III in the 

granulation tissue is progressively replaced with collagen type I, which is the main component of the skin 

(Houschyar et al. 2015). After the tissue is repaired in dermal wound healing, wound contraction would 

progressively diminish (Darby et al. 2014). Furthermore, myofibroblasts undergo apoptosis and prevent 

further changes in the ECM (Hinz et al. 2007). In pathological wound healing such as burn injuries or 

diseases such as Dupuytren’s disease, myofibroblast activities persist and can cause hypertrophic scar 

formation (Houschyar et al. 2015). To oppose this event, intervening in the differentiation process of 

myofibroblasts could be a possible solution and will be further discussed in this review. 
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The role of myofibroblasts in scar formation: 

The differentiation of myofibroblasts into fibroblasts is mainly due to two factors, increase in mechanical 

stress and exposure to Transforming Growth Factor Beta-1 (TGF-β1) (See figure 2.). Fibroblasts that 

reside in tissues that are intact, are protected by the ECM from mechanical stress (Hinz, 2007). In the 

case of an injury however, this protective matrix is lost. This change in the microenvironment leads to 

fibroblasts attempting to re-establish the ECM through remodeling and collagen production (Hinz, 2007). 

As the fibroblasts remodel the ECM, stiffness of the ECM increases which leads to increase in mechanical 

stress (Hinz, 2007). Furthermore, TGF-β1 is released by macrophages in response to the injury (Xiong et 

al. 2013). Increase in mechanical stress leads dermal fibroblasts to differentiate into proto-

myofibroblasts (Darby et al. 2014) (See figure 2.). The proto-myofibroblasts are distinctly characterized 

by having the ability to contract (Darby et al. 2014). This is due to the development of stress fibers that 

contain focal adhesions at the end of the fibers that help anchor the proto-myofibroblasts to the 

extracellular walls (See figure 2.) (Bochaton-Piallat et al. 2016). An important focal adhesion protein that 

proto-myofibroblasts develop, is fibronectin extra domain A (ED-A) (Gabbiana, 2003). Proto-

Figure 1. Wound healing can be separated into four distinct stages. A) Hemostasis and inflammation stages. B) 
Proliferation stage. C) Remodeling stage. A) The hemostasis stage is characterized by the formation of a fibrin clot and 
vasoconstriction at the site of injury to limit and eventually stop bleeding. The inflammation stage occurs right after the 
hemostasis phase and is characterized by the recruitment of immune cells that aid in the clearing of the wound. B) In the 
proliferation stage, structural loss at the site of injury is recovered through matrix deposition, angiogenesis and 
epithelialization. C) During the remodeling phase, the fibrin clot that was formed during the hemostasis is converted into 
tissue that is rich in collagen type III. This tissue is eventually replaced by tissue that is rich in collagen type I. Reprinted 
from “Wnt signaling induces epithelial differentiation during cutaneous wound healing” by Houschyar, K.S., Momeni, A., 
Pyles, M.N., Maan, Z.N., Whittam, A.J., & Siemers, F. (2015). Organogenesis, 11(3), 95-104. Copyright (2015) by 
Organogenesis. 
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myofibroblasts that have developed fibronectin ED-A differentiate into myofibroblasts when exposed to 

TGF-β1 (Bochaton-Piallat et al. 2016) (See figure 2.). Fibroblasts that do not develop the extra cellular 

fibronectin ED-A do not differentiate into myofibroblast when exposed to TGF-β1. The myofibroblasts 

that are formed continue in aiding wound recovery through the production of collagen and increasing 

wound contraction to decrease the size of the wound (Houschyar et al. 2015). Important types of 

collagen that are produced by myofibroblasts are collagen type III, which is found in the granulation 

tissue during the proliferation phase, and collagen type I, which replaces collagen type III during the 

remodeling phase (Darby et al. 2014). The expression of α-smooth muscle actin (α-SMA) by 

myofibroblasts is correlated with wound contraction (Bochaton-Piallat et al. 2016). Lowering the 

expression levels of α-SMA also lowers the contraction caused by myofibroblasts (Hinz et al. 2001). As 

the wound enters the remodeling phase, wound contraction diminishes as myofibroblasts undergo 

apoptosis (Darby et al. 2014). In scar formation however, myofibroblasts continue to persist during the 

remodeling phase and mediate the formation of scars (Darby et al. 2014). One of the vital causes for this 

persistence of myofibroblast activity has been shown to be caused by TGF-β1 (Guo et al. 2016). It has 

been demonstrated in mice with thermal injuries that inhibiting the expression of TGF-β1 with miRNAs 

had significant effects on preventing scar formation (Guo et al. 2016). The inhibition of TGF-β1 led to 

reduced levels of collagen type I, collagen type III and protein expression of α-SMA in skin tissues of 

treated mice. Furthermore, histopathological changes that are notably present in thermal injury such as 

inflammation, thickening of the epidermis and dermis, was significantly reduced in the treated mice. 

Although the population of myofibroblasts were not analyzed, α-SMA is known to be expressed in 

differentiated myofibroblasts. Inhibition of TGF-β1 seems to result in a reduced population of 

differentiated myofibroblasts (Guo et al. 2016). Furthermore, in keloids and hypertrophic scar tissue, 

TGF-β1 expression has been shown to be significantly increased in comparison with normal tissue (Sun et 

al. 2015). Interestingly, myofibroblasts also increase the release of TGF-β1 at the site of injury (Bochaton-

Piallat et al. 2016). The ECM in normal tissue contains inactive TGF-β1 complexes and fibroblasts, which 

are protected by loosely arranged collagen type I (Bochaton-Piallat et al. 2016). During wound repair and 

fibrosis however, myofibroblasts remodel the ECM fibers to be straighter and denser (Bochaton-Piallat et 

al. 2016). Due to this change in the organization of the ECM fibers, contraction that is caused by 

myofibroblasts can easily cause the release of TGF-β1 from the TGF-β1 complexes located in the ECM 

(Bochaton-Piallat et al. 2016). As TGF-β1 initiates the formation of myofibroblasts, these myofibroblasts 

can cause an excessive release of TGF-β1 through excessive remodeling of the ECM and contraction. This 

in turn can cause a positive feedback loop which can lead to scar formation if the myofibroblasts do not 

undergo apoptosis. During dermal wound healing however, myofibroblasts do not persist and undergo 

apoptosis. Interestingly, there is evidence that myofibroblasts are also directed to differentiate into 

adipocytes (Plikus et al. 2017). This differentiation had also resulted in reduced scar formation in mice 

and will be further discussed. 



6 
 

 

 

Altered differentiation of myofibroblasts: 

A main characteristic of scar formation is the persistence of myofibroblasts’ activity even after the 

wound recovers. As discussed before, myofibroblasts normally go into apoptosis during the remodeling 

phase, which prevents further remodeling of the ECM at the recovered site of injury. There is evidence 

however that myofibroblasts might also be reprogrammed to further aid in the regeneration of the lost 

tissue (See figure 3.) (Plikus et al. 2017). Growth factors known as bone morphogenetic proteins (BMPs) 

have been shown to be present near regenerated hair follicles (HF) in mice (Plikus et al. 2017). 

Myofibroblasts that were present near the HFs had stopped expressing α-SMA 5 days after detection and 

had begun expressing adipogenic factor ZFP423 (Plikus et al. 2017). Through further lineage tracing it 

was confirmed that the myofibroblasts that were present earlier during wound recovery had 

differentiated into adipocytes. From the transcriptomic data it was also deduced that BMP ligands 

encoded by BMP-4 and BMP-7 were upregulated (Plikus et al. 2017). Furthermore, soluble BMP 

antagonists that were secreted by myofibroblasts were downregulated in the adipocytes that 

differentiated from the myofibroblasts. Lastly, expression of pSMAD1/5/8, which is an indicator of active 

Figure 2. Stages of differentiation into myofibroblasts. Fibroblasts differentiate into proto-myofibroblasts when exposed to 
mechanical stress. The proto-myofibroblasts developed ED-A fibronectin. Through further ECM remodeling, proto-myofibroblasts 
continue to increase the mechanical stress of the ECM. When proto-myofibroblasts, that have developed extracellular ED-A 
fibronectin are exposed to TGF-β1, they differentiate into myofibroblasts. The myofibroblasts are characteristic of expressing α-
SMA which causes wound contraction and further increase in mechanical stress. Reprinted from “Myofibroblasts and mechano-
regulation of connective tissue remodelling” by Tomasek, J.J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R.A. (2002). Nature 
Reviews Molecular Cell Biology, 3(5), 349-363. Copyright (2002) by Nature Reviews Molecular Cell Biology. 
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BMP signaling, was upregulated in dermal cells next to regenerated HFs (Plikus et al. 2017). BMPs are 

generally known to cause differentiation of multipotent cells into adipogenic cells (Bowers et al. 2007). 

For example, mesenchymal stem cells (MSCs) that are exposed to BMP-2 and BMP-4, differentiate into 

an adipogenic lineage (Bowers et al. 2007). Interestingly, BMP-7 has been shown to have multiple effects 

that directly or indirectly target the differentiation of myofibroblasts (See figure 3.) (Bin et al. 2013; Guo 

et al. 2017). TGF-β1 is an important factor in activating the Wnt/β-Catenin signaling pathway and hereby 

inducing the differentiation of myofibroblasts (Sun et al. 2015). The differentiation however was 

attenuated when rat dermal papilla cells were simultaneously exposed to TGF-β1 and BMP-7 (Bin et al. 

2013). In a later study that was conducted in vivo in rats, BMP-7 was shown to have lowered protein 

levels that promoted fibrosis that can lead to scar formation (Guo et al. 2017). These proteins were α-

SMA, TGF-β1 and connective tissue growth factor (CTGF). α-SMA and TGF-β1 were previously explained 

to be involved in scar formation, while CTGF is known to be a downstream effector for TGF-β1 and plays 

an important role in various profibrotic diseases (Guo et al. 2017). Furthermore, treatment of BMP-7 had 

resulted in an increase in apoptosis in comparison with the untreated mice. As mentioned before, 

eventual apoptosis of myofibroblasts at the site of injury is necessary to prevent the persistent activities 

of the myofibroblasts that can lead to scarring. Scar tissues in mice treated with BMP-7 had significant 

increase in apoptotic activity when compared to the scar tissues in untreated mice (Guo et al. 2017). 

Anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) had lower expression levels in mice treated with BMP-

7. Furthermore, apoptotic proteins such as Bcl-2 like protein 4 (Bax) and cleaved caspase-3 had increased 

expression levels in mice that were treated with BMP-7 (Guo et al. 2017). Lastly, the treatment of BMP-7 

had also led to an increase in the expression of p-Smad1/5/8. Although the exact mechanism of the 

Smad1/5/8 pathway has yet to be illustrated, activation of it has been shown to have anti-fibrotic effects 

(Guo et al. 2017; Walton et al. 2017). Thus, the BMP signaling pathway plays a vital role in orchestrating 

the wound healing process to a more regenerative state instead of a fibrotic state. The origin of the BMP 

signaling is also an important aspect. As mentioned before, scar formation in mice due to burn injury was 

not found in the areas that contained HFs (Plikus et al. 2017). Thus, the presence of HFs was necessary in 

the reprogramming of the myofibroblasts into adipocytes. Furthermore, there is evidence that the 

growth of the HFs also express BMP signaling and lead to the formation of adipocytes near growing HFs 

(Plikus et al. 2008).  
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The role of hair follicles in the BMP signaling pathway: 

The growth cycle of a HF can be seperated into three different phases, the anagen, catagen and telogen 

phase (See figure 3.). During the anagen phase HFs undergo cyclic growth (Rivera-Gonzalez et al. 2014). 

During this phase adipocytes surrounding the HF increase in size and population (Rivera-Gonzalez et al. 

2014). The catagen phase is the second stage of HF maintenance whereby cell death occurs to help 

mediate renewal and make it possible for the follicle to detach itself from the main blood supply. This 

phase is believed to open the possibility for the formation of a new HF (Oh et al. 2016). In the telogen 

phase, the follicle remains in a quiescent state (Oh et al. 2016). This phase occurs whenever HFs are met 

with extremely stressful circumstances such as lack of nutrition or oxygen (Oh et al. 2016). Majority of 

HFs are in the cycle of the anagen phase (Burg et al. 2017). BMP signaling is upregulated during the 

anagen phase in mice (Plikus et al. 2008; Wu et al. 2019). Interestingly, BMP-2 and BMP-4 are also 

upregulated during the anagen phase (Plikus et al. 2008). As mentioned in the previous paragraph, BMP-

2 and BMP-4 are essential in reprogramming myofibroblasts into adipocytes (Plikus et al. 2017). As the 

growth of a HF starts with the anagen phase, the BMP signaling that is necessary for the formation of 

adipocytes from myofibroblasts might partly originate from this phase itself. A complication of the 

growth of HFs however is that HFs are usually found in a dermal niche which is known as the dermal 

papilla (DP) (Lim et al. 2018). Periodic activation of the Wnt/Β-Catenin signaling pathway in DP cells 

results in the formation of HF from hair stem cells that are present in the DP (Plikus et al. 2008). Upon 

injury, the DP is most likely to be compromised. Development of the DP during the proliferation phase of 

wound healing is thus necessary before the development of HF and will further be discussed. 

Figure 3. Exposure to specific types of BMPs affects the cell fate of myofibroblasts. Myofibroblasts differentiate into adipocytes 
when exposed to BMP-2 and BMP-4. Exposure to BMP-7 leads to an apoptotic cell fate for the myofibroblasts. Furthermore, the 
differentiation of fibroblasts into myofibroblasts which is caused by TGF-β1 is inhibited by BMP-7.  
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The development of the dermal papilla: 

The dermal papilla is a specialized population of mesenchymal cells in the skin that regulates the HF cycle 

and is also believed to be a reservoir of multipotent stem cells (Driskell et al. 2011). One of the main 

aspects that mediates the development of the DP is an increase in the activity of the Wnt/β-Catenin 

signaling pathway in fibroblasts (Lim et al. 2018). Overactivation of this pathway normally leads to the 

formation of scars (Lim et al. 2018). However, in a study is has been shown that activation of the Wnt/ β-

Catenin signaling pathway along with the Sonic Hedgehog (Shh) signaling results in development of HF 

(See figure 5.) (Lim et al. 2018). Furthermore, the activation of these two pathways had resulted in 

changing the differentiation of dermal and wound active fibroblasts to differentiate into DP cells. These 

results show a clear indication of the requirement of Shh during the activity of the Wnt/β-Catenin 

signaling pathway in fibroblasts. In another study involving the treatment of mice with Fibroblast Growth 

Factors (FGF) had resulted not only in HF development, but also induced the expression of β-Catenin and 

Shh in the treated skin (Lin et al. 2015). The FGFs that were used were FGF-1, FGF-2 and FGF-10, which 

all lead to the induction of expression for β-Catenin and Shh in the treated skin. The results from these 

two studies suggests that FGFs contributes in the development of the DP through the downstream 

signaling of Wnt/β-Catenin and Shh pathway (Lim et al. 2018; Lin et al. 2015). Furthermore, as the DP is 

Figure 4. The cyclic growth of HF can be divided in 3 stages. During the anagen phase HF growth occurs alongside the increase in 
adipocytes population through BMP signaling. In the catagen phase, cell death occurs and leads to an increase in stem cells for 
the growth of a new HF. In the telogen phase, the HF remains in a quiescent state. Adapted from “Adipocytes in skin health and 
disease.” by Rivera-Gonzalez, G., Shook, B., & Horsley, V. (2014). Cold Spring Harbor perspectives in medicine, 4(3), a015271. 
Copyright (2014) by Cold Spring Harbor Laboratory Press. 
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formed, BMP signaling naturally occurs and eventually leads to the development of HFs (Rendl et al. 

2008). Lastly, this naturally occurring BMP signaling may also contribute in the differentiation of 

myofibroblasts into adipocytes.  

 
  

 
 

Scar formation vs regenerative recovery: 

During wound healing, whether scar formation occurs or not has been discussed to be completely 

dependent on factors that leads to augmentation in one direction. When TGF-β1 is expressed by 

macrophages during wound healing, differentiation of fibroblasts into myofibroblasts is imminent but 

also required for proper wound healing (Darby et al. 2014; Xiong et al. 2013). The persistence of the 

active myofibroblasts due to TGF-β1 however is what causes the excessive remodeling of the ECM which 

leads to the formation of scars (See figure 2.). As myofibroblasts’ differentiation increases, stiffness and 

contraction at the site of injury also increases. In dermal wound healing, myofibroblasts would normally 

go into apoptosis as the wound is nearing a fully recovered state (Hinz et al. 2007). In a pathological state 

such as burn injuries, the activities of myofibroblast are significantly higher and are also more persistent 

than in dermal wound healing (Houschyar et al. 2015). Interestingly, one of the signaling pathways that 

TGF-β1 activates is the Wnt/β-Catenin signaling pathway (Sun et al. 2015). This pathway is not only 

involved in cases of scar formation, but also aids in the regeneration during wound healing (Lim et al. 

2018). Burn injuries in mice also leads to a complete destruction of the majority of the HFs at the site of 

injury (Xiao et al. 2014). Furthermore, the formation of scars occurs in the absence of HFs but seem to be 

Figure 5. The secretion of FGFs during wound healing results in the upregulation of the Wnt/β-Catenin and Shh signaling 
pathway. This upregulation in turn leads to the development of the DP. Although the mechanism is still unknown, DP seems to 
naturally secrete BMPs after development which results in the formation of HFs. The BMP signaling during hair follicle formation 
contribute in causing the myofibroblasts to differentiate into adipocytes. 
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reduced when HFs are present at the site of injury in mice (Plikus et al. 2017). Research in the condition 

of DPs in burn injuries or scar formation has yet to be conducted. However, the use of DP cells in skin 

grafts has led to the enhancement of wound healing and reduced formation of scars in mice (Leirós et al. 

2014). For the complete recovery of the tissue during wound healing, FGFs seem to be expressed and 

cause the induction in the Shh signaling pathway and the Wnt/β-Catenin signaling pathway (Lim et al. 

2018; Lin et al. 2015). The activation of both these pathways aids in the formation of the DP from 

fibroblasts, which is required for the development of HF (Plikus et al. 2008). As the DP develops, periodic 

activation of the Wnt/β-Catenin and BMP signaling pathway leads to the development of HFs (Plikus et 

al. 2008; Wu et al. 2019; Zhang et al. 2006). The formation of HFs leads to BMP signaling that is required 

to direct differentiation of certain types of cells into adipocytes, one of which are the myofibroblasts 

(Plikus et al. 2018). Although BMP signaling increases apoptosis of myofibroblasts, it causes 

differentiation into adipocytes (Plikus et al. 2008; Plikus et al. 2017). This turn of events leads to a 

decrease in scar formation without compromising the recovery of the wound (Plikus et al. 2017). 

Interestingly, several factors that are present in the upstream signaling seem to also influence the 

behavior of myofibroblasts (Lim et al. 2018; Lin et al. 2015). FGF-2 has been shown to upregulate the 

signaling pathway of β-Catenin and Shh (Lim et al. 2018). In another study, FGF-2 has been shown in vitro 

to inhibit the effects of TGF-β1 that leads fibroblasts to differentiate into myofibroblast and even 

seemed to revert the differentiation of existing myofibroblasts (Desai et al. 2014; Dolivo et al .2017). 

Control groups of mice that were only treated with TGF-β1 had shown increase in expression for α-SMA 

and increase in deposition for collagen type I and fibronectin (Desai et al. 2014; Dolivo et al. 2017). These 

scar inducing factors however were attenuated in fibroblasts that were treated with FGF-2 alongside 

TGF-β1 (Desai et al. 2014; Dolivo et al. 2017). Furthermore, BMP-7 is a known marker for the 

development of the DP, however it also inhibits the scar inducing behavior of myofibroblasts (Guo et al. 

2017; Lim et al. 2018). The results from these studies indicates that upstream signaling for regeneration 

also attenuates downstream signaling of scar formation. 

 

 

Discussion: 

It can be concluded that myofibroblasts become either overactive which can lead to scar formation or 

are eventually reprogrammed to aid in the complete regeneration of the site of injury (See figure 5.). The 

formation of scars occurs when myofibroblasts are overactivated through excessive release of active 

TGF-β1 (See figure 5.). This formation of scars however can be ameliorated through BMP signaling which 

leads myofibroblasts to either differentiate into adipocytes or undergo apoptosis (See figure 5.). 

Furthermore, BMP signaling during wound healing leads to the reduction in scar formation. In 

conclusion, BMP signaling could show potential in the reduction of scar formation. The range of uses 

however can also extend to skin diseases that cause scar formation as excessive ECM remodeling 

through myofibroblasts seem to also be the cause (Bochaton-Piallat et al. 2016). The use of BMP-7 

specifically could show promise in reducing scar formation as myofibroblasts are led to undergo 

apoptosis. Furthermore, BMP-7 inhibits the differentiation of fibroblasts into myofibroblasts. Both these 

effects could potentially reduce the persistence of myofibroblasts during the remodeling phase of wound 

healing. Treatment in humans however will still need extensive testing as BMPs have also been observed 

to be upregulated in tumor formation (Fang et al. 2003; Zabkiewicz et al. 2017). The presence of HFs at 
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the site of injury seem to also play a role in reducing the formation of scars (See figure 5.). As the growth 

of HFs involves the induction of the BMP signaling, HFs may contribute in the reduction of scars through 

BMP signaling. The use of DP cells (DPC) and HF stem cells (HFSC) in skin grafts has also been done in 

mice that resulted in enhanced wound healing and reduced formation of scars (Leirós et al. 2014). Skin 

grafts acts as a building block to the severely damaged tissues with a similar tissue composition prior to 

the injury. The use of skin grafts themselves is very similar to that of the remodeling phase in dermal 

wound healing. Thus, seeding of DPC and HFSCs at the site of injury may also be applicable during the 

wound healing process to reduce the formation of scars. Theoretically, the best phase to seed these at 

the site of injury would be during the late proliferation phase, which is characterized by the formation of 

granulation tissue. Introduction prior to this phase might result in the DPCs and HFSCs not surviving the 

process due to the lack of nutrition and oxygen at the site of injury during the inflammation phase. 

Furthermore, introduction during the remodeling phase may be less effective in scar reduction as the 

ECM would be in the process of being remodeled by the myofibroblasts. As the wound transitions into 

the remodeling phase, early BMP signaling from the DPCs and HFs may contribute in scar reduction by 

myofibroblast reprogramming. This in turn leads to the reduction or possible prevention of the excessive 

ECM remodeling at the site of injury. 

 

 
 

 
Figure 6. Cytokine exposure of myofibroblasts is the deciding factor of their cell fate. Exposure to mechanical stress and TGF-β1 
leads fibroblasts to differentiate into myofibroblasts. In normal wound healing myofibroblasts undergo apoptosis. When 
myofibroblasts activity persists however, excessive ECM remodeling leads to the formation of scars which further increases the 
mechanical stress of the tissue. The ECM remodeling along with increase in mechanical stress leads to the release of more TGF-
B1 which increases myofibroblasts differentiation. In the case of normal wound healing, the formation of HFs most likely signals 
myofibroblasts to cease its activities. Through BMP signaling which originates from HFs, myofibroblasts either undergo apoptosis 
or differentiate into adipocytes. Exposure to BMP-2 & BMP-4 leads myofibroblasts to differentiate into adipocytes, while 
exposure to BMP-7 leads to an apoptotic cell fate. 



13 
 

References: 

Bayuo, J., Agbenorku, P. & Amankwa R. (2016). Study on acute burn injury survivors and the associated issues. Journal of Acute 

Diseases, 5(3), 206-209. 

Bin, S, & Li, H-D., Xu, Y-B., Qi, S-H., Li, T-Z., & Xu, L., Tang, J-M., & Xie, J-L. (2013). BMP-7 attenuates TGF-β1-induced fibroblast-

like differentiation of rat dermal papilla cells. Wound Repair and Regeneration, 21(2), 275-281. 

Bochaton-Piallat, M. L., Gabbiani, G., & Hinz, B. (2016). The myofibroblast in wound healing and fibrosis: answered and 

unanswered questions. F1000Research, 5, F1000 Faculty Rev-752.  

Bowers, R.R. & Lane, M.D. (2007) A Role for Bone Morphogenetic Protein-4 in Adipocyte Development. Cell Cycle, 6(4), 385-389. 

Burg, D., Yamamoto, M., Namekata, M., Haklani, J., Koike, K., & Halasz, M. (2017). Promotion of anagen, increased hair density 

and reduction of hair fall in a clinical setting following identification of FGF5-inhibiting compounds via a novel 2-stage process. 

Clinical, cosmetic and investigational dermatology, 10, 71–85. 

Darby, I. A., Laverdet, B., Bonté, F., & Desmoulière, A. (2014). Fibroblasts and myofibroblasts in wound healing. Clinical, 

Cosmetic and Investigational Dermatology, 7, 301–311.  

Desai, V. D., Hsia, H. C., & Schwarzbauer, J. E. (2014). Reversible modulation of myofibroblast differentiation in adipose-derived 

mesenchymal stem cells. PloS one, 9(1), e86865.  

Dolivo, D. M., Larson, S. A., & Dominko, T. (2017). FGF2-mediated attenuation of myofibroblast activation is modulated by 

distinct MAPK signaling pathways in human dermal fibroblasts. Journal of Dermatological Science, 88(3), 339–348. 

Driskell, R. R., Clavel, C., Rendl, M., & Watt, F. M. (2011). Hair follicle dermal papilla cells at a glance. Journal of Cell Science, 

124(8), 1179–1182. 

Fang, J., Huang, S., Liu, H. et al. Chin. Sci. Bull. (2003). Role of FGF-2/FGFR signaling pathway in cancer and its signification in 

breast cancer. Science Bulletin, 48(15), 1539–1547. 

Gabbiana, G. (2003). The myofibroblast in wound healing and fibrocontractive diseases. The Journal of pathology, 200(4), 500-

503. 

Guo, J., Lin, Q., Shao, Y., Rong, L. & Zhang, D. (2016). miR-29b promotes skin wound healing and reduces excessive scar 

formation by inhibition of the TGF-β1/Smad/CTGF signaling pathway. Canadian Journal of Physiology and Pharmacology, 95(4), 

437-442. 

Guo, J., Lin, Q., Shao, Y., Rong, L., & Zhang, D. (2017). BMP-7 suppresses excessive scar formation by activating the 

BMP-7/Smad1/5/8 signaling pathway. Molecular medicine reports, 16(2), 1957–1963. 

Hinz, B., Celetta, G., Tomasek, J. J., Gabbiani, G., & Chaponnier, C. (2001). Alpha-smooth muscle actin expression upregulates 

fibroblast contractile activity. Molecular biology of the cell, 12(9), 2730–2741. 

Hinz, B. (2007). Formation and Function of the Myofibroblast during Tissue Repair. Journal of Investigative Dermatology, 127(3), 

526-537. 

Houschyar, K.S., Momeni, A., Pyles, M.N., Maan, Z.N., Whittam, A.J., & Siemers, F. (2015). Wnt signaling induces epithelial 

differentiation during cutaneous wound healing. Organogenesis, 11(3), 95-104. 

Leavitt, T., Hu, M. S., Marshall, C. D., Barnes, L. A., Lorenz, H. P., & Longaker, M. T. (2016). Scarless wound healing: finding the 

right cells and signals. Cell and tissue research, 365(3), 483–493. 

Leirós, G. J., Kusinsky, A. G., Drago, H., Bossi, S., Sturla, F., Castellanos, M. L., Stella, I.Y., Balañá, M. E. (2014). Dermal papilla cells 

improve the wound healing process and generate hair bud-like structures in grafted skin substitutes using hair follicle stem cells. 

Stem cells translational medicine, 3(10), 1209–1219. 



14 
 

Lim, C.H., Sun, Q., Ratti, K., Lee, S-H., Zheng, Y., Takeo, M., Lee, W., Rabbani, P., Plikus, M.V., Cain, J.E., Wang, D.H., Watkins, 

D.N., Millar, S., Taketo, M.M., Myung, P., Cotsarelis, G. & Ito, M.(2018). Hedgehog stimulates hair follicle neogenesis by creating 

inductive dermis during murine skin wound healing. Nature Communications, 9(1), Article ID 4903.  

Lin,W-h., Xiang, L-J., Shi, H-X., Zhang, J., Jiang, L-p. Cai, P-t., Lin, Z-L., Lin, B-B., Huang, Y., Zhang, H-L., Fu, X-B., Guo, D-J., Li, X-K., 

Wang, X-J., & Xiao, J. (2015). Fibroblast Growth Factors Stimulate Hair Growth through β-Catenin and Shh Expression in C57BL/6 

Mice. BioMed Research International, Article ID 730139, 9. 

Oh, J. W., Kloepper, J., Langan, E. A., Kim, Y., Yeo, J., Kim, M. J., Hsi, T-C., Rose, C., Yoon, G.S.,  Lee, S-J., Seykora, J., Kim, J.C., 

Sung, Y.K., Kim, M., Ralf, P. & Plikus, M.V. (2016). A Guide to Studying Human Hair Follicle Cycling In Vivo. The Journal of 

investigative dermatology, 136(1), 34–44. 

Plikus, M. V., Mayer, J. A., de la Cruz, D., Baker, R. E., Maini, P. K., Maxson, R., & Chuong, C. M. (2008). Cyclic dermal BMP 

signalling regulates stem cell activation during hair regeneration. Nature, 451(7176), 340–344. 

Plikus, M.V., Guerrero-Juarez, C.F., Ito, M., Li, Y.R., Dedhia, P.H., Zheng, Y., Shao, M., Gay, D.L., Ramos, R., Hsi, T-C., Oh, J.W., 

Wang, X., Ramirez,  A., Konopelski, S.E., Elzein, A., Wang, A., Supapannachart, R.J., Lee, H-L., Lim, C.H., Amy, A.N., Guo, A., 

Treffeisen, E., Andl, T., Ramirez, R.N. , Murad, R., Offermanns, S., Metzger, D., Chambon, P., Widgerow, A.D., Tuan, T-L., 

Mortazabi, A., Gupta, R.K., Hamilton, B.A., Millar, S.E., Seale, P., Pear, W.S., Lazar, M.A. & Cotsarelis, G. (2017). Regeneration of 

fat cells from myofibroblasts during wound healing. Science, 355(6326), 748-752. 

Rendl, M., Polak, L. & Fuchs, E. (2008). BMP signaling in dermal papilla cells is required for their hair follicle-inductive properties. 

Genes & development, 22(4), 543-557. 

Rivera-Gonzalez, G., Shook, B., & Horsley, V. (2014). Adipocytes in skin health and disease. Cold Spring Harbor perspectives in 

medicine, 4(3), a015271. 

Spanholtz, T. A., Theodorou, P., Amini, P., & Spilker, G. (2009). Severe burn injuries: acute and long-term treatment. Deutsches 

Arzteblatt international, 106(38), 607–613.  

Sun, Q., Guo, S., Wang, C. C., Sun, X., Wang, D., Xu, N., Jin, S. F., Li, K. Z. (2015). Cross-talk between TGF-β/Smad pathway and 

Wnt/β-catenin pathway in pathological scar formation. International journal of clinical and experimental pathology, 8(6), 7631–

7639. 

Tomasek, J.J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R.A. (2002). Myofibroblasts and mechano-regulation of connective 

tissue remodelling. Nature Reviews Molecular Cell Biology, 3 (5), 349-363. 

Walton, K.L., Johnson, K.E. & Harrison, C.A. (2017). Targeting TGF-β Mediated SMAD Signaling for the Prevention of Fibrosis. 

Frontiers in pharmacology, 8, 461. 

Wu, P., Zhang, Y., Xing, Y., Xu, W., Guo, H., Deng, F., Ma, X. & Li, Y. (2019) The balance of Bmp6 and Wnt10b regulates the 

telogen-anagen transition of hair follicles. Cell Communication Signaling, 17(1), 16. 

Xiao, M., Li, L., Li, C., Zhang, P., Hu, Q., Ma, L., & Zhang, H. (2014). Role of autophagy and apoptosis in wound tissue of deep 

second-degree burn in rats. Academic emergency medicine: official journal of the Society for Academic Emergency Medicine, 

21(4), 383–391. 

Xiong, W., Frasch, S.C., Thomas, S.M., Bratton, D.L. & Henson, P.M. (2013) Induction of TGF-β1 synthesis by macrophages in 

response to apoptotic cells requires activation of the scavenger receptor CD36. PLoS One, 8(8): e72772. 

Zabkiewicz, C., Resaul, J., Hargest, R., Jiang, W. G., & Ye, L. (2017). Bone morphogenetic proteins, breast cancer, and bone 

metastases: striking the right balance. Endocrine-Related Cancer, 24(10), R349–R366. 

Zhang, J., He, X.C., Tong, W.-G., Johnson, T., Wiedemann, L.M., Mishina, Y., Feng, J.Q. & Li, L. (2006). Bone morphogenetic 

protein signaling inhibits hair follicle anagen induction by restricting epithelial stem/progenitor cell activation and expansion. 

Stem Cells Journals, 24(12), 2826-2839. 


