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Abstract
Background—Active MMP-9 disruption of the extracellular matrix plays an important role in
inflammatory disorders. In this study, we investigated the inflammatory role of MMP-9 and the
extracellular matrix (ECM) breakdown product hyaluronan as a trigger for the postoperative
intestinal inflammatory response of postoperative ileus.

Methods—A standardized intestinal surgical manipulation (SM) was performed on rats to
produce ileus assessed by the oral non-digestible FITC-dextran transit assay. Isolated intestinal
muscularis extracts were studied for mRNA expressions of IL-6, MMP-9 and CD44. Peritoneal
MMP-9 activity was quantified using zymography. Peritoneal fluid and serum were quantified for
hyaluronan and TIMP-1 levels by ELISA. Peritoneal macrophages were cultured and exposed to
peritoneal fluid or synthetic hyaluronan for ELISA analysis of IL-6 and MIP-1α.

Results—Transit was significantly delayed after SM and extracts of the isolated jejunal and
colonic muscularis demonstrated a significant induction of IL-6, MMP-9 and CD44 mRNAs
compared to controls. Zymography confirmed significant MMP-9 activity in peritoneal fluid
compared to controls. ELISA measurements showed a significant upregulation in hyaluronan and
TIMP-1 in the peritoneal fluid and serum. Additionally, ELISA and RT-PCR measurements of
peritoneal macrophages stimulated with postsurgical peritoneal fluid and synthetic hyaluronan
resulted in higher expressions of IL-6 and MIP-1α in the macrophage supernatant.

Conclusions—Our results confirm that MMP-9 disruption in the ECM with hyaluronan release
and muscularis CD44 receptor induction has the potential to trigger muscularis proinflammatory
cascades which cause postoperative ileus and we suggest that MMP-9 inhibition may be a novel
therapeutic approach to limit postoperative ileus.
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INTRODUCTION
The morbidity of postoperative intestinal atony and ileus is widely acknowledged, and its
economic burden has been estimated in the US to be $1 billion annually 1. Recent studies
have shown that prolonged postoperative intestinal ileus is incited by the generation of an
enteric molecular inflammatory response that consists of the activation of the dense network
of resident muscularis macrophages and their secretion of cytokines (IL-6, TNF-α),
chemokines and smooth muscle inhibitory substances via inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2). This local inflammatory milieu then further causes
the increased expression of vascular adhesion molecules and a subsequent recruitment and
extravasation of leukocytes into the circular muscle layer with a further release of potent
leukocytic products which perpetuate intestinal atony. Together, these events succeed in
delaying gastrointestinal transit, decrease local neuromuscular function and activate
neurogenic inhibitory pathways that suppress motility along the entire gastrointestinal tract
for sustained postoperative periods 2-9.

We know from earlier studies that anesthesia, laparotomy or bowel eventration do not
produce a prolonged ileus, but that the physical manipulation of the gut wall itself is
necessary to elicit this detrimental response 3,4. This would suggest that physical
manipulation of the gastrointestinal tract leads to a disruption in the interstitial extracellular
matrix (ECM) which maintains the cohesiveness of the numerous cellular constituents of the
muscularis externa. The aim of this study was to analyze intestinal ECM breakdown via
MMP-9 activity and explore the potential of its breakdown product hyaluronan as an
inflammatory “trigger” which participates in the postoperative inflammatory response
generated by the dense network of normally quiescent muscularis macrophages which leads
to the deleterious state of postoperative ileus.

The key role of MMP-9 and TIMP-1 in the progression, prognosis and treatment of
gastrointestinal cancers is being intensively investigated10,11. A significant body of evidence
has also developed in the inflammatory bowel disease literature over the past decade
indicating that increased mucosal MMP-9 activity during episodes of inflammation
participates in the destruction of the epithelial barrier, which subsequently exposes the
immunologically active lamina propria to bacterial antigens resulting in the production of
proinflammatory mediators that further aggravate the pathology12,13. Interestingly, ECM
fragments of hyaluronan have been shown to directly be proinflammatory in cell culture
conditions on peritoneal macrophages via NF-κB activation14 through CD44 receptor
binding and on endothelial cells through TLR4 ligand activity15.

To our knowledge, however, no previous study has focused on the pathophysiological role
of MMP-9 activity on the ECM within the intestinal muscularis in any disease. Interestingly,
in this study, we show that manipulation induced postoperative ileus is associated with a
rapid and sustained induction of MMP-9 activity within the postsurgical muscularis externa
which results in a dramatic increase in peritoneal hyaluronan levels bathing the gut wall.
Furthermore, the receptor for hyaluronan (CD44) is postoperatively induced and
postoperative peritoneal fluid and exogenous hyaluronan possess significant
proinflammatory potential on cultured peritoneal macrophages. These data indicate that
limiting the proinflammatory activity of MMP-9 generated hyaluronan may be a novel
approach to limiting the morbidity of postoperative ileus.
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METHODS
Animals

Sprague Dawley male rats (280-320 g) were purchased from Charles River Laboratories
(Sulzfeld, Germany) and maintained in a pathogen-free animal facility at the University of
Bonn with standard rat chow and tap water supplied ad libitum. They were allowed to
acclimatize at least five days prior to experimental manipulation. The animal protocol was
approved by the District Government of Köln, Germany.

Intestinal Manipulation
The entire intestine of the animals was subjected to a standardized, moderate SM as
described previously 16. In brief, animals were anesthetized with continuous isoflurane
inhalation (DeltaSelect, Pfullingen, Germany) and a midline abdominal incision was
performed. The cecum and small bowel were eventrated and placed onto moist gauze
outside of the abdominal cavity and kept moist with saline. Next, the entire small bowel and
colon were manipulated using moist sterile cotton applicators in a standardized fashion.
After manipulation, the intestine was replaced and the laparotomy closed by two layers of
continuous sutures. Age-matched, non-manipulated, naÿe animals without surgery served as
controls (N=6 each group).

In vivo Gastrointestinal Transit
Gastrointestinal transit was measured in controls and manipulated animals 24 hrs
postoperatively by evaluating the gastrointestinal distribution of fluorescein-labeled dextran
(molecular weight = 70000, Sigma-Aldrich, Munich, Germany) as previously described 17.
For statistical analysis, a geometric center (GC) was calculated for the median distribution
of fluorescein-labeled dextran along the gastrointestinal tract as previously described 17.

Peritoneal fluid and Serum
Postoperatively, after 0, 3, 6 and 24 hrs, peritoneal fluid (2 ml/animal) was obtained and
preserved at -20° (n=6). In brief, sterile saline was injected intraperitoneally at the defined
time points after abdominal surgery in manipulated or control animals and peritoneal fluid
was recollected and analyzed for ECM components and cytokines. Venous blood samples (8
ml/animal) from the different animal groups were withdrawn at the defined time points from
the inferior vena cava, centrifuged (3000 RPM for 5 min) and 2 ml of serum preserved for
further measurements.

ELISA Measurement
ELISA (R&D Systems, Wiesbaden, Germany) for hyaluronan and tissue inhibitor of
metalloproteinases (TIMP-1) expression levels in the peritoneal fluid and in the serum were
performed according to the manufacturer’s instruction and analyzed in a Tecan Saphire
microplate reader (Tecan Germany GmbH, Crailsheim, Germany). Hyaluronan was
measured using an ELISA kit, which allows analysis and measurement of hyaluronan in
humans and animals, and is a sandwich protein binding assay in a microplate format. The
assay uses microwells coated with a highly specific hyaluronic acid binding protein (HABP)
from bovine cartilage to capture hyaluronan and an enzyme-conjugated version of HABP to
detect and measure hyaluronan.

Muscularis preparation for mRNA measurements
After harvesting the rat’s intestine, the entire small intestine and colon were cut into
approximately 5 cm segments. Each segment was pinned in a Sylgard coated dish (Dow
Corning, Wiesbaden, Germany) to remove the attached mesentery. Next, the muscularis
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externa was stripped off and separated from the mucosa using moist cotton applicators. The
muscularis tissue samples were snap frozen and stored at -80° C. mRNA real-time RT-PCR
for IL-6, CD-44 and MMP-9 expression levels in the intestinal muscularis (small bowel and
colon) was performed at 3, 6 and 24 h after SM (N=6 each group).

mRNA Expression in the Intestinal Muscularis
mRNA expressions were quantified using the RNA II Extraction kit (Macherey-Nagel,
Düren, Germany) followed with rDNAse treatment for DNA digest (Macherey-Nagel,
Düren, Germany). cDNA synthesis was performed with the high capacity cDNA Reverse
Transcription kit (Applied Biosystems, Darmstadt, Germany) in the UNO thermal block
(ThermoScientific, Karlsruhe, Germany). PCR was performed using a Universal PCR
Master Mix, No AmpErase (Applied Biosystems, Darmstadt, Germany) and measured and
analyzed with a TaqMan (40 cycles). Sequences of the used TaqMan assays (IL-6, CD44
and MMP-9, Applied Biosystems, Darmstadt, Germany) are listed in table 1.

Zymography
Peritoneal fluid and serum samples were analyzed for MMP-2 and MMP-9 activity. Each
sample was prepared by dilution into zymogram sample buffer (Biorad, Munich, Germany)
and loaded into the wells of a precast gel containing 0.1% gelatin (Invitrogen, Karlsruhe,
Germany). Electrophoresis was carried out at 125V constant current for 1.5 to 2 h, until the
bromphenol blue dye of the sample buffer reached the bottom of the gel. The gel was
removed and incubated for 1 h at room temperature in development buffer (Biorad, Munich,
Germany) in a rotary shaker. Next, after decantation, the development buffer was replaced
with enzyme buffer (Biorad, Munich, Germany) and incubated at 37° C for 18 h. Staining
with Coomassie Blue-250 (Biorad, Munich, Germany) and destaining were carried out at
room temperature on a rotary shaker. Areas of digestion were visualized as non-staining
regions of the gel. Values were expressed in pixels per background minus digested area.

Cell culture
Rats were intraperitoneally injected with 8 ml of 3% thioglycollate medium (Brewer
thioglycollate Medium, Sigma-Aldrich, Munich, Germany). After 48 h, peritoneal lavage
was performed and macrophages in the peritoneal fluid were harvested. In brief, rats were
injected 50 ml of harvest medium and lightly massaged. After 3 min, about 30-40 ml of
medium was extracted from the intraperitoneal cavity and put in two Falcon tubes
(Labomedic, Bonn, Germany). This procedure was performed twice. The Falcon tubes were
centrifuged and peritoneal macrophages were isolated. After isolating, cells were counted
using a Neubauer haemocytomer (Assistant, Sondheim, Germany), plated in culture flasks
with DMEM Buffer (Lonza, Cologne, Germany) and fetal calf serum (FCS: Lonza,
Cologne, Germany) and placed in a CO2 incubator (3 mil cells/well/6-well-plate) for 72
hours. Prior to experiments, cell culture medium was exchanged with FCS free medium and
after 12 hours exposed to peritoneal fluid. After 1 hour of incubation with peritoneal fluid,
the supernatant fluid was removed and substituted with fresh culture medium. After an
additional 6 hours of incubation the new supernatant fluid was taken, stored and analyzed by
ELISA for IL-6 (R&D Systems, Wiesbaden, Germany). FCS free macrophages were also
exposed to synthetic low molecular weight hyaluronan (<250 kDa) (50μg/ml) dissolved in
DMEM buffer for 6 and 24 hours. IL-6 and MIP-1α mRNAs were measured in extracts of
the incubated peritoneal macrophages that were collected from the wells, centrifuged, stored
and extracted for PCR Taqman assays (Applied Biosystems, Darmstadt, Germany), see table
1 for sequences.
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Statistical Analysis Data analysis
The results are expressed as mean ± standard error of the mean (SEM). Statistical analysis
was performed using an unpaired Student’s t-test for single comparisons or ANOVA for
multiple comparisons using the Bonferonni post hoc test. A probability level of p ≤ 0.05 was
considered statistically significant.

RESULTS
In Vivo Gastrointestinal Transit

We established that our animals developed a clinically relevant postoperative pan-enteric
dysmotility by measuring in vivo 90 minute gastrointestinal transit after bolus oral FITC-
dextran administration in naive, non-manipulated controls and manipulated animals 24 hours
after surgery. Twenty-four hours after surgical manipulation, the transit distribution
histograms demonstrated a significant delay in propulsive gastrointestinal motility relative to
controls. In naive control animals, the fluorescent marker reached the terminal ileum
reflected by a calculated geometric center (GC) of 9.18 ± 0.67, while after SM a significant
amount of dextran remained in the stomach with the marker being distributed mainly
throughout the mid-small bowel (GC = 6.92 ± 1.47, p ≤ 0.003, Figure 1).

ECM Activity in the Peritoneal Fluid and Serum
We hypothesized that surgical manipulation of the gut wall and the ensuing events results in
a disruption in the extracellular matrix. Therefore, we measured the expression of matrix
metalloproteinase-9 (MMP-9) mRNA and the release of MMP-9, tissue inhibitor of
metalloproteinase-1 (TIMP-1) and hyaluronan into the peritoneal fluid and serum at 3, 6 and
24 hours after surgical manipulation of the rat gastrointestinal tract. PCR analysis detected a
brisk rise in the expression of MMP-9 mRNA within muscularis extracts of the manipulated
small and large intestines at all time points investigated (small intestine: control=1.3±0.4 vs.
IM-3 hours=8.45±2.29, IM-6 hours=30.0±10.7 and IM-24 hours=37.4±6.5 relative fold
increase over control) (large intestine: control=1.1±0.1 vs. IM-3 hours=23.0±10.1, IM-6
hours=30.1±9.5 and IM-24 hours=91.4±5.4 relative fold increase over control) (Figure 2A).
Correlating with the increase in MMP-9 mRNA, electrophoretic zymography demonstrated
a rapid and sustained increase in peritoneal fluid MMP-9 activity after SM. Densitometry
quantification of the digested gelatin showed a 2.96-, 3.33- and 1.37-fold increase in
enzymatic activity at 3, 6 and 24 hours after SM, respectively. A representative zymography
gel is shown in Figure 2B. Associated with a persistent rise in MMP-9 was a parallel
progressive increase in the release of TIMP-1 into both the peritoneum and the circulation at
each of the three time points assessed (Figure 3). Although already significant at 3 hours, the
largest fold increase in TIMP-1 was observed 24 hours after manipulation compared to
control peritoneal fluid and serum levels (12.76- fold and 6.96-fold, respectively).

As a consequence of the increase in enzymatic activity on the extracellular matrix, further
experiments revealed the rapid and significant release of hyaluronan into the peritoneal
cavity and circulation after SM (Figure 4). In the peritoneal fluid the level of hyaluronan
increased 3.01-fold 3 hours after SM, but at 6 hours after SM a massive 1139-fold release
was detected with a sustained 3.77-fold increase at 24 hours. Serum hyaluronan levels were
significantly lower compared to the local peritoneal fluid, but like in the peritoneal fluid a
significant increased release of hyaluronan was also measured in serum with a peak 508-fold
increase after 6 hours.

We next sought to determine the expression level of CD44 mRNA within the muscularis, as
CD44 is the membrane receptor for hyaluronan. PCR analysis of intestinal muscularis
extracts demonstrated that the receptor mRNA was promptly and persistently upregulated
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over the 24 hours of assessment with the maximal induction occurring at the 6 hour time
point (11.3-fold) for the small intestine and at 3 hours for the colon (3.4 -fold) (Figure 5).

Inflammatory Potential of Hyaluronan
Finally, we sought to explore the inflammatory potential of the hyaluronan-rich peritoneal
fluid. IL-6 is a prototypical proinflammatory mediator which in this study was significantly
induced within muscularis extracts of the surgically manipulated small intestine and colon at
all three time points investigated, with maximal induction of IL-6 mRNA occurring after 6
hours (220.4- and 125.8-fold, respectively). In a series of cell culture experiments, isolated
peritoneal macrophages were pre-incubated in culture for 1 hour with peritoneal fluid
collected from controls or animals 6 hours after SM. The 6 hour harvest time point of the
peritoneal fluid after surgery was chosen because the above experiments demonstrated it to
be the point of maximum ECM fragment release. Incubation of freshly isolated peritoneal
macrophages for 6 hours exposed to a sham procedure of media exchange lead to a
measurable basal secretion of IL-6 protein (27.4±1.52 pg/ml) into the media. On the other
hand, 6 hour harvested SM peritoneal fluid caused a significantly higher release of IL-6
protein (201.7±0.73 pg/ml) into the media compared to control peritoneal fluid pre-
incubation macrophages. These data indicated that the hyaluronan-rich postoperative
peritoneal fluid did possess inflammatory properties.

In a further series of experiments, cultured peritoneal macrophages were stimulated directly
with a synthetic low molecular weight hyaluronan to determine the sole inflammatory
potential of hyaluronan on macrophages. RT-PCR demonstrated a prolonged 25.6- and 24.4-
fold increase in IL-6 mRNA after exposure of the cultured macrophages to hyaluronan for 6
and 24 hours, respectively. Additionally, hyaluronan caused a 2.7- and 2.24-fold increase in
MIP-1α, a factor produced by macrophages that causes local inflammatory responses and
induces superoxide production by neutrophils at 6 and 24 hours, respectively (Figure 6).
Together, these data indicate that ECM fragments of hyaluronan released from the surgically
manipulated intestine participate in generating the complex inflammatory milieu which
exists within the immunologically active postoperative muscularis externa.

DISCUSSION
Postoperative intestinal ileus is a common and almost obligatory feature of general visceral
surgery 18. Unfortunately, postoperative ileus results in significant patient morbidity,
increased duration of hospital stays and substantial hospitalization costs 19. It has been
established that an intestinal inflammatory response to surgical manipulation of the
gastrointestinal tract activates proinflammatory pathways, which initiate a cascade of events
characterized by impaired gastrointestinal transit, decreased muscular and neuromuscular
function, and increased neurogenic inhibitory activity along the entire gastrointestinal
tract 5,6,20,21. In this study, we investigated the role of matrix metalloproteinases and the
muscularis extracellular matrix as a significant triggering component, which could initiate
and maintain the postoperative local molecular and cellular inflammatory responses
following intestinal manipulation that produce postoperative ileus.

Matrix metalloproteinases (MMPs) constitute a family of enzymes capable of degrading
various extracellular matrix and basement membrane components playing a role in matrix
turnover. They also activate and degrade signaling molecules, such as cytokines and
chemokines. MMPs are involved in inflammation and have been implicated in tissue
degradation 22,23. As in other organs, MMPs appear to play an important role in intestinal
pro-inflammatory signaling cascades, as has been previously demonstrated for Crohn’s
disease 24. Additionally, CD44 and active proteolytic MMP-9 are found associated on
migrating cells and can mediate collagen IV degradation and promote cell invasion.
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In support of the hypothesized important role of the extracellular matrix in postoperative
ileus, our data demonstrate that MMP-9 mRNA is significantly induced within the
muscularis of the small bowel and colon in a time-dependent manner following intestinal
manipulation. Additionally, we measured a rapid and sustained dramatic increase of the
active form of MMP-9 protein in peritoneal fluid after surgical manipulation of the bowel
wall. Part of the rapid increase in activated MMP-9 protein could be due to the release of
hyaluronan during gut manipulation itself, since hyaluronan is known to convert the inactive
forms of MMP-2 and MMP-9 to their active forms 25. Hence, MMP activation could occur
through mechanical disruption of the matrix, increased activation and upregulated gene
transcription.

Parallel to the postsurgical increased induction and activity of MMP-9, we investigated the
endogenous tissue inhibitor of MMPs - tissue inhibitors of matrix metalloproteinases-1
(TIMP-1). TIMP-1 plays an important counter-regulatory role during various disease
states 22,23. In an effort to understand the inhibitory role of TIMP-1 within the postsurgical
degradation of the intestinal extracellular matrix, we measured the significant increased
expression of TIMP-1 in serum and peritoneal fluid. An augmentation in TIMP-1 activity
would be expected to function as an antiinflammatory response limiting the severity of
postoperative ileus, as has been hypothesized in patients with severe sepsis 26.

Hyaluronan is a ubiquitous molecule and a major component of the peri/extracellular matrix
which is synthesized into an extensive polymer. However, its molecular weight is variable.
It is known that during tissue injury, inflammation and clearance of cellular debris,
fragmented hyaluronan is released into the circulation by increased MMP activity 27.
Throughout the development of injury, hyaluronan regulates cell motility, invasion, and
proliferation by binding to CD44 receptors and activating intracellular signaling pathways.
Serum elevations in hyaluronan have been measured in many inflammatory disorders and
the fragmented extracellular matrix components (hyaluronan and fibronectin) themselves
have been shown to function as proinflammatory stimuli to macrophages 28,29. Interestingly,
the inflammatory properties depend on the size of the polymer. Low molecular weight
hyaluronan has been shown to be pro-inflammatory and stimulatory for cell proliferation
and migration, whereas high molecular weight hyaluronan is inhibitory 30.

With this understanding, our results demonstrate a 1000-fold upregulation in released
hyaluronan 6 hours after SM in the serum and peritoneal fluid compared to controls. This
observation strengthens our premise that low molecular weight hyaluronan, as an
extracellular matrix breakdown product plays an important role in triggering the
postoperative inflammatory signal cascade via the CD44 or TLR4 on resident intestinal
muscularis macrophages and invading leukocytes which subsequently cause the functional
impairment of the gastrointestinal tract15,31. In support of this hypothesis, we were able to
provoke a significant pro-inflammatory response in cultured peritoneal macrophages
stimulated with synthetic low molecular weight hyaluronan in comparison to controls.
Additionally, a significant increase in IL-6 transcription along with IL-6 and MIP-1α protein
secretion was observed in the cultured macrophages and their supernatant after exposure to
peritoneal fluid harvested from manipulated animals compared to fluid harvested from
controls. The fact that incubated peritoneal macrophages can be stimulated and activated
with synthetic low molecular weight hyaluronan and additionally with peritoneal fluid of
manipulated animals provides crucial information regarding the proinflammatory role of the
disrupted intestinal extracellular matrix, especially as a trigger for macrophage activation
and the development of postoperative ileus.

The hyaluronan receptor CD44 is a multifunctional, ubiquitously expressed glycoprotein
that participates in cell adhesion and leukocyte recruitment to sites of inflammation by its
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ligands glycosaminoglycan and hyaluronan32. During the development of injury, hyaluronan
regulates cell motility, invasion, and proliferation by binding to CD44 receptors and
activating intracellular signaling pathways33. In our study, the enhanced expression of CD44
mRNA in the intestinal muscularis and the parallel local and systemic release of its ligands
(fragmented hyaluronan) from the intestinal extracellular matrix of the surgically
manipulated intestine strongly suggest their potential role in synergistically triggering
known pro-inflammatory cascades in intestinal macrophages, which participate in causing
the generation of copious amounts of gut-derived inflammatory mediators (IL-6, IL-1β,
TNF-α, MCP-1, iNOS, COX-2, MMPs), mucosal barrier function breakdown (iNOS) and
ileus (iNOS and COX-2) with the leakage of luminal toxic products5,7,20,21,34. Clearly,
important mechanistic links of how the ECM-augmented postoperative inflammatory
response actually causes ileus remain to be elucidated. But, as we have previously shown
iNOS and COX-2 significantly contribute to postoperative bowel dysfunction.

In conclusion, this study demonstrates that intestinal manipulation results in the increased
transcription and activity of MMP-9, an increase in the release of hyaluronan along with the
transcriptional induction of its receptor CD44 and that hyaluronan has the potential to
function as a trigger for macrophage activation. Together, these molecular events are
hypothesized to participate in the synergistic triggering of the intestinal inflammatory
response which is a key element in the intestinal response to the surgeon’s hand resulting in
postoperative ileus.
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Figure 1.
Surgical manipulation of the rat gastrointestinal produced a postoperative delay in
gastrointestinal transit as measured by the lumenal distribution of an orally fed bolus of a
non-digestible, non-absorbable FITC-dextran (70 kD) after 90 minutes. The calculated
geometric center (GC) from the individual distribution histograms averaged 9.18 ± 0.67 for
control, while after surgical manipulation the fluorescent marker was mainly distributed
within the mid-jejunum and had an average GC of 6.92 ± 1.47 (N=6, p ≤ 0.003, one-way
ANOVA with posthoc Bonferoni analysis).
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Figure 2.
Panel 2A shows that surgical manipulation of the rat gastrointestinal tract initiated a
temporal progressive increase in the qPCR expression of MMP-9 mRNA within the small
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intestinal (left panel) and colonic (right panel) isolated muscularis externa. MMP-9 mRNA
was significantly increased at all time points measured between 3 and 24 hours after surgical
manipulation compared to control (N=6, p ≤ 0.05, one-way ANOVA with posthoc
Bonferoni analysis). Panel 2B is a representative electrophoretic zymography gel experiment
in which a significant increase in MMP-9 enzymatic activity could be demonstrated in the
peritoneal fluid harvested 3, 6 and 24 hours after surgical manipulation.
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Figure 3.
Microplate ELISA measurement of the tissue inhibitor of metalloproteinase-1 (TIMP-1)
protein levels was performed on peritoneal fluid and serum harvested from controls and
surgically manipulated rats 3, 6 and 24 hours after resuscitation. TIMP-1 protein levels were
significantly increased rapidly within 3 hours and progressively increase through 24 hours in
both the peritoneal fluid and serum harvested postoperatively (N=6, p ≤ 0.05, one-way
ANOVA with posthoc Bonferoni analysis).
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Figure 4.
Microplate ELISA measurement of hyaluronan levels was performed on peritoneal fluid and
serum harvested from controls and surgically manipulated rats 3, 6 and 24 hours after
resuscitation. Hyaluronan levels were significantly increased rapidly within 3 hours, peaked
at 6 hours and wane but remained elevated through 24 hours in the peritoneal fluid. Serum
hyaluronan levels were significantly increased 6 hours postoperatively (N=6, p ≤ 0.05, one-
way ANOVA with posthoc Bonferoni analysis).
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Figure 5.
CD44, the classical hyaluronan receptor, was transcriptionally induced within the muscularis
of the small and large intestines by surgical manipulation of the gastrointestinal tract. CD44
mRNA levels were significantly increased rapidly within 3 hours, peaked at 6 hours and
wane but remained elevated through 24 hours in the small intestinal muscularis externa.
Colonic muscularis CD44 mRNA was also postoperatively rapidly induced at 3 and
gradually declined, but remained elevated through 24 hours postoperatively (N=6, p ≤ 0.05,
one-way ANOVA with posthoc Bonferoni analysis).
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Figure 6.
Real time PCR analysis of IL-6 and MIP-1α mRNAs from peritoneal macrophage extracts
after exposure to hyaluronan (50μg/ml) for 6 or 24 hours. Hyaluronan caused the significant
sustained induction of both IL-6 and MIP-1α in cultured peritoneal macrophages compared
to control (N=6, p ≤ 0.05, one-way ANOVA with posthoc Bonferoni analysis).
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Table 1

Taqman assays of nucleotide sequences of the rat (Applied Biosystems, Germany)

Gene symbol Assay ID Reference Sequence Amplicon Length

18s-rRNA HS99999901_s1 - 187

IL-6 Rn00561420_m1 NM_012589.1 128

CD44 Rn00681157_m1 NM_012924.2 71

MMP-9 Rn00579162_m1 NM_031055.1 72

MIP-1α Rn00564660_m1 NM_013025.2 76

IL, interleukin; MMP, matrix-metalloproteinase; MIP, macrophages inflammatory protein
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