World J. Surg. 28, 316-320, 2004
DOI: 10.1007/500268-003-7403-z

WORLD

Journal of
SURGERY

© 2004 by the Société
Internationale de Chirurgie

Reactive Oxygen Species and EGR-1 Gene Expression in Surgical Postoperative

Peritoneal Adhesions

Sashwati Roy,' Clancy J. Clark,' Khashayar Mohebali,' Udayan Bhatt,” William A. Wallace,' N. Stanley Nahman,?

E. Christopher Ellison,! W. Scott Melvin,! Chandan K. Sen'

'Department of Surgery, Center for Minimally Invasive Surgery, Laboratory of Molecular Medicine, Davis Heart & Lung Research Institute, The Ohio

State University, 473 W. 12th Avenue, Columbus, Ohio 73210, USA

2Department of Internal Medicine, Division of Nephrology, The Ohio State University, 473 W. 12th Avenue, Columbus, Ohio 43210, USA

Published Online: February 17, 2004

Abstract. Postoperative peritoneal adhesions are common and serious
complications of general abdominal and gynecological surgery that can
lead to chronic abdominal pain, small-bowel obstruction and infertility.
The specific pathophysiology of peritoneal adhesions remains elusive and
current treatment is relegated to prevention through meticulous surgical
technique and protective physical barriers, gels and solutions. We have
reported that reactive oxygen species (ROS), generated by phagocytic cells
at the site of tissue injury, serve as major signaling molecules regulating
the expression of vascular endothelial growth factor (VEGF) and subse-
quent wound repair. We hypothesized that peritoneal adhesions are a prod-
uct of over-healing surgical wounds and that, like in wound healing, ROS
are implicated in their pathogenesis. We examined the presence of foot-
prints of ROS and the ROS-inducible angiogenic factor VEGF in human
adhesion tissue. An experimental model of peritoneal adhesion was estab-
lished in rodents to study of the dynamics of ROS-induced gene expression
during de novo adhesion tissue formation. Inmunohistochemical analysis
demonstrated presence of ROS/oxidant and macrophages in human peri-
toneal tissue. The presence of ROS and ROS-sensitive transcription factor
EGR-1 was also evident in an experimental rodent peritoneal adhesion
model. Along with ROS, VEGF, and a large number of mature and imma-
ture CD31/vWF positive blood vessels were present in the adhesion tissue.
These observations are not consistent with the contention that adhesions
are non-functional scar tissue. The newly developed rodent model of adhe-
sion may present a useful approach to reproducibly and objectively study
molecular mechanisms underlying the dynamic process of de novo adhe-
sion tissue formation.

Postoperative peritoneal adhesions are common and cause serious
complications of general abdominal and gynecological surgery.
Over 90% of the patients that undergo major abdominal surgery
develop peritoneal adhesions [1, 2]. The complications caused by
adhesions vary, but they include early postsurgical complications,
development of chronic abdominal pain, late small bowel obstruc-
tion, and infertility in women [1, 2]. Although the problem is sub-
stantial, the specific pathophysiology of peritoneal adhesions
remainselusive. Asaresult, current preventive measures are relegat-
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ed to meticulous surgical technique and numerous protective
physical barriers, gels, and solutions [3, 4].

Surgical trauma is one of the major triggers of postoperative ad-
hesion formation. It is generally believed that adhesions are the
end-result of aberrant peritoneal healing. Previously, we have ob-
served that reactive oxygen species (ROS) generated by phagocytic
cells at the site of tissue injury serve as major signaling molecules
that regulate wound angiogenesis [5-7]. In the current work, we
tested the hypothesis that peritoneal adhesions are a product of
over-healing surgical wounds and that, as in wound healing, ROS
are implicated in the pathogenesis. Thus, we sought to examine the
presence of footprints of ROS and angiogenesis in human adhesion
tissue. Furthermore, an experimental model of peritoneal adhesion
was established in rodents to investigate the dynamics of ROS-
induced gene expression during de novo adhesion tissue formation.

Materials and Methods
Human Peritoneal Adhesions

Peritoneal adhesion tissues were collected from patients undergo-
ing major abdominal surgery. Samples were immediately fixed in
formaldehyde and immunohistochemistry was performed to visu-
alize the presence of phagocytic cells, blood vessels, and footprints
of ROS. Ethical approval for this study was obtained from the Bio-
medical Sciences Institutional Review Board, The Ohio State Uni-
versity Medical Center, Columbus, Ohio.

Immunocytochemistry

Formalin-fixed tissues were embedded in paraffin and sectioned
(4 pm). The sections were stained with the following primary anti-
body and appropriate secondary antibodies: CD68 (1:100; Dako-
Cytomation), HAMS56 (1:50; Novus Biologicals), nitrotyrosine (1:400;
Upstate Biotechnology), vascular endothelial growth factor (1:100;
R&D Systems Inc), CD31 (1:20; DakoCytomation), and von Wille-
brand (1:500; DakoCytomation). Immunoreactivity was detected
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Fig. 1. De novo tissue formation and macrophage infiltration in an experi-
mental model of peritoneal adhesion. A rat model of peritoneal adhesion
was developed. The model employs a foreign material (Marlex) and trauma
to induce adhesion tissue formation in the lower abdomen. A. For imaging,
rats were euthansized and the peritoneal adhesion was imaged in situ with a
digital camera (Mavica FD91, Sony). B. Western blot analysis was per-
formed using ED-1 antibody that is know to recognize cells of the mono-
cyte-macrophage lineage in rats. The blots were re-probed with B-actin to
show comparable loading. B, top: For quantification, densitometry was per-
formed. ED-1 expression is in arbitrary units and data are normalized to
respective amount of B-actin protein.
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using the avidin-biotin/peroxidase reaction (ABCXkit, Vector Labo-
ratories) and visualized by diaminobenzidine tetrahydrochloride
(DAB) substrate. Controls were prepared by substituting the ap-
propriate normal serum for the primary antibody.

Experimental Model

A rat model of experimental peritoneal adhesion was developed as
described in the paragraphs that follow.

Survival Surgery. Rats (n = 15) were anaesthetized and their abdo-
men was opened through a midline incision. A small (1 X 1 cm)
Marlex screen was sutured to the descending colon with two
stitches of non-absorbable 6/0 monofilament nylon (Fig. 1). The
peritoneum and skin were closed with running 4/0 Dexon sutures as
two separate layers. After surgery, the rats were allowed to heal.

Imaging and Tissue Collection. On postoperative days 3, 7, 10, and
14, three rats were euthanized. The peritoneal adhesion was im-
aged in situ with a digital camera (Mavica FD91, Sony) and adhe-
sion tissues were collected in liquid nitrogen for biochemical analy-
sis and stored at =70°C.
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mRNA Quantitation. EGR-1 mRNA was quantified with the Taq-
man real-time polymerase chain reaction (PCR) assay. RNA ex-
traction and real-time assay were performed as described previ-
ously [8]. The following primers/probes were designed with Primer
Express (Perkin-Elmer, Applied Biosystems) software for detec-
tion of rat EGR-1 gene: Primer set—5" GCCTCGTGAGCAT-
GACCAA; 5" GCAGAGGAAGACGATGAAGCA. Tagman
Probe—CGACCTCTTCATCCTCGGCGCC. Ribosomal RNA
was used as an endogenous control. For quantification, the delta
delta Ct method that normalizes to a housekeeping gene was used

9]

Western Blot. Western blot analysis was performed as described
previously [10]. Primary antibodies against ED-1 (1:1000 dilution;
Serotec) and EGR-1 (1:200 dilution; Santa Cruz) were used to de-
tect macrophages and EGR-1, respectively.

Results

Immunohistochemical analysis of human adhesion tissue demon-
strated a large number of macrophages (CD68 & HAMS6 posi-
tive), indicating an ongoing acute/chronic inflammatory process
(Fig. 2). Activated macrophages are known to simultaneously pro-
duce nitric oxide (NO) and superoxide (a ROS), two radicals that
can react to form a powerful oxidant, peroxynitrite [11]. Peroxyni-
trite reacts with tissue protein tyrosine to generate nitrotyrosine.
We investigated whether adhesion tissues show presence of nitro-
tyrosine, a footprint of peroxynitrite. The sections from adhesion
tissue stained intensely positive for nitrotyrosine, confirming the
presence of peroxynitrite, a product of macrophage oxidative me-
tabolism. Macrophages and ROS/oxidants are known to induce an-
giogenesis. In the adhesion tissues studied, angiogenesis was evi-
dent by the presence of vascular endothelial growth factor (VEGF;
Fig. 2). CD31 and von Willebrand factor (vWF) staining were per-
formed to identify any endothelial cells lining the blood vessels and
capillaries. All the adhesions examined were well vascularized, con-
taining a large number of blood vessels (Fig. 2).

A rat model of experimental peritoneal adhesion was developed
(Fig. 1A). The model employs a foreign material (Marlex Mesh;
used in hernia operations) and surgical trauma to induce adhesion
tissue formation in the lower abdomen. These two factors are
known triggers of adhesion tissue formation in humans. As illus-
trated in Figure 1A, by day 10 the Marlex material was completely
covered by de novo formed tissue. This approach was used to study
the dynamics of adhesion tissue formation in the context of macro-
phage infiltration and footprints of ROS/oxidant-mediated cell sig-
naling. Western blot was performed with antibody against ED-1,
which is known to recognize cells of the monocyte-macrophage lin-
eage in rats. The data showed that there was an initial surge of
macrophages in the adhesion tissue between postoperative days 3
and 5, followed by inhibition of the rate of infiltration by such cells.
Early growth response-1 (EGR-1), a zinc-finger transcription fac-
tor and member of the immediate early response gene family, is
ROS-inducible [12]. This gene is also implicated in the regulation
of angiogenesis and wound healing [13]. The kinetics of EGR-1
protein and mRNA expression was assessed in rat adhesion tissue
as a marker of ROS/oxidant-mediated gene expression. Western
blot analysis of EGR-1 protein (Fig. 3A) and quantitative mRNA
expression detected by real-time PCR (Fig. 3B) indicated that
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Fig. 2. Human adhesions are dynamic structures containing inflammatory
cells, oxidants, angiogenic growth factors, and blood vessels. Formalin-fixed
human adhesion tissues were embedded in paraffin and sectioned (4 um).
Sections were immunostained (primary antibody indicated in parentheses)
to visualize macrophage (anti-CD68 and HAMS56), ROS/oxidant footprint
peroxynitrite (anti-nitrotyrosine), angiogenic growth factor VEGF (anti-
VEGF), and blood vessels (endothelial cells; CD31 and vWF). Brown stain
(diaminobenzidine tetrahydrochloride) represents the antigens of interest.
Images shown are from two subjects i.e., #1 & #2. ROS: reactive oxygen
species; VEGF: vascular endothelial growth factor; vWF: von Willebrand
factor.

EGR-1 expression peaks on day seven and gradually declines
thereafter.

Discussion

Adhesions are generally viewed as nonfunctional scar tissue [14,
15]. This study presents the first evidence demonstrating ongoing
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Fig. 3. Activation of ROS/oxidant sensitive early growth response-1
(EGR-1) gene expression in rat peritoneal adhesions. The kinetics of
EGR-1 protein and mRNA expression was assessed in rat adhesion tissue as
amarker of ROS/oxidant-induced gene expression. A. Western blot analysis
of EGR-1 protein. The blots were re-probed with B-actin to show compa-
rable loading. A, top: For quantification, densitometry was performed.
EGR-1 expression is in arbitrary units and data are normalized to respective
amount of B-actin protein. B.mRNA expression of EGR-1 detected by real-
time polymerase chain reaction. For quantification, the delta delta Ct
method that normalizes to a housekeeping gene was used.

and acute/chronic inflammatory processes, including the presence
of large number of macrophage and footprints of macrophage oxi-
dative metabolism, i.e., peroxynitrite. Furthermore, the presence
of VEGF, a key angiogenic factor, together with a large number of
mature and immature CD31/~VWF-positive blood vessels was evi-
dent. As opposed to previous views [14, 15], these data support a
previous finding that adhesions are dynamic, regenerating struc-
tures [16]. To study this dynamic process of de novo tissue forma-
tion, we established a novel experimental model of surgical adhe-
sion formation in rats. With that model we demonstrate the kinetics
of macrophage infiltration to the adhesion tissue as well as activa-
tion of EGR-1, a ROS-sensitive transcription factor [12].

It is generally believed that adhesions are the end result of aber-
rant peritoneal healing and as such, they may represent fibrous
avascular scar tissue [14, 15]. Our study, however, demonstrates
that human adhesions are highly cellular and vascularized struc-
tures containing inflammatory cells, oxidants, and angiogenic fac-
tors such as VEGF. A previous study has extensively characterized
the cellular composition, vascularity, and extracellular matrix dis-
tribution of human peritoneal adhesions [16]. Consistent with our
findings, the study reported that adhesion tissues are highly vascu-
larized, containing well-developed arterioles, venules, and capillar-
ies. They also observed that most of the adhesion tissues studied
were also innervated containing nerve fibers, with both myelinated
and non-myelinated axons [16]. There appeared to be no correla-
tion between the estimated maturity or site of each adhesion and its
histological appearance [16].

We have previously shown that ROS generated by phagocytic
cells at the site of tissue injury serve as major signaling molecules
regulating expression of VEGF and wound angiogenesis [6, 7]. This
finding, together with the observation that adhesion tissue contains
the ROS-inducible angiogenic factor VEGF and extensive vascu-
larization, led us to investigate whether the adhesion tissue con-
tains ROS-generating phagocytic cells and footprints of ROS. Pres-
ence of macrophage and nitrotyrosine led us to hypothesize that
macrophage and macrophage-derived oxidants drive adhesion tis-
sue formation by inducing angiogenic responses.
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We established a novel experimental model of peritoneal adhe-
sion in rats. Our objectives were to establish an objective, repro-
ducible model of postoperative intraperitoneal adhesion to study
the dynamic process of de novo adhesion tissue formation. In this
model, adhesion tissue formation was evident from day 3 onwards.
By day 10, a thick band of newly synthesized tissue around the im-
planted Marlex piece was observed. Laser Doppler analysis of this
tissue indicated that the adhesion tissue was well perfused (data not
shown). It has been reported that after surgical injury, there is an
initial infiltration of fibrin. However, after that initial influx, neu-
trophils and macrophages are recruited into the site (24-72 hours
post-event) [17]. We observed peak infiltration of macrophage in
the adhesion tissue between postoperative days 3 and 5 in our ex-
perimental system.

EGR-1 is activated by ROS/oxidants partially via a Ras/Raf/
ERK signaling pathway [12]. Within the peritoneum, after injury
and inflammation, ROS generated by the respiratory burst process
[18] may activate intracellular pathways leading to upregulation of
EGR-1. This ROS-inducible gene is also implicated in the regula-
tion of angiogenesis and wound healing [19, 20]. Gene therapy us-
ing EGR-1 applied to rodent dermal wounds show accelerated
wound healing [13]. Given the mechanisms of EGR-1 induction
and its ability to promote VEGF transcription, it may be viewed as
an important transcription factor in adhesion formation. Further
experiments are required to elucidate the specific mechanisms in-
volved in the expression of EGR-1 and whether its expression plays
a central role in peritoneal adhesion formation and maintenance.

In summary, the current study provides the first evidence of co-
localization of inflammatory cells and their derivative ROS in hu-
man peritoneal tissue. The presence of ROS was also evident in
tissues generated by an experimental rodent peritoneal adhesion
model where activation of the ROS-sensitive transcription factor
EGR-1 was observed. Along with ROS, VEGF and a large number
of mature and immature CD31/~V'WF positive blood vessels were
present in the adhesion tissue. These observations suggest that ad-
hesions are not nonfunctional scar tissues, but that they are highly
cellular, vascularized, and dynamic structures containing inflam-
matory cells, oxidants, and angiogenic factors. Further understand-
ing of the molecular mechanisms underlying the pathogenesis of
peritoneal adhesions will lead to the formulation of potent strate-
gies to subdue adhesion formation. Although approaches to sup-
press monocyte infiltration to the wound site may impair the heal-
ing of surgical wounds [21], antioxidant strategies to negate the
sustained function of ROS at the site of peritoneal adhesion for-
mation may prove to be productive.

Résumé. Les adhérences postopératoires sont des complications fréquentes
et séveres de la chirurgie abdominale générale et gynécologique qui
peuvent provoquer une douleur abdominale chronique, une occlusion
intestinale ou étre une cause d’infertilité. La physiopathologie spécifique
des adhérences reste mystérieuse et I’attitude thérapeutique actuelle est
surtout préventive: technique chirurgicale méticuleuse et utilisation des
barriéres physiques de protection, sous forme de gels ou de solutions. Nous
avons rapporté que les especes réactives d’oxygene (ROS), générées au site
de la 1ésion par les cellules phagocytaires, servent de molécules messageres
majeures régulant ’expression de VEGF et par conséquent, la cicatrisation.
Nous avons émis I’hypothése que les adhérences péritonéales sont le
résultat d’une sur-cicatrisation et que, tout comme dans la cicatrisation
normale des plaies, les ROS sont impliquées dans leur pathogenése. Nous
avons mis en évidence dans le tissu des adhérences les empreintes de ROS
et le facteur VEGF angiogénique, ROS inductible. Un modele expérimental
d’adhérences péritonéales a été établi chez les rongeurs pour étudier la
dynamique de Pexpression génétique induite par les ROS pendant la
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formation de novo des adhérences. L’analyse immunohistochimique a
démontré la présence de ROS/oxydant et de macrophages dans le tissu
péritonéal humain. On a mis en évidence la présence de ROS et du facteur
de transcription EGR-1, ROS-sensitif, dans le modéle expérimental
d’adhérences péritonéales du rongeur. Etaient présents dans le tissu
d’adhérence, a coté des facteurs ROS, le facteur VEGF et un grand nombre
de vaisseaux CD31/vWF-positifs mature et immature. Ces observations
vont a ’encontre de ’hypothése que les adhérences sont constituées de
tissus dont la cicatrisation est défectueuse. Le modele animal utilisé ici
pourrait étre une approche intéressante pour étudier de facon
reproductible et objective les mécanismes moléculaires derriére le
processus dynamique de la formation de novo d’adhérences.

Resumen. Las adherencias peritoneales postoperatorias son complicaciones
comunes y serias de la cirugia abdominal y ginecolégica que pueden causar
dolor abdominal crénico, obstruccion del intestino delgado e infertilidad.
El conocimiento de la fisiopatologia especifica de las adherencias
peritoneales sigue siendo elusivo y el tratamiento actual ha sido relegado
hacia la prevencion mediante una técnica quirirgica meticulosay el uso de
barreras fisicas protectoras, gels y soluciones. Nuestro grupo ha informado
que las especies reactivas de oxigeno (ERQO) que generan las células
fagociticas en el lugar de la lesién tisular sirven como moléculas sefialadoras
mayores de la regulacion de la expresion del factor de crecimiento
endotelial vascular, (vascular endotelial growth factor, VEGF) y la
subsiguiente reparacion de la herida. Hemos planteado la hipédtesis de que
las adherencias peritoneales son el producto de un exceso de cicatrizacion
de las heridas quirirgicas y que, como en la cicatrizacion de la herida, los
ERO estan implicados en su patogénesis. Procedimos a estudiar la
presencia de huellas de ERO y del factor angiogénico inducible por ERO, el
VEGF, en tejidos adherenciales humanos. Se estableci6 un modelo
experimental murino de adherencias peritoneales a fin de estudiar la
expresion genética inducida por ERO en el curso de adherencias formadas
di novo. El analisis inmunohistoquimico demostroé la presencia de oxidante/
ERO y macroéfagos en el tejido adherencial humano. La presencia de ERO,
y del factor EGR-1 de transcripcion ERO-sensitivo también aparecio
evidente en el modelo experimental murino de adherencias peritoneales.
ERO, VEGF y un nimero de vasos sanguineos maduros e inmaduros
positivos para CD31/vWF, se encontraron presentes en el tejido adherencial.
Estas observaciones no son consistentes con el planteamiento de que las
adherencias son tejido cicatricial no funcional. Este nuevo modelo murino
de adherencias puede significar un aproche iitil para estudiar en forma
reproducible y objetiva los mecanismos moleculares involucrados en el
proceso dindmico de formacion de tejido adherencial.
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