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Abstract

Non-healing diabetic foot ulcer, a chronic inflammatory disease, is a sizable clinical and economic 

burden to healthcare systems around the world. Chronic inflammation plays a critical role in 

the nonhealing pattern due to the arrest of the cellular response during wound healing in the 

inflammatory phase without progressing to the proliferative and remodeling phase. Fibroblasts 

play a critical role in all three phases of wound healing. Activation of fibroblasts in the presence 

of cytokines results in the formation of myofibroblast that contributes to extracellular matrix 

formation. Additionally, few studies documented the presence of inflammatory, angiogenic, and 

angiostatic fibroblast subpopulation during wound healing. Various studies have discussed the 

role of transcription factors and microRNA in regulating the transdifferentiation of fibroblast to 

myofibroblast, however, what factors regulate the reprogramming of fibroblast to inflammatory, 

angiogenic, and angiostatic phenotypes have not been clearly addressed in the literature. This 

critical review article addresses the role of transcription factors and microRNAs in regulating 

fibroblast to myofibroblast transdifferentiation followed by the prediction of transcription 

factors and microRNAs, based on the bioinformatics analysis, in regulating transdifferentiation 

of fibroblasts to inflammatory, angiogenic, and angiostatic subtypes. The results of in-silico 

networking revealed multiple new transcription factors and microRNAs and their interaction 

with specific markers on other fibroblasts suggesting their role in the regulation of fibroblast 

reprogramming.
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1. Introduction

Fibroblasts are crucial for wound healing and are involved in regulating turnover of 

extracellular matrix (ECM), laying down new ECM, breaking fibrin clots, modulating 
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structure and expression of collagens, supporting and interacting with other cells involved 

in wound healing, and producing and regulating the expression of various other factors 

involved in wound healing [1–3]. After an injury, the quiescent fibroblasts are activated 

to myofibroblasts in response to the cytokines including interleukin (IL)-1, IL-6, IL-12, 

and tumor necrosis factor (TNF)-α secreted following an inflammatory immune response. 

These activated fibroblasts secrete various cytokines (IL-1α, IL-1β, IL-6, IL-10, TNF-α), 

chemokines (MCP1, MIP1- α), growth factors (CSF-1, bFGF, HGF, IGF-1, and others), 

matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs) 

to maintain an inflammatory immune response, collagen synthesis, and ECM remodeling 

[4–7]. Crosstalk between activated fibroblasts (myofibroblasts) and other cells including 

immune cells, keratinocytes, and endothelial cells, and the proliferation and migration 

of fibroblasts regulate wound healing and contraction in normal physiological conditions. 

However, this regulation is disrupted during chronic inflammation and leads to a nonhealing 

pattern of wound healing [2, 8–10]. This suggests that the fibroblasts are differentiated 

into a new phenotype to regulate wound healing. A change in fibroblast phenotype in 

the presence of IL-1α and TNF-α to inflammatory phenotype (CD40+) that secrete high 

amount of IL-6 and IL-8 [11, 12] and the presence of a significantly increased population 

of CD40+ fibroblasts in chronic nonhealing diabetic wounds [13] support the notion that 

fibroblasts heterogeneity and plasticity [3] play a critical role in wound healing. Changing 

the phenotype of fibroblasts from “normal” quiescent fibroblasts to activated myofibroblasts 

during wound healing and then again to normal fibroblasts once the wound is healed support 

fibroblast plasticity.

The heterogeneous population of fibroblasts in a healing wound may be due to the 

recruitment of a subpopulation of dermal fibroblasts located at the edge of the wound 

including superficial or papillary spindle-shaped fibroblasts arranged as a ridge-like 

structure (CD26+Lrig+ Sca1−), stellate/flattened reticular fibroblasts residing in the deep 

dermis (Dlk1+Sca1−) arranged parallel to the surface of the skin, and fibroblasts associated 

with hair follicles (Sox2+) [3, 7]. In addition to these fibroblasts, mesenchymal stem 

cells around the dermal papilla, fibrocytes from circulation, and phenotypic conversion 

of epithelial and endothelial cells through epithelial- and endothelial-to-mesenchymal 

transition processes can also give rise to matrix-producing myofibroblasts [7]. The 

expression of Twist-related protein 2 (Twist2/Dermo1), and Engrailed1 (En1) regulate the 

differentiation of papillary and reticular dermal fibroblasts [14]. β regulates the phenotypic 

conversion of proto-myofibroblasts to myofibroblasts [15]. The functional and biological 

role of myofibroblasts during wound healing is modulated by the differential expression 

of ECM components including desmin, fibronectin, collagens, and matrix composition 

[7, 16]. Proinflammatory cytokines play a crucial role in the phenotypic conversion of 

fibroblasts [11, 12], however, the regulation of the phenotypic conversion of fibroblasts at 

transcriptional and epigenetic levels is not precisely discussed, especially in the context 

of wound healing. This is important because chronic diabetic foot ulcers are infected and 

altered microbiota in chronic diabetic ulcers affecting wound healing [17] may change the 

expression levels of transcriptional and epigenetic factors [18, 19] which may ultimately 

affect wound healing. This review focuses on highlighting the transcriptional factors and 

microRNAs (miRs) involved in the phenotypic conversion of fibroblasts, mainly in the 
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context of wound healing, discussed in the literature followed by the predicted transcription 

factors and miRs based on bioinformatics analysis.

Fibroblasts are crucial for wound healing and are involved in regulating turnover of 

extracellular matrix (ECM), laying down new ECM, breaking fibrin clots, modulating 

structure and expression of collagens, supporting and interacting with other cells involved 

in wound healing, and producing and regulating the expression of various other factors 

involved in wound healing [1–3]. After an injury, the quiescent fibroblasts are activated 

to myofibroblasts in response to the cytokines including interleukin (IL)-1, IL-6, IL-12, 

and tumor necrosis factor (TNF)-α secreted following an inflammatory immune response. 

These activated fibroblasts secrete various cytokines (IL-1α, IL-1β, IL-6, IL-10, TNF-α), 

chemokines (MCP1, MIP1- α), growth factors (CSF-1, bFGF, HGF, IGF-1, and others), 

matrix metalloproteinases (MMPs), and tissue inhibitors of metalloproteinases (TIMPs) 

to maintain an inflammatory immune response, collagen synthesis, and ECM remodeling 

[4–7]. Crosstalk between activated fibroblasts (myofibroblasts) and other cells including 

immune cells, keratinocytes, and endothelial cells, and the proliferation and migration 

of fibroblasts regulate wound healing and contraction in normal physiological conditions. 

However, this regulation is disrupted during chronic inflammation and leads to a nonhealing 

pattern of wound healing [2, 8–10]. This suggests that the fibroblasts are differentiated 

into a new phenotype to regulate wound healing. A change in fibroblast phenotype in 

the presence of IL-1α and TNF-α to inflammatory phenotype (CD40+) that secrete high 

amount of IL-6 and IL-8 [11, 12] and the presence of a significantly increased population 

of CD40+ fibroblasts in chronic nonhealing diabetic wounds [13] support the notion that 

fibroblasts heterogeneity and plasticity [3] play a critical role in wound healing. Changing 

the phenotype of fibroblasts from “normal” quiescent fibroblasts to activated myofibroblasts 

during wound healing and then again to normal fibroblasts once the wound is healed support 

fibroblast plasticity.

The heterogeneous population of fibroblasts in a healing wound may be due to the 

recruitment of a subpopulation of dermal fibroblasts located at the edge of the wound 

including superficial or papillary spindle-shaped fibroblasts arranged as a ridge-like 

structure (CD26+Lrig+ Sca1-), stellate/flattened reticular fibroblasts residing in the deep 

dermis (Dlk1+Sca1-) arranged parallel to the surface of the skin, and fibroblasts associated 

with hair follicles (Sox2+) [3, 7]. In addition to these fibroblasts, mesenchymal stem 

cells around the dermal papilla, fibrocytes from circulation, and phenotypic conversion 

of epithelial and endothelial cells through epithelial- and endothelial-to-mesenchymal 

transition processes can also give rise to matrix-producing myofibroblasts [7]. The 

expression of Twist-related protein 2 (Twist2/Dermo1), platelet-derived growth factor 

receptor α (PDGFRα), and Engrailed1 (En1) regulate the differentiation of papillary 

and reticular dermal fibroblasts [14]. Transforming growth factor (TGF)-β regulates the 

phenotypic conversion of proto-myofibroblasts to myofibroblasts [15]. The functional and 

biological role of myofibroblasts during wound healing is modulated by the differential 

expression of ECM components including desmin, fibronectin, collagens, and matrix 

composition [7, 16]. Proinflammatory cytokines play a crucial role in the phenotypic 

conversion of fibroblasts [11, 12], however, the regulation of the phenotypic conversion of 

fibroblasts at transcriptional and epigenetic levels is not precisely discussed, especially in the 
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context of wound healing. This is important because chronic diabetic foot ulcers are infected 

and altered microbiota in chronic diabetic ulcers affecting wound healing [17] may change 

the expression levels of transcriptional and epigenetic factors [18, 19] which may ultimately 

affect wound healing. This review focuses on highlighting the transcriptional factors and 

microRNAs (miRs) involved in the phenotypic conversion of fibroblasts, mainly in the 

context of wound healing, discussed in the literature followed by the predicted transcription 

factors and miRs based on bioinformatics analysis.

1.1 Dermal fibroblast: Origin and lineage tracing

As discussed above, the cellular and molecular milieu under the influence of cytokines 

at the injury site activate fibroblasts to differentiate into myofibroblasts, and returns to 

normal fibroblast after healing. This supports fibroblast plasticity which is also regulated 

by the wound microenvironment and mechanical stress of the matrix. For instance, in the 

lower wound bed, macrophages phagocytosing the Wnt inhibitor secreted frizzled-related 

protein 4 (SFRP4) promotes prolonged Wnt/β-catenin signaling activation in the fibrotic 

wound [20] and increased mechanical tension reactivates expression of En1 in reticular 

fibroblasts and promotes scar formation [21]. Further, the location of the angiogenesis 

and regenerating blood vessels determine the subpopulation of fibroblasts participating in 

blood vessel-associated Ng2+ pericytes formation [22]. TGF-β signaling in the wound 

facilitates the trans-differentiation of adipocytes of the dermal white adipose tissue to 

myofibroblasts [23] and these cells convert back to quiescent adipocytes under the influence 

of BMP signaling [24]. In addition, there are reports on the role of cell-cell interaction, 

soluble cytokines, ECM components, and other intrinsic and extrinsic regulatory factors in 

regulating fibroblast plasticity [25].

Lineage tracing suggests two types of fibroblasts originating from the precursors of dermal 

fibroblast (with specific markers) namely papillary and reticular fibroblast contributing 

to superficial and deep dermis, respectively. Based on the surface makers different 

subpopulation of fibroblasts playing a critical role in wound healing and fibrosis has been 

documented in the literature [26–28] (Figure 1). The surface markers characterizing different 

subpopulations of fibroblasts vary between different species such as mice and humans [25] 

and fibroblasts have different biologically functional characteristics (nonfibrotic, profibrotic, 

regeneration capacity, proliferation capacity, contractility) at different sites. Some fibroblasts 

with a specific marker playing a role in wound healing may not be present in other 

species, like Sca1+ fibroblasts are present in mice but not in humans [29]. Among the 

dermal fibroblasts in humans, papillary fibroblasts have a higher expression of immune- 

and angiogenesis-related genes while reticular fibroblasts have a higher expression of 

cytoskeleton organization and connective tissue formation-associated genes [30, 31]. Single-

cell RNA sequencing and spatial transcriptomics have revealed different subpopulations of 

fibroblasts within the dermis (papillary and reticular fibroblasts) with distinguished gene 

expression [29, 32, 33]. These studies suggest heterogeneity of fibroblasts in skin and their 

differential role during wound healing. This may be due to the location/state of the tissue, 

regional or anatomical heterogeneity, local heterogeneity, and change in cell phenotype 

resulting in differential biological and molecular output [34].
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Additionally, in-vitro studies suggest that fibroblasts in the presence of IL-1 and TNF-α 
acquire a CD40+ phenotype secreting increased IL-8 and IL-6 and with a pro-inflammatory 

function. One of the explanations for CD40 positivity and inflammatory aspects of 

this subpopulation may be due to the interaction between the inflammatory immune 

cells and CD40 receptors on fibroblasts resulting in increased secretion of IL-6, IL-8, 

cyclooxygenase-2, and hyaluronan through activation of NF-κB signaling [35]. Furthermore, 

during wound healing after myocardial infarction, fibroblasts acquire an angiogenic (FSP+) 

and antiangiogenic (TSP+) phenotype [3, 13]. This suggests the plasticity of fibroblasts 

(changing to myofibroblasts or becoming adipocytes, dermal papilla cells, or cartilage-like 

cells) [36]; however, other than the markers of each subtype, the factors regulating the 

phenotypic switch are not extensively discussed in the literature.

1.2 Transcription factors regulating transdifferentiation of fibroblast

Transcription factors (TFs) also play a role in the transition from the inflammatory 

phase to the proliferation phase by modulating inflammation, cellular proliferation, re-

epithelialization, angiogenesis, and granulation tissue formation [37]. During wound healing 

in neonatal and adult skin, differential expression of TFs for activator protein-1 (AP-1), c-

jun and c-fos, IL-6, IL-8, and TGF-β1 regulate healing with or without scar [38]. TFs Foxn1, 

Foxo1, Foxo3, and Msx2 play a critical role in wound healing [39]. Studies have reported 

the importance of myocardin-related transcription factor (MRTF)-A for myofibroblast 

differentiation [40]. With the role of TFs in wound healing, it is imperative to consider 

that TFs play a critical role in phenotypic switching of fibroblast to the subpopulation 

or subtypes like inflammatory, angiogenic, and anti-angiogenic types. However, other 

than the transdifferentiation of fibroblast to myofibroblast, the regulatory role of TFs in 

reprogramming fibroblast to inflammatory, angiogenic, and anti-angiogenic subtypes has not 

been addressed or investigated.

Transcription factors regulate gene expression and thereby the cell characteristics. Guerrero-

Juarez et al. [26], based on single cells transcriptomics analysis of murine skin, documented 

12 subclusters of fibroblasts with differential gene expression profile but with a shared 

expression of TFs, including Cebpb, Egr1, Fosb, Fosl2, Hif1a, Klf2, Klf4, Klf6, Klf9, 

Nfat5, Nfatc1, Nfkb1, Nr4a1, Nr4a2, Pbx1, Prrx1, Runx1, Stat3, Tcf4, and Zeb2 with 

a different extent of expression in various clusters. Of these, Runx1, Tcf4, and Zeb2 

play a role in myofibroblast differentiation. It was also revealed that these hierarchically 

distinct subclusters have distinct receptors and ligand signatures (Mcam/Pdgfrb/Fgfr1/

Tgfbr2/Tgfbr3/ Ncam1/Pdgfra, and Il6/Pdgfa/Igf1/Igfbp3/Mdk/Dkk3). These findings were 

corroborated by differential expression of specific expression of fibroblast markers on 

immunostaining [26]. The analysis also revealed two distinct populations of fibroblasts upon 

wound healing: one population (nearly 24%) with low expression levels of TGFβ receptors 

Tgfbr2, Tgfbr3, and PDGF receptor Pdgfra and high levels of Pdgfrb while other population 

(nearly 76%) with intermediate to high expression levels of Tgfbr2, Tgfbr3, high expression 

levels of Pdgfra, but not of Pdgfrb. Pseudotime analysis revealed two different trajectories 

of fibroblasts while RNA path velocity analysis revealed three paths with the expression 

of Col14a1 and mesoderm-specific transcript, Mest, in the beginning with an increased 

density and expression for contractile genes, Acta2 and Tagln, toward the ends. These 
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findings suggest the phenotypic change of fibroblasts to myofibroblasts and the possible 

underlying regulatory mechanism [26]. The study also documented that the myofibroblasts 

have hematopoietic features contributing to wound healing. Overall, the molecular regulators 

for the phenotypic conversion of fibroblasts to myofibroblasts were revealed. Another study 

revealed two repair trajectories with distinct molecular motifs in fibroblasts: one leading to 

regenerative potential and another to wound repair with fibrosis. Noizet et al. [41] reported 

that transcription factors, TCF4, SOX9, EGR2, and FOXS1, play a major regulatory role 

in the transdifferentiation of fibroblast to myofibroblast and this reprogramming can be 

achieved even in the absence of TGF-β if transcription factors MEOX2, SIX2, and MAF 

are down-regulated. A study by Phan et al. [42] revealed that fibroblasts expressing a 

canonical Wnt transcription factor Lef1 (neonatal papillary fibroblasts) prime the adult 

skin macroenvironment to enhance skin repair. However, the regulatory mechanism for 

the phenotypic conversion of fibroblasts to inflammatory, angiogenic, and anti-angiogenic 

fibroblasts remains elusive.

1.3 MicroRNA regulating wound healing and fibroblast reprogramming

Along with TFs, microRNAs (miR) also play a crucial role in wound healing by 

regulating inflammation (miR-146a, miR-132, miR-155, and miR-21), re-epithelialization, 

cell proliferation and migration, angiogenesis (miR-132, miR-21, miR-31, miR-27b, 

miR-483–3p, miR-203, miR-99, miR-198, miR-210, miR-146a, and miR-106b), and 

granulation tissue formation (miR-378a, miR-21, and miR-196a) [37]. In a diabetic wound, 

upregulation of miR-132 results in a decreased pro-inflammatory response, downregulation 

of miR-146a results in persistent inflammation, upregulation of miR-21 results in increased 

polarization towards M1 subtype, and upregulation of miR-155–5p impairs wound re-

epithelialization. miR-223 regulates the inflammatory response by modulating cytokines 

expression, activation or inhibition of inflammatory pathways (NF-κB) and M2 macrophage 

polarization [43, 44].

Further, the role of miR-15b, miR-17, miR-18a, miR-19a, miR-19b, miR-20a, miR-21, 

miR-26a, miR-27b, miR-29a, miR-29b, miR-29c, miR-31, miR-34a, miR-34c, miR-92a, 

miR124a, miR-125b, miR-126, miR-132, miR-141, miR-146a, miR-155, miR-191, 

miR-198, miR-200a, miR-200b, miR-200c, miR-205b, miR-210, miR-223, miR-429, and 

others in regulating inflammatory, proliferative, and remodeling phases of wound healing in 

diabetes has been discussed in the literature [43, 45–50]. Moreover, circulating and tissue 

miRs may also serve as biomarkers for the early detection of diabetic foot ulcers [43]. Since 

miRs play a critical role in various aspects of wound healing and fibroblasts are functionally 

involved in all phases of wound healing, it is imperative that miRs may play a critical role in 

fibroblast plasticity and heterogeneity.

Fibroblasts play a critical role in wound healing. MiR-215 regulates fibroblast proliferation 

[51], miR-1, miR-133, miR-208, and miR-499 regulate fibroblast reprogramming to induced 

cardiac myocytes [52, 53], miR‑18a‑5p suppresses the proliferation of scar fibroblast and 

ECM deposition [54], and miR-217 [55], miR-152 and miR-181a [56], and miR-34c-5p 

[57] regulate fibroblast senescence in human skin. In addition to the migration of fibroblasts 

to the wound site, myeloid cells also convert to fibroblast-like cells and this conversion 
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is regulated by miR-21 packaged in extracellular vesicles [58]. These findings suggest 

that miRs play a crucial role in fibroblast reprogramming, proliferation, migration, and its 

biological function of matrix secretion.

1.4 Predicted TFs and miRs associated with fibroblast gene expression

The findings of the studies discussed above suggest an obvious role of TFs and miRs in 

wound healing and fibroblast function. These studies have discussed various aspects of the 

regulatory role of TFs and miRs in three phases of wound healing and the reprogramming 

of fibroblast to myofibroblast in the context of wound healing. The regulatory role of 

inflammatory, angiogenic, and antiangiogenic (angiostatic) fibroblast subtypes has been 

discussed in the literature [3], however, how this reprogramming happens and what are 

the regulators are not clear and have not been discussed in the literature. To predict 

the TFs and miRs regulating the expression of various genes (markers of fibroblast) 

differentially expressed on quiescent fibroblasts (anti-CD34+, anti-HSP47+, anti-SFA+, 

S100A4+), myofibroblasts (α-SMA+, fibronectin+, cadherin+, n-caldesmon−, smoothelin−, 

and desmin−), fibroblasts secreting IL-8 (CD40+; inflammatory fibroblast), angiogenic 

fibroblasts (FSP-1+/CD31−/CD45−), and angiostatic fibroblasts (TSP-1+) [7, 11, 12, 59, 

60], we performed the in-silico analysis using STRING (Search Tool for the Retrieval 

of Interacting Genes/Proteins) enrichment network analysis (https://string-db.org/), the 

SIGnaling Network Open Resource (SIGNOR) (https://signor.uniroma2.it/) and Network 

analyst (https://www.networkanalyst.ca/) with the name of genes expressed on various 

fibroblast subtypes as input gene list. SIGNOR is both a source of signaling information 

and support for data analysis and is a repository of manually annotated causal relationships 

between human proteins, chemicals of biological relevance, stimuli, and phenotypes. While 

STRING is used to compute interactive networks and predict protein function.

STRING analysis (Figure 2) revealed interaction in between fibroblast subpopulation 

markers including cadherin (CDH), S100A4, ACTA2, smoothelin (SMTN), fibronectin 

(FN1), CD34, and CD40 and with cytokines (IL-6, CXCL8 (IL-8), TNF-α, IL-1A, IL-37, 

and IL-10), metalloproteinases (MMP2), inhibitors of metalloproteinases (TIMP1 and 

TIMP2), growth factors (FGF7 and HGF), along with other proteins involved in ECM 

remodeling.

The interaction between various factors involved in wound healing, ECM remodeling, 

and the genes expressed on fibroblasts suggest that the wound microenvironment may 

play a crucial role in fibroblast reprogramming. To further understand the regulation of 

various fibroblast markers and whether they could regulate reprogramming, we performed 

the network analysis (Networkanalyst.ca) and the results (Figure 3) revealed various TFs 

interacting with fibroblast specific genes including CDH1, FN1, CD34, CD40, S100A4, 

SMTN, desmin (DES), ACTA2, and CALD1. It should be noted that CD40 and S100A4 

(FSP1) are markers specifically expressed on inflammatory and angiogenic fibroblast 

subpopulation [11–13, 59].

Further, we noted the presence of antiangiogenic fibroblast marker thrombospondin 1 

(THBS1) [60] and angiogenic mediator vascular endothelial growth factor (VEGF) within 

the interacting network in association with various TFs (Figure 3). This suggests that 
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TFs may regulate the expression of various genes expressed in the subpopulation of 

fibroblast including inflammatory, angiogenic, and angiostatic subtypes, and thus may 

regulate reprogramming. To further validate our findings on the interaction of genes 

expressed on various fibroblast subpopulations and transcription factors and other factors 

playing a role in wound healing and ECM remodeling, we did SIGNOR networking (using 

Networkanalyst.ca). The findings (Figure 4) revealed the interaction between genes (blue 

circles) expressed on various fibroblast subpopulations (FN1 and CDH1) with many of 

the transcription factors revealed in Figure 2. These findings support the assumption that 

transcription factors may play a critical role in the reprogramming of fibroblasts but need in-

depth in-vitro and in-vivo studies. The hypothesis that TFs may regulate the reprogramming 

of fibroblasts to other phenotypes including inflammatory, angiogenic, and angiostatic 

phenotypes is supported by the findings discussed above that transcription factors regulate 

the reprogramming of fibroblasts to myofibroblasts and fibroblast phenotype [26, 37–42].

This review aimed to elucidate the transcription factors regulating the reprogramming 

of fibroblast to inflammatory (CD40+), angiogenic (FSP1+), and angiostatic (THBS1+) 

phenotypes [7, 11, 12, 59], so we focused on these genes and their correlation with 

transcription factors (Figure 5).

The networking showed an interaction between these genes and TFs and interestingly 

also with mediators regulating angiogenesis (VEGF, ANGPT1, HIF1A), an important 

regulator of wound healing in chronic diabetic foot ulcers [61]. Another interesting finding 

was the interaction between mediators of inflammation, metalloproteinases, cytoplasmic 

kinases, and ADAMS (Figure 5) suggesting the possible role of various regulators during 

angiogenesis and wound healing [3, 9, 13, 62].

We previously reported the presence of an increased CD40+ subpopulation of fibroblasts 

in chronic nonhealing diabetic foot ulcers in humans [13] and findings from a study 

[35] suggest that activation of NF-κB induces increased expression of CD40 positivity in 

fibroblast. We found the correlation between IL-6, NF-κB, CD40, and inflammation (Figure 

6) supporting the hypothesis that chronic inflammation due to IL-6 and other cytokines 

may induce or regulate fibroblast reprogramming towards inflammatory phenotype [11, 12]. 

Further, it was also revealed that IL-6 may activate ACTA2 (alpha-smooth muscle actin) 

(Figure 6) through serum response factor (SRF). This suggests the correlation between 

inflammation and proliferation of fibroblasts.

Next, since miRs play a crucial role in various aspects of wound healing, we delineated the 

probable role of miRs in regulating fibroblast reprogramming to inflammatory, angiogenic, 

and angiostatic phenotypes. We focused on CD40, THBS1, VEFG, and other matrix proteins 

and their interaction with miRs (using Networkanalyst.ca) (Figure 7). The results revealed 

an interaction between these genes and multiple miRs including miRs described in the 

section above “MicroRNA regulating wound healing and fibroblast reprogramming”. These 

findings suggest that in addition to the discussed miRs, other miRs are also involved in 

fibroblast reprogramming towards myofibroblast, inflammatory, angiogenic, and angiostatic 

phenotypes. It was also revealed that many miRs regulate gene expression in common (one 

miR regulating the expression of more than one gene).
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The findings of in-silico network analysis suggest that TFs and miRs may regulate the 

reprogramming of fibroblast to inflammatory, angiogenic, and angiostatic phenotypes. 

Although these findings are based only on in-silico bioinformatics analysis, validation of 

these findings needs in-depth in-vitro and in-vivo studies. Despite these limitations, the data 

add various TFs and miRs which may play a role in fibroblast reprogramming and thus in 

wound healing.

2. Conclusion

Inflammation and angiogenesis play an important role in wound healing and are 

dysregulated in diabetes resulting in chronic nonhealing diabetic foot ulcers. The micro-

environment of diabetic foot ulcer and the presence of gram-positive and gram-negative 

bacteria and fungal infection alter microbiota. Altered microbiota is associated with altered 

gene expression and epigenetic modification. Thus, identification of the transcription factors 

and miRs regulating the phenotypic change of fibroblasts to angiogenic, antiangiogenic, 

and inflammatory subtypes is important to understand the genetic and epigenetic factors 

regulating wound healing. Network analysis in this article with the genes expressed on 

different fibroblast phenotypes is important in paving the way to design future research and 

therapeutics to enhance wound healing.
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Figure 1: 
Origin and lineage of dermal fibroblast in humans and mice.
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Figure 2: 
STRING network showing interaction between fibroblast markers, cytokines, inflammatory 

mediators, and ECM remodeling mediators.
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Figure 3: 
Network analysis showing interactive network between transcription factors (light blue 

squares) and gene expressed (red dots) on various fibroblast subpopulations including 

quiescent fibroblasts (anti-CD34+, anti-HSP47+, anti-SFA+, S100A4+), myofibroblasts 

(α-SMA+, fibronectin+, cadherin+, n-caldesmon-, smoothelin-, and desmin-), fibroblasts 

secreting IL-8 (CD40+), angiogenic fibroblasts (FSP-1+/CD31-/CD45-), and angiostatic 

fibroblasts (TSP-1+).
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Figure 4: 
SIGNOR networking representing interactive network between transcription factors (pink 

circles) and gene expressed (blue dots) on various fibroblast subpopulations.
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Figure 5: 
STRING network analysis for CD40, THBS1, and FSP1 (S100A4).Genes (red circles) and 

transcription factors (yellow circles).
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Figure 6: 
Network analysis depicting the correlation between interleukin (IL)-6, nuclear factor kappa 

beta (NF-κB), CD40, and inflammation. Blue circles (genes), yellow circles (transcription 

factors), red (inflammation), and NF-κB (green).
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Figure 7: 
Network depicting the correlation between miRs (blue square) and gene expressed (red/

orange dots) on various fibroblast subpopulations
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