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Transforming growth factor-� (TGF-�), a multifunc-
tional growth factor, represents three mammalian
isoforms, TGF-�1, TGF-�2, and TGF-�3. In cutaneous
wound healing, combined neutralization of TGF-�1
and -�2 or addition of TGF-�3 reduces scar formation.
Here, we investigated whether experimental manip-
ulation of TGF-� isoforms reduced adhesion forma-
tion after injury to the peritoneum. Adhesions were
produced in mice by surgical abrasion of adjacent
serosa followed by close apposition. In the first part
of this study, a detailed analysis of TGF-� isoform
distribution was performed through immunolocaliza-
tion. TGF-� isoforms clearly showed a unique tempo-
ral and spatial pattern of expression after peritoneal
wounding. Based on this pharmacokinetic data, we
next administered neutralizing antibodies to TGF-�1
and -�2 or exogenous TGF-�3 peptide by local appli-
cation and intraperitoneal injection at various times
before and after surgery. At day 7 after surgery, addi-
tion of neutralizing antibodies to both TGF-�1 and -�2
significantly reduced the number and size of adhe-
sions (P < 0.05) compared with the vehicle control.
By contrast, exogenous addition of TGF-�3 either had
no effect or increased adhesion formation compared
to the vehicle control. In conclusion, these results
show that by blocking both TGF-�1 and TGF-�2 using
neutralizing antibodies, it is possible to prevent ab-
dominal adhesion formation. (Am J Pathol 2005,
167:1005–1019)

Peritoneal adhesions are well vascularized and inner-
vated fibrous bands of tissue, which join together previ-
ously separated intra-abdominal organs. They commonly
occur after surgical trauma, developing in more than 90%
of patients undergoing laparotomy.1 A third of intestinal

obstructions and nearly a quarter of female infertility
cases are a consequence of adhesion formation, with
surgical lysis resulting in a high recurrence rate.2 This
widespread condition therefore represents a tremendous
financial burden to health services, in terms of time to
re-enter a patient’s abdomen for further surgery and the
cost of treating adhesion complications. For instance, the
cost of adhesiolysis alone in the United States in 1994
amounted to $1.3 billion.3 However, despite their clinical
importance, information regarding the molecular and cel-
lular events regulating adhesion formation is sparse, and
current prevention is based on careful surgery and the
occasional use of physical barriers that are effective in
only a proportion of patients.

Peritoneal adhesions form when closely apposed vis-
ceral and/or parietal peritoneal surfaces are damaged
due to surgical trauma, ischemic injury, inflammation, or a
foreign body reaction. The protective mesothelial layer is
disrupted and a fibrinous exudate is deposited between
the damaged surfaces. These fibrinous adhesions are
transient and degraded by proteases of the fibrinolytic
system within a few days of injury, leading to restoration
of the normal peritoneal surface.4 However, if there is
insufficient peritoneal fibrinolytic activity, the fibrinous
scaffold persists, becomes organized by invading fibro-
blasts and endothelial cells, and with subsequent colla-
gen deposition forms a permanent fibrous adhesion
within 1 week of surgery.5 Although serosal hypofibrin-
olysis is thought to be a major pathogenic factor in ad-
hesion formation,6,7 the mechanisms modulating perito-
neal fibrinolytic activity are not well understood.
Peritoneal injury initiates a proinflammatory response,
with the release of cytokines such as tumor necrosis
factor-�, interleukin-1, interleukin-6, and transforming
growth factor-�1 (TGF-�1).8–12 In vitro studies using hu-
man mesothelial cells,12–14 have shown that these proin-
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flammatory cytokines, individually and synergistically,
stimulate the production of plasminogen activator inhibi-
tor-1 (PAI-1) and reduce the synthesis of tissue plasmin-
ogen activator (tPA). Therefore, it is likely that increased
cytokine levels after injury lead to a reduction in perito-
neal fibrinolytic capacity and an increase in adhesion
formation.

TGF-� family members are key molecular mediators of
pathological tissue fibrosis. This cytokine family is repre-
sented by three mammalian isoforms, TGF-�1, TGF-�2,
and TGF-�3, which are thought to have distinct functions
in vivo.15 TGF-�1 is the principal isoform implicated in
fibrotic disorders in most organ systems.16–19 In the eye
however, it is TGF-�2 rather than TGF-�1 that is believed
to be the predominant isoform mediating fibrosis.20 The
role of TGF-�3 in tissue repair is less well documented,
with a number of groups demonstrating either a pro- or
anti-fibrotic effect, depending on the body site investigat-
ed.21–25 Exogenous addition of TGF-�3 to rat incisional
wounds led to an overall reduction in scarring, compara-
ble with the effects observed after the combined neutral-
ization of TGF-�1 and TGF-�2. Levels of TGF-�1 are
apparently increased in adhesion tissue and associated
peritoneal fluid of both human patients26,27 and surgically
induced experimental models of adhesion forma-
tion.9,10,28 However, TGF-�1 and -�2 manipulation stud-
ies aimed at decreasing peritoneal adhesion formation
have led to apparently conflicting results. After surgical
injury to the uterine horns in rats, Williams and col-
leagues29 found that intraperitoneal injection of TGF-�1
for 5 days led to significantly more adhesions forming
compared with the saline control. However, using the
same model, the addition of an antibody against both
TGF-�1 and TGF-�2 showed no effect. In another study,
using a rat peritoneal resection model, Lucas and col-
leagues30 showed that intraperitoneal injection of neutral-
izing TGF-�1 antibody for 3 days reduced adhesion for-
mation, although no effect was observed when rats were
treated with either an anti-TGF-�2 or a pan-specific neu-
tralizing antibody to all three isoforms. Krause and col-
leagues31 investigated adhesion formation in the TGF-�1
(�/�) heterozygous mouse. Contrary to expectation,
these animals showed an increased severity of adhe-
sions compared to the wild type, despite a reduction in
TGF-�1 in the peritoneal fluid. A role for TGF-�3 in peri-
toneal adhesion formation has not been evaluated.

The objective of the current study was to investigate
the role of TGF-� isoforms in peritoneal adhesion forma-
tion through pharmacological manipulation. We hypoth-
esized that adhesions could be reduced either by the
addition of neutralizing antibodies to TGF-�1 and TGF-�2
or exogenous addition of TGF-�3, based on the concept
from cutaneous wound healing studies that a reduction in
scarring depends on increasing the ratio of TGF-�3
relative to TGF-�1/TGF-�2.22 We initially demonstrate
through immunolocalization that TGF-� isoform expres-
sion is altered after peritoneal injury with each isoform
showing a unique temporal and spatial pattern. We then
validate the importance of individual isoforms by the ad-
dition of neutralizing antibodies to TGF-�1 and TGF-�2 or
the exogenous addition of TGF-�3 peptide in a murine

surgical model of adhesion formation. In the final set of
experiments, the administration schedule was altered
based on a kinetic study that investigated the clearance
of neutralizing antibodies in the peritoneal cavity. Further-
more, the inflammatory cell infiltrate in peritoneal fluid
was assessed after these manipulations to establish a
relationship between the changing profile of TGF-�
isoforms, corresponding inflammation, and adhesion
formation.

Materials and Methods

Animals

C57BL/6J adult male mice age 10 to 12 weeks with a
weight of 25 to 30 g were used in all experiments and
purchased from Harlan Ltd., Bicester, UK. All mice were
maintained under standard conditions of food and water
ad libitum on a 12-hour day-night cycle according to
Home Office regulations.

Experimental Models of Adhesion Formation

Adhesions were induced in mice based on a procedure
developed by Sulaiman and colleagues.32 Briefly, mice
were anesthetized with a mixture of inhaled isoflurane
and oxygen, and a midline incision was made through the
abdominal wall and peritoneum. A standard site (6 mm
diameter and 1 mm depth), midway and �0.5 cm lateral
to the midline incision on the left abdominal wall, was
injured using a trauma instrument developed by Dr. Mark
Eastwood (Department of Biomedical Sciences, Univer-
sity of Westminster, London, UK). This comprised a
clamping device that allowed the trauma to be size- and
site-specific, and an abrading rod with collar that re-
stricted the depth of insertion and hence pressure ap-
plied. The rod was rotated three times to produce a
consistent lesion, verified histologically. The cecum was
isolated and scraped 30 times on its lateral aspect with a
scalpel blade, after first irrigating with 0.9% sterile saline.
Hemorrhage was induced by lacerating a small blood
vessel on the medial surface of the cecum with a hypo-
dermic needle. The two injured surfaces were then ap-
posed by placing two horizontal mattress sutures (8/0
Ethilon; Ethicon, Berkshire, UK) 1.2 cm apart. The midline
incision was closed in two layers; the linea-alba with a
continuous suture, and then the skin using interrupted
sutures (6/0 Ethilon, Ethicon).

TGF-� Isoform Expression

Animals (n � 6/group) were randomly assigned to surgi-
cal or nonsurgical control (NS) groups and adhesions
induced as described above. From 12 hours to 14 days
after surgery, animals were harvested and adhesion tis-
sue processed for immunocytochemical analysis. Sec-
tions were immunostained with primary rabbit antibodies
against TGF-�1, TGF-�2, and TGF-�3 (catalog nos. sc-
146, sc-90, and sc-82, respectively; Santa Cruz, Wilt-
shire, UK) using the immunoperoxidase technique.
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Briefly, after rehydrating 7 �m frozen sections with 10
mmol/L phosphate-buffered saline (PBS), pH 7.2, endog-
enous peroxidase activity was blocked by incubation in
0.3% (v/v) hydrogen peroxide in methanol for 30 minutes.
Sections were then blocked with 1.5% donkey serum in
PBS/0.1% bovine serum albumin and incubated over-
night at 4°C with the primary antibody diluted to 1 �g/ml
in PBS/0.1% bovine serum albumin. Sections were
washed three times with PBS/Triton X-100, incubated with
anti-rabbit biotinylated secondary antibody (Amersham
Int. Plc, Bucks, UK) at a concentration of 2.5 �g/ml for 30
minutes, washed as above omitting the Triton X-100, and
then treated for 30 minutes with peroxidase ABC reagent
(Vectastain Elite ABC kit: Vector Laboratories, Burlin-
game, CA). After a final wash of PBS, sections were
developed using a dilute solution of Vector Nova Red
substrate (Vector Laboratories) and then counterstained
with Gill’s hematoxylin (Vector Laboratories), dehydrated,
and mounted in pertex mounting medium (CellPath,
Powys, UK). Primary antibody specificity was determined
by replacing it with a preabsorbed control; the antibody
in question incubated with excess blocking peptide

(Santa Cruz) before use. To ascertain potential nonspe-
cific staining from the secondary antibody, the primary
antibody was replaced with nonimmune serum from the
species in which the secondary antibody was raised. In
all cases immunostaining was eliminated.

Positive immunostaining intensity and distribution were
evaluated by visual examination in a blinded manner.
Immunostaining was graded on a scale of (�) represent-
ing no staining, to (���) representing intense immuno-
reactivity. Tissue sections were divided into three main
regions; the trauma site adhesion, adjacent/adjoining
body wall, and cecum (Figure 1A). Staining scores for
each region were summated to produce a semiquantita-
tive assessment.

Modulation of TGF-� Isoform Profile

In an initial study, animals (n � 6/group) were randomly
divided into seven experimental groups; surgical control
(group I), vehicle control for TGF-�1 and -�2 (group II),
neutralizing antibody to TGF-�1 (group III), neutralizing

Figure 1. Spatial and temporal expression of TGF-� isoforms during adhesion formation. Animals (n � 6/time point) were surgically induced to form adhesions.
From 12 hours to 14 days after surgery, animals were harvested and trauma site adhesion tissue processed for immunocytochemical analysis. A: Tissue sections
were divided into three main regions; the trauma site adhesion (1), adjacent body wall (2), and adjacent cecum (3). B: TGF-� isoform expression at days 1 and
10 after surgery. TGF-�1 was the only isoform up-regulated in the first 3 days after injury, associated with the provisional extracellular matrix (arrows). Cellular
staining for TGF-�1 was also observed however this was of a transient nature, with negligible immunoreactivity evident at day 10. There was minimal staining
for TGF-�2 at day 1 after surgery; however, a marked rise in immunoreactivity was then observed that remained elevated at day 10. TGF-�3 was minimally
up-regulated after injury at day 1 and day 10 localized predominantly to degenerating skeletal muscle fibers (arrow). Positive immunostaining was evaluated by
visual examination and graded with (�) representing no staining, and (���) representing intense immunoreactivity. C: Staining scores for each region were
summated and displayed as a percentage of the maximum score to produce a semiquantitative assessment. NS, nonsurgical control; C, cecum; BW, body wall;
A, adhesion tissue. In all images, cecum is at the top of the image, the body wall at the bottom, with the adhesion in the center. Staining: Nova Red and Gills
hematoxylin counterstain. Scale bars: 400 �m (A); 50 �m (B).
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antibody to TGF-�2 (group IV), combined neutralizing
antibodies to TGF-�1 and -�2 (group V), vehicle control
for TGF-�3 (group VI), and active TGF-�3 peptide (group
VII). Neutralizing antibodies to TGF-�1 (100 �g/direct
application or intraperitoneal injection, chicken poly-
clonal against recombinant human TGF-�1, catalog no:
AF-101-NA; R&D Systems Inc., Minneapolis, MN) and
TGF-�2 (100 �g/direct application or intraperitoneal in-
jection, goat polyclonal against porcine TGF-�2, catalog
no: AF-302-NA; R&D Systems Inc.) were diluted in sterile
PBS, pH 7.2. The neutralizing antibodies are stated by
the manufacturer (R&D Systems Inc.) to have less than
2% cross-reactivity with other TGF-� isoforms. Exoge-
nous active TGF-�3 peptide (100 ng/topical or intraperi-
toneal injection; Renovo, Manchester, UK) was diluted in
5% (w/v) mannitol, 20 mmol/L acetic acid in PBS, pH 3.8,
and 0.0002% isopropyl alcohol. Injections of all reagents
were administered at the time of surgery (50 �l locally
infiltrated into the abraded body wall and 100 �l topically
applied to the apposed serosa) and then at 4, 24, and 48
hours after surgery (1 ml intraperitoneally). Vehicle con-
trol animals in the neutralizing antibody group were
treated with sterile PBS, pH 7.2, whereas the vehicle
control for the TGF-�3 group contained 5% (w/v) manni-
tol, 20 mmol/L acetic acid in PBS, pH 3.8, and 0.0002%
isopropyl alcohol. In the surgical control group, the ab-
domen was penetrated with a sterile hypodermic needle
at the appropriate time points.

Clearance Kinetics of TGF-�1 Neutralizing
Antibody

To determine the optimal administration regime, clear-
ance kinetic studies of TGF-�1 neutralizing antibody were
performed. After abrasion of the body wall, neutralizing
antibody to TGF-�1 (chicken polyclonal against recom-
binant human TGF-�1, catalog no: AB-101-NA; R&D Sys-
tems) was administered by local infiltration (100 �g in 150
�l of sterile PBS, pH 7.2) or intraperitoneal injection (100
�g in 1 ml of sterile PBS, pH 7.2). Control animals were
treated with irrelevant chicken polyclonal IgY antibody
(catalog no: AB-101-C; R&D Systems) diluted to the

same concentration and volume with sterile PBS, pH 7.2,
or PBS alone. Tissue at the wound site and peritoneal
fluid were harvested 5, 10, 15, and 60 minutes, and 4, 8,
12, and 24 hours after wounding (n � 2 to 3 at each time
point), and processed for immunofluorescent analysis.
Frozen cryostat sections (7 �m) and air-dried peritoneal
fluid smears were fixed in acetone for 6 minutes and then
incubated with biotinylated anti-chicken IgY secondary
antibody (catalog no: 303-065-008; Jackson ImmunoRe-
search, West Grove, PA) at a concentration of 12 �g/ml
for 1 hour. After washing with PBS, sections were incu-
bated for 40 minutes with Texas Red-conjugated strepta-
vidin (catalog no: RPN1233; Amersham Int. Plc) at a
concentration of 1:100. To label cell nuclei, Hoechst no.
33342 (catalog no: B2261; Sigma-Aldrich Ltd., Dorset,
UK) at a concentration of 50 �g/ml was added in the last
10 minutes of incubation, followed by a final wash before
mounting. Intensity of immunostaining was evaluated
subjectively using a categorical scoring system, ranging
from (�) which indicated that staining was absent, to
(����) which indicated strong staining.

A second manipulation (n � 10/group) was performed
in which the administration schedule was altered based
on a clearance kinetics study of TGF-�1 neutralizing an-
tibody (Table 1). In summary, combined TGF-�1 and -�2
antibody was administered before surgery, at the time of
surgery, and then at 4 hourly intervals up to 24 hours,
whereas decreasing doses of TGF-�3 peptide were ad-
ministered before surgery, at the time of surgery, and
then at 4, 12, 24, 36, and 48 hours after surgery.

Evaluation of Adhesion Tissue, Peritoneal Fluid
Collection, and Processing

At 7 days after surgery, mice were killed and peritoneal
lavage performed by injecting intraperitoneally 3 ml of
ice-cold sterile PBS. After gentle abdominal massage,
the lavage was collected and fetal calf serum (PAA Lab-
oratories, Somerset, UK) added (10% w/v). The absolute
number of cells recovered was determined using a he-
mocytometer after trypan blue staining. A differential cell
count was performed on cytospin preparations using

Table 1. Clearance of Neutralizing Antibodies from the Peritoneal Cavity

Time after Injection

Route Solution Site 5 minutes 10 minutes 60 minutes 4 hours 8 hours 12 hours 24 hours

DA PBS TS � � � � � � �
IgY TS ���� ��� �� � �/� � �
a�TGF-�1 TS ���� ���� ��� ��� � � �

TS � � � � � � �PBS PF � � � � � � �
TS ��� �� � � � � �

IP Igy PF ��� ��� � � � � �
TS ��� �� �� � � � �a�TGF-�1 PF ���� ��� ��� � �/� � �

Following abrasion of the body wall anti-TGF-�1 antibodies were administered immediately by direct application (100 �g/150 �l injection; DA) or by
intraperitoneal injection (100 �g/1 ml injection; IP) after the abdomen was closed. Control wounds were treated with an irrelevant Ig (chicken IgY) or
sterile PBS, pH 7.2, in the same manner as TGF-�1 antibody. Tissue from the trauma site (TS) and peritoneal fluid (PF) were harvested after wounding
and antibodies immunolocalized (n � 2 to 3 at each time point). Intensity of immunostaining was evaluated subjectively using a categorical scoring
system, ranging from (�) which indicated that staining was absent, to (����) which indicated strong staining.
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May-Grunwald Giemsa stain to determine the number of
macrophages, lymphocytes, and polymorphonuclear
cells per 200 cells.

Adhesions were assessed macroscopically according
to the number and site of adhesion formation and then
photographed for independent examination. A category
1 adhesion was defined as an adhesion between the two
abraded serosal surfaces, ie, cecum to abraded body
wall. Category 2 adhesions involved the two abraded
surfaces and an uninvolved site, such as the greater
omentum and abraded body wall. Category 3 adhesions
described adhesions that formed at a distant site to the
abraded serosa, for example the fat body to the midline
incision. Adhesion tenacity was evaluated by making a
subjective assessment of the ease of physical lysis. A
categorical system was used, ranging from a score of 1,
which indicated lysis with minimal force, up to 3 which
indicated lysis only with surgical dissection.

For histological assessment, resected adhesion tissue
or intact peritoneum was fixed overnight in 10% buffered
formal saline, pH 7.0. After fixation, the cecum was
flushed with PBS until clear of all fecal material and
processed for routine histology. For immunocytochemical
analysis, tissue was snap-frozen in liquid nitrogen-cooled
isopentane, embedded in OCT compound (Cell Path),
and stored at �80°C. Cryosections (7 �m thick), were
collected on 3-aminopropyltriethoxysilane (Sigma-
Aldrich Co. Ltd., Poole, UK) coated–glass slides before
fixation for 6 minutes in acetone.

Assessment of Adhesion Volume and Cellular
Infiltrate

Trauma site adhesions (category 1) were sectioned in
their entirety, generating up to 600 sections, 5 �m thick.
To calculate the volume of adhesions, the Cavalieri esti-
mator was used.33 This provides an unbiased estimate of
volume, deduced from a sum of profile areas on a set of
systematically positioned parallel sections separated by
a constant distance. Between 5 and 10 sections were
analyzed for each adhesion.

To determine the cellular profile in trauma site adhe-
sions, images were captured at �20 magnification and
the adhesion outlined using image analysis software. The
cell count was then quantified on the basis of hematoxylin
nuclear stain, with data expressed as the mean number
of cells per mm2. A minimum of four sections were ex-
amined per adhesion.

Both histological and immunostained sections were
viewed using a Leica DMRB microscope and images
captured with a Spot RT Slider digital camera and Spot
RT v3.1 software (Diagnostic Instruments, Inc., Sterling
Heights, MI). Cell counts and adhesion volume were
quantified using Image Pro-Plus software (Media Cyber-
netics, Silver Spring, MD). One investigator (D.A.G.) per-
formed all surgery and assessed adhesion formation,
blinded to treatment groups. Adhesions were photo-
graphed and a second investigator (S.E.H.) validated
the scores, again blinded to treatment groups. One in-
vestigator (D.A.G.) performed all peritoneal fluid cell

counts and demonstrated consistency between repeated
counts.

Statistical Analysis

All data were expressed as the mean � the SEM and
analyzed by nonparametric methods using either SimFit
(W.G. Bardsley, University of Manchester, Manchester,
UK) or Stats Direct (Stats Direct Ltd., Cheshire, UK) sta-
tistical software. The Mann-Whitney U-test was used to
compare the number of adhesions between two groups.
When more than two groups were analyzed, the Kruskall-
Wallis test was used initially to identify a difference and if
this proved significant, individual groups were further
investigated using Conover-Inman, a nonparametric
posthoc test. The �2 test was used to analyze binomial or
proportionate data such as the number of trauma site
adhesions between groups, whereas the Cuzick’s trend
test was used to identify a dose response or temporal
effect. In all tests P � 0.05 was considered significant.

Results

TGF-� Isoform Expression

To determine the unique profile of individual TGF-� iso-
forms during adhesion formation, their temporal and spa-
tial expression after peritoneal injury was investigated
through immunolocalization. Mice (n � 6/time point) were
wounded, and between 12 hours and 14 days after sur-
gery animals were harvested and adhesion tissue pro-
cessed for immunocytochemical analysis. All three iso-
forms showed constitutive, but distinct, staining in
uninjured cecum and body wall. Neuronal tissue stained
intensely for TGF-�1, whereas TGF-�2 was localized to
skeletal muscle fibers of the body wall and smooth mus-
cle of the cecum. Although there was minimal staining for
TGF-�3 in the body wall, the tunica media of blood ves-
sels and the muscular propria of the cecum were in-
tensely immunoreactive.

An initial increase in TGF-�1 immunoreactivity oc-
curred 1 day after wounding in association with the fibrin-
rich provisional matrix (Figure 1, A and B). Cellular stain-
ing for TGF-�1 peaked between 5 and 7 days after injury,
however this was significantly reduced by day 10 (Figure
1B). There was negligible staining for TGF-�2 at day 1
after surgery (Figure 1B), however a marked rise in cel-
lular TGF-�2 immunoreactivity was observed at day 5.
Unlike the transient cellular expression for TGF-�1,
TGF-�2 was up-regulated within the adhesion until day
10 (Figure 1B). In contrast, although TGF-�3 was consti-
tutively present in normal tissue, there was minimal up-
regulation after injury localized predominantly to degen-
erating and necrotic skeletal muscle fibers of the body
wall (Figure 1B). Findings from semiquantitative assess-
ment of TGF-� isoform expression are summarized in
Figure 1C.
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Initial Manipulation of TGF-� Isoforms

The first experimental TGF-� isoform manipulation was
performed to assess the effect of administration of
TGF-�1 and -�2 neutralizing antibodies and exogenous
TGF-�3 peptide on adhesion formation. Mice (n �
6/group) were randomly assigned to treatment (III, IV, V,
and VII), surgical control (I), or vehicle control (II, VI)
groups, wounded, and injected at the time of surgery and
again at 4, 24, and 48 hours. Adhesions were evaluated
macroscopically at day 7 after surgery (Figure 2).

There was no significant difference in the total number
of adhesions or any of the categories of adhesions
formed between the surgical control group (group I) and
vehicle controls (group II and group VI) or between the
two vehicle control groups. Therefore, the effects of neu-
tralizing antibodies to TGF-�1 and TGF-�2 or TGF-�3
peptide on adhesion formation were compared with their
respective vehicle control group (Figure 3). Exogenous
addition of anti-TGF-�1 neutralizing antibody alone did
not affect the total number of adhesions formed per ani-
mal (Figure 3A), or number of trauma site adhesions
(Figure 3B, category 1) compared to the vehicle control
group. Injection of anti-TGF-�2 antibody however, led to
a reduction in total adhesions (Figure 3A; P � 0.07)
compared to the vehicle control, primarily due to a de-
crease in category 2 adhesions, although this too was not

significant (Figure 3C; P � 0.08). A synergistic effect was
observed when neutralizing antibodies to TGF-�1 and
TGF-�2 were given in combination, resulting in a signifi-
cant reduction in total adhesion formation (P � 0.05), and
a 50% reduction in adhesions at the trauma site (category
1) compared to the vehicle control group. All animals
treated with the TGF-�3 vehicle control (group VI) formed
category 1 adhesions, thereby allowing only a decrease
in adhesions to be observed at this site. Addition of
TGF-�3 increased the total number of adhesions formed
compared to the vehicle control and this appeared to be
due to a significant increase in category 2 adhesions
(Figure 3C; P � 0.05), because all animals formed adhe-
sions at the trauma site, similar to that observed in the
vehicle control group.

In approximately one third of all operated animals, an
appositional suture had pulled through the tissue,
thereby allowing damaged surfaces to separate. The loss
of a suture clearly had no effect in groups in which all
animals formed adhesions at the trauma site. Further-
more, in the anti-TGF-�2 and the combined anti-TGF-�1
and -�2 antibody-treated groups, in which there was a
reduction in trauma site adhesions, a Fisher’s exact test
showed that suture loss did not influence resultant adhe-
sion formation (anti-TGF-�2, P � 0.33; combined anti-
TGF-�1 and -�2, P � 0.99). No difference was observed

Figure 2. Macroscopic appearance of adhesions 7 days after surgery. A: Trauma site adhesion (long arrow) from the TGF-�1 and -�2 vehicle control group,
showing clear separation from the appositional sutures (short arrows). B: One of three animals from the combined neutralizing TGF-�1 and -�2 antibody group
that failed to form a category 1 adhesion between appositional sutures (short arrows).C: Adhesion formed at the trauma site and at a distant site (category 2)
in animals treated with TGF-�3 peptide (long arrow, fat body; short arrow, omentum). D: Distant site adhesion (category 3) from the TGF-�1 and -�2 antibody
vehicle control group, involving the fat body and the midline incision (arrow).
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between treatment and control groups with regards to
healing of the mid-line incision.

In summary, the total number of peritoneal adhesions
was reduced by the combined addition of neutralizing
antibodies to TGF-�1 and TGF-�2, confirming an impor-
tant role of these two isoforms in adhesion formation.
Addition of TGF-�3 either had no significant effect or
appeared to increase adhesion formation.

Clearance of Neutralizing Antibodies to TGF-�1

Although these initial results implicated TGF-�1 and -�2
isoforms in adhesion formation, a failure to achieve a signif-
icant reduction in trauma site adhesions (category 1) in any
of the treatment groups may have been due to inadequate
delivery of neutralizing antibodies. Therefore, an additional
study was performed investigating the clearance pharma-
cokinetics of antibodies to TGF-�1 within peritoneal tissue
and fluid (Table 1). Neutralizing antibody to TGF-�1 was
detected in the abraded body wall and on the surface of
uninjured peritoneum up to 4 hours after either direct appli-
cation or intraperitoneal injection. At 8 hours however, weak
staining was observed at the trauma site only after direct
application of antibody. By contrast, an irrelevant chicken
IgY was detected at the trauma site up to 4 hours after direct
application and 1 hour after intraperitoneal injection. At all
time points, immunostaining for both the neutralizing anti-
body and the IgY appeared to be either matrix associated
or nonspecifically bound to the surface of both the uninjured
and injured body wall.

There was intense immunostaining for both anti-
TGF-�1 and the IgY in the peritoneal fluid 10 minutes after

intraperitoneal injection (both cells and fluid). After 1
hour, only cellular staining for both the neutralizing anti-
body and the IgY was present, but at a lower intensity. At
4 hours immunostaining was markedly reduced in the
neutralizing antibody-treated group, and was no longer
detected for the IgY-treated group. At all times, wounds
injected with PBS (negative control) showed no positive
staining.

Further Manipulation Using Anti-TGF-�1 and
Anti-TGF-�2 Neutralizing Antibodies

Findings from the clearance kinetic study established that
the neutralizing antibody to TGF-�1 could be detected in
the abraded body wall and on the surface of uninjured
peritoneum for up to 4 hours after both direct application
and intraperitoneal injection. Therefore in a further study
using an altered treatment regime (Table 2), antibodies
were administered at 4 hourly intervals up to 24 hours after
wounding, as apposed to a 24-hour interval between appli-
cations. In addition, it was considered advantageous to
administer the antibodies 2 hours before the initial trauma,
because TGF-�1 is known to be released immediately at the
time of wounding. Adhesions were assessed at 7 days after
surgery as previously described.

Using this altered treatment regime, all animals in the
vehicle control group formed adhesions at the trauma site
(category 1), whereas animals treated with neutralizing
antibodies to both TGF-�1 and TGF-�2 showed signifi-
cantly reduced total (Figure 4A; P � 0.05) and trauma site
adhesions (Figure 4B; P � 0.05). Furthermore, adhesions

Figure 3. Effect of initial TGF-� isoform experimental manipulation on adhesion formation 7 days after surgery. Data represents mean number of total (A), category 1
(B), category 2 (C), and category 3 (D) adhesions formed per animal for each experimental group (n � 6/group); vehicle control for TGF-�1 and -�2 antibodies (group
II), neutralizing antibody to TGF-�1 (group III), neutralizing antibody to TGF-�2 (group IV), combined neutralizing antibodies to TGF-�1 and -�2 (group V), vehicle
control for TGF-�3 (group VI), and TGF-�3 peptide (group VII). No significant difference in adhesion formation was detected between the surgical control and vehicle
control groups; therefore the effects of neutralizing antibodies to TGF-�1 and -�2 or TGF-�3 peptide on adhesion formation were compared with their respective vehicle
control group. Error bars indicate the SEM. *P � 0.05 compared with the vehicle control (Kruskall-Wallis followed by Conover-Inman posthoc test).
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involving the abraded surfaces and an uninvolved site
(category 2) were reduced in the combined neutralizing
antibody group compared to the vehicle control group;
however this did not reach significance (Figure 4C; P �
0.4). The majority of these adhesions consisted of the
cecum adherent to itself or the fat body. There was also
a reduction in distant site adhesions (category 3) in the
neutralizing antibody group compared to the vehicle con-
trol group, although because this was a rare occurrence
in either group statistical significance was not achieved
(Figure 4D; P � 0.4).

Adhesion tenacity was evaluated by making a subjec-
tive assessment of the ease of physical lysis. A categor-
ical system was used, ranging from a score of 1, which
indicated lysis with minimal force, up to 3 that indicated
lysis only with surgical dissection. Regardless of treat-
ment group, all adhesions that formed at the trauma site
(category 1) after 7 days were opaque in appearance
and could only be separated by surgical dissection. Al-
though there was a reduction in category 2 adhesion
tenacity in the combined neutralizing antibody group
compared to the vehicle control group, this was not sig-

nificant (adhesion tenacity, 2.4 � 0.4 for anti-TGF-�1 and
anti-TGF-�2 versus 3.0 � 0.0 for vehicle control; P �
0.33). No difference was observed between the groups
with regards to healing of the midline incision.

In approximately half of the animals, an appositional
suture was absent at harvest. As before, this had no
effect on adhesion formation in the vehicle control group
in which all animals formed trauma site adhesions. In the
combined anti-TGF-�1 and -�2 group, in which there was
a reduction in category 1 adhesions, the Fisher’s exact
test showed that suture loss did not influence resultant
adhesion formation (P � 0.58).

Effect of Neutralizing Antibodies to TGF-�1 and
TGF-�2 on Trauma Site Adhesion Volume,
Cellularity, and Vascularity

Although the macroscopic appearance of trauma site
adhesions (category 1) that formed in the neutralizing
antibody and control groups was similar, it was unclear
whether inhibiting TGF-�1 and -�2 affected adhesion

Table 2. Dose and Administration Regime of Combined Neutralizing Antibodies to TGF-�1 and -�2 or Exogenous TGF-�3
Peptide in a Second Manipulation

Time of injection (hours before or after surgery)

�2 0 4 8 12 16 20 24 36 48

Number of animals at each time point 10 10 10 10 10 10 10 10 10 10
Anti-TGF-�1 � �2 (100 �g/injection) � � � � � � � � � �
TGF-�3 (2.5 ng/injection) � � � � � � � � � �
TGF-�3 (5 ng/injection) � � � � � � � � � �
TGF-�3 (10 ng/injection) � � � � � � � � � �
TGF-�3 (50 ng/injection) � � � � � � � � � �
TGF-�3 (100 ng/injection) � � � � � � � � � �

Based on the findings of the clearance kinetics study, an altered treatment regime was performed in order to assess the effect of blocking both
TGF-�1 and -�2 isoforms on peritoneal adhesion formation. Different doses of TGF-�3 peptide were also administered using a modified treatment
regime. � indicates reagent administered, - indicates no administration.

Figure 4. Effect of combined neutralizing antibodies to TGF-�1 and TGF-�2 on adhesion formation in second manipulation study. The data represent the mean
number of total (A), category 1 (B), category 2 (C), and category 3 (D) adhesions formed per animal for each group (n � 10), with error bars indicating the SEM.
*P � 0.05 compared with the vehicle control (Mann-Whitney U-test).
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volume, cellularity, or vascularity. Adhesion volume
was determined using the Cavalieri principle, which is
an unbiased estimate of volume, deduced from a sum
of profile areas on a set of systematically positioned
parallel sections separated by a constant distance.
This demonstrated that adhesions in the combined
anti-TGF-�1 and -�2 antibody group were significantly
reduced in volume at 7 days after surgery compared to
those in the vehicle control group (Figure 5, A to C; P �
0.05). With regard to cellularity, there was no signifi-
cant difference (5835 � 372 nucleated cells/mm2 for
anti-TGF-�1 and -�2 versus 6085 � 280 cells/mm2 for
vehicle control; P � 0.42) detected between the anti-
body-treated and control groups at day 7 after surgery,
with minimal intra-adhesion variability. Macrophages
and lymphocytes were predominant in both groups,
although the vehicle control adhesions appeared to
show a higher fibroblast component compared to the
neutralizing antibody group. There was no significant
difference in the number of blood vessels, as a mea-
sure of angiogenic response, between the treatment
and control groups at day 7 after surgery (186 � 17

blood vessels/mm2 for anti-TGF-�1 and -�2 versus
180 � 16 for vehicle control; P � 0.99).

The Effect of Neutralizing Antibodies to TGF-�1
and TGF-�2 on Peritoneal Fluid Cellularity

TGF-�1 is known to play a critical role in immunoregula-
tion; therefore we investigated whether the reduction in
adhesion formation after the addition of antibodies to
TGF-�1 and TGF-�2 was associated with an altered in-
flammatory cell profile. At 7 days after surgery, total peri-
toneal fluid cell count in the neutralizing antibody group
was significantly higher compared to the vehicle control
group (Figure 6A; P � 0.05). Differential cell counts re-
vealed an increase in all leukocyte subsets assessed;
although this was only significant for polymorphonuclear
cells (Figure 6B; P � 0.01). An attempt was made to
further differentiate mesothelial cells from monocytes/
macrophages using BM8, a pan-macrophage marker.
This was not satisfactory however, because this antibody
fails to detect all monocytes and macrophages. Although

Figure 5. Effect of neutralizing antibodies to TGF-�1 and TGF-�2 on adhesion volume and cellularity. A: Trauma site adhesions were processed for routine
histology, and adhesion volume evaluated using the Cavalieri principle. Data represent the mean for each group (n � 5), with error bars indicating the SEM. *P �
0.05 compared with the vehicle control (Mann-Whitney U-test). B and C: Typical trauma site (category 1) adhesion in the vehicle control (B) and neutralizing
antibody to TGF-�1 and -�2 groups (C). The adhesion in the vehicle control group appeared larger; although there was no significant difference in cellularity
(cells/mm2). BW, body wall; A, adhesion; C, cecum. Arrows represent the edge of the adhesion. Staining: H&E. Scale bars, 100 �m.

Figure 6. Total peritoneal fluid cell count 7 days after surgery after the addition of neutralizing antibodies to TGF-�1 and TGF-�2. Peritoneal fluid was collected
after lavage with 3 ml of PBS, and the total (A) and differential cell count (B) analyzed. The data represents the mean for each group (n � 10), with error bars
indicating the SEM. *P � 0.05 and **P � 0.01 compared with the vehicle control (Mann-Whitney U-test). LMCs represent large mononuclear cells and include
monocytes, macrophages, and mesothelial cells.
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a few mast cells were observed, there were similar num-
bers detected in both groups (less than 1% of the total
cell count).

Further Manipulation Using TGF-�3 Peptide on
Adhesion Formation

The initial study suggested that TGF-�3 (100 ng/injection)
either showed no effect or increased adhesion formation.
Therefore, in the second manipulation a dose-response
experiment was performed together with an altered treat-
ment regime. Groups of animals (n � 10) were injected
intraperitoneally with either vehicle control or exogenous
TGF-�3 peptide (2.5, 5, 10, 50, 100 ng/injection) before,
at the time of, and after surgery (4, 12, 24, 36, and 48
hours) and adhesions were evaluated 7 days later. Ex-
ogenous addition of TGF-�3 produced a significant trend
toward increased total adhesion formation with increas-
ing dose (Figure 7A; P � 0.01); with animals treated with
50 and 100 ng of TGF-�3 developing significantly more
adhesions compared to the vehicle control group (P �
0.005). A dose response with TGF-�3 was not observed
for trauma site adhesions (category 1). However, animals
treated with 100 ng of TGF-�3 formed significantly more
category 1 adhesions compared to animals in the vehicle
control group (Figure 7B; P � 0.05), but not compared to
the vehicle control group from the first manipulation. All
adhesions that formed at the trauma site whether in
treated or untreated groups were opaque in appearance
and could only be separated by surgical dissection. At
harvest, an appositional suture was absent in a sixth of all
animals, however this had no effect on animals treated
with 100 ng of TGF-�3 because all formed adhesions at

the trauma site. In treatment groups in which there was a
reduction in category 1 adhesions, suture loss did not
influence resultant adhesion formation, as demonstrated
by the Fisher’s exact test (TGF-�3 2.5 ng, P � 0.4;
TGF-�3 10 ng, P � 0.3).

As with total adhesion formation, the addition of
TGF-�3 showed a significant trend of increased adhesion
formation between the abraded serosal surfaces and a
distant site (category 2) with increasing dose of peptide
(Figure 7C; P � 0.01, Cuzick’s trend test). In addition,
animals treated with 50 and 100 ng of TGF-�3 developed
significantly more category 2 adhesions compared to
animals in the vehicle control group (P � 0.005). More
than 50% of these adhesions consisted of the cecum
adherent to itself or the fat body. Animals treated with
TGF-�3 also formed adhesions between the cecum and
either the omentum or the liver, with 40% of category 2
adhesions involving these sites at the highest doses (50
and 100 ng). In addition, exogenous addition of TGF-�3
led to a dose-dependent increase in category 2 adhesion
tenacity (P � 0.001). Adhesions distant to the trauma site
(category 3 adhesions) were found only in animals
treated with 50 ng of TGF-�3 (Figure 7D), and only 2 of
the 10 animals were involved. No difference was ob-
served between experimental groups with regards to
healing of the midline incision.

Effect of Exogenous TGF-�3 on Adhesion
Volume and Cellular Infiltrate

The volume, cellularity, and blood vessel density of
trauma site adhesions were evaluated for the group
treated with the highest dose of TGF-�3 (100 ng) and the

Figure 7. Effect of increasing dose of TGF-�3 peptide adhesion formation in a second manipulation study. The data represent the mean total (A), category 1 (B),
category 2 (C), and category 3 (D) adhesions formed in each animal for each group (n � 10), with error bars indicating the SEM. *P � 0.05 and **P � 0.005
compared with the vehicle control (Kruskall-Wallis followed by Conover-Inman posthoc test). VC, vehicle control.
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vehicle control group (n � 3/group). In contrast to the
TGF-�1 and -�2 neutralizing antibody manipulation, the
addition of TGF-�3 (100 ng) led to an increase in adhe-
sion volume compared to the vehicle control, however
this failed to reach significance (0.64 � 0.08 mm3 for 100
ng TGF-�3 versus 0.36 � 0.07 mm3 for vehicle control;
P � 0.1). This was accompanied by an increase in ad-
hesion cellularity (6602 � 381 cells/mm2 for 100 ng
TGF-�3 versus 4811 � 355 cells/mm2 for vehicle control;
P � 0.07) in the TGF-�3 group, that appeared to be
predominantly fibroblastic. There appeared to be no dif-
ference in the number of blood vessels between treat-
ment groups (166 � 33 blood vessels/mm2 for 100 ng
TGF-�3 versus 117 � 26 for vehicle control; P � 0.4).
Although collagen density was not quantified, based on
the Mallory connective tissue stain, adhesions from the
100 ng TGF-�3 group appeared more fibrous compared
to the vehicle or surgical control groups. This was partic-
ularly striking in adhesions that formed between the
abraded serosal surfaces and uninvolved sites such as
the cecum and the greater omentum (Figure 8, A and B).

Effect of Exogenous TGF-�3 on Peritoneal
Fluid Cellularity

In contrast to the TGF-�1 and -�2 neutralizing antibody
results, the addition of TGF-�3 led to a dose-dependent
decrease in total peritoneal fluid cell count, reflected by a
dose-dependent decrease in macrophages (Figure 9, A
and B; P � 0.005, Cuzick’s trend test). In addition, ani-
mals treated with 50 and 100 ng of TGF-�3 had a signif-
icantly lower number of macrophages compared to the
vehicle control (Figure 9B; P � 0.05). Although there was
no dose-dependent effect on lymphocyte profile, animals
treated with 100 ng of TGF-�3 had a significantly lower
lymphocyte number compared to the vehicle control
group (Figure 9C; P � 0.05). In contrast to the neutraliz-
ing antibody results, the addition of TGF-�3 did not ap-
pear to affect the number of polymorphonuclear cells
observed and although a few mast cells were detected

(less than 0.5% of the total cell count), there was no
difference between groups.

Discussion

Successful adhesion prevention is unlikely to be
achieved unless the pathophysiological mechanisms at
the cellular and molecular level are understood. Changes
in cytokine levels, in particular TGF-� isoforms, are likely
to be key molecular mediators of pathological tissue fi-
brosis. Although TGF-� has been implicated in abdomi-
nal adhesion formation through its up-regulation in tissue
and peritoneal fluid, manipulation studies in various ani-
mal models have led to conflicting results.29–31 In an
initial immunolocalization study, we demonstrated that
the expression of all three TGF-� isoforms increased after
peritoneal wounding confirming the findings of oth-
ers.28,34 However we also showed that each isoform dis-
played a unique temporal and spatial pattern, suggesting
that each may play a distinct role in adhesion formation.
This was subsequently addressed through pharmacolog-
ical manipulation studies.

In a preliminary manipulation, exogenous addition of
neutralizing antibodies to TGF-�1 alone at 0, 4, 24, and
48 hours after surgery had little effect on total adhesion
formation compared to either the vehicle or surgical con-
trol groups, and no effect on trauma site (category 1)
adhesions. However using the same dosing regime, in-
traperitoneal injection of anti-TGF-�2 antibodies reduced
total adhesion formation, primarily due to decreased ad-
hesions between the abraded surfaces and an unin-
volved site (category 2 adhesions), although this was not
significant. A significant effect was however observed
when the neutralizing antibodies were combined (anti-
TGF-�1 and -�2), resulting in 50% reduction in the total
number of adhesions formed. These data suggest a syn-
ergistic effect of TGF-�1 and TGF-�2 in adhesion forma-
tion. At the dose and administration schedule used, the
addition of TGF-�3 increased the number of category 2
adhesions compared to the vehicle control group.

Figure 8. Effect of TGF-�3 peptide on collagen deposition in category 2 adhesions. Based on the Mallory connective tissue stain, adhesions from animals treated
with 100 ng of TGF-�3 (A) appeared more fibrous compared to the vehicle control group (B). This was particularly striking in adhesions that formed between
the abraded serosal surfaces and uninvolved sites such as the distant cecum and the omentum. Staining: Mallory’s trichrome. Scale bars, 50 �m.
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The failure to achieve a significant reduction in trauma
site adhesions (category 1) after the addition of anti-
TGF-�1 and TGF-�2 antibodies in the preliminary study
could have been due to inadequate delivery of the anti-
bodies to the site of injury. This may also explain contra-
dictory results in several peritoneal adhesion-related
TGF-� neutralizing studies, despite the application of
antibodies daily for up to 5 days after wounding.29,30,34 A
further study was performed to investigate the pharma-
cokinetic clearance of antibodies in the peritoneum by
immunolocalization of anti-TGF-�1 antibody at the trauma
site and in the peritoneal fluid. This demonstrated a rapid
clearance of both TGF-�1 antibody and an irrelevant
control IgY antibody from the peritoneal cavity. These
results are in marked contrast to those described for
cutaneous wound healing in the rat,22 and highlight the
risk of extrapolating clearance kinetic data from one body
site to another. The results do however correlate well with
a murine study that assessed the efficacy of locally ap-
plied polyclonal IgG as a complement to antibiotic ther-
apy for infectious peritonitis.35 Although the initial anti-
body dose of 10 mg was far higher than that used in the
current study (100 �g), the results confirm the rapid
clearance of antibodies from the peritoneal cavity, and
therefore the need in future studies for frequent adminis-
tration. Furthermore, it was considered advantageous to
administer the antibody before the initial trauma because
platelets, a rich source of TGF-�1, release the growth
factor on degranulation of �-granules at the site of injury.
Because anti-TGF-�1 could be detected on the surface
of uninjured peritoneum 4 hours after administration, an
intraperitoneal injection 2 hours before surgery was
thought appropriate.

In a further manipulation using a modified dosing re-
gime, combined neutralization of TGF-�1 and TGF-�2 led
to a significant reduction in the number of trauma site
(category 1) adhesions compared to the vehicle control
group. This was associated with decreased collagen
deposition and lower cellularity. This finding may be due
to the pivotal role of TGF-�1 in the reduction of fibrinolytic
activity after surgery, through a combined increase in the
level of PAI-1 and a decrease in tPA, thus allowing the
fibrinous matrix to persist and become organized into a
permanent adhesion.36 It is likely that the early applica-
tion of neutralizing antibodies blocks TGF-�1 released
from activated platelets,37 and prevents the subsequent
injury-induced expression of immediate-early genes that
contribute to prolonged autoinduction and up-regulation
of this isoform. The decreased TGF-�1 levels primarily
result in an increase in fibrinolytic activity that leads to the
complete or partial resolution of the fibrinous matrix.
Complete resolution would result in adhesion-free heal-
ing, as observed in 50% of the animals treated with
anti-TGF-�1 and -�2. If there is only partial resolution
however, the fibrinous scaffold will persist, although re-
duced in volume. Both TGF-�1 and -�2 are likely to play
an important role in the fibrous phase of peritoneal ad-
hesion formation.38–42 The effect of blocking TGF-�1 on
extracellular matrix production is well recognized and
has been demonstrated in a rabbit intra-articular adhe-
sion study, in which the continuous administration of anti-
TGF-�1 antibodies led to a reduction in adhesion forma-
tion and collagen content, as assessed 4 weeks after
wounding.43

TGF-�2 is the most prevalent isoform in body fluids
such as the vitreous and aqueous fluid of the eye, tears,

Figure 9. Effect of addition of TGF-�3 peptide on peritoneal fluid cell count. Peritoneal fluid was collected at harvest (7 days after surgery), after lavage with 3
ml of PBS, and the total and differential cell count analyzed as described in the text. The data represent the mean for each group (n � 10), with error bars indicating
the SEM. *P � 0.05 compared with the vehicle control (Kruskall-Wallis followed by Conover-Inman posthoc test). VC, vehicle control.
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and saliva.20 Although TGF-�2 levels have not been mea-
sured in peritoneal fluid, we have shown it to be markedly
up-regulated after surgery in adhesion tissue. This to-
gether with findings from the first manipulation supports a
role for TGF-�2 in the pathogenesis of adhesion forma-
tion. Whether or not this role is independent of TGF-�1 is
unknown. A synergistic effect of neutralizing both TGF-�1
and TGF-�2 was observed in the current study, confirm-
ing findings in the skin where a maximal reduction in
extracellular matrix deposition and scar formation oc-
curred when both isoforms were blocked in a rat cutane-
ous wound-healing model.22 TGF-�2 is known to up-
regulate the expression and secretion of TGF-�1 by
monocytes, macrophages, fibroblasts, and epithelial
cells;44–46 therefore the presence of endogenous
TGF-�2 may be responsible for some of the up-regulation
of TGF-�1 even in the presence of neutralizing antibody
to this isoform.

On initial examination, our results contrast with previ-
ous TGF-� neutralizing antibody studies in rat peritoneal
adhesion models.29,30,34 After surgical injury to the uter-
ine horns in rats, Williams and colleagues29 found that
intraperitoneal addition of an antibody against both
TGF-�1 and TGF-�2 (10 �g daily for 5 days; R&D Sys-
tems Inc.) showed no effect on adhesion formation after
uterine horn abrasion. In addition, Lucas and col-
leagues30 found that the intraperitoneal injection of an
antibody directed against TGF-�2 (50 �g daily for 2 days;
catalog no: AB-12-NA; R&D Systems Inc.) had little effect
on adhesion severity in a rat peritoneal resection model,
whereas antibodies to TGF-�1 (67 �g daily for 2 days;
catalog no: AB-101; R&D Systems Inc.) reduced adhe-
sion severity. One reason for the discrepancy between
their results and ours may be due to the different doses,
time of application, and source of neutralizing antibody
used. Furthermore, because different species and exper-
imental models were used, it is difficult to make direct
comparisons with the findings in our study.

Initial manipulation of TGF-�3 peptide using 100 ng/
injection suggested that this isoform either had no effect
or increased adhesion formation, in particular those in-
volving one of the abraded surfaces and an uninjured site
(category 2 adhesions). In a second manipulation, exog-
enous addition of TGF-�3 showed a significant trend
toward increased total adhesion formation with increas-
ing dose, again predominantly due to an increase in
category 2 adhesions. The addition of TGF-�3 at lower
doses appeared to have no effect on trauma site adhe-
sion formation (category 1 adhesions). It was only at the
highest dose of TGF-�3 (100 ng) that an increase in
category 1 adhesions was observed. These adhesions
were also larger in volume compared to those of the
vehicle control, associated with increased collagen dep-
osition, and increased cellularity due to a predominant
fibroblast component. At first sight these findings appear
to contrast with the anti-scarring effects of TGF-�3 in the
skin.22 However, TGF-�3 is markedly motogenic,47 stim-
ulating filopodia formation and rapid cell migration.48

Therefore, it could be predicted that by increasing fibro-
blast migration there would be a rapid consolidation of
the fibrinous adhesion, with an associated increase in

fibroblast number and collagen deposition. This could
lead to an increase in adhesion formation, as observed
after application of the higher doses of TGF-�3.

There is limited information regarding the biological
effects of TGF-�3 in comparison to TGF-�1 and TGF-�2.
A reduction in peritoneal fibrinolytic capacity is consid-
ered critical in the early stages of the adhesion pro-
cess6,49 and although a specific role of TGF-�3 in fibri-
nolysis has not been investigated, all three isoforms have
been shown to induce PAI-1 expression in a bioassay
using a truncated PAI-1 promoter/luciferase construct.50

TGF-�3 may therefore play a similar role to TGF-�1 in
fibrinolytic reduction, through a combined increase in the
level of PAI-1 and a decrease in tPA. It is clear that further
in vitro studies are required to support this assumption;
however, it is tempting to speculate that this mechanism
induces the marked increase in adhesions between the
abraded serosa and fatty tissues such as the omentum
and pelvic fat body. Before a definitive conclusion can be
made regarding the role of TGF-�3 in adhesion formation
further dose/time response experiments need to be per-
formed, as do experiments using neutralizing antibodies
specific to this isoform or a pan-specific neutralizing
antibody.

The inflammatory cell infiltrate in peritoneal fluid was
assessed to establish a relationship between the manip-
ulation of TGF-� isoforms, corresponding inflammation,
and adhesion formation. The combined addition of neu-
tralizing antibodies to TGF-�1 and TGF-�2 led to de-
creased adhesions but an increased inflammatory cell
count in the peritoneal fluid at 7 days after wounding,
whereas the addition of TGF-�3 increased adhesions but
had an anti-inflammatory effect. Although TGF-�1 plays
an important role in promoting the inflammatory process,
it is also a powerful immunosuppressant.51 The apparent
inverse relationship between inflammatory cell count and
adhesion formation at day 7 after wounding has not been
reported before, and suggests that the effects of inflam-
mation on adhesiogenesis is complex and that the two
may not be causally related. In fact, evidence from stud-
ies in the lung suggests that it may be possible to disso-
ciate the inflammatory response from the fibrotic re-
sponse.52,53 An assessment of inflammatory cells at
multiple time points after TGF-� isoform manipulation
may elucidate some of the underlying mechanisms; fur-
ther aided through the use of transgenic mice that under-
express endothelial adhesion molecules such as L-selec-
tin or ICAM-1, resulting in reduced inflammatory cell
extravasation.54

In summary, the results from this study have shown
that by blocking both TGF-�1 and TGF-�2 using neutral-
izing antibodies, it is possible to prevent abdominal ad-
hesion formation. Moreover, the few adhesions that did
form were decreased in volume compared to those of the
vehicle control. These are novel and clinically important
findings, because inhibiting TGF-�1 and TGF-�2 activity
may reduce both the incidence and the severity of adhe-
sions. Although, the clinical problems associated with
adhesions may not always be related to their number or
size, decreasing their incidence will result in a beneficial
outcome.
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