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Abstract
Development of incisional hernia (IH) is multifactorial but in ammation and abdominal wall ECM
(extracellular matrix) disorganization are key pathological events. We investigated if the differential
expression of broblast biomarkers re ects the cellular milieu and the dysregulated ECM in IH tissues.
Expression of broblast biomarkers, including connective tissue growth factor, alpha-smooth muscle
actin (α-SMA), CD34 (cluster of differentiation 34), cadherin-11 and broblast speci c protein 1 (FSP1),
was examined by histology and immuno uorescence in the hernial-fascial ring/neck tissue (HRT) and
hernia sack tissue (HST) harvested from the patients undergoing hernia surgery and compared with
normal fascia (FT) and peritoneum (PT) harvested from brain-dead healthy subjects undergoing organ
procurement for transplantation. The H&E staining revealed alterations in tissue architecture, broblast
morphology, and ECM organization in the IH tissues compared to control. The biomarker for
undifferentiated broblasts, CD34, was signi cantly higher in HST and decreased in HRT than the
respective FT and PT controls. Also, the ndings revealed an increased level of CTGF (connective tissue
growth factor) with decrease in α-SMA in both HRT and HST compared to the controls. In addition, an
increased level of FSP1 ( broblast speci c protein 1) and cadherin-11 in HRT with decreased level in HST
were observed relative to the respective controls (FT and PT). Hence, these ndings support the
heterogeneity of broblast population at the laparotomy site that could contribute to the development of
IH. Understanding the mechanisms causing the phenotype switch of these broblasts would open novel
strategies to prevent the development of IH following laparotomy.

Introduction
The incidence of IH following a laparotomy is on average reported to be between 10–20% but is much
higher (up to 30%) in certain subpopulations such as those undergoing a colectomy for diverticulitis [1]
[2]. The development of an incisional hernia (IH) following a laparotomy is the result of many factors and
associated comorbid conditions but in ammation and disorganization of abdominal wall extracellular
matrix (ECM) aggravate the pathology and undoubtedly play a signi cant role [3]. An incomplete healing
response following an abdominal incision impedes the restoration of abdominal wall ECM which fails to
perform the load-bearing functions at the myofascial layer [4]. Alterations in connective tissue
metabolism especially the collagenopathies has gained signi cance in IH pathology, as the histology of
the IH tissues are characterized by drastic ECM disorganization [3] [5]. The biochemical pathology of IH
formation reveals the derangements in the expression of collagen subtypes and dysregulation of matrix
metalloproteinases (MMPs). The decreased ratio of collagen I/III and the hyperactivity of various MMPs
lead to weak ECM which in turn paves way to IH formation [6].
The abdominal wall fascia, a brous tissue which provides physical support to abdominal muscles, has
been considered a most important tissue in hernia formation [7] [8]. The highly organized ECM of fascia
is primarily maintained by the resident broblasts. The ECM homeostasis depends on the phenotypic
stability of the broblasts in which several extrinsic and/or intrinsic factors in uence the physiological
functions of these broblasts in the fascial tissue [9]. Moreover, the structural and functional integrity of
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the fascia largely depends on the quality of ECM, where the alterations in the phenotype of these
broblasts following a laparotomy result in impaired ECM and delayed repair response [9]. Following a
tissue insult, the resident broblasts acquire a contractile phenotype, the myo broblasts, resulting in ECM
deposition to accelerate the process of tissue repair [10]. However, limited information is available
regarding the phenotype of broblasts in the IH tissues.
There is a paucity of available literature to de ne the phenotype and distribution of the broblasts present
in IH tissue. However, mature broblasts in other tissues are negative for α-smooth muscle actin (α-SMA)
[11]. On the other hand, the α-SMA-positive proliferative myo broblasts represent ECM repair in the
damaged tissue which eventually undergo apoptosis once a functional ECM is re-established [12].
Moreover, the normal broblasts are characterized by the expression of biomarkers such as podoplanin,
cadherin-11, CD34, and broblast speci c protein − 1 (FSP1) [13]. In addition, the connective tissue
growth factor (CTGF) secreted by the broblasts stimulates ECM production by promoting cell adhesion,
migration and differentiation [14]. Since the level of CTGF is high during early phase of wound healing,
the degree of CTGF release signi es the stage of wound healing [15]. Hence, the expression status of the
cellular biomarkers including cadherin-11, CD34, and FSP1, broblast-derived ECM homeostasis
regulatory signal CTGF, and the wound healing broblast biomarker α-SMA would de ne the broblasts
associated with the pathology of IH. However, the phenotypes of broblast cells in the IH tissues based
on the expression of these biomarkers are largely unde ned. Based on this background, we hypothesize
that the expression level of broblast biomarkers re ects the cellular milieu and the dysregulated ECM in
IH tissues. Hence, the present study was designed to examine the expression of different broblast
biomarkers in the IH tissues of the fascial ring and hernia sac harvested from patients undergoing
incisional hernia repair and compared with the normal controls of fascial tissue (FT) and peritoneal
tissue (PT), respectively.

Materials And Methods

Tissue harvest and processing
Institutional Review Board (IRB) of Creighton University approved the study under the IRB protocol (2nd
May 2018 to 2nd April 2019) of Robert J. Fitzgibbons, MD, a co-author of this article.
All methods were performed in accordance with the relevant guidelines and regulations.
Patients ≥ 19 years of age, of either sex, who were undergoing repair of incisional hernia were recruited in
the study and informed consent were obtained. The patients presented for hernias other than IH and
patients without laparoscopy were excluded in the study. All signed consent forms and HIPPA forms are
saved in the o ce of Robert J. Fitzgibbons, MD.
The surgical waste tissues for the experiments were obtained from 10 patients who underwent hernia
repair.
The de-identi ed tissues were sent to the laboratory for further experiments.
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The hernial-fascial ring/neck tissue (HRT) and the hernia sack tissue (HST) were collected (Fig. 1) in the
commercially available UW (University of Wisconsin) solution for transportation to research laboratory
and used within 24 hours. The composition of the UW solution included: 50g/L pentafraction, 35.83g/L
lactobionic Acid (as Lactone), 3.4g/L potassium phosphate monobasic, 1.23g/L magnesium sulfate
heptahydrate, 17.83g/L ra nose pentahydrate, 1.34g/L adenosine, 0.136g/L allopurinol, 0.922g/L total
glutathione, 5.61g/L potassium hydroxide, and pH 7.4. The tissue specimens were then xed in formalin,
embedded in para n wax, and sections of 5µm thickness were taken using microtome (Leica, Germany)
for histology and immuno uorescence analysis. Abdominal wall fascial tissue (FT) was used as control
for HRT and the peritoneal tissue (PT) was used as control for HST.
The FT and PT were provided by Live On Nebraska (formerly called Nebraska Organ Recovery System) as
control tissues from 5 registered organ donors at the time of organ harvest.
The approval for collecting such tissues was also obtained under the approved IRB protocol of Robert J.
Fitzgibbons, MD, a co-author of this article. The control tissues were harvested from the abdominal wall
at the time of laparotomy to harvest intra-abdominal organs. The control tissues were also processed in
the same manner as the hernia patient tissues. Adjacent sections from each specimen were utilized for
all examination to ensure similar histomorphology.

H&E staining
The tissue sections were depara nized and used for H&E staining to examine the tissue morphology and
ECM organization following a previously reported protocol [16] [17]. After staining, the slides were imaged
using a slide scanner system (VS120-S6-W, Olympus) at 20x magni cation and the images were
converted to JPEG format using OlyVIA Desktop software. The images were examined qualitatively to
evaluate the alteration in histology and were compared with the controls.

Immuno uorescence
The protein expression of biomarkers to identify the cell phenotypes in the tissue sections was analyzed
by immuno uorescence following the protocols standardized in our laboratory [16] [17]. Brie y, antigen
retrieval was performed in the tissue by warming at 95oC for 20 min in HIER buffer (Heat Induced Antigen
Retrieval; TA-135-HBM) followed by blocking with 0.25 % Triton X-100 and 5% horse serum in PBS at
room temperature for 2 hrs. Primary antibodies against CTGF (ab5097), α-SMA (ab5694), CD34
(ab81289), cadherin-11 (ab151302) and FSP1 (ab197896) were purchased from Abcam and used in a
dilution of 1:300 in the tissue sections and incubated overnight at 4oC. Corresponding uorochromeconjugated secondary antibody, donkey anti-rabbit-594 (A21207, ThermoFisher Scienti c) was used in a
dilution of 1:300 to bind the primary antibody. A negative control with secondary antibody alone was
maintained in a similar manner to detect background uorescence and optimize the exposure time.
Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (H-1200) and the images were
acquired using a uorescent slide scanner system (VS120-S6-W, Olympus) at 20x magni cation and the
images were taken and converted to JPEG format using OlyVIA Desktop software. The uorescence
intensity was quanti ed using ImageJ software and the results are expressed as mean uorescence
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intensity (MFI). For MFI quanti cation 3–4 images were randomly acquired from each specimen and
were averaged for each specimen. Also, the blood vessels contained in the tissue specimen were included
for MFI quanti cation. The MFI values per 100 cells were normalized and compared with the control. In
order to ensure consistency in data analysis, brightness value was kept in the range of 40–50 and the
threshold value was kept in the range of 70–80 for cell count during background clearance using ImageJ.
The values of MFI/100 cells were used to calculate the variation with respect to the control (ratio of
respective MFI/100 cells of the specimen to that of average control) which in turn was represented as
fold-change expression calculated by transforming to logarithmic (Log2) scale.

Statistical analysis
The results of MFI for FT (n = 5), PT (n = 4), HRT (n = 10) and HST (n = 10) were expressed as mean ±
SEM. Also, the specimens that persistently displayed folding and background uorescence were omitted
from statistical analysis. The statistical signi cance was assessed by unpaired one-way ANOVA with
Tukey’s multiple comparison test using GraphPad Prism software. The intensity of each tissue specimen
corresponds to the average MFI of 3–4 images acquired randomly from different elds. The average MFI
of individual specimen was used to calculate the % variation (by normalizing 100% for controls) followed
by fold change expression which, in turn, was used to calculate the average mean and SEM for statistical
analysis. The p < 0.05 values were considered to be signi cant in all experiments.

Results

Histomorphology
Figure 1 displays the anatomical sites of HST and HRT harvest. The H&E staining displayed alterations in
tissue architecture, broblast morphology, and ECM organization in the IH tissues when compared with
controls (Fig. 2). The control groups exhibited undamaged and well-organized ECM with mature and
inactive broblasts as evident from their elongated nuclei surrounded by an intact matrix. On the other
hand, the HRT and HST displayed the pathological features such as highly disorganized ECM, in ltration
of adipose tissue, blood vessel formation and in ammation. White blood cells (WBCs) were observed in
HRT and HST as identi ed by their characteristic nuclei. The localized in ammation was characterized by
the presence of neutrophils and monocytes. Oval nuclear morphology of the cells displayed by HRT and
HST represents proliferative broblasts. These pathological features were completely absent in the
control tissues.

Protein expression of biomarkers
Protein expression of the biomarkers is represented as fold change with respective to the corresponding
controls. The fold-change was calculated from MFI normalized with the total number of cells based on
nuclei count in each microscopic eld.
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The average MFI/cell obtained from the control group for each biomarker was normalized with
corresponding MFI/cell values obtained from individual HST and HRT specimen to calculate the variation
with respect to the control (VRC).
The fold-change represents the log2 values of VRC. The level of FSP1 was increased in HRT and
decreased in HST when compared to FT and PT, respectively; however, the change was statistically not
signi cant (Figs. 3A and 6). Cadherin-11 expression was signi cantly increased in HRT when compared
to FT and was decreased in HST than PT; however, the decrease was statistically not signi cant (Fig. 3B
and 6). The protein expression of CD34, the biomarker for undifferentiated broblasts, was signi cantly
higher in HST and was decreased in a statistically non-signi cant manner in HRT than the corresponding
controls (Figs. 4A and 6). The α-SMA, the biomarker for myo broblasts, was decreased in HRT and HST
when compared to the respective controls, FT, and PT; however, the decrease was statistically not
signi cant (Figs. 4B and 6). Also, the α-SMA expression was mostly found in the blood vessels of the
controls (FT and PT) whereas in HRT and HST the α-SMA expression was con ned in both blood vessels
and tissue. The protein expression of CTGF, the secretory protein by broblasts, was signi cantly higher
in HRT and HST compared to respective controls (Figs. 5 and 6). The protein expression of FSP1, and
cadherin-11 were signi cantly higher in HRT when compared to HST; CD34 was signi cantly higher in
HST than HRT; and the change in other biomarkers was not statistically signi cant between the HST and
HRT. In addition, the control specimen exhibited variability within the group and the variability among the
control specimen are displayed in Fig. 6B. The values for the fold change in each biomarker with respect
to the corresponding controls and the P values for statistical signi cance are displayed in Table 1.
Table 1
The fold change expression of the biomarkers calculated from the MFI (mean uorescence intensity)
values relative to control and the respective P values
Biomarkers

HST (FT)

PT vs
HST

HRT (FT)

PT vs
HRT

HRT vs
HST

FSP1 (Fibroblast speci c Protein
1)

-0.43 ±
0.23

P=
0.3306

0.23 ± 0.17

P=
0.5202

P=
0.0472

Cadherin-11

-0.82 ±
0.31

P=
0.1332

2.42 ± 0.20

P<
0.0001

P<
0.0001

CD34 (Cluster of differentiation
34)

2.09 ±
0.27

P<
0.0001

-0.006 ±
0.23

P=
0.9999

P<
0.0001

α-SMA (Alpha-smooth muscle
actin)

-0.067 ±
0.28

P=
0.9898

-1.05 ±
0.0994

P=
0.5781

P=
0.0527

CTGF (Connective tissue growth
factor)

1.69 ±
0.46

P=
0.0364

1.71 ± 0.34

P=
0.0332

P=
0.9984

FT, fascial tissue ; HRT, hernial-fascial ring/neck tissue ; HST, hernia sack tissue ; PT, peritoneal tissue.

Discussion
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IH occurs as a result of fascial tissue de ciency due to impairment in surgical wound healing following a
laparotomy [18]. Pathological evaluation of tissue from IH patients discloses cellular and extracellular
derangements in the abdominal wall tissue [19]. Disturbance in collagen homeostasis has been
previously incriminated in the development of IH. Our study supports the concept that abnormal/altered
broblast population results in the synthesis of abnormal ECM components leading to the development
of IH following a laparotomy [13]. The exact mechanism of the selection of altered broblast phenotypes
is unknown; however, it is believed that the loss of mechanical integrity of abdominal wall due to the
incision somehow signals the broblasts to attain a pathological phenotype resulting in defective
collagen production [19] [20]. Since the tissue broblasts are associated with ECM homeostasis,
alterations in the broblast phenotypes signify a possible mechanism underlying IH formation. The
identi cation and characterization of pathological broblasts in the IH tissues should pave the way for a
better understanding the IH pathology.
In this study, the histological architecture of the hernia tissues was altered considerably when compared
with the control suggesting that the persistence of ECM disorganization is involved in IH pathology. A
shift in nuclear morphology from linear to oval shape was observed in broblast cells of IH tissues
signifying the existence of altered phenotypes. It has been reported that the oval, spindle and/or stellate
shaped cells with round or oval nuclei represent active (proliferative) broblasts which re ect ECM
pathology [21]. Based on the nuclear morphology, the proliferative broblasts were predominant in HRT
and HST. On the other hand, the control tissues displayed elongated wavy nuclei representing
mature/inactive broblasts which were surrounded by intact ECM [21] [22]. Moreover, the broblasts exist
in the tissues as heterogeneous phenotypes with various subpopulations having distinct functions other
than ECM homeostasis such as immune accessory cells, wound healing, in ammation and tissue
regeneration [21].
The current strategies are limited to de ne the heterogeneity of broblasts under physiological and
pathological conditions and to understand their complex role in IH pathology. Our approach was to
examine and compare the broblast phenotypes by assessing the expression of broblast speci c
biomarkers in IH and normal abdominal wall tissues. The FSP1 (also known as S100A4 and is a speci c
biomarker for broblasts) has a signi cant role in regulating epithelial to mesenchymal transition, apart
from its role in brosis [23] [24] [25]. The increased expression of FSP1 in HST can be correlated with
fatty in ltration as observed by histology. The increased expression of FSP1 with concomitantly
increased adipose tissue in ltration suggesting the possible role of broblasts as adipocyte precursor.
However, further investigations are warranted to validate the adipogenic function of broblasts in the IH
tissues.
CD34 is a transmembrane glycoprotein which marks hematopoietic progenitor cells and mesenchymal
stem cells (MSCs) [26]. As the expression of CD34 was con ned to extravascular tissues, the possibility
of endothelial cell lineages is minimal in the studied specimen. Also, CD34 is a biomarker for
undifferentiated broblasts that are critical in tissue remodeling [27]. Since MSCs and broblasts share
mesenchymal origin and speci c biomarkers, further characterization are warranted to distinguish these
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cell population. The progressive loss of CD34 paves the way in the induction of α-SMA + myo broblasts
[28]. CD34 + cells were increased in HST when compared to the control, which was in accordance with the
histological ndings. This suggests that the proliferation of undifferentiated broblasts is an obstacle in
the trans-differentiation of myo broblasts resulting in abnormal wound healing. Also, the undifferentiated
broblasts secrete incomplete ECM and result in disorganization as evident in the histology [21]. The
similar expression pro le of CD34 in HRT and FT reveals the presence of matured tissue suggesting that
the IH pathology nucleates at HST by depositing abnormal ECM which eventually leads to form IH in an
unknown mechanism and warrants further investigation.
The α-SMA has been considered to be a pivotal biomarker for myo broblasts, which are contractile
phenotype of broblasts mainly associated with wound healing response; especially in the process of
wound contraction [29] [30]. The decreased expression of α-SMA in the HST and HRT shows the impaired
wound healing phase or wound progression suggesting the persistence of pathology or dysfunction of
myo broblasts. Moreover, the correlation of α-SMA with the status of wound healing and severity of IH
pathology is warranted deciphering its role in IH formation. Moreover, multiple cell phenotypes including
vascular smooth muscle cells, pericytes and broblasts express α-SMA and we performed quanti cation
of the uorescence intensity for total α-SMA. In addition, the blood vessels in tissue sections displayed
upregulation of α-SMA; however, the exclusion of blood vessels from the analysis was di cult owing to
their increased density. Interestingly, extra vascular tissues displayed the immunopositivity for α-SMA
suggesting the α-SMA-positive broblast phenotypes as predominantly evident in HST and HRT which
provides qualitative understanding regarding the expression status in α-SMA extra vascular tissues.
However, co-staining with extravascular biomarkers is warranted to distinguish broblasts from cells of
vascular lineage. Based on these observations, it is logical that the trans-differentiation signaling of
broblasts to myo broblasts is impaired in HRT tissues resulting in abnormal wound healing and IH
formation. However, the exact mechanisms underlying the trans-differentiation of myo broblasts in IH
tissues are unknown and warrant further investigation.
CTGF has been identi ed as a brogenic factor which co-expresses with transforming growth factor-β
(TGF-β) and triggers broblast proliferation, migration, and ECM synthesis. Basal level of CTGF
expression has been reported in normal tissues whereas CTGF level increases in the brotic tissues [31].
Reactive oxygen species (ROS) and oxidative stress are well known triggers for CTGF expression;
however the involvement of ROS in IH pathology has not been studied [32] [33]. Even though the actual
role of CTGF in IH pathology is not clear the increased levels of CTGF in HRT and HST suggest a healing
response elicited by the surviving tissue. However, CTGF-silenced animal models of IH could be helpful to
elucidate the mechanism of CTGF action in IH pathology.Cadherin-11 is engaged in the release of proin ammatory signals such as IL-6, TNF-α and IL-1β from the broblasts of injured tissues [34] [35]. In
addition, cadherin-11 is associated with the expression of various ECM components including collagen
and elastin and regulates the mechanical integrity of the tissue and wound healing responses[36].
Despite signi cant upregulation of cadherin-11 in HRT and HST, the functional role of cadherin-11 in the
in ammation and ECM damage associated with IH are largely unknown and requires more attention.
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The present study focused on the examination of the expression of biomarkers of broblasts and to
de ne their phenotypes based on their expression in IH. The biomarkers chosen for the current study were
based on their characteristic expression on broblast subpopulations and displayed considerable
alterations between HRT and HST and the respective controls FT and PT suggesting a possible
association with IH pathology. However, the expression status of these biomarkers has not been
established in post-laparotomy IH formation which requires further research to unveil the molecular
events leading to IH formation. Moreover, the information regarding the characterization of abnormal
broblast population in IH tissues based on these biomarkers is unavailable. To our knowledge, this is the
rst study focusing on phenotyping broblast in IH formation and the overall ndings are displayed in
Fig. 7. Our major ndings revealed differential expression of these biomarkers in HST and HRT (the major
susceptible sites for IH formation) suggesting the existence of diverse broblast phenotypes in these
tissues which in turn re ects the difference in molecular pathology. However, the exact molecular
mechanism underlying the regulation of diverse broblast phenotypes based on the biomarker expression
warrants further investigation.
The present study has several limitations including the unavailability of speci c biomarker for broblasts
that limits the co-localization studies. Moreover, the speci city of the biomarkers is questionable since
they might be expressed in other cell types including immune cells and stem cells. Hence, proper
de nition of IH broblasts based on speci c biomarker panel is warranted. In addition, the cellular
composition in HST and HRT has not been established and the phenotype of extra broblasts warrants
further attention. Other limitations include the lack of co-expression studies of the biomarkers with other
cell types such as MSCs, smaller size of control tissues, relatively small number of patient/control tissue
specimen, variability among the patients and controls, and lack of in vitro validation. Due to the limited
availability of control specimen and smaller size of specimen, it was not possible to perform PCR and
western blot analysis. However, the present study utilized MFI-based semi-quantitative fold-change to
represent the expression status of biomarkers. In addition, the present study mainly relied on the
immunopathology and further investigation based on proteomics, genomics and metabolomics are
warranted. Nevertheless, the ndings from this study strongly suggest that the heterogeneity of the
broblast population could play a critical role in the development of IH. Understanding the mechanism
underlying the phenotype switch of these broblasts would open opportunities to develop novel
strategies to prevent the development of IH following a laparotomy.

Conclusion
The IH tissues displayed considerable histological alterations such as ECM disorganization, fatty
in ltration and in ammation when compared with the control tissue.
The ndings revealed increased level of CTGF and, decreased α-SMA in both HRT and HST, increased
FSP1 and cadherin-11 in HRT with decreased levels in HRT, and decreased CD-34 in HRT and increased
level in HST relative to the respective controls FT and PT, suggesting alterations in broblast phenotypes
and the possible association of these altered broblast phenotypes in the IH pathology (Fig.
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8). These ndings open up the opportunities to further de ne the heterogeneity in broblast population
and to investigate the underlying mechanism of their phenotype switch to develop better management
strategies in patients undergoing a laparotomy.
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