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Abstract
Background—We have accumulated multiple lines of evidence supporting the ability of HB-
EGF to protect the intestines from injury and to augment the healing of partial-thickness scald
burns of the skin. The aim of the current study was to investigate the role of heparin-binding EGF-
like growth factor (HB-EGF) in intestinal anastomotic wound healing.

Materials and Methods—HB-EGF(−/−) knockout (KO) mice (n= 42) and their HB-EGF(+/+)
wild type (WT) counterparts (n= 33), as well as HB-EGF transgenic (TG) mice (n=26) and their
(WT) counterparts (n=27), underwent division and reanastomosis of the terminal ileum. In
addition, WT mice (n=21) that received enteral HB-EGF (800µg/kg) underwent the same
operative procedure. Anastomotic bursting pressure was measured at 3 and 6 days postoperatively.
Tissue sections were stained with hematoxylin & eosin to assess anastomotic healing, and
Picrosirus red to assess collagen deposition. Immunohistochemistry using anti-von Willebrand
factor antibodies was performed to assess angiogenesis. Complications and mortality were also
recorded.

Results—HB-EGF KO mice had significantly lower bursting pressures, lower healing scores,
higher mortality and higher complication rates postoperatively compared to WT mice. Collagen
deposition and angiogenesis were significantly decreased in KO mice compared to WT mice.
Conversely, HB-EGF TG mice had increased anastomotic bursting pressure, higher healing
scores, lower mortality, lower complication rates, increased collagen deposition and increased
angiogenesis postoperatively compared to WT mice. WT mice that received HB-EGF had
increased bursting pressures compared to non-HB-EGF treated mice.

Conclusion—Our results demonstrate that HB-EGF is an important factor involved in the
healing of intestinal anastomoses.
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INTRODUCTION
Rapid and effective wound-healing is of paramount importance to the surgeon. Failure of
wound-healing generally leads to potentially life-threatening complications, additional
surgical procedures, increased length of hospital stay, increased cost, and long-term
disability.[1] Inadequate healing and consequent leakage from bowel anastomosis are a
significant cause of postoperative morbidity and mortality.[2]

During the past few years, a series of candidate key players in the wound-healing scenario
have been identified. These include not only a variety of different growth factors and
cytokines, but also molecules that are involved in cell–cell and cell–matrix interactions, and
proteins responsible for cell stability and cell migration.[3] The effects of growth hormone
and different growth factors on the healing of bowel anastomoses are currently being
evaluated in an attempt to identify agents that may promote and improve the anastomotic
healing process. This is especially important in seriously ill patients with altered metabolism
and impaired tissue healing.[2]

Heparin-binding EGF-like growth factor (HB-EGF) was initially identified in the
conditioned medium of cultured human macrophages[4] and later found to be a member of
the epidermal growth factor (EGF) family.[5] Like other family members, HB-EGF binds to
the EGF receptor (EGFR; ErbB-1), inducing its phosphorylation. Unlike most EGF family
members, HB-EGF has the ability to bind strongly to heparin. Cell-surface heparan-sulfate
proteoglycans (HSPG) can act as highly abundant, low affinity receptors for HB-EGF. HB-
EGF mRNA expression has been demonstrated in multiple tissues including skin, lung,
heart, intestine, kidney, skeletal muscle, brain, male reproductive system, lymph nodes,
thymus and spleen.[6,7] HB-EGF is produced by many different cell types including
epithelial cells, and it is mitogenic and chemotactic for smooth muscle cells, keratinocytes,
hepatocytes and fibroblasts. HB-EGF exerts its mitogenic effects by binding to and
activation of EGF receptor subtypes ErbB-1 and ErbB-4.[8] In addition, HB-EGF exerts
chemotactic effects when binding to the HB-EGF specific receptor N-arginine dibasic
convertase (NrdC).[9] Importantly, endogenous HB-EGF is protective in various pathologic
conditions and plays a pivotal role in mediating the earliest cellular responses to
proliferative stimuli and cellular injury.[10]

We have previously demonstrated the presence of HB-EGF protein in the basal layer of
normal human dermis.[11] In addition, we have identified HB-EGF in human burn wound
fluid following thermal injury, and have localized it immunohistochemically to epithelial
cells of the marginal epidermis and dermal appendages of excised human burn tissue.[12]
Furthermore, after thermal injury of the skin there is increased expression of endogenous
HB-EGF in marginal surface keratinocytes.[13] We have also shown that topical application
of HB-EGF accelerates partial thickness burn wound healing by increasing keratinocyte
proliferative activity, in part via enhanced production of endogenous transforming growth
factor α mRNA.[14]

We have accumulated multiple lines of evidence supporting the role of HB-EF in protection
of the intestines from a variety of insults including intestinal ischemia/reperfusion (I/R)
injury[15], hemorrhagic shock and resuscitation(HS/R)[16] and necrotizing enterocolitis
(NEC)[17,18]. Several investigators have shown that significant metabolic differences exist
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between wound healing in the skin and in the gastrointestinal tract.[19] Our findings of the
ability of HB-EGF to promote cutaneous burn wound healing and to protect the intestines
from various types of injuries prompted us to investigate the ability of HB-EGF to affect
intestinal anastomotic wound healing.

MATERIALS AND METHODS
Animals

To investigate the effects of HB-EGF loss-of-function on intestinal anastomotic wound
healing, HB-EGF(−/−) knockout (KO) mice (n=42) and their HB-EGF(+/+) wild type (WT)
counterparts (n=33) were randomly selected to undergo terminal ileal division and
reanastomosis. HB-EGF KO mice on a C57BL/6J × 129 background and their HB-EGF WT
C57BL/6J × 129 counterparts were kindly provided by Dr. David Lee (Chapel Hill, NC).
[20] In HB-EGF KO mice, HB-EGF exons 1 and 2 were replaced with PGK-Neo, thus
deleting the signal peptide and propeptide domains. The desired targeting events were
verified by Southern blots of genomic DNA and exon-specific polymerase chain reaction,
with Northern blots confirming the absence of the respective transcripts.[20]

To investigate the effects of overexpression of HB-EGF on intestinal anastomotic wound
healing, HB-EGF transgenic (TG) mice (n=26) and their (WT) FVB counterparts (n=27)
underwent the same procedure. HB-EGF TG mice were produced in our laboratory and were
designed to specifically overexpress the human HB-EGF precursor (proHB-EGF) in the
intestine using a 12.4 kb villin regulatory and promoter sequence to drive human proHB-
EGF gene expression.[21] The promoter of the villin gene ensures the constant expression of
HB-EGF throughout the entire intestine from the duodenum to the colon, from
embryogenesis to adulthood. Furthermore, the villin promoter targets transgene expression
throughout the entire crypt-villous axis. The pBSII-12.4kbVill plasmid containing the
12.4kb promoter fragment from the villin gene was a generous gift from Dr. Deborah
Gumucio (University of Michigan, Ann Arbor, MI).[22]

To investigate the effects of exogenous administration of HB-EGF on intestinal anastomotic
wound healing,C57Bl/6J × 129 WT mice (n=21) received HB-EGF (800 µg/kg)
administered by gastric gavage once per day for 3 days prior to anastomosis surgery. Mice
were gastric gavaged using a 20 gauge feeding needle (Braintree Scientific, Braintree, MA)
with 1 ml 0.9% saline solution (Baxter Healthcare Corporation, Deerfield, IL), containing
800 µg/kg HB-EGF. The HB-EGF used was Good Manufacturing Process (GMP) grade
human mature HB-EGF produced in Pichia pastoris yeast and supplied to us by Trillium
Therapeutics, Inc, (Toronto, Canada).

The dose of HB-EGF administered was the most efficacious dose of enterally administered
HB-EGF leading to protection of the intestines from injury based on our previous studies.
[23]

Intestinal anastomosis
The experimental protocol was performed according to the guidelines for the ethical
treatment of experimental animals and approved by the Institutional Animal Care and Use
Committee of Nationwide Children’s Hospital, Columbus, Ohio (#AR06-00094). Mice were
anesthetized with inhaled 2% Isoflurane (Butler Animal Health, Dublin, OH). The abdomen
was clipped and prepared with a solution of 70% alcohol. Operations were performed with
the aid of an operating microscope (10× magnification, Carl Zeiss Inc., Thornwood, NY).
Through a midline incision, the ileocecal junction was identified. The intervention consisted
of division of the terminal ileum approximately 5 cm proximal to the ileocecal junction, with
reanastomosis using 8-0 nylon sutures (Ethicon, Somerville, NJ).The surgical technique for
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the intestinal anastomosis was standardized and we used eight interrupted sutures equally
spaced in a single layer to reconstruct the continuity of the intestine in an end-to-end
fashion. The abdomen was closed in a single layer using 4.0 nylon sutures (Ethicon,
Somerville, NJ) and the animals were resuscitated with a subcutaneous injection of Lactated
Ringers solution (1 ml) (Baxter Healthcare Corporation, Deerfield, IL). Animals were
allowed to recover in a warmed incubator (37°C) for 4 h after surgery, and they re ceived
5% dextrose in water for 48 h postoperatively, after which they were provided with water
and solid food ad libitum. Postoperatively, animals received analgesia every 12 h for 48 h
using buprenorphine hydrochloride (0.1mg/ml, 0.15mg/kg body weight) (Reckitt Benckiser
Healthcare, Hull, England).

Bursting pressure measurements
On postoperative days 3 and 6 (POD 3 and 6), animals were euthanized by cervical
dislocation, the abdomen was opened, and any evidence of anastomotic dehiscence, abscess
or intestinal obstruction was recorded. The site of the anastomosis was excised with a 3 cm
margin proximally and distally. A 4.0 nylon ligature suture (Ethicon, Somerville, NJ) was
placed across the bowel 2 cm distal to the anastomosis. After the introduction of a catheter
into the intestinal lumen through the proximal end of the sample, a watertight seal was
created using a second 4.0 nylon suture ligature. The catheter was simultaneously connected
to a BS-8000 infusion pump (Braintree Scientific, Braintree, MA) and a pressure transducer
(Grass, West Warwick, RI). The intestine was placed in a 37°C water bath and air was
introduced in the intestine at 3 ml/min via the infusion pump. The pressure signal was
transduced into voltage and displayed continuously on a monitor. An abrupt drop in pressure
registered on the pressure curve, as well as the appearance of air bubbles in the water bath,
was recorded as the bursting point. The intestine was inspected to confirm that the burst
occurred at the site of the anastomosis.

Histologic analysis and grading of anastomotic healing
The section of terminal ileum containing the anastomotic site was opened longitudinally and
fixed in 10% neutralized formaldehyde overnight. Paraffin embedded tissue sections (5 µm)
were prepared and stained with hematoxylin and eosin (H&E) for histologic analysis. Tissue
sections were analyzed using conventional light microscopy (Primo Star, Carl Zeiss Inc.,
Thornwood, NY) and photographed at 20× magnification. To assess healing at the
anastomotic site, slides were graded using a modified healing scoring system that was
initially described by Gϋven et al.[24] The accumulation of polymorphonuclear leukocytes
(PMN), lymphocytes and macrophages (inflammation); presence of mucosal epithelium at
the anastomotic site, and submucosal-muscular layer repair were recorded on
histopathologic examination and scored from 1 to 4, as summarized in Table 1. The grading
and quantification of intestinal healing scores, collagen deposition, and angiogenesis
quantification were performed blindly by two independent individuals.

Collagen quantification
Picrosirius red staining for collagen analysis was performed using paraffin sections that
were deparaffinized, hydrated, and stained with 0.1% Sirius red F3B (Pfaltz & Bauer,
Waterbury, CT) in a saturated solution of Picric Acid (Ricca Chemical Company, Arlington,
TX) with a very small amount of solid Picric Acid (Electron Microscopy Sciences, Hatfield,
PA) to ensure saturation for 1 hour at room temperature. The sections were then washed in
two changes of acidified water, dehydrated in three changes of 100% ethanol, cleared with
xylene and mounted. Tissue sections were analyzed using conventional light microscopy
(Primo Star, Carl Zeiss Inc., Thornwood, NY) and photographed at 20× magnification.
Collagen deposition at the site of the anastomosis was quantified using Image Pro-Plus
software, version 4.1.0.0 for Windows (Media Cybernetics, Bethesda, MD). All images were
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taken under the same camera settings and exposure times, images were digitized, and the
area positive for Picrosirius red staining was recognized, using fixed threshold values. The
intensity of the positive area was calculated by Image Pro-Plus software, representing the
total collagen deposited at the anastomotic area and expressed as optical density in pixels.
Collagen deposition was quantified using the formula:

Collagen deposition (optical density) = total intensity of the positive area / total area of
the anastomotic site.

Angiogenesis quantification
Angiogenesis in anastomotic sites was examined by von Willebrand Factor (vWF)
immunostaining of endothelial cells. Immunofluorescent staining was carried out as follows.
After deparaffinizing and rehydration, tissue sections were blocked with 10% donkey serum/
PBS for 20 min at RT. Tissue sections were incubated in a rabbit primary polyclonal
antibody to vWF (Abcam, Cambridge, MA) diluted to 10% in donkey serum/PBS at 4°C
overnight, as recommended by the manufacturer. After three 10 min washes with PBS/0.1%
Tween 20, tissue sections were incubated with a secondary anti-rabbit IgG antibody
conjugated with Cy3 (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA) diluted
to 10% donkey serum/PBS for 1 h at RT. After three 10 min washes with PBS+0.1% Tween
20, sections were mounted with ProLong Gold antifade reagent with DAPI (Invitrogen,
Carlsbad, CA, US). Quantification of vWF expression in anastomotic sites was performed
using ImageJ software, version 1.39u for Windows (National Institutes of Health, Bethesda,
MD) and was represented by the ratio of vWF fluorescent intensity per anastomotic area.

In addition, since tubular blood vessel formation signifies a later stage of angiogenesis and
functional blood vessel maturation, tubular blood vessels per unit area were quantified on
POD 6. The process of angiogenesis is defined in four stages with maturation as the final
step.[25] One of the criteria for mature blood vessels is formation of an interconnecting
lumen. In our quantification of mature blood vessels, only blood vessels with a lumen were
considered to be mature.

Statistical analysis
The Student’s t test was used for comparing bursting pressure measurements, anastomosis
healing scores, collagen deposition and angiogenesis between groups. Statistical analyses
were performed using Microsoft Office Excel, version 2007 for Windows. The Fisher’s
Exact test, SAS (version 9.1,SAS Institute, Cary, NC) was used for comparing the rate of
complications between groups. p-values less then 0.05 were considered statistically
significant. Results are expressed as mean ± SD.

RESULTS
Anastomotic Bursting Pressure

Anastomotic bursting pressure measurements on POD 3 revealed that WT mice had slightly
higher bursting pressures compared to HB-EGF KO mice (38.34 ± 14.47 mmHg vs. 33.18 ±
15.63 mmHg; p=0.36) (Figure 1A). However, on POD 6, WT mice had significantly higher
bursting pressures than KO mice (110.05 ± 22.93 mmHg vs. 55.95 ± 19.82 mmHg; p<0.01).

We next compared anastomotic bursting pressure in HB-EGF TG mice and their WT
counterparts. We found that HB-EGF TG mice had slightly increased anastomotic bursting
pressure on POD 3 (56.91 ± 20.47 mmHg vs. 47.86 ± 11.54 mmHg; p=0.26) (Figure 1B).
On POD 6, HB-EGF TG mice had significantly increased anastomotic bursting pressures
(129.57 ± 22.09 mmHg vs. 94.41 ± 28.12 mmHg; p=0.04).
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When comparing anastomotic bursting pressures in WT mice and WT mice that received
HB-EGF prior to surgery, we found that on POD3, WT mice that received HB-EGF had
slightly higher bursting pressures compared to non-HB-EGF treated WT mice (51.39 ±
15.11 mmHg vs. 38.34 ± 14.47 mmHg; p=0.06). On POD 6, WT animals that received HB-
EGF had significantly increased anastomotic bursting pressures compared to non-HB-EGF
treated WT mice. (140.12 ± 25.79 mmHg vs. 110.05 ± 22.93 mmHg; p=0.01) (Figure 1C)

Anastomotic Histology and Healing Scores
HB-EGF KO mice had significantly delayed anastomotic healing, with severe inflammation
around the site of the sutures and in the submucosal space (Figure 2A). When healing scores
were compared between WT and HB-EGF KO mice on POD 3, there were no significant
differences present (3.58 ± 0.91 vs.3.28 ± 0.48; p=0.47). However, on POD 6, WT mice
demonstrated significantly improved healing scores compared to HB-EGF KO mice (8.37 ±
0.91 vs. 3.83 ± 1.16; p<0.01) (Figure 3A).

HB-EGF TG mice displayed minimal signs of inflammation on POD 6, with partial
coverage of the mucosa by epithelial cells and significant submucosal healing (Figure 2B).
There were no significant difference in healing scores between WT and HB-EGF TG mice
on POD 3 (3.21 ± 0.39 vs. 3.16 ± 0.93; p=0.90), however, on POD 6 HB-EGF TG mice had
significantly increased healing scores (4.93 ± 0.56 vs. 3.96 ± 0.68; p<0.01) (Figure 3B).

Anastomotic Complications
HB-EGF KO mice had more anastomotic complications and increased mortality compared
to their WT counterparts (Table 2A). On POD 3, 38.8% of KO mice displayed
complications (bleeding 5.5%, anastomotic dehiscence 16.6%, abscess formation at the
anastomotic site 16.6%), compared to a 25% complication rate in their WT counterparts
(p=0.48), (anastomotic dehiscence 12.5%, abscess formation 12.5%). The mortality of KO
mice on POD 3 was higher than the mortality of WT mice (16.6% vs. 12.5%; p=1.0). On
POD 6, 45.8% of KO mice had complications (anastomotic dehiscence 8.3%, abscess
formation 16.6%, intestinal obstruction 20.8%), whereas only 29.4% of WT mice had
complications (p=0.34), (anastomotic dehiscence 5.8%, abscess formation 5.8%, intestinal
obstruction 17.6%). The mortality of KO mice on POD 6 was higher than the mortality of
WT mice (20.8% vs. 11.7%, p=0.68).

When comparing HB-EGF TG mice to their WT counterparts, on POD 3 37.5% of TG mice
had local complications (anastomotic dehiscence 6.2%, abscess formation 18.7%, intestinal
obstruction 12.5%), compared to a 25% complication rate in WT mice (p=0.70)
(intraperitoneal bleeding with hematoma at the site of the anastomosis 6.2%, abscess
formation 12.5%, intestinal obstruction 6.2%). (Table 2B). On POD 3, TG mice had a lower
mortality then WT mice (6.2% vs. 12.5%, p=1.0). On POD 6, 20% of TG mice had
complications (abscess formation 10%, intestinal obstruction 10%), whereas 36.4% of WT
mice had complications (p=0.64), (anastomotic dehiscence 9%, abscess formation 9%,
intestinal obstruction 18.1%). The mortality of TG and WT mice on POD 6 was similar
(10% vs.9%).

On POD 3, WT mice had significantly increased local complications (anastomotic
dehiscence 12.5% and abscess formation 12.5%) compared to no complications noted in WT
animals that received enteral HB-EGF prior to surgery. The mortality on POD 3 was 12.5%
in WT animals and 0% in WT animals that received HB-EGF. Similar results were noted on
POD 6, when WT mice had significantly increased local complications (anastomotic
dehiscence 5.8%, abscess formation 5.8% and intestinal obstruction 17.6%) compared to no
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complications noted in WT animals that received HB-EGF. The mortality on POD 6 was
11.7% in WT animals and 0% in WT animals that received HB-EGF.

Collagen quantification
Picrosirius red staining of histologic sections was used to assess collagen deposition at the
anastomotic sites (Figure 4 A,B). Image analysis quantification of Picrosirius red staining of
the anastomotic sites revealed no significant differences in collagen deposition on POD 3 in
either HB-EGF KO mice and their WT counterparts (Figure 4A), or in HB-EGF TG mice
and their WT counterparts (Figure 4B). However, on POD 6 there was significantly greater
collagen deposition in WT compared to KO mice (38.96 ± 13.41 vs. 9.18 ± 6.49; p<0.01)
(Figure 4A) and less collagen deposition in WT mice compared to TG mice (17.2 ± 10.91
vs. 55.6 ± 17.08; p<0.01) (Figure 4B).

Angiogenesis
We initially used vWF immunostaining to identify endothelial cells at the anastomotic sites
(Figures 5, 6A,B). HB-EGF KO mice had significantly decreased vWF expression at the
anastomotic sites compared to WT mice on POD 3 (8.7 ± 10.9 vs. 82.9 ± 63.5, p<0.05)
(Figure 6A). However, by POD 6 we noted a marked decrease in vWF staining at the
anastomotic sites in the WT mice. Despite this decline in vWF expression in WT mice, we
noted that the anastomotic sites of WT mice had maturation of the vasculature, with an
increase in mature, longer blood vessels at the 6 day time point. HB-EGF KO mice had
significantly fewer mature blood vessels per unit area compared to WT mice on POD 6 (3.6
± 4.7 vs. 19.2 ± 6.1, p<0.01) (Figure 6C). On the other hand, HB-EGF TG mice had higher
vWF expression at the anastomotic sites compared to WT mice on POD 3 and 6 (72.6 ± 38.6
vs. 22.6 ± 18.3 and 62.5 ± 51.8 vs. 10.8 ± 6.1, respectively, p<0.05 for both time points)
(Figure 6B). HB-EGF TG mice also had increased numbers of mature blood vessels at the
anastomotic sites compared to WT mice on POD 6 (19.6 ± 8.5 vs. 7 ± 4.5, p<0.05) (Figure
6D).

DISCUSSION
HB-EGF is an immediate early gene that plays a pivotal role in mediating the earliest
cellular responses to proliferative stimuli and cellular injury.[26] Previous studies from our
laboratory and from others have shown that expression of endogenous HB-EGF is
significantly increased in response to tissue damage,[13,27] hypoxia[28] and oxidative
stress,[29] and during wound healing and regeneration.[12] Endogenous HB-EGF has been
shown to play a role in the healing of various tissues, as demonstrated by its increased levels
in the kidney in response to I/R injury,[30,31] the brain in response to I/R injury[32] and the
liver in response to partial hepatectomy or hepatotoxin injury.[33] HB-EGF production is
increased in the skin in response to thermal injury in patients,[12] and promotes cutaneous
burn wound healing when applied topically in mice.[14]

We have previously shown that adult HB-EGF KO mice have increased intestinal injury
upon exposure to intestinal I/R[34], HS/R [35] and NEC[36]. Furthermore, we have shown
that administration of exogenous HB-EGF under experimental conditions protects the
intestines from diverse injuries including intestinal I/R,[15] HS/R,[16] and NEC.[18,23] The
current study now demonstrates that HB-EGF KO mice have delayed intestinal anastomotic
wound healing and that HB-EGF TG mice have augmented anastomotic wound healing.
Thus, HB-EGF not only protects the intestines from injury, but plays an important role in
healing of intestinal anastomoses.
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The strength of an intestinal anastomosis is mainly derived from collagen fibrils located in
the submucosa. During the first few postoperative days, anastomotic strength is low, as
collagen is degraded secondary to collagenase activity at the site of the injury. Early
anastomotic strength is therefore dependent on the suture- or staple-holding capacity of
existing collagen until large amounts of new collagen can be synthesized by both fibroblasts
and smooth muscle cells.[1] Bursting pressure is therefore lowest during the first 3 days
after surgery, after which anastomotic strength rapidly increases. Bursting pressure is 50%
of normal in small bowel anastomoses, and 35–75% of normal in large-bowel anastomoses,
at two to three days postoperatively.[1] Bursting pressure approaches 100% of normal at 7
days post-operatively, after which the intestine will generally burst outside of the suture line.
[1] These findings are consistent with our results that showed that on POD 3 the bursting
pressures were low in all groups of animals studied, with significant differences noted only
on POD 6.

Healing of the intestinal astomosis and, in particular, the development of early postoperative
anastomotic strength, may be compromised by numerous technical, local and systemic
factors.[37] In our study, lack of endogenous HB-EGF expression resulted in decreased
bursting pressure and lower collagen deposition at the anastomotic site, elements that
strongly correlated with compromised anastomotic strength and delayed healing. In addition,
the higher complication rate in HB-EGF KO mice, and their increased mortality on POD 3
and 6, demonstrate the importance of endogenous HB-EGF in the healing process. HB-EGF
TG mice had no significant differences in mortality or overall complication rates on POD 3
or 6 compared to their WT counterparts, although it should be recognized that the numbers
of animals studied are relatively low.

The effect of growth factors on the healing of bowel anastomoses is a topic of great interest,
and a number of studies have investigated the expression of these factors in the context of
anastomotic healing. Buckmire et al., using a rat model of colonic anastomosis, examined
the temporal expression of the TGF-beta1 (TGF-β1), epidermal growth factor (EGF), and
platelet derived growth factor B (PDGF-BB) genes, and their temporal relationship to the
expression of the procollagen type 1 (PROC I) gene.[38] They found significantly increased
TGF-β1 showed significantly increased gene expression in the healing colonic
perianastomotic tissues, with expression that had a temporal correlation with the expression
of the PROC I gene. Brasken et al. examined the expression of EGF and EGF receptor genes
in the healing of colonic anastomoses in rats and found enhanced EGF receptor gene
expression, suggesting that anastomotic healing was associated with the presence of EGF or
an EGF-like substance, and that its activity increases during the first postoperative week.
[39] Furthermore, Sakallioglu et al.[40], reported that local application of low dose EGF to
the anastomotic site in the form of microspheres in gelatin increased wound collagen,
bursting pressure and healing in colonic anastomoses even in the presence of steroid
inhibition.[40] We have previously shown that exogenous HB-EGF administration has
important clinical significance, protecting the intestines from a variety of insults including
intestinal ischemia/reperfusion (I/R) injury[15], hemorrhagic shock and resuscitation(HS/R)
[16] and necrotizing enterocolitis (NEC)[17,18]. Data from our current study shows that
exogenous administration of HB-EGF enhances the healing of intestinal anastomoses and
reduces anastomotic complications and mortality.

Global deletion of the HB-EGF gene results in abnormal embryonic cardiac cushion
development resulting in defective valvulogenesis, with stenosis of the semilunar and
atrioventricular valves leading to cardiac hypertrophy.[20] Chalothorn et al. used 4 month
old HB-EGF KO mice to study the effect of HB-EGF on angiogenesis in a hindlimb
ischemia model.[41] As part of those studies, the authors demonstrated that HB-EGF KO
mice had cardiac hypertrophy without evidence of heart failure, with normal hemodynamic
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parameters. Furthermore, 6 month old HB-EGF KO mice only had a 25% reduction in left
ventricular fractional shortening.[20] This is less than the mildest level of human heart
failure which is characterized by an ejection fraction that is reduced by at least 40%.[20]
Jackson et al. also reported that HB-EGF KO mice have defects in the lungs, including
fewer alveoli, abnormally thickened mesenchymal tissue and a high fraction of immature,
glycogen-containing cells.[20] Despite these findings, HB-EGF KO mice did not display
any clinical evidence of pulmonary distress in our studies. Furthermore, in parallel studies of
HB-EGF KO compared to WT adult mice, we noted no differences in oxygen saturation of
these mice either prior to or after surgical manipulation (unpublished observations). In
addition, we used echocardiography to comparatively evaluate cardiac heart function in 1
month old WT and HB-EGF KO mice and found no differences in heart rate, stroke volume,
fractional shortening of the ventricle or cardiac output between WT and HB-EGF KO mice
(unpublished observations).

Angiogenesis is crucial to anastomotic wound healing. We have previously shown that HB-
EGF stimulates capillary tube formation in vitro[42] and angiogenesis in vivo. [43] HB-EGF
has also been shown to enhance neurogenesis and angiogenesis after focal cerebral ischemia
in rats,[44] and has been implicated in tumor growth, angiogenesis and metastasis.[45,46]
Ishii et al. found that local administration of vascular endothelial growth factor (VEGF) to
colonic anastomoses accelerates wound healing and strengthens the anastomosis by
increasing angiogenesis.[47] The results of our current study show that HB-EGF KO mice
have significantly decreased angiogenesis at the anastomotic site, and HB-EGF TG mice
have significantly increased angiogenesis at the anastomotic site, compared with WT
animals. Thus, HB-EGF regulates angiogenesis in healing intestinal anastomoses.

In conclusion, our results provide evidence for a role for HB-EGF in intestinal anastomotic
wound healing. HB-EGF therapy may provide a potentially therapeutic approach to improve
and promote healing of intestinal anastomoses, and to minimize morbidity and mortality
after bowel surgery.
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Figure 1.
Bursting pressure measurements. A) Terminal ileal bursting pressures in HB-EGF KO mice
compared to their WT C57BL/6J × 129 counterparts on POD 3 and 6; B) Terminal ileal
bursting pressures in HB-EGF TG mice compared to their WT FVB counterparts on POD 3
and 6; C) Terminal ileal bursting pressures on POD 3 and 6 in WT C57BL/6J × 129 mice
compared to WT C57BL/6J × 129 mice that received HB-EGF (800µg/kg) via gastric
gavage once a day for three days prior to surgery. WT, wild type mice; KO, HB-EGF
knockout mice; TG, HB-EGF transgenic mice; POD, post-operative day; * p<0.05.
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Figure 2.
Histology of anastomoses. Shown are representative H&E stained histological images of
ileal anastomoses on POD 3 and 6. A) Histology of HB-EGF KO mice and their WT
C57BL/6J × 129 counterparts ; B) Histology of HB-EGF TG mice and their WT FVB
counterparts. Magnification 20×. Scale bar = 100µm.
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Figure 3.
Anastomotic healing scores. A) Healing scores in HB-EGF KO mice compared to their WT
C57BL/6J × 129 counterparts on POD 3 and 6; B) Healing scores in HB-EGF TG mice
compared to their WT FVB counterparts on POD 3 and 6. WT, wild type mice; KO, HB-
EGF knockout mice; TG, HB-EGF transgenic mice; POD, post-operative day; * p<0.05.
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Figure 4.
Picrosirius red staining for collagen deposition. A) Histology of HB-EGF KO mice and their
WT C57BL/6J × 129 counterparts, magnification 20×, scale bar = 100µm; B) Histology of
HB-EGF TG mice and their WT FVB counterparts, magnification 20×, scale bar= 100µm;
C) Quantification of collagen deposition in HB-EGF KO mice compared to their WT
C57BL/6J × 129 counterparts on POD 3 and 6; D) Quantification of collagen deposition in
HB-EGF TG mice compared to their WT FVB counterparts on POD 3 and 6. WT, wild type
mice; KO, HB-EGF knockout mice; TG, HB-EGF transgenic mice; POD, post-operative
day; * p<0.05.
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Figure 5.
von Willebrand factor (vWF) immunohistochemistry of anastomotic sites. Shown are
representative photomicrographs of vWF immunostaining of the anastomotic sites.
Magnification: A-H, 20×; I-L, 40×. Red, vWF (Cy3); blue: DAPI, nuclear staining; WT,
wild type; KO, HB-EGF knock out mice; TG, HB-EGF transgenic mice; * p<0.05. Long
white arrows indicate the anastomotic sites. The small white arrows in high power panels I-
L indicate mature blood vessels containing lumens. Scale bar = 100µm.
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Figure 6.
Quantification of angiogenesis at anastomotic sites. A, B) quantification of vWF staining in
HB-EGF KO and TG mice compared to their WT counterparts on POD 3 and 6, as
determined using ImageJ Software, version 1.39u for Windows, represented by the ratio of
vWF fluorescent intensity per anastomotic area. C, D) quantification of mature tubular blood
vessels per anastomotic area in HB-EGF KO and TG mice compared to their WT
counterparts on POD 6. WT, wild type; KO, HB-EGF knock out mice; TG, HB-EGF
transgenic mice; * p<0.05.

Radulescu et al. Page 18

J Surg Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Radulescu et al. Page 19

Table 1

Intestinal anastomosis wound healing grading system

Score Inflammation Mucosal
Epithelium

Submucosal
Healing

4 Absent Normal epithelium Good

3 Slight Mucosa mostly
covered by
epithelium

Moderate bridge

2 Moderate Mucosa partially
covered by
epithelium

Weak bridge

1 Severe Mucosa damaged
completely,

epithelium absent

Absent
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Table 2

Mortality and anastomotic complications

A

Complications WT
(n=16)
POD 3

KO
(n=18)
POD 3

WT
(n=17)
POD 6

KO
(n=24)
POD 6

Mortality 2 (12.5%) 3 (16.6%) 2 (11.7%) 5 (20.8%)

Bleeding - 1 (5.5%) - -

Dehiscence 2 (12.5%) 3 (16.6%) 1 (5.8%) 2 (8.3%)

Abscess 2 (12.5%) 3 (16.6%) 1 (5.8%) 4 (16.6%)

Obstruction - - 3 (17.6%) 5 (20.8%)

All complications 6 (37.5%) 7 (55.3%) 7 (40.9%) 16 (66.5%)

B

Complications WT
(n=16)
POD 3

TG
(n=16)
POD 3

WT
(n=11)
POD 6

TG
(n=10)
POD 6

Mortality 2 (12.5%) 1 (6.2%) 1 (9%) 1 (10%)

Bleeding 1 (6.2%) - - -

Dehiscence - 1 (6.2%) 1 (9%) -

Abscess 2 (12.5%) 3 (18.7%) 1 (9%) 1 (10%)

Obstruction 1 (6.2%) 2 (12.5%) 2 (18.1%) 1 (10%)

All complications 6 (37.4%) 7 (43.6%) 5 (45.1%) 3 (30%)

C

Complications WT
(n=16)
POD 3

WT + HB-EGF
(n=10)
POD 3

WT
(n=11)
POD 6

WT + HB-EGF
(n=11)
POD 6

Mortality 2 (12.5%)* - 2 (11.7%)* -

Bleeding - - - -

Dehiscence 2 (12.5%)* - 1 (5.8%)* -

Abscess 2 (12.5%)* - 1 (5.8%)* -

Obstruction - - 3 (17.6%)* -

All complications 6 (37.5%) - 7 (40.9%) -

WT, wild type mice; WT + HB-EGF, wild type mice that received 800µg/kg HB-EGF; POD, post-operative day;

*
p<0.05.
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