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Incisional hernia often occurs following laparotomy
and can be a source of serious problems. Although
there is evidence that a biological cause may underlie
its development, the mechanistic link between the
local tissue microenvironment and tissue rupture is
lacking. In this study, we used matched tissue-based
and in vitro primary cell culture systems to examine
the possible involvement of fascia fibroblasts in inci-
sional hernia pathogenesis. Fascia biopsies were col-
lected at surgery from incisional hernia patients and
non-incisional hernia controls. Tissue samples were
analyzed by histology and immunoblotting methods.
Fascia primary fibroblast cultures were assessed at
morphological, ultrastructural, and functional levels.
We document tissue and fibroblast loss coupled to
caspase-3 activation and induction of apoptosis-like
cell-death mechanisms in incisional hernia fascia. Al-
terations in cytoskeleton organization and solubility
were also observed. Incisional hernia fibroblasts
showed a consistent phenotype throughout early pas-
sages in vitro, which was characterized by signifi-
cantly enhanced cell proliferation and migration, re-
duced adhesion, and altered cytoskeleton properties,
as compared to non-incisional hernia fibroblasts.
Moreover, incisional hernia fibroblasts displayed
morphological and ultrastructural alterations com-
patible with autophagic processes or lysosomal dys-
function, together with enhanced sensitivity to pro-
apoptotic challenges. Overall, these data suggest an
ongoing complex interplay of cell death induction,
aberrant fibroblast function, and tissue loss in in-

cisional hernia fascia, which may significantly con-
tribute to altered matrix maintenance and tissue
rupture in vivo. (Am J Pathol 2011, 178:2641–2653; DOI:
10.1016/j.ajpath.2011.02.044)

Incisional hernia (IH) is the most common complication of
laparotomy, with a cumulative incidence of about 20%.1,2

It occurs when the myofascial layer deteriorates under
intact skin and compromises tissue strength and compli-
ance. No technique can completely prevent its formation,
and, even with the use of mesh, repair is a challenge.3,4

The pathogenesis of this condition is difficult to study
because biopsies are rarely obtained before the end
stage, and available animal models do not fully represent
the gradual course of the disease. Thus, the cellular and
molecular mechanisms that control IH development re-
main elusive. At present, technical and patient-related
risk factors have been reported.5 In addition, recent mo-
lecular-biochemical findings highlight biological altera-
tions in patients with (recurrent) IH, which can help to
explain its unchanging rates and recurrences. Distur-
bances in collagen metabolism have been described,
and a relationship between mechanical failure and al-
tered fibroblast function is theorized (reviewed in Refs
6–8). In this line, we recently demonstrated increased
ratios of matrix metalloproteinases (MMPs) to their tissue
inhibitors (TIMPs) concomitant with deregulated inflam-
matory signaling in the abdominal wall tissue (fascia and
the skeletal muscle) of IH patients. Changes were tissue
specific and were detectable at the mRNA and protein
level (the substantial down-regulation of TIMP-3 detected
in IH fascia could be of causal significance).9 We sug-
gested that these dynamic alterations may significantly
contribute to alter the local extracellular matrix (ECM) by
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posttranslational mechanisms, and trigger tissue loss
and eventual rupture.

The fascia, a fiber-reinforced layer whose major func-
tion is to provide physical support to the skeletal muscles,
is one of the most highly altered tissues in hernia.10

Traditionally, the fascia has received little scientific atten-
tion, but there is an increasing interest in the role it plays
in several musculoskeletal disorders.11 Fascia structural
integrity and function depend on the quality of its ECM,
which is synthesized and maintained primarily by the
resident fibroblasts. Any impediments to the phenotypic
stability and survival of the fibroblasts because of internal
or external factors can result in a defective ECM and
prevent tissue repair.12–15 To our knowledge, very little is
known regarding whether IH fibroblasts display a distinc-
tive pathological phenotype.7

The etiology of multifactorial diseases is difficult to sort
out because they are due to a combination of factors that
individually only contribute in small part to the develop-
ment of the illness. In this case, descriptive observational
studies may be helpful to give rise to novel causal hy-
potheses, which subsequently can be tested to provide a
progressively detailed mechanistic understanding of the
disease.

With the aim to progress toward an evidence-based
prophylactic approach to IH, in this study, we compared
perioperative fascia samples obtained from IH patients
and non-IH controls. We hypothesized that a malicious
alliance of proinflammatory and proteolytic macromole-
cules9 within the IH fascia microenvironment may modu-
late IH fibroblast phenotype and result in stable patho-
logical changes in the basic cellular machinery, which
ultimately impede normal ECM functioning. Tissue-based
and primary culture studies were combined to examine
tissue at the morphological and subcellular level and to
elucidate the biological characteristics of IH primary fi-
broblasts.

Materials and Methods

Tissue Acquisition

Fascia samples included in this study were retrieved from
our incisional hernia tissue bank, which stores biopsies
and primary fibroblasts from abdominal wall tissues of IH
and non-IH subjects, and the associated clinical data.9

Specimens are taken intraoperatively by a specialized
surgeon. Areas of visible necrosis or granulation tissue
were intentionally avoided. IH samples were taken at least 8
cm away from the edge of the defect, when patients under-
went the first repair and no mesh is present. The biopsies
were divided into multiple pieces and fixed in 10% formalin,
snap frozen in liquid nitrogen, or immersed in Dulbecco’s
modified Eagle’s medium (DMEM) containing 20% heat-
inactivated fetal bovine serum (FBS), 20 mmol/L HEPES,
and 100 U/mL penicillin/streptomycin (Invitrogen/Gibco,
Carlsbad, CA) for cell culture establishment.

The patients’ characteristics are described in Table 1.
IH was diagnosed in the outpatient clinic by physical

examination. All hernias were in the midline. Previous
operations leading to primary IH formation included re-
section of colon or rectal tumor (n � 17), cholecystec-
tomy (n � 1), appendectomy (n � 1), caesarean section
(n � 1), and abdominal trauma (n � 1). Hernia repair was
performed with an open onlay technique.4 Reference tis-
sue samples were obtained from voluntary donors under-
going elective abdominal surgery, who had not previ-
ously received a laparotomy.9 Patients with previous
wound infection, diabetes, or connective or systemic in-
flammatory disease were not included in the study. The
research protocol was reviewed and approved by the
institutional ethics committee, and informed written con-
sent was obtained from all participants.

Histology and IHC

Paraffin-embedded sections (4 �m) underwent hematox-
ylin-eosin (H&E), PAS, Masson’s trichrome, and Alcian
Blue (pH 2.5) staining, as per routine clinical practice.
Immunohistochemistry (IHC) was performed as de-
scribed.9 The following primary antibodies were used:
anti-vimentin (1:100, ab-2 clone V9; Dako, Glostrup, Den-
mark), anti-�-smooth muscle actin (anti��-SMA) (1:100,
clone 1A4; Dako), anti-Ki-67 (1:100, clone MIB-1; Dako),
anti-proliferating cell nuclear antigen (anti-PCNA) (1:100,
clone PC-10; Dako), anti-CD3 (1:25; Novocastra Labora-
tories, Newcastle upon Tyne, UK), anti-CD20 (1:100;
Dako), anti-CD45 (1:100; Dako), anti-CD68 (1:80; Dako),
and anti-CD138 (1:50; Dako). Cell death was quantified
by terminal deoxynucleotidyl transferase-mediated
dNTP-biotin nick end labeling (TUNEL), using a modifi-
cation of the Roche in situ apoptosis detection kit (Roche,
Lewes, UK).16 Cells were defined as apoptotic if the
whole nuclear area of the cell labeled positively. An
experienced soft-tissue pathologist (P.H.) inspected the
biopsy specimens. A minimum of three sections (10 ran-
domly chosen, noncontiguous, no-overlapping high-
power fields per section; n � 30) were examined per
patient. The TUNEL and PCNA indices,16,17 were based
on the percentage of stained cells.

Fibroblast Isolation and Cell Culture

All reagents were obtained from Invitrogen/Gibco. Pri-

Table 1. Patient Characteristics

Non-IH
(n � 20)

IH
(n � 21)

P
value*

Age � SEM
(range)

65 � 3 (55–86) 63 � 3 (50–89) 0.61

Men 13 16 0.51
Smokers 5 3 0.45
Alcoholics 2 3 1.00
Obesity

(body mass
index �29)

5 11 0.11

Diabetes 0 0 1.00
Hyperlipidemia 1 2 0.49
Hyperuricemia 1 0 1.00

*Student’s t-test or Fisher’s exact test.
mary cultures were established according to an explant



20) and IH (n � 21), as measured in H&E-stained fascia sections. ***P �
0.001, Student’s t-test.

Cell Alterations in Incisional Hernia 2643
AJP June 2011, Vol. 178, No. 6
outgrowth protocol.18 Biopsies were minced and di-
gested (0.625% trypsin, 0.02% EDTA; Sigma/Fluka, St.
Louis, MO) in phosphate-buffered saline (PBS) without
Ca2�/Mg2� (20 hours, 4°C, mild agitation). Supernatants
were centrifuged (150 � g, 10 minutes), resuspended in
DMEM plus 20% FBS, 20 mmol/L HEPES, and 100 U/mL
penicillin/streptomycin, plated into 25-cm2 flasks, and
cultured (37°C, 5% CO2). Precipitates were redigested in
trypsin solution (1 hour, 37°C), to increase fibroblast re-
cruitment. At 50% confluence, 20% FBS was reduced to
10% FBS. Cells were passaged before reaching conflu-
ence. The medium was changed every other day. Frozen
stocks were prepared and cryopreserved in 10% DMSO,
in a Nalgene-Cryo-1°C Freezing Container (NALGENE
Labware, Rochester, NY). Cells from passages 3 to 6
were used. Fibroblast identity was confirmed by vimentin
and CD90 immunocytochemistry, as described below.

Cell Senescence Assay

�-Galactosidase (�-gal) staining19 was performed with a
senescence staining kit (Sigma-Aldrich, St. Louis, MO),
as per the manufacturer’s protocol.

Electron Microscopy

Cells (1 � 106) were fixed in 0.5% glutaraldehyde, 0.1
mol/L sodium cacodylate, 8 mmol/L CaCl2, and 0.2%
tannic acid for 1 hour. The solution was changed to 0.1
mol/L sodium-cacodylate buffer, 8 mmol/L CaCl2, 2.5%
glutaraldehyde, and 4% paraformaldehyde (2 hours,
4°C). Cells were postfixed with osmium tetroxide, dehy-
drated through a graded series of ethanol, and then em-
bedded in epoxy resin. Ultrathin sections were stained with
uranyl acetate and lead citrate, and examined with a
JEM1010 transmission electron microscope (TEM) (JEOL,
Ltd., Tokyo, Japan) at the Scientific and Technical Services
of the University of Barcelona (Campus Casanova).

Fibroblast Immunocytochemistry

Cells seeded on glass coverslips (1 � 104/well) were
incubated in DMEM and 10% FBS (36 hours), and then
rinsed, fixed (4% paraformaldehyde, 30 minutes),
quenched (20 nmol/L glycine, 15 minutes), permeabil-
ized (0.05% Triton X-100, 5 minutes), and incubated with
mouse monoclonal anti-vimentin (1:40, ab-2 clone V9;
Dako), mouse monoclonal anti-CD90 (1:25; Serotec, Ox-
ford, UK), or mouse monoclonal anti��-SMA (1:40,
CBL171; Chemicon/Millipore, Billerica, MA), in 5% BSA-
PBS (1 hour, room temperature). After washing, (5 min-
utes, �3), cells were incubated with Alexa-Fluor 488 goat
anti-mouse IgG (1:100 in 0.05% Triton X-100; Invitrogen,
Barcelona, Spain; 1 hour, room temperature, in dark).
Coverslips were washed (10 minutes, �3), treated with
RNAase A (0.5 mg/mL, 15 minutes, 37°C; Applied Bio-
systems/Ambion, Austin, Texas), stained with propidium
iodide (10 �g/mL; Molecular Probes, Eugene, OR), and
mounted in Mowiol 4–88 (Calbiochem, VWR International
Ltd., Lutterworth, UK). Actin filaments and focal con-
Figure 1. Fascia histological features. Sections of fascia from non-incisional
hernia (non-IH) and IH patients were stained with H&E (A and B),
Masson’s trichrome (C and D), Alcian Blue (E and F), PAS (G and H), and
vimentin (I and J). In IH fascia, fibroblasts tend to be round or oblong
(arrowheads), and some are surrounded by an open space (D, inset); K
and L: �-SMA immunostaining. Magnification: H&E, vimentin, and �-SMA,
�100, scale bar � 100 �m; Masson’s trichrome and Alcian Blue, �400,
scale bar � 50 �m. M: Mean fibroblast cells per field from non-IH (n �
tacts were visualized with Chemicon’s Actin Cytoskel-
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eton and Focal Adhesion Staining Kit (FAK100; Chemi-
con/Millipore). Cells were analyzed by laser confocal
microscopy (Leica TCS-NT-UV; Leica Microsystems,
Heidelberg, Germany) at the Scientific and Technical
Services of the Institut de Recerca Hospital Universitari
Vall d’Hebron (UCTS-IRHUVH). Control staining in the
absence of primary antibody confirmed the specificity
of immune labeling.

Cell Proliferation Assays

Population doubling (PD) was calculated as follows:
PD � [ln(no. of harvested cells) � ln(no. of subcultivated
cells)]/ln2. [3H]-thymidine and 5-bromo-2=-deoxyuridine
(BrdU) (Calbiochem) incorporation into cell DNA was
used to determine fibroblast proliferation rates. Cells
were previously cultured in complete medium to allow
cellular attachment (1 � 104 cells/well, 36 hours). They
were then incubated in DMEM and 2% FBS (24 hours),
and treated with 0.5 �Ci/mL [3H]-thymidine (Amersham
Pharmacia Biotech, Piscataway, NJ) for 18 hours,
washed, and then removed by trypsinization. DNA was
precipitated with cold trichloroacetic acid. The precipi-
tate was air-dried overnight, dissolved in NCS tissue sol-
ubilizer (Amersham Pharmacia Biotech), and quantified
in a scintillation �-counter. The BrdU cell proliferation
ELISA kit (Calbiochem) was used as per the manufactur-
er’s recommendations (5 � 103 cells/well). In a subset of
cultures, cells were labeled with BrdU. Briefly, cells (1 �
104/well) were seeded on sterile glass coverslips and
treated with 10-�m BrdU in DMEM and 10% FBS (12
hours). Cells were rinsed, fixed, quenched with NH4Cl 50
mmol/L (20 minutes), permeabilized (1% Triton X-100, 15
minutes), treated with 50 �L of DNase (1U/�L, 90 minutes,
37°C), and then incubated in 1% BSA (1 hour, room tem-
perature). Mouse monoclonal anti-BrdU (1:100 in 1% BSA-
PBS; Calbiochem) was added, and cells were treated as
described in the immunocytochemistry section.

Migration Assays

For the in vitro scratch assay, cells (1 � 105/well) were
seeded on fibronectin-coated wells (10 �g/mL; Boehr-
inger Ingelheim GmbH, Ingelheim am Rhein, Germany)
with markings on the outer bottom to be used as refer-
ence points during image acquisition.20 Cells were incu-
bated with DMEM and 10% FBS (36 hours). To minimize
proliferation, the medium was then changed to 2% FBS
(12 hours). Cell layers were scraped in a straight line (p10
tip), rinsed (�3), and incubated (DMEM, 2% FBS, 24
hours). Plates were examined periodically and photo-
graphed (Nikon Eclipse TS100, Tokyo, Japan). The ac-
quired images were analyzed with freeware (available
at http://rsb.info.nih.gov/ij, last accessed October 29,
2009). For transwell migration assays, cells (5 � 103)
were plated in DMEM and 2% FBS into the upper
chamber of a Costar Transwell (8-�m-pore insert;
Corning, Corning, NY) and incubated. The insert was
coated with either type-I collagen (30 �g/mL; Calbi-
ochem) or fibronectin (30 �g/mL; Boehringer Ingelheim).

The lower chamber contained 10% FBS. Twelve hours later,
nonmigrated cells were scraped. Cells remaining on the
bottom surface were fixed (methanol 80% v/v, 30 min-
utes), stained (0.5% crystal violet w/v, 15 minutes), and
analyzed by spectrophotometry (OD, 570 to 590 nm).

Adhesion Assay

Cells (1.5 � 103/well) were seeded on 24-well plates, and
then incubated in DMEM and 2% FBS (12 hours). The
plate was inversely centrifuged (900 � g, 10 minutes),
and the amount of remaining attached cells was as-
sessed by crystal violet staining.21,22

Figure 2. Apoptosis and cell proliferation markers in fascia tissue. Terminal
deoxynucleotidyl transferase-mediated dNTP-biotin nick end labeling
(TUNEL) (A and B), proliferating cell nuclear antigen (PCNA) (C and D), and
Ki-67 (E and F) immunostaining of non-IH and IH fascia tissue (magnifica-
tion, �200; scale bars: 50 �m). G: Quantitative analyses of TUNEL-positive

and PCNA-positive fibroblast nuclei, in non-IH (n � 20) and IH (n � 21)
fascia; *P � 0.05 (Student’s t-test).

http://rsb.info.nih.gov/ij
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Immunoblotting

Cells or cryopreserved tissues were homogenized with
RIPA buffer [50 mmol/L Tris-HCl (pH 7.6), 150 mmol/L
NaCl, 1% Triton X-100, 0.25% sodium deoxycholate,
0.1% SDS, 1 mmol/L EDTA, plus protease inhibitors;
Sigma] and centrifuged (12,000 � g, 4 minutes, 4°C).
Protein concentration was determined by the bicin-
choninic acid assay (BCA Protein Assay; Pierce, Ma-
drid, Spain). Equal amounts of total protein were size-
fractionated by SDS-PAGE under reducing conditions
(120 V), transferred to nitrocellulose or polyvinylidene
fluoride (PVDF) membranes (60 V, 4°C, overnight), and
stained with red Ponceau. Membranes were blocked in
TBS-T buffer [0.9% NaCl, 0.02 mol/L Tris (pH 7.5),
0.05% Tween 20, 5% to 10% skimmed milk, 1 hour,
room temperature], before incubation with the follow-
ing antibodies: mouse monoclonal anti-vimentin (1:
700, ab-2 clone V9; NeoMarkers/Lab Vision, Thermo
Fisher Scientific Inc., Fremont, CA), mouse monoclonal
anti-poly (ADP-ribose) polymerase (PARP) (1:125; BD
Biosciences, Franklin Lakes, NJ), mouse monoclonal
anti-pan-actin (1:500; NeoMarkers/Lab Vision Corp),
rabbit polyclonal anti��-fodrin (1:700, 2122 Asp1185;
Cell Signaling, Beverly, MA), rabbit polyclonal anti-
caspase-3 (1:700; Cell Signaling), mouse monoclonal
anti��-tubulin (1:3000, 5H1; BD Biosciences), rabbit
polyclonal anti-microtubule-associated protein 1 light
chain 3 (LC3) (1:1000; PM036; MBL Medical & Biolog-
ical Laboratories Co., Ltd., Nagoya, Japan); mouse
monoclonal anti-flotillin-2 (1:5000; BD Biosciences).
Detection was performed with appropriate peroxidase-
labeled secondary antibodies in TBS-T buffer, using an
enhanced chemiluminescence kit (Amersham Pharma-
cia Biotech). Bands were quantified with a digital im-
age analyzer (Quantity One Quantitation Software; Bio-
Rad, Barcelona, Spain), on unsaturated X-ray film.
When appropriate, the ProteoExtract subcellular pro-
teome extraction kit (Calbiochem) was used to obtain
cytosolic, membrane/organelle, nuclear, and cytoskel-
etal protein fractions.23

Immunoprecipitation

Tissue samples (�500 mg) or cells (�1.5 � 106) were
homogenized [20 mmol/L TrisHCl (pH 7.5), 150 mmol/L
NaCl, 1% Triton X-100, 1 mmol/L EDTA, 1 mmol/L EGTA,
2.5 mmol/L Na4P2O7, 1 mmol/L �-glycerolphosphate, 1
mmol/L Na3VO4, 1 mmol/L PMSF, plus protease inhibi-
tors; Sigma] and centrifuged (12,000 � g, 15 minutes,
4°C). Protein concentration was determined by the BCA
assay (Pierce). Precipitating phospho-(Ser/Thr) Phe poly-
clonal antibody (1:100; Cell Signaling) was added to tis-
sue (750 �g) or cell (500 �g) protein supernatants, and
incubated with rocking (overnight, 4°C). Protein A-Aga-
rose (Roche Applied Science, Mannheim, Germany) di-
luted in PBS (1:1 v/v) was added (1:20 v/v) and incubated
with rocking (5 hours, 4°C). Beads were collected by
centrifugation (12,000 � g, 1 minute) and washed
(12,000 � g, 30 seconds, �3). Twenty-five microliters of
3� sodium dodecyl sulfate (SDS) sample buffer [187.5

Figure 3. Proteolytic cleavage of caspase-3 and
cytoskeletal substrates in fascia tissue.
A: Representative immunoblot analyses from
non-IH and IH fascia. Pan-actin was used as a
loading control for normalization purposes. MW,
molecular weight. B: Densitometric analysis of na-
tive and cleaved protein expression, in non-IH
(n � 8) and IH (n � 8) samples (ns, nonsignificant;
*P � 0.05, **P � 0.01, ***P � 0.001; Student’s t-test).
C: Representative immunoblots for the cytosol-
(soluble) and cytoskeletal-enriched fractions from
non-IH and IH fascia homogenates. D: Represen-
tative immunoblots of cytosol-enriched fractions,
after immunoprecipitation with a specific poly-
clonal anti-phospho-Ser/Thr antibody (details in
the Materials and Methods section).
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mmol/L Tris-HCl (pH 6.8 at 25°C), 6% w/v SDS, 30%
glycerol, 150 mmol/L DTT, 0.03% w/v bromophenol blue]
were added, and beads were denatured (10 minutes,
100°C). Aliquots of the supernatant were run on SDS-
PAGE gels and immunoblotted, as described.

Apoptosis Induction

Cells (2 � 104/well) were seeded on glass coverslips and
allowed to adhere (DMEM, 10% FBS, 12 hours). Medium
was switched to DMEM, 2% FBS (12 hours, basal level of
apoptosis �2% to 3%), and cells were treated with 0.1
�mol/L staurosporine (16 hours),24 or with tumor necrosis
factor � and cycloheximide25 (TNF�/CHX, 0.25 to 50 ng/mL;
Sigma; 72 hours). Cells were morphologically inspected,
and necrosis/apoptosis was measured with the Vybrant
Apoptosis Assay kit, n°2 (Molecular Probes) and laser con-
focal microscopy. Cells cultured in DMEM and 10% FBS
were used as negative controls. To examine cytoskeletal
cleavage, 5 � 104 cells were plated on 60-mm culture
dishes and treated as described. At the end, adherent and
floating cells were combined, lysed with the ProteoExtract
subcellular proteome extraction kit (Calbiochem), and ana-
lyzed as described in the immunoblotting section.

Statistical Analysis

Data were quantified as the mean � SE. Differences
between group means were analyzed using the unpaired
Student’s t-test or Mann-Whitney U-test. Categorical data
were analyzed by Fischer’s exact test. A simple regres-
sion procedure was applied to assess the relationship
between TUNEL and PCNA staining. P values for signif-
icance were designated at �0.05.

Results

The case and control groups were comparable for age,
sex, and comorbidities (Table 1).

Degenerative Changes in IH Fascia Tissue
Specimens

Relative to non-IH, IH fascia sections displayed disrup-
tion and thinning of the ECM together with a significant
reduction in fibroblast density (IH: 207 � 7 cells/field; non-
IH: 372 � 12 cells/field; P � 0.001) (Figure 1). Moreover, IH
fibroblasts often displayed a round or oblong appearance
and lacked cell-matrix contact (Figure 1D, inset). Alcian
Blue staining was stronger in IH (semiquantitative analysis,
as percentage of samples: non-IH: �60%, ��40%; IH:
�10%, ��30%, ���60%; Figure 1, E and F). �-SMA
labeling was limited to the vascular walls, and no myofibro-
blasts were seen (Figure 1, K and L). Inflammatory cell
infiltration was negligible, as screened by PAS (Figure 1, G
and H) and by CD3, CD20, CD45, CD68, and CD138 im-
munolabeling (data not shown).

Cell death and proliferation rates were assessed by IHC
(Figure 2). TUNEL and PCNA indices were higher in IH

(Figure 2G). Ki-67 rates were low in both IH and non-IH
(�1%; Figure 2, E and F). TUNEL-positive fibroblasts were
densely labeled in their nuclei, accompanied by small par-
ticles resembling apoptotic bodies (Figure 2B), which is
compatible with an apoptotic cell death. Only occasionally,
a few cells showed a diffuse, nuclear and cytoplasmic,
brown color, which is compatible with necrotic cells. PCNA
and TUNEL indices correlated positively (r � 0.818; P �
0.007). Since fibroblasts were the predominant cellular
components identified (Figure 1, I and J), we assumed that
most of the PCNA� and TUNEL� cells were fibroblasts.

Figure 4. Fascia fibroblast characterization. Representative immunofluores-
cent staining of primary fibroblasts from non-IH and IH fascia, for vimentin
(green, A–D), �-SMA (green, E–H), and vinculin/phalloidin (green/red, I–L).

Magnification: �100 (A, C, E, and G), �200 (I and K), �400 (B, D, F, H, J,
and L); Scale bar � 50 �m.
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Caspase-3 Activation and Cytoskeletal
Cleavage in IH Fascia Tissue

Our results suggested that apoptotic cell death mech-
anisms may be involved in IH. Next, we examined
caspase-3- and cytoskeleton-related components by
immunoblotting. Of interest, IH homogenates dis-
played increased expression of procaspase-3 (32 kDa)
and its major activated fragments (p20, p17), coinci-
dent with increased vimentin, �-fodrin, and PARP
cleavage (Figure 3, A and B). Native (57 kDa) and
fragmented vimentin (mainly the 53-kDa and �48- to
50-kDa bands) were higher in IH, as were intact (240
kDa) and cleaved (150 kDa, 120 kDa) �-fodrin and
PARP (116 kDa) (Figure 3B). Neither �-tubulin nor actin
cleavage was observed (Figure 3A). The increase of
soluble-to-cytoskeletal vimentin ratios (Figure 3C) and
phosphorylated vimentin levels in IH (especially an
�48-kDa band, not detectably expressed in non-IH;
Figure 3D) may reflect a comprehensive vimentin cy-
toskeleton disassembly.26

IH Fibroblasts Display a Distinct Pathological
Phenotype

Cells were positive for vimentin (Figure 4) and CD90
(data not shown). �-gal staining was very low (�1%) in
both IH fibroblasts (IHF) and non-IH fibroblasts (non-IHF)
(data not shown). A phenotypic transformation was ob-
served in IHFs, which persisted throughout all passages
studied (3 to 6; Table 2, Figure 4).

Cell culture efficiency was higher in IH samples. Mor-
phologically, non-IHFs showed a stellate morphology
with long processes and contained large and well-orga-

Table 2. Fascia Fibroblast Characterization

Non-IH IH
P

value

Cell culture efficiency
n 20 21
Culture success, % 40% 70% *
Time to emerge from

the explant, days
34.3 � 27.0 18.2 � 2.0 **

Cell yield, 106 cells/
biopsy

1.2 � 0.3 2.6 � 2.0 *

Morphology analysis
n 5 5
Spreading area, �m2 8463 � 211 1008 � 211 *
Polarized cells, % 7.5 � 0.9 75.2 � 2.1 *

Actin microfilament
network

n 5 5
Cells with geodomes

and stress fibers, %
87 � 1 54 � 1 *

Cells with stress
fibers, %

24.4 � 1.1 4.6 � 0.7 *

�-SMA-positive cells, % 17.1 � 2.5 3.6 � 1.0 *
Focal adhesions

n 5 5
Area, �m2 3.1 � 0.1 2.2 � 0.1 *
Focal adhesion area/

cell area, %
6.3 � 0.6 2.6 � 0.2 *
*P �0.05; **P �0.01, Mann-Whitney U-test.
nized actin fibers and a dense vimentin network
throughout the cytoplasm. In contrast, IHFs displayed
a bipolar spindle shape and significantly reduced sur-
face area, as well as fewer actin microfilaments and a
more shrunken vimentin network. Streaks of vinculin-
positive focal adhesions were prominent and widely
distributed in non-IHFs (Figure 4, K and L), whereas in
IHFs, they were more diffused and confined to the
leading edges (Figure 4, I and J). �-SMA expression, a
feature of myofibroblasts,27 was higher in non-IHFs
(Figure 4, G and H; P � 0.05).

Electron microscope observations showed an accu-
mulation of vacuole/autophagosome-like structures, con-

Figure 5. Ultrastructural appearance. A: Representative ultrastructural pic-
tures of primary fascia fibroblasts. Outstandingly, IH fibroblasts showed
autophagic vacuoles, autophagolysome-like structures, multilayered lamellar
and fingerprint profiles (arrows), and mitochondrial swelling (arrow-
heads). B: Evidence of IH fibroblast fragility at preparation for transmission
electron microscopy analysis.
taining cytoplasm and encircled by multilayered lamellar
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structures, as well as fingerprint profiles and apparent
mitochondrial swelling in IHFs (Figure 5).28 In non-IHFs,
multilayered structures appeared only occasionally, and
fingerprint profiles were absent. Outstandingly, IHFs ren-
dered fibroblasts fragile and more prone to rupture. Sim-
ple preparation for TEM observation caused sudden cell
membrane rupture (Figure 5B).

Concerning the functional properties, the replicative
rate was shorter in IHFs than in non-IHFs (PD, 11.9 � 3.3
versus 32.8 � 8.2 per day; P � 0.05), suggestive of
increased IHF proliferative capacity, which was fully con-
firmed by [3H]-thymidine and BrdU incorporation assays
and by direct BrdU labeling (Figure 6, A, B, and D). In
addition, IHFs showed increased migration rates with
respect to non-IHFs. Thus, in scratch wound assays, IHFs
repopulated the wound faster than non-IHFs (Figure 6, C
and E). Moreover, in transwell assays, IHFs migrated
faster than non-IHFs in response to fibronectin and type I
collagen (Figure 6G). Lastly, IHFs exhibited lower adhe-
siveness to plasticware substrate as compared to non-
IHFs, as measured by reverse centrifugation (Figure 6F).

Figure 6. Analysis of primary fibroblast behavior. Proliferation assays: (A) [
non-IHFs (n � 5) and IHFs (n � 5). Abs, absorption. Migration and adhesio
hours to 24 hours postwounding, in non-IHFs and IHFs, and comparison of
the Materials and Methods section). D: BrdU in situ immunostaining. Mag

quantified by inverted centrifugation. G: Migration of non-IHFs (n � 5) and IHFs (n �
*P � 0.05, **P � 0.01
Autophagy Marker LC3 Increases Its Expression
in IH

LC3 has been proposed to be a biomarker of autophagy.
To understand further the results obtained by electron
microscopy, we examined the steady-state levels and
intracellular localization of LC3 proteins, both in fascia
fibroblasts and in fascia tissue biopsies by immunoblot-
ting. An antibody raised against the recombinant human
full-length LC3 (MAP1LC3B), was used.

First, we examined whole fibroblast homogenates
(Figure 7) and whole tissue homogenates (Figure 8). As
shown in Figure 7, IHF lysates displayed enhanced LC3-I
expression relative to non-IHFs, but no changes were
observed in LC3-II. Thus, the LC3-II to LC3-I ratio was
significantly higher in non-IHFs as compared to IHFs (P �
0.037). Conversely, when whole tissue biopsies were ex-
amined, a significant increase in LC3-II to LC3-I ratio was
observed in IH fascia (P � 0.045; Figure 8), which can be
indicative of in vivo autophagosome formation.

idine and (B) 5-bromo-2=-deoxy-uridine (BrdU) incorporation into DNA, in
: (C and E) representative images of the in vitro scratch assay captured at 0
closure percentage between non-IHFs (n � 5) and IHFs (n � 5) (details in
n: �100, �600. F: Cell adhesion of non-IHFs (n � 5) and IHFs (n � 5),
3H]-thym
n assay
wound
nificatio
5) across fibronectin- and type I collagen-coated inserts in transwell assays.
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LC3 is found in the cytoplasm (LC3-I) and membrane
(LC3-II). Next, we aimed to test which subcellular fraction
of LC3 was increased in IH samples. Both cytosolic and
membrane/organelle fractions were evaluated. In fascia
fibroblasts, LC3-I was detected in the cytosolic fraction
and LC3-II in the membrane/organelle fraction (Figure 7).
Intriguingly, LC3-I amounts were apparently lower in
IHFs, as compared to non-IHFs (P � 0.006), but again, no
changes were detected in LC3-II levels. Cytosolic frac-
tions derived from fascia biopsies generally yielded no,
or only faint, bands (Figure 8), excepting a specific �70-
kDa band, which was observed in IH samples. Notably, in
the membrane/organelle fraction, a strong signal corre-
sponding to a specific �70-kDa band was observed,
probably corresponding to the membrane-associated
LC3-II form. This band was significantly higher in IH, as
compared to non-IH samples (P � 0.007).

IH Fibroblasts Show Increased Sensitivity to
Proapoptotic Challenges

Finally, we examined whether IHFs engaged cell death
processes more readily than non-IHFs, after treatment
with the proapoptotic agents staurosporine and TNF�/
CHX. Staurosporine is a potent, cell-permeable protein
kinase C inhibitor, which at high concentrations induces
cell apoptosis. TNF� is a multifunctional proinflammatory
cytokine that belongs to the tumor necrosis factor (TNF)
superfamily.

Preliminary experiments in our laboratory revealed
that both staurosporine and TNF�/CHX were compe-

Figure 7. LC3 immunoblots in fascia fibroblasts. Representative immuno-
blots of LC3-I/LC3-II in whole-cell lysates (1 � 106 cells; RIPA lysis
buffer), and cytosolic- and membrane-enriched fractions (ProteoExtract
Subcellular Proteome Extraction Kit) from cultured non-IH fibroblasts
(non-IHFs) and IHFs. Proteins were resolved on 4% to 20% polyacryl-
amide gradient SDS gels. Cytosolic and membrane protein fractions were
concentrated to about 10-fold on Amicon Ultra 0.5-mL centrifugal filters
(Millipore, Billerica, MA). Positive controls for anti-LC3 antibody were
used (MBL International Corp.). �-Tubulin detection in cytosolic-enriched
protein extracts was used as a loading control (C) for normalization
purposes.
tent, being that TNF�/CHX is a more potent inducer
of programmed cell death in fascia fibroblasts. Since
staurosporine induced a rapid transition from non-
apoptotic to necrotic cell death, whereas TNF�/CHX
acted more gradually, and due to sample limitations,
further experiments to better characterize the response
(ie, caspase activation, substrate cleavage) were ex-
clusively performed with TNF�/CHX. As is shown in
Figure 9, IHFs contained many loosely bound, detach-
ing round vesicles after TNF�/CHX treatment, as com-
pared with non-IHFs. The number of early and late
apoptotic fibroblasts was also higher in IH. Immuno-
blotting experiments revealed more cytoskeletal
cleaved products in IH following TNF�/CHX treatment
(Figure 10). Of interest, the pattern of cleaved products
observed during in vitro apoptosis induction resembled
that seen in fascia tissues, suggesting that this process
may occur in vivo.

Discussion

Incisional hernia is a serious complication of laparoto-
mies, which is characterized by the ongoing degener-
ation of the myofascial layer. Even though complex,
multifactorial events have been associated with the dis-
ease, the pathomechanisms of its formation remain elu-
sive. This relative lack of knowledge is surprising, but
might be partly due to the availability of prosthetic bio-
materials, and thus, the feeling in the surgical community
that there is little need to understand the fundamental
mechanisms of the disease (biopolymers revolutionized

Figure 8. LC3 immunoblots in fascia tissue. Representative immunoblots of
LC3-I/LC3-II in whole lysates (RIPA lysis buffer), cytosolic- and membrane-
enriched fractions (ProteoExtract Subcellular Proteome Extraction Kit) from
non-IH and IH fascia tissues. SDS-PAGE was performed using 12.5% poly-
acrylamide gels and positive controls for anti-LC3 antibody (MBL). The
cytosolic and membrane protein fractions were further concentrated to about
sevenfold on Amicon Ultra 0.5-mL centrifugal filters (Millipore) and resolved
in 11% and 8% SDS polyacrylamide gels, respectively. �-Tubulin detection in

cytosolic protein extracts was used as a loading control for normalization
purposes. Flotillin-2 was used as a membrane marker.
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hernial repair, drastically reducing recurrences as com-
pared to tissue mending and making it possible to recon-
struct large ventral defects that were previously irrepara-
ble4). Within the scope of hernia biology,7 here, we tried
to identify (new) cellular and molecular clues with a po-
tential role in IH pathogenesis, which could be eventually
useful for new preventive and therapeutic approaches.
Our results demonstrate significant cell loss and matrix
degradation in IH fascia. Also, new features such as
aberrant fibroblast cell-death induction, and substantial
in vitro morphological and functional changes have been
detected in fascia-derived IHFs, which had not been
previously described.

The upstream signals by which both tissue and cells
are removed are unknown. Previous studies have re-
ported the presence of unwarranted degradation and
defective formation of newly synthesized proteins in IH

Figure 9. Fibroblast susceptibility to proapoptotic stimuli. Apoptotic respon
kit II (details in the Materials and Methods section). A–C, and G: TNF-�/CH
merged images, �600; (C) phase contrast images: left and center, �100; rig
Staurosporine treatment (16 hours): (D) bright-field and immunofluorescence
�100; right, �600. Scale bars: 100 �m (�100); 50 �m (�600).
samples, which may influence quantitative changes in
the fascia microenvironment.7,9 Moreover, the intense Al-
cian Blue staining reported here entails additional quali-
tative alterations, such as enhanced glucososaminogly-
cans deposition in the ECM, which could putatively
instigate prolonged proinflammatory signaling,29,30 or al-
tered degradation activities31 in IH tissues.

An interesting and novel aspect of this study is the
identification of apoptotic as well as autophagic signals in
IH fascia, which can lead to fibroblast self-destruction
without an efficient compensatory increase in cell prolif-
eration levels.32,33 The observation of augmented TUNEL
indices, together with activated caspase-3 and its asso-
ciated cleavage signature, is compatible with apoptotic
cell-death induction. Moreover, the present data also pro-
vide evidence that autophagy may be enhanced in vivo in
IH fascia, as judged from the LC3-II membrane-associ-
ated content and the LC3-II to LC3-I ratio.34,35 Concern-

n-IHFs (n � 5) and IHFs (n � 5), as measured by Vybrant Apoptosis Assay
ent (72 hours): (A) Bright-field and immunofluorescence images, �100; (B)
0; (G) percentage of apoptotic cells (*P � 0.05, Mann-Whitney U-test). D–F:
�100; (E) merged images, �600; (F) phase contrast images: left and center,
se of no
X-treatm
ht, �60
ing cell proliferation, the DNA polymerase processivity
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factor proliferating cell nuclear antigen indices were in-
creased in IH fascia samples. However, Ki-67 levels, a
marker of actively cycling cells,36 were low and equiva-
lent between patients and controls. PCNA is essential,
not only for DNA replication, but also for several forms of
DNA repair. Of interest, different binding affinities for
PCNA in DNA replication and repair have been de-
scribed (a surprisingly longer residence time of PCNA at
damaged areas than at replication foci has been ob-
served).37 Overall, these results are compatible with pro-
cesses related to cellular and DNA damage. Further
studies in molecular and genetic terms are required to
dissect these aspects.

The observed fragmentation of cytoskeleton compo-
nents informs on a dynamic process of cell disruption,
which ultimately may weaken IH fibroblast function and
lead to fascia atrophy.38 In particular, we report vimentin
proteolysis together with increased soluble and phos-
phorylated vimentin (indices of vimentin disassembly) in
IH fascia homogenates.39 Vimentin is the major interme-
diate filament of fibroblasts. As such, it acts as a scaffold
for organelles and a massive number of signaling mole-
cules, and may modulate the response to specific pro-
apoptotic signals.40–44 Whether the changes observed
here imply a cytoprotective mechanism to damp down
proapoptotic signaling,41,42 or a way to perpetuate IH
progression requires further investigation. �-Fodrin pro-
teolysis is considered a molecular feature of apoptosis,
leading to membrane malfunction and cell shrinkage.45

PARP-1 is a nuclear enzyme that participates in both

Figure 10. Immunoblots of proteins involved in apoptosis. Representative
immunoblot analyses, obtained from cytosolic-, nuclear-, and cytoskeletal-
enriched fractions from non-IHFs and IHFs, after TNF�/CHX treatment.
Proteins were extracted by the ProteoExtractTM Subcellular Proteome Ex-
traction Kit (details in Materials and Methods).
DNA repair and cell death, depending on the amount of
cell damage, and promotes the expression of proinflam-
matory agents.46

At present, the initiation factors or the molecular path-
ways involved in these cell-death processes can only be
speculated on. The deregulated proinflammatory and
proteolytic signaling reported in the tissues microenviron-
ment of IH patients9 may favor the release of products
that trigger caspase activation.13,47 Another mechanism
might arise from detachment of internal cytoskeleton
structures from the external ECM.7,48–50 Also, evidence
from our laboratory indicates transcriptional changes in
IHFs, which may tip the balance into a proapoptotic di-
rection (unpublished observations). Whether these
and/or other inductive factors, such as loss of growth
factors or excessive levels of reactive oxygen spe-
cies,51,52 regulate fibroblasts death in vivo remains to be
established.

With respect to the in vitro experiments, our findings
indicate that fascia-derived IHFs acquire an imprinted
phenotype in vivo that is consistent in culture throughout
several passages, and impairs fundamental cellular pro-
cesses.15,53,54 Previous work has established altered type
I/III collagen ratios in IHFs.55 Here, we report that fascia
IHFs display reduced cell size, increased proliferation and
migration rates, and decreased strength of adhesion, in
parallel with an altered cytoskeleton network, fewer �-SMA-
positive stress fibers, and smaller focal contacts.56,57 More-
over, they show enhanced sensitivity to proapoptotic chal-
lenges, as well as features compatible with compromised
autophagic/lysosomal processes.28

Fibroblast hyperproliferation may be due to prolonged
exposure to a low fibril density ECM in vivo,49 to altered
transcription of genes involved in the cell cycle, or DNA
repair regulation, as was recently seen in gene expression
profiling experiments in our laboratory (unpublished obser-
vations), or to a combination of all these factors.58,59 In-
creased migratory and invasive capacity may be a con-
sequence of defective cytoskeleton organization,60–62 or
to other factors such as extreme MMP activation,9 or ECM
alterations. Moreover, cytoskeletal network defects may
cause fibroblasts to become fragile, and this would ac-
count for their trauma-induced rupture.62–64 Although we
could not measure the autophagic flux, the results ob-
tained by combined steady-state measurements (elec-
tron microscopy and LC3 immunoblotting) suggest that
autophagy induction, and/or inhibition of autophagosome
clearance, may have a role in IH. Autophagy may contrib-
ute to cell death or be advantageous for cell survival during
ECM detachment; also, autophagy is critical for the presen-
tation of engulfment signals that mediate the phagocytic
clearance of apoptotic cells.65– 69 Further studies are
needed to further illuminate this previously unrecog-
nized aspect of IH pathology.

Finally, we show that fascia primary IHFs were more
sensitive to proapoptotic agents (either staurosporine or
TNF�/CHX) than non-IHFs, as an indirect sign of DNA
damage. The observed differences in the responses sug-
gest that the level of initial DNA damage in the two cell
types may have differed, or perhaps, the repair of the
damaged DNA in the two cell types varied kinetically. On

the other hand, the differences in the responses by the
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two cell types may be due to relative differences in the
abilities of IH and non-IH cells to mount a response to a
common level of DNA damage. In summary, the apopto-
sis-like abnormalities seen in IH homogenates are reca-
pitulated in vitro in IHFs under proapoptotic stimuli, sup-
porting the idea that these events are relevant to in vivo
findings.70 Interestingly, our previous results demon-
strated deregulated TNFA expression and signaling in
abdominal wall tissue of IH patients,9 which would be
consistent with the increased susceptibility of IHFs to
TNF�-induced apoptosis reported here.

Conclusions are limited by the chronic nature of the
disease process (tissue was sampled at a point in time
when IH had already developed). Nonetheless, we be-
lieve that our findings are representative, supported by
the fact that no differences were present between IH and
non-IH control patients (eg, age, sex, and comorbidities),
and because in vivo and ex vivo analyses were performed
simultaneously. It will be a challenge to determine the
specific role these events play in the very early phase of
the disease, even before the onset of symptoms.

To date, most studies dealing with IH biology have
evaluated parameters related to ECM metabolism (re-
viewed in reference 7). Our data provide indirect, yet
compelling evidence on how the local ECM microenvi-
ronment may influence IH development. Our findings
suggest that fascia atrophy and dysmorphology may be
an active driver of IH, by means of transducing signals
that affect cell survival, functional phenotype, and (prob-
ably) gene expression. Also, they identify fibroblasts and
cell fragility as major pathogenic contributors to IH.63

Damage to fascia fibroblasts may trigger excess cell death
in the form of classical apoptosis or autophagy, in which
caspases and lysosomal enzymes, respectively, play the
main role in the cells’ self-digestion. The accumulation of
apoptotic-prone defective fascia fibroblasts may not sup-
port normal fascial structure and function, and thus en-
hance proteolytic fascial destruction in a context of low cell
proliferation.71,72 These findings are important because
they identify new players in the IH process as it occurs in
vivo, and provide information to define new targets to even-
tually solve treatment failure and persistent recurrence.
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