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Abstract

The pathophysiology underlying the formation, progression and surgical healing of incisional 

hernia (IH) that develop as a major complication associated with abdominal laparotomy is poorly 

understood. The proposed mechanisms include the switch of collagen phenotype and the 

proliferation of abnormal fibroblasts following surgery. The focus of this article is to critically 

review the cellular, biochemical and potential molecular events associated with the development of 

IH. The disturbance in collagen homeostasis with alterations in the expression of collagen 

subtypes, including type I, type III, type IV and type V, and impairment in the transdifferentiation 

of fibroblasts to myofibroblasts are discussed. The phenotype switch of wound-repair fibroblasts 

results in mechanically compromised ECM that triggers the proliferation of abnormal fibroblasts. 

HMGB-1 could be involved in wound progression, whereas signaling events mediated by TGF-β1, 

CTGF, LOX, and HIF-1α play significant role in the wound healing response. Thus, the ratio of 

TGF-β1:HMGB1 could be a critical determinant of the underlying pathology. Potential target sites 

for therapeutic intervention in the management of IH are recognized.
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Introduction

Incisional hernias (IH) arise as a major complication associated with laparotomies and has 

an approximate incidence of 10–20%, although ranges from 5% to as high as 70% 1. This 

variability is usually the reflective of the comorbidities and the disease process of a 

particular patient population under study. The multifactorial contributing factors in the 

pathogenesis of IH, as shown in Fig. 1, are based on the clinical observations but the 

underlying molecular basis is poorly understood. The IH results from the abnormal wound 

healing at the abdominal wall where, the laparotomy wounds are most common. Even 

though this article focuses on laparotomy wounds due to midline vertical incision, the 

underlying principles could be applicable to any type of abdominal wall injuries. The 

development of IH following abdominal wall injuries has also been associated with 

comorbidities such as diabetes, obesity, smoking, and other clinical and habitual factors. 

Mechanical function of the tissue following an incision is compromised especially at 

muscle, tendon and fascial layers of abdominal wall due to surgical wound failure. The 

disturbance in the normal homeostasis of extracellular matrix (ECM), especially switch in 

collagen phenotypes, is considered a major mechanism underlying hernia formation and this 

could provide insights in the development of novel strategies to reduce the pathophysiology 

of IH after laparotomy. Many risk factors that increase the incidence of IH include genetics 

and co-morbidities, including diabetes, obesity, deep wound infections, perioperative 

hypotension, aortic aneurism, smoking, steroidal use, and nutritional deficiencies 2, 3. Poor 

surgical technique in the past has been considered one of the most significant risk factors for 

IH development but this has been greatly minimized with the widespread acceptance of 

continuous suture with a 4 to 1 suture length vs wound length ratio 4. Collagen 

disorganization following surgery has severe impact on the impairment in the function of 

tissue fibroblast leading to delayed healing response by compromising the mechanical 

integrity of the abdominal wall 5,6. The existence of abnormal fibroblast population in 

laparotomy wounds has been reported 2, 7. However, the underlying molecular mechanisms 

regarding the function, differentiation and phenotype switch of these fibroblasts are largely 

unknown.

Failure of the load-bearing functions of the abdominal wall as a result of alterations in 

collagen phenotype following a laparotomy could explain the higher incidence of IH 8. 

These alterations in mechanical properties activate repair responses in load-bearing tissues, 

such as tendons and ligaments 9. Interestingly, cells of the load-bearing tendons and 

ligaments are capable of withstanding hypoxic and ischemic insults following an injury. On 

the contrary, muscles of the abdominal wall do not tolerate wound ischemia causing 

fibroblasts to produce abnormal collagen, resulting in a defective ECM 7. In addition, the 

cause and the underlying mechanisms of the phenotype switch of fibroblasts are unknown 

and warrant extensive research. Since the main function of fibroblasts is collagen 

homeostasis, it is likely that the switch of fibroblasts from normal to pathological phenotype 

results in defective repair biology which forms the basis for IH development. In this article, 

we critically reviewed the implications of fibroblast biology in the pathogenesis of IH.
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Biology of IH Formation

Wound healing after laparotomy is characterized by a well-known cascade of events leading 

to wound repair. Early in this cascade of events the approximation of the wound depends 

entirely on the suture used to close the wound. As the cascade proceeds, the wound becomes 

progressively stronger, depends less upon the suture, and reaches maximum at about 100 

days (90% of the original strength before wounding is usually considered the maximum) 10. 

The cascade is characterized by a complex interaction between platelets, neutrophils, 

macrophages, lymphocytes and blood supply which ultimately stimulate the fibroblasts to 

secrete collagen, the basic building block of wound healing 10. Early in wound healing a 

provisional matrix is produced by platelets and fibrin which acts as a temporary scaffold to 

recruit other entities necessary for wound repair. Inadequate hemostasis resulting in 

hematoma can disrupt this matrix and is therefore one of the fundamental causes of IH 10, 11. 

The provisional matrix attracts inflammatory cells and mediators and induces classical 

inflammatory pathways. A delayed and /or prolonged inflammatory response results in the 

activation of pathogenic fibroblasts that finally lead to ECM disorganization 12.

The disturbance in collagen metabolism has been reported to be the primary cause for ECM 

disorganization in IH tissues in human patients and animal models. The alterations in the 

quantity, quality and phenotype of matrisome components of IH tissue, especially collagen 

(the major ECM component), affect the matrisome (an ensemble of genes encoding ECM 

and ECM-associated proteins) homeostasis. It has been reported that the ratio of collagen 

type I and type III determines the mechanical integrity of connective tissues 13. The 

intermolecular cross-linking between collagen type I and type III imparts additional strength 

to the abdominal wall tissue 14. Interestingly, a drastic decrease in the ratio of collagen type I 

to type III results in a disorganized ECM in tissues from IH patients 15, 16. However, the 

molecular mechanisms causing the alteration of collagen type I to type III ratio, and the 

associated fibroblast biology and their regulatory roles in driving IH development warrant 

further investigation.

The inflammatory response following the incisional wound and the repair signaling by 

endogenous mediators result in fibroproliferative burst 17. However, the balance between 

matrisome homeostasis and fibroblast proliferation is believed to be disturbed in the 

laparotomy wound matrix resulting in IH and its reoccurrence. Xing et al. 18 demonstrated 

the existence of an abnormal fibroblast population which is responsible for the secretion of 

altered collagen phenotype in early laparotomy wound failure. The phenotype selection of 

fibroblasts is determined by the loss of mechanical integrity of abdominal wall 18. The 

tendons and fascia of abdominal wall respond to intrinsic and/or extrinsic mechanical stimuli 

to maintain fibroblast homeostasis. The signaling associated with mechano-transduction 

transmits mechanical stimuli to cells via integrin receptors and cytoskeleton anchoring 

proteins. The subsequent activation of focal adhesion complex triggers cytoskeletal 

rearrangements and activates c-Src and MAP kinases for cell proliferation 19, 20.

Following the incision, the inflammatory cells migrate and marginalize to the site of injury 

and activate the inflow of other leukocytes and plasma proteins. The phagocytosis by 

neutrophils is the first line of defense which is followed by monocytes. The migration of 
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monocytes occurs within 2–3 days and the cells differentiate to tissue macrophages. Apart 

from the phagocytic activity, the neutrophils and macrophages act as reservoir for growth 

factors and regenerative mediators 21. A large body of evidence support the association of 

inflammation with laparotomy healing 22, 23; however, information on alterations in the 

inflammatory responses resulting in IH is lacking. In general, the inflammatory cells release 

several cytokines in the vicinity of the injury to increase vascular permeability and fibroblast 

activity 24. Therefore, the major hallmarks associated with IH pathology are alterations in 

collagen type I to type III ratio, loss of mechanical integrity and abnormal fibroblast 

proliferation. The key biological events associated with the development of IH are shown in 

Fig. 2.

Altered Fibroblast Biology – A Door to IH Formation

Fibroblasts are considered to be the repair cells that maintain ECM collagen homeostasis 

facilitating recovery of tissue function following surgical incision. The biomarkers for 

fibroblasts from various tissues are shown in Table 1. The migration and proliferation of 

fibroblasts at the wound site begin within 2 days of incision and constitute the major portion 

of granulation tissue within 4 days. The fibroblast migration and proliferation are regulated 

by soluble growth factors, inflammatory cytokines, and elements of the provisional matrix 2. 

However, very little is known why fibroblast function is impaired in IH wound failure. In 

other disease processes, a reduction in the level of growth factors can drive the fibroblast 

cells to a quiescence state, such as in ulcerative wounds 25. The fascial or tendon ischemia 

has also been shown to induce cell cycle arrest in fibroblasts 2. This could play a role in the 

development IH but has not been thoroughly investigated.

Degenerative changes taking place in the abdominal wall following a laparotomy explain the 

development of IH. Diaz et al. 26 reported histological alterations in the fascia of IH patients. 

The tissue sections displayed a significant thinning of ECM and decreased fibroblast density 

with negligible immune cells. The fibroblasts were round or oblong with minimal cell-

matrix interaction. The fibroblasts from IH tissue displayed a spindle bipolar morphology 

with reduced surface area and expressed more network of vimentin than actin. The data from 

electron microscopy revealed vacuolated cytoplasm and mitochondrial swelling. These 

fibroblasts displayed an increased proliferation, decreased adhesion and faster migration in 

the culture in response to fibronectin and collagen type I. Also, the IH fibroblast cells 

revealed increased sensitivity to apoptosis and autophagy 26.

The resident fibroblasts regulate hernia tissue remodeling independent of inflammatory cells 

such as macrophages. Also, the excessive secretion of collagen type III by skin fibroblasts 

has been associated with the development of IH. Moreover, the disorganized hernia tissue 

matrix has been associated with increased activity of MMPs, especially MMP-1, MMP-2, 

MMP-9 and MMP-13 27, 28. The fibroblasts from different areas in an IH complex (for 

example Sac vs. fascia vs. fat) exhibit difference in chemotactic responses. However, the 

exact histological origin of these fibroblasts is largely unknown 18. In addition, changes in 

load bearing properties of the abdominal wall contribute to phenotype selection of 

fibroblasts 8. The mechanical stimuli are transmitted to the fibroblasts through integrin 

receptors and affect cellular metabolism 19.
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Collagen Homeostasis – Outcome of Fibroblast Function

Collagen constitutes more than 80% of abdominal wall fascia and is the product of 

fibroblasts. Collagen turnover is maintained by the balance between its synthesis and 

degradation. Defective collagen homeostasis results in too little collagen type I at the wound 

site and leads to mechanical weakness and wound failure 2. Among the 28 phenotypes of 

collagen, the abdominal wall fascia consisted of collagen type I and little amounts of type III 

and IV. Collagen type III imparts weaker mechanical properties to the tissue while collagen 

type IV initiates ECM formation. The collagen molecules undergo extensive modifications 

before maturation and subsequent deposition to ECM. The non-standard amino acids, 

hydroxyproline and hydroxylysine, are the unique features of collagen triple helix. The 

enzymes proline hydroxylase and lysine hydroxylase catalyze the cross linking of collagens 

to impart mechanical integrity and stability 29. Patients with IH displayed a reduction in 

hydroxyproline content in the collagen associated with their structural tissues. Also, the 

fibroblasts from these patients exhibited a defective proliferation rate and failed to 

translocate hydroxyproline which resulted in decreased cross linking and increased 

solubility of collagen and thus decreasing its mechanical integrity 30, 31.

The collagen type I to type III ratio is known to be an important determinant for the 

development of an incisional hernia. Collagen type III has also been found to be associated 

with collagen type I in several tissue types 32, 33, 34. Type I collagen is fibrous, mechanically 

strong and thicker in diameter when compared to collagen type III. If an overall content of 

type III compared to type I is increased, the collagen fibers will have a decreased diameter 

and will be more disorganized 35. Also, the basement membrane composed of collagen type 

IV is important 36. In addition, collagen type V associates with IH formation; however, the 

level of type V collagen remains unaltered in scar tissues of IH patients. Collagen type V 

will also interact with type I and is involved in fibrillogenesis. Mutation studies revealed that 

decreased level of collagen type V leads to poor quality ECM 37. On the other hand, a 

drastic decrease in type IV collagen was observed in the fascia of IH tissues 38. This 

suggests that the alteration of basement membrane leads to IH development and the 

disturbances in collagen homeostasis and turnover produce truncated ECM/scar tissue 

following laparotomy. However, the exact ratios of collagen type I to type III and type IV to 

type V have not been established. The alterations in the composition and phenotype of 

collagen paves the way to the abdominal wall weakening and IH development. Therefore, it 

is reasonable to speculate that altered collagen phenotype results from the switch of healthy 

fibroblasts to abnormal phenotype. However, this requires further investigation in relation to 

the pathogenesis of IH.

The degradation products of collagen in the ECM released into blood stream following 

laparotomy and tissue remodeling are considered to be the serum biomarkers for collagen 

turnover 39. Such degradation fragments are referred as neo-epitopes and their circulating 

levels reflect collagen homeostasis 40, 41. Based on estimating the collagen degradation 

fragments in circulation, Henriksen et al. 41 reported the predominance of collagen type IV 

turnover preoperatively in IH patients when compared to collagen type V. The serum level of 

N-terminal pro-peptide of type IV collagen 7S domain (P4NP-7S), a fragment of collagen 

type IV degradation, was reported to be elevated in IH patients and is considered to be 

Thankam et al. Page 5

J Surg Res. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with IH development 42. These studies suggest the diagnostic value of measuring 

the degradation products of collagen. Also, the alterations in collagen phenotypes and poor 

quality of ECM associated with IH could be due to abnormal metabolism of the resident 

fibroblast cells. Thus, the implications of collagen degradation products in fibroblast 

signaling leading to IH development open up new avenues for further investigation.

Transdifferentiation of Fibroblasts to Myofibroblasts – The key to 

Abdominal Wound Healing

The resident fibroblasts of fascial tissues are potentially active in collagen synthesis when 

compared to dermal fibroblasts, especially after laparotomy. The fascia is more hypovascular 

than the dermis and is similar to ligaments and tendons. The wound environment stimulates 

proliferation and migration of the fibroblasts and facilitates the maturation of the ECM. It is 

likely that the functional activities of fascial fibroblasts and dermal fibroblasts are different 
7. Apart from the deposition of collagen subtypes, these fibroblasts secrete other components 

of matrisome including proteoglycans, fibronectin and hyaluronic acid 43. In addition, the 

fibroblasts are well known sources for MMP-1, MMP-2, MMP-9 and MMP-19 and tissue 

inhibitors of MMPs, especially TIMP-1, TIMP-2 and TIMP-3 44. The fibroblasts present in 

the wound differentiate to a contractile phenotype – the alpha smooth muscle actin ( α-

SMA)-positive myofibroblasts. The mechanical forces generated by the myofibroblasts 

result in the contraction of the neo-matrisome and subsequent healing of the wound 45. The 

endogenous tension exerted by the fibroblasts within the wound matrix triggers the 

upregulation of a battery of mechanoresponsive genes which includes the genes for 

matrisome components and cytoskeletal proteins. Also, this mechanotransduction has been 

considered to activate the proliferation and differentiation of fibroblasts to myofibroblasts 45.

The myofibroblasts have been described as a marker for scarring and fibrosis 46. The ECM 

components deposited by the myofibroblasts replace the provisional wound matrix and 

results in wound contraction due to the formation of stress fibers. Stress fiber formation is 

due to the expression of α-SMA in the microfilaments of fibroblast cells. The differentiation 

is characterized by the appearance of protomyofibroblasts which express β- and γ-

cytoplasmic actins 47. However, following the resolution phase of wound healing the number 

of myofibroblasts drastically decreases due to apoptosis 48. The local connective tissues are 

considered to be the major sources for myofibroblasts 49, and the skin and/or fascial 

fibroblasts may acquire myofibroblastic phenotype following the incisional wound. 

Heterogeneous subpopulations of fibroblasts reside in different locations of the abdominal 

wall tissue. For instance, skin consists of papillary fibroblasts that are superficial usually 

present 300–400µm deep in the dermis, reticular fibroblasts deep in the dermis, and the 

fibroblasts of hair follicles 50.

Fibrocytes differ from fibroblast by virtue of the fact that they originate in blood and can be 

distributed in circulation. These circulating fibrocytes express fibroblast components like 

collagen subtypes, vimentin, fibronectin and have a role in wound repair 51. The fibrocytes 

are recruited to the wound site through general circulation and in association with 

inflammatory cells, differentiate to myofibroblasts 52. Also, the fibrocytes trigger local 
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inflammation at the wound site and upregulate the expression of ECM proteins through 

TGF-β1 signaling 53, 54. Bone marrow-derived circulating progenitor cells that differentiate 

to myofibroblasts were also identified in human and animal models 55, 56. In addition, 

epithelial/endothelial-to-mesenchymal transition generates ECM-secreting fibroblasts and 

myofibroblasts 57. The myofibroblasts derived from circulation signify an alternative source 

of myofibroblasts when local fibroblasts are not sufficient for ECM remodeling 58. The 

major sources of myofibroblasts are shown in Table 2.

Myofibroblast Signaling

Myofibroblasts provide mechanical integrity to the tissues following injury. After the 

completion of the repair, the myofibroblasts are removed from the wound site by apoptosis 

to reduce the scar formation. On the other hand, the reduction in apoptotic signals in the 

tissue leads to the sustenance of myofibroblasts and subsequent scarring. The differentiation 

and apoptosis of myofibroblasts are regulated primarily by mechanotransduction 59. TGF-β1 

signaling induces the differentiation of fibroblasts to myofibroblasts and the contractile 

nature of the latter increases the mechanical stress and stiffness of the wound matrix 60. The 

myofibroblasts release TGF-β1 complexed with latency-associated peptide (LAP) and a 

binding peptide and this complex acts as a reservoir for TGF-β1 which is activated as 

healing progresses 61. Moreover, the integrins secreted by myofibroblasts activate TGF-β1 

without releasing the LAP and facilitates the binding to its receptors 62. This acts as a 

positive feedback regulation for the differentiation and survival of myofibroblasts 63. Wound 

stress activates the upregulation of α-SMA and collagen which facilitates ECM maturation 

by the upregulation of TIMPs with a concomitant downregulation of MMPs 64, 65. The 

major molecular events associated with the transdifferentiation of fibroblasts to 

myofibroblasts are depicted in Fig. 3.

The abdominal wound experiences severe hypoxic stress immediately after surgical incision, 

which has been considered as a major risk factor for wound failure 66. The center of the 

wound is hypoxic which interferes with angiogenesis and healing process 67. The surviving 

tissue responds to hypoxia by altering the metabolic flux by upregulating the expression of 

HIF-1α. HIF-1α facilitates angiogenesis by upregulating VEGF to recover the tissues from 

the deleterious effects of hypoxia 68. The revascularization at the wound site is critical to 

improve the healing responses as the oxygen tension determines the deposition of collagen 

to the wound matrix 69. In addition, the hypoxia inhibits the activation of myofibroblasts and 

reduces the expression of collagen and α-SMA. Furthermore, HIF-1α directly influences the 

collagen deposition and migration of fibroblasts and their differentiation to myofibroblasts. 

However, the cross talk between HIF-1α and TGF-β signaling worsens the matrix 

renovation and results in fibrosis 58. The understanding of the effects of hypoxia on wound 

healing and the development of IH may help unravel the underlying molecular pathology 

and allow the development of therapeutic strategies to reduce the effect.

The expression of connective tissue growth factor (CTGF) has been reported to be increased 

during ECM remodeling which acts in connection with TGF-β signaling. CTGF is 

overexpressed in the fibroblasts present in the wound and is a potential biomarker for 

profibrotic fibroblasts 70. TGF-β directly induces the transcription of CTGF suggesting that 
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CTGT may act as a downstream mediator for TGF-β signaling to sustain the fibrotic 

response. Interestingly, TGF-β and CTGF alone result in transient fibrosis; however the 

synergistic effects of TGF-β and CTGF are required for sustained fibrosis 71. Moreover, 

CTGF acts as an extracellular adapter protein for TGF-β via the cysteine-rich domain and 

this binding aids to present the TGF-β to its receptors to stimulate fibrosis 72. CTGF also has 

been shown to contribute to the transdifferentiation of fibroblasts to myofibroblasts 70, 73.

The LOX family of enzymes are another important component of the ECM responsible for 

its mechanical integrity and is associated with fibroblast proliferation 74. The myofibroblasts 

from several tissues were characterized with the increased secretion of the crosslinking lysyl 

oxidase (LOX) family of enzymes, including LOX and LOX-like 1, −2, −3 and −4 (LOXL1, 

−2, −3 and −4). LOX and LOXL2 also associate with the transdifferentiation of fibroblast to 

myofibroblasts 75, 76. Apart from the crosslinking function, LOX prevents inflammation by 

reducing the levels of CCL2 77. In contrast, LOX acts as a chemoattractant for monocytes 

suggesting their interplay between inflammation and ECM remodeling 78. Tissue hypoxia is 

a well-known inducer of LOX expression which is prevalent in tumor cells. LOXL2 

mediates the fibrosis-associated collagen crosslinking and catalyzes the oxidative 

deamination of ε-NH2 group of Lys residues in the collagens and elastin 79. However, the 

potential role of LOX family of enzymes in the transdifferentiation of myofibroblasts and 

fibrosis associated with IH are largely unknown.

Recently, the existence of heterogeneous population of fibroblasts was reported in synovial 

tissue using single-cell proteomics and is classified into seven subsets based on their surface 

proteins. These fibroblasts are expected to differ in their function, phenotype, proliferation 

and exhibit different response to injury and inflammation 80. In addition, the damage-

associated molecular pattern molecules (DAMPs), including high-mobility group box 1 

(HMGB1), heat shock proteins (HSPs), purine metabolites, hyaluronic acid, heparin sulfate, 

and others are well known inducers of inflammation. Specifically, HMGB1 is involved in the 

fibrosis associated with multiple pathologies 32. The exogenous administration of HMGB1 

resulted in proliferation of dermal fibroblasts with a concomitant upregulation of the 

transcripts of collagen, TIMPs and α-SMA and subsequent downregulation of MMPs, 

especially MMP-1 81. Interestingly, HMGB1 triggers the differentiation of fibroblasts to 

myofibroblasts by activating NF-κB-mediated release of TGF-β1 82. This suggests the 

possible role of HMGB1 in transdifferentiation of fibroblasts to myofibroblasts and HMGB1 

signaling is similar to that of TGF-β which warrant further investigation in regard to the 

development of IH. Moreover, HMGB1 activates the expression of CTGF in several tissues 

suggesting its role in myofibroblast activation 83, 84.

In contrast, HMGB1 is well known for inducing inflammation and delayed healing 

responses via TLRs, RAGE and TREM-1-mediated activation of NLRP3 inflammasome in 

different tissues 32. Thus, HMGB1 has a dual function of facilitating wound healing via 

TGF-β1 signaling and inducing wound progression through NLRP3 inflammasome. These 

contrasting effects suggest that the ratio of TGF-β1 and HMGB1 determines wound healing 

or wound progression. Thus, it is reasonable to speculate that the increased TGF-

β1:HMGB1 ratio drives the healing response and vice versa. Obviously, detailed 

investigations are required.
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Summary and Future Perspectives

The alteration of matrisome components and the proliferation of abnormal fibroblasts are the 

most significant molecular events leading to IH formation. The scar tissue formed as a result 

of an abdominal wall incision results in poor mechanical properties which could be the 

trigger for proliferation of abnormal fibroblasts. The hypoxia and ischemia associated with 

the incision also trigger the deposition of a truncated ECM resulting in delayed wound 

healing. The alteration in the levels and ratios of collagen type 1, type 3, type 4 and type 5 

are the root cause of ECM disorganization which is due to the impairments in MMPs and 

TIMPs. Since fibroblasts function in collagen homeostasis, it is reasonable to hypothesize 

that the phenotypic switch of fibroblasts is a critical factor in ECM disorganization 

following laparotomy. The phenotype selection of fibroblasts is determined by the loss of 

mechanical integrity of abdominal wall and the persistence of ECM damage. However, the 

underlying molecular mechanisms that drive the phenotype selection of fibroblasts are yet to 

be discovered. The cytokines released by inflammatory cells manipulate the activity of 

fibroblasts that determine the status of wound healing. In addition, the prolonged 

inflammatory responses lead to the fibroproliferative burst and ECM damage. There is a 

drastic increase in the density of fibroblasts in the hernia tissue, but it is not clear whether 

these are quiescent fibroblasts or precursor cells which also warrants further investigation. 

The disturbances in collagen homeostasis due to the phenotype switch of fibroblasts results 

in mechanically compromised ECM which allows further proliferation of abnormal 

fibroblasts. The measurement of degradation products of collagen phenotype in serum shows 

promise as a diagnostic tool. However, the signaling effects of such fragments in the 

development of IH also need further research. The transdifferentiation of fibroblasts to 

myofibroblasts is crucial for abdominal wound healing and the impairment in the formation 

of myofibroblasts leads to abnormal proliferation and herniation of the wound. The in-depth 

analysis of the precursor cells for myofibroblasts other than fibroblasts warrants further 

attention. Signaling by TGF-β1, CTGF, LOX, and HIF-1α plays a significant role in the 

wound healing responses. The DAMP, HMGB1, plays contrasting roles in wound healing 

and wound progression. It is proposed that the TGF-β1:HMGB1 ratio determines the role of 

HMGB1 in the IH tissue. Based on the critical review of the literature, we conclude that the 

TGF-β1:HMGB1 ratio and myofibroblast proliferation are major targets for intervention for 

the prevention of IH. To prove this, the underlying molecular mechanisms for myofibroblast 

proliferation and their regulation in regard to IH development warrant further investigation. 

A possible signaling pathway has been proposed in this article; however, this remains to be 

proven (Fig. 4). Currently, there is a significant gap in our knowledge of basic biology in the 

pathogenesis of IH. A thorough screening of the cellular and molecular mediators associated 

with the changes in the fibroblast phenotype in the tissues of patients with incisional hernia 

using immunohistological approaches could reveal the molecular pathology as well as 

therapeutic targets. The unavailability of a clinically-relevant animal model for IH limits the 

understanding of the underlying molecular mechanisms in the pathogenesis of incisional 

hernia. Indeed, the identification of novel molecular targets would open opportunities for the 

development of knock-out animal models for IH. Overall, an understanding of the molecular 

and cellular events associated with the development of incisional hernia would pave the way 

for the development of novel therapeutic strategies for the prevention of IH.
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Fig. 1: 
A schematic diagram showing the major contributing factors associated with the 

development and progression of incisional hernia.
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Fig. 2: 
The pathological events associated with the development of IH. Following the incision at the 

abdominal wall, the leukocytes and plasma protein get marginalized surrounding the wound. 

The neutrophils act as first line of defense and elicit acute inflammatory responses followed 

by the recruitment of macrophages. The phagocytosis and macrophage signaling sustain the 

inflammation and activate MMPs and fibroblasts. The proliferation of fibroblasts results in 

fibrosis and leads to altered ECM composition which in turn activates MMPs and 

inflammation. This process continues to build up truncated ECM due to the decreased 

collagen type I to type III ratio and excessive proliferation of fibroblasts that eventually 

leads to IH formation.
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Fig. 3: 
Transdifferentiation of fibroblasts to myofibroblasts. The TGF-β signaling upregulates α-

SMA expression resulting in the differentiation to myofibroblasts. The integrins secreted by 

myofibroblasts activate TGF-β resulting in a positive feedback regulation. The increase in 

myofibroblast causes wound contraction, which leads to their apoptosis and paves ways for 

wound healing with minimum scaring.
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Fig. 4: 
The proposed mechanism for IH formation in the abdominal wall: The incision triggers 

classical inflammatory responses where the persistence of inflammation induces the ECM 

damage by decreasing the ratio of collagen type 1 to type 3. This is due to the hyperactivity 

of MMPs and inhibition of TIMPs. The inflammation and ECM damage triggers the 

expression and activation of TGF-β1 which reduces inflammation by increasing the ratio of 

collagen type 1 to type 3, and inhibition of MMPs by TIMP activation. TGF-β1 modulates 

the transdifferentiation of fibroblasts to myofibroblasts by upregulating α-SMA and collagen 

type 1. TGF-β1 also activates CTGF and LOX, which induces the transdifferentiation of 

fibroblasts to myofibroblasts. The wound stress and HIF-1α trigger LOX activity which 

functions in collagen maturation. The HMGB1 triggers inflammation via the activation of 

inflammasome. The high ratio of TGF-β1-to-HMGB1 drives TGF-β1 signaling to trigger 
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healing responses, whereas the low ratio results in delayed healing by the persistence of 

inflammation that leads to the formation of incisional hernia.
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Table 1:

Biomarkers for fibroblast characterization

Biomarkers Abbreviation References

Podoplanin PDPN 79

Cadherin-11 CDH11 79

Thymocyte differentiation antigen 1/
Cluster of differentiation-90

THY1/CD90 79

Cluster of differentiation-34 CD34 79

Fibroblast specific protein-1 FSP1 83

Platelet-derived growth factor receptor-α PDGFR-α 83
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Table 2:

Precursors of myofibroblasts

Cells Sources References

Fibroblasts Wound tissue 44

Fibrocytes blood 51

Circulating progenitor
cells

Bone marrow and blood 55

Epithelial Epithelial/endothelial-to-mesenchymal
transition

56

Endothelial Epithelial/endothelial-to-mesenchymal
transition

56
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