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Abstract
Background—The morbidity and mortality associated with bacterial peritonitis remain high.
Heparin-binding epidermal growth factor (EGF)-like growth factor (HB-EGF) is a potent
intestinal cytoprotective agent. The aim of this study was to evaluate the effect of HB-EGF in a
model of murine peritonitis.

Methods—HB-EGF(−/−) knockout (KO) mice and their HB-EGF(+/+) wild-type (WT)
counterparts were subjected to sham operation, cecal ligation and puncture (CLP), or CLP with
HB-EGF treatment (800 µg/kg IP daily). Villous length, intestinal permeability, intestinal
epithelial cell (IEC) apoptosis, bacterial load in peritoneal fluid (PF) and mesenteric lymph nodes
(MLN), inflammatory cytokine levels, and survival were determined.

Results—After exposure to CLP, HB-EGF KO mice had significantly shorter villi (1.37 ± 0.13
vs 1.96 ± 0.4 relative units; P < .03), increased intestinal permeability (17.01 ± 5.18 vs 11.50 ±
4.67 nL/min/cm2; P < .03), increased IEC apoptotic indices (0.0093 ± 0.0033 vs 0.0016 ± 0.0014;
P < .01), and increased bacterial counts in PF (25,313 ± 17,558 vs 11,955 ± 6,653 colony forming
units [CFU]/mL; P < .05) and MLN (19,009 ± 11,200 vs 5,948 ± 2,988 CFU/mL/g; P < .01)
compared with WT mice. Administration of HB-EGF to WT and HB-EGF KO mice exposed to
CLP led to significantly increased villous length and decreased intestinal permeability, IEC
apoptosis and bacterial counts in MLN (P < .05). Survival of HB-EGF KO mice subjected to CLP
was significantly improved with administration of HB-EGF (P < .05).

Conclusion—HB-EGF gene KO increases susceptibility to peritonitis-induced intestinal injury,
which can be reversed by administration of HB-EGF. These results support a protective role of
HB-EGF in peritonitis-induced sepsis.

Sepsis is a common and frequently fatal condition that kills >200,000 people each year in
the United States.1 The intestine plays a central role in the pathophysiology of sepsis, where
it has been characterized as the ‘‘motor’’ of the systemic inflammatory response
syndrome.2–4 Perturbations to the intestinal epithelium in sepsis result in barrier
dysfunction, 5,6 increased apoptosis,7–9 and the production of cytokines, 10 which may result
in distant organ damage leading to multiple organ failure. A number of studies have
demonstrated that the loss of gut barrier function after various adverse circulatory conditions
results in subsequent bacterial translocation from the intestinal lumen,11–14 which
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contributes to the development or exacerbation of systemic infection by allowing distant
spreading of bacteria and bacterial toxins.15

Heparin-binding epidermal growth factor (EGF)-like growth factor (HB-EGF) was initially
identified in the conditioned medium of cultured human macrophages16 and later found to
be a member of the EGF family.17 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 heparin- sulfate
proteoglycans can act as highly abundant, low-affinity receptors for HB-EGF. HB-EGF is an
immediate early gene that plays a pivotal role in mediating the earliest cellular responses to
proliferative stimuli and cellular injury.18 Previous studies from our laboratory and from
other laboratories have shown that expression of endogenous HB-EGF is significantly
increased in response to tissue damage,19,20 hypoxia,21 and oxidative stress,22 as well as
during wound healing and regeneration.23

We have accumulated multiple lines of evidence supporting a role for HB-EGF in protection
of the intestines from a variety of insults including intestinal ischemia/reperfusion (I/R)
injury,20 hemorrhagic shock and resuscitation (HS/R),24 and necrotizing enterocolitis
(NEC).25 We have previously shown that HB-EGF knockout (KO) mice have increased
intestinal injury upon exposure to intestinal I/R,26 HS/R,27 and NEC,28 and that HB-EGF
transgenic mice have decreased intestinal injury upon exposure to HS/R29 and NEC.30

Furthermore, we have shown that administration of exogenous HB-EGF under experimental
conditions protects the intestines from intestinal I/R,31 HS/R,24 and NEC,25,32,33 and
protects the lungs from remote organ injury after intestinal I/R.34 The aim of the current
study was to investigate the role of HB-EGF in a completely different animal model of
peritonitis-induced intestinal injury and sepsis---the model of cecal ligation and puncture
(CLP), which is initiated by bacterial invasion followed by multiple organ dysfunction.

MATERIALS AND METHODS
Animals

Ten- to 12-week old (25–30 g) male HB-EGF(−/−) KO mice and their HB-EGF(+/+) wild-
type (WT) counterparts were subjected to CLP or sham operation. 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).35 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.35 All animal protocols were approved by the Institutional Animal
Care and Use Committee of the Research Institute at Nationwide Children’s Hospital
(Protocol # AR0800088).

Peritonitis model
Mice were subjected to CLP according to the methodology of Baker et al36 Mice were
anesthetized with 2.5% isofluorane, and a 1-cm ventral midline abdominal incision was
made aseptically through the skin and linea alba. The cecum was located, exteriorized, and
ligated with 3-0 silk just distal to the ileocecal valve by a technique that did not result in
intestinal obstruction, and was then punctured through-and-through twice with a 23-gauge
needle. The cecum was then gently squeezed to extrude a small amount of stool and
replaced into the abdomen, which was then closed in layers. Sham mice were treated
identically, except that the cecum was neither ligated nor punctured. Animals were
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humanely killed at either 24 hours for functional studies or at 7 days in survival
experiments. The operators were blinded to the treatment groups.

Administration of HB-EGF
One hour before CLP, a cohort of HB-EGF KO or WT mice received an intraperitoneal (IP)
injection of HB-EGF (800 µg/kg) diluted in 1 mL of sterile phosphate-buffered saline (PBS),
with control mice receiving vehicle only. For survival experiments, mice received IP
injections of HB-EGF or vehicle once daily until they either died or were humanely killed at
7 days. The dosage of HB-EGF was based on our previously published work showing
efficacy of HB-EGF at this dosage.25–28,32,33

Morphologic analyses
Villus length was determined in hematoxylin and eosin (H&E) stained jejunal sections by
measuring the distance from the crypt neck to the villus tip using Image J software (National
Institutes of Health, Bethesda, MD). A minimum of 10 villi from each section were
measured by a blinded examiner. Results were expressed in relative units, as determined by
the centimeter to pixel ratio.

Intestinal permeability
Intestinal mucosal barrier function was assessed using the ex vivo isolated everted gut sac
method as described, with some modifications.37 Briefly, 6-cm-long distal ileal everted gut
sacs were prepared in ice-cold modified Krebs-Henseleit bicarbonate buffer (KHBB; pH,
7.4; 10 mmol/L HEPES/137 mmol/L NaCl/5.5 mmol/L KCl/4.2 mmol/L NaHCO3/0.3
mmol/L Na2HPO4/0.4 mmol/L KH2PO4/0.4 mmol/L MgSO4/0.5 mmol/L MgCl2/1.3 mmol/
L CaCl2/19.5 mmol/L glucose). Fluorescein-isothiocyanate dextran (Mr 4000 Da; FD4) was
used as a permeability probe. The everted gut sacs were gently distended by injecting 0.4
mL of KHBB and suspending the sacs in a 50-mL beaker containing 40 mL of KHBB with
added FD4 (100 µg/mL) for 30 minutes. The incubation medium in the beaker was
maintained at a temperature of 37°C and was continuously bubbled with a gas mixture
containing 95% O2 and 5% CO2. A 1-mL sample was taken from the beaker at the
beginning of the incubation to determine the initial FD4 concentration of the mucosal side.
After the 30 minutes of incubation, the fluid was aspirated from the inside of the sac to
determine the FD4 concentration of the serosal side. The length and diameter of each gut sac
was measured. Serosal and mucosal samples were centrifuged for 10 minutes at 1,000 × g at
4°C. Fluorescence of 100 µL of supernatant was measured using an LS-50 fluorescence
spectrophotometer (Perkin-Elmer, Palo Alto, CA) at an excitation wavelength of 492 nm
(slit width, 2.5 nm) and an emission wavelength of 515 nm (slit width, 10 nm). Gut
permeability was expressed as the mucosal-to-serosal clearance of FD4 as follows27,37:

FD4 clearance (nL/min/cm2) = FD4ser × (Original 0.4ml + Absorbed Volume)30−1 ×
FD4muc−1 × (πDL)−1

Intestinal epithelial cell apoptosis
Apoptotic cells in the intestine were identified by terminal deoxynucleotidyl transferase
dUTP nick-end labeling using an ApopTag Red in situ apoptosis detection kit (Chemicon
International, Temecula, CA) following the manufacturer’s protocol as follows. Paraffin-
embedded tissue sections were deparaffinized and pretreated with freshly diluted protein
digesting enzyme for 15 minutes at room temperature (RT). We applied 75 µL/5 cm2

equilibration buffer directly to tissue sections and incubated for 10 seconds at RT. Excess
liquid was gently tapped off the tissue sections and a working strength of Tdt enzyme (55
µL/5 cm2) was applied to the sections and allowed to incubate in a humidified chamber at
37°C for 1 hour. Slides were washed 3 times with 1 × PBS and incubated with anti-
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digoxigenin conjugate for 30 minutes at RT in a dark room. Slides were washed 4 times with
1 × PBS for 2 minutes at RT and counterstained with a mounting media containing DAPI
(Invitrogen, Eugene, OR). Positively stained apoptotic cells in the intestine were counted
randomly in three 40× view fields for each animal in a blinded fashion. In each section,
positively stained enterocytes and total enterocytes were counted using Image Pro Plus 6.2.1
for Windows (Media Cybernetics, Inc, Bethesda, MD). The apoptotic index was defined as
the percent of positively stained enterocytes per 100 enterocytes.

Bacterial cultures of peritoneal fluid
Twenty-four hours after CLP or sham operation, the peritoneal cavity was lavaged with 3
mL of sterile PBS to obtain peritoneal fluid (PF). Aliquots of 0.1 mL were plated in
duplicate onto MacConkey agar plates (BD, Franklin Lakes, NJ) for culture of total Gram-
negative bacilli. The plates were incubated for 24 hours at 37°C and then counted for
bacterial colony-forming units (CFU). Results were expressed as CFU/mL ± SD.

Bacterial cultures of mesenteric lymph nodes
Twenty-four hours after CLP or sham operation, mesenteric lymph nodes (MLN) were
harvested under sterile conditions and assessed for translocation of endogenous enteric
bacteria. After rinsing in sterile PBS (5 mL) 3 times, MLN were weighed, homogenized in 1
mL of PBS, and aliquots of 0.1 mL were plated in duplicate onto MacConkey agar plates
(BD, Franklin Lakes, NJ) for culture of total Gram-negative bacilli. The plates were
incubated for 24 hours at 37°C and then counted for CFU. Results were expressed as CFU/
mL ± SD.

Local and systemic cytokine levels
PF was collected as described. Blood was collected from the abdominal aorta by direct
puncture. Cytokine levels of interleukin (IL)-6, IL-10, IL-12p70, monocyte chemoattractant
protein-1, interferon-γ, and tumor necrosis factor (TNF) in PF and serum were determined
using a cytometric bead array (BD Mouse Inflammation Kit, San Jose, CA) according to the
manufacturer’s protocol. All samples were run in duplicate.

Animal survival study
Additional HB-EGF KO mice and their WT counterparts were subjected to either CLP, CLP
with administration of HB-EGF, or sham operation (n = 11 per group). Animal survival was
determined over a 7-day time period. Animals were monitored every 6 hours until the end of
the 1-week study period. Mice were humanely killed upon the development of set end point
criteria (abdominal distention, respiratory distress, or lethargy). All remaining animals were
humanely killed at the end of experiment at 7 days.

Statistical analyses
The unpaired, 2-tailed Student t test was used to compare mice subjected to CLP and mice
subjected to CLP with HB-EGF treatment, and to compare the KO mice and their WT
counterparts. Multiple comparisons were performed using 1-way analysis of variance.
Statistical analysis was performed using Microsoft Office Excel, version 2007 for Windows
(Microsoft, Redmond, WA). Survival was assessed by the Log-Rank or Fleming-Harrington
test using SAS 9.1.3 (SAS Institute Inc, Cary, NC). Bacterial culture results were analyzed
using the hierarchical linear model, HLM 6, SAS 9.1.3 (SAS Institute Inc). Results were
expressed as mean values ± SD.
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RESULTS
Decreased villous length after CLP is exacerbated in HB-EGF KO mice

Villus length was assessed in H&E-stained jejunal sections from WT and HB-EGF KO mice
subjected to either sham operation, CLP, or CLP with HB-EGF administration (Fig 1). WT
mice subjected to CLP had significantly decreased villous length compared with WT mice
subjected to sham operation (2.10 ± 0.35 vs 2.55 ± 0.21 relative units; P = .04). HB-EGF
KO mice subjected to CLP had significantly decreased villous length compared with HB-
EGF KO mice subjected to sham operation (1.37 ± 0.13 vs 2.09 ± 0.17 relative units; P = .
0002). HB-EGF KO mice had decreased villous length compared with WT mice after sham
operation (2.09 ± 0.17 vs 2.55 ± 0.21 relative units; P = .0099) and after CLP (1.37 ± 0.13 vs
2.10 ± 0.35 relative units; P = .0034). After treatment with HB-EGF, villous length
increased significantly in both WT mice (2.65 ± 0.33 vs 2.10 ± 0.35 relative units; P = .
0395) and KO mice (1.66 ± 0.18 vs 1.37 ± 0.13 relative units; P = .0209) subjected to CLP.

HB-EGF KO mice have worsened intestinal permeability after CLP
We next examined intestinal permeability as a measure of gut barrier function in WT and
HB-EGF KO mice exposed to sham operation, CLP, or CLP with HB-EGF administration
(Fig 2). WT mice subjected to CLP had significantly increased intestinal permeability
compared with WT mice subjected to sham operation (18.04 ± 7.17 vs 6.06 ± 2.50 nL/min/
cm2; P = .0254). HB-EGF KO mice subjected to CLP had significantly increased intestinal
permeability compared with HB-EGF KO mice subjected to sham operations (31.49 ± 7.39
vs 13.47 ± 2.59 nL/min/cm2; P = .0237). HB-EGF KO mice had significantly increased
intestinal permeability under basal (non-injury) conditions compared with WT mice (13.47
± 2.59 vs 6.06 ± 2.50 nL/min/cm2; P = .0490), as we have previously reported.28 HB-EGF
KO mice subjected to CLP had significantly increased intestinal permeability compared with
WT mice subjected to CLP (31.49 ± 7.39 vs 18.04 ± 7.17 nL/min/cm2; P = .0101). When
WT mice subjected to CLP were treated with HB-EGF, intestinal permeability was
significantly improved (11.98 ± 3.25 vs 18.04 ± 7.17 nL/min/cm2; P = .0393). When HB-
EGF KO mice were subjected to CLP but treated with HB-EGF, intestinal permeability was
also significantly improved (18.15 ± 6.64 vs 31.49 ± 7.39 nL/min/cm2; P = .0116).

HB-EGF KO mice have increased IEC apoptosis after CLP
Because apoptosis is a major mode of intestinal epithelial cell (IEC) death induced by CLP,
we next evaluated IEC apoptosis in our model. WT mice subjected to CLP had increased
IEC apoptosis compared with WT mice subjected to sham operations (0.0141 ± 0.0189 vs
0.0008 ± 0.0003 mean apoptosis index; P = .082; Fig 3). WT mice subjected to CLP but
treated with HB-EGF had decreased apoptosis compared with WT mice subjected to CLP
only (0.0024 ± 0.0028 vs 0.0141 ± 0.0189 mean apoptosis index; P = .092). HB-EGF KO
mice subjected to CLP had increased IEC apoptosis compared with HB-EGF KO mice
subjected to sham operation, and this reached statistical significance (0.0541 ± 0.0554 vs
0.0009 ± 0.0004 mean apoptosis index; P < .05). HB-EGF KO mice subjected to CLP had
increased IEC apoptosis compared with WT mice subjected to CLP (0.0541 ± 0.0554 vs
0.014 ± 0.019 mean apoptosis index; P < .05). HB-EGF KO mice subjected to CLP but
treated with HB-EGF had significantly decreased IEC apoptosis compared with HB-EGF
KO mice subjected to CLP only (0.0541 ± 0.0554 vs 0.0035 ± 0.0016 mean apoptosis index;
P < .05).

HB-EGF KO mice have increased bacterial growth in PF and MLN after CLP
WT mice subjected to CLP had significantly increased bacterial growth in PF (11,955 ±
6,654 CFU/mL) and MLN (5,949 ± 2,989 CFU/mL/g) compared with WT mice subjected to
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sham operation (Fig 4). HB-EGF KO mice subjected to CLP had significantly increased
bacterial growth in PF (25,314 ± 17,558 CFU/mL) and MLN (19,010 ± 11,200 CFU/mL/g)
compared with HB-EGF KO mice subjected to sham operation. HB-EGF KO mice subjected
to CLP had increased bacterial growth in PF (25,314 ± 17,558 CFU/mL vs 11,955 ± 6,653
CFU/mL; P = .0327) and in MLN (19,010 ± 11,200 CFU/mL/g vs 5,949 ± 2,989 CFU/mL/g;
P = .0015) compared with WT mice subjected to CLP. WT mice subjected to CLP but
treated with HB-EGF had significantly decreased bacterial growth in MLN (3,289 ± 648
CFU/mL/g vs 5,949 ± 2,989 CFU/mL/g; P = .0069) compared with WT mice subjected to
CLP. HB-EGF KO mice subjected to CLP but treated with HB-EGF had decreased bacterial
growth in PF and MLN, and this reached statistical significance in MLN (19,010 ± 1,1200
CFU/mL/g vs 7,163 ± 1,441 CFU/mL/g; P = .0255).

Local and systemic cytokine levels
Pro- and anti-inflammatory cytokine levels were determined in both PF and serum 24 hours
after CLP. The pro-inflammatory cytokines TNF-α, IFN-γ, and IL-6, and the anti-
inflammatory cytokine IL-10, were all significantly increased in PF and serum from WT
mice subjected to CLP compared with WT mice subjected to sham operation (P < .01 for
each), with the exception of IFN-γ levels in the serum which were unchanged (Fig 5). WT
mice subjected to CLP but treated with HB-EGF had decreased levels of TNF-α (91.06 ±
78.55 pg/mL vs 286.99 ± 233.99 pg/mL; P = .0616), IFN-γ (1.46 ± 1.07 pg/mL vs 3.66 ±
2.75 pg/mL; P = .0616), IL-6 (553.15 ± 122.54 pg/mL vs 3,000.88 ± 3,095.14 pg/mL; P = .
29), and IL-10 (97.54 ± 19.13 pg/mL vs 659.06 ± 738.89 pg/mL; P = .4334) in PF compared
with WT mice subjected to CLP only, although these values did not attain significance. The
levels of these cytokines in PF and serum were decreased in HB-EGF KO mice subjected to
CLP compared with WT mice subjected to CLP (P < .05 for each), with the exception of
IFN-γ levels in the serum, which were unchanged. HB-EGF KO mice exposed to CLP had
significantly increased PF and serum TNF-α and IL-6 compared with HB-EGF KO mice
subjected to sham operation (P < .01 for each). Serum levels of IL-10 were significantly
increased in HB-EGF KO mice subjected to CLP that received HB-EGF compared with HB-
EGF KO mice subjected to CLP only (277.3 ± 123.2 pg/mL vs 37.2 ± 35.8 pg/mL; P = .
0001).

HB-EGF KO mice have decreased survival after CLP
There was no mortality in HB-EGF KO mice or WT mice subjected to sham operation (Fig
6). WT mice subjected to CLP had significantly improved survival compared with HB-EGF
KO mice subjected to CLP (9% [1/11] vs 0% [0/11]; P = .0085). None of the HB-EGF KO
mice subjected to CLP survived >5 days. Although no significance was noted between WT
mice subjected to CLP but treated with HB-EGF and WT mice subjected to CLP only (18%
[2/11] vs 9% [1/11]; P = .4944), HB-EGF KO mice subjected to CLP but treated with HB-
EGF had increased survival compared with HB-EGF KO mice subjected to CLP only (18%
[2/11] vs 0% [0/11]; P = .0049).

DISCUSSION
The inherent capacity of epithelial cells to regenerate enables intestinal repair and healing
even after extensive mucosal destruction. Loss of surface epithelium and villous structure is
among the most important factors during intestinal injury. Animal models and clinical data
support the concept that intestinal injury results in increased gut permeability with
subsequent release of bacteria and endotoxin into the systemic circulation, which serves as
the major inciting event leading to the systemic inflammatory response syndrome and
subsequent multiple organ dysfunction syndrome.15,38,39 Our current study shows that,
compared with WT mice, deletion of the HB-EGF gene predisposes mice to peritonitis-
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induced intestinal injury, with decreased villous length, increased intestinal permeability,
increased IEC apoptosis, decreased inflammatory cytokine production, and decreased
survival. We further show that administration of HB-EGF to WT and HB-EGF KO mice
subjected to CLP increases villous length, improves gut barrier function, decreases IEC
apoptosis, and decreases bacterial translocation. Furthermore, administration of HB-EGF to
HB-EGF KO mice exposed to CLP improves survival. Taken together, these findings
demonstrate the importance of HB-EGF in preserving gut barrier function after peritonitis-
induced intestinal injury.

Previous studies from our laboratory have shown that HB-EGF plays an important role in
maintaining intestinal barrier integrity in several models of intestinal injury. We have shown
that HB-EGF KO mice exposed to experimental NEC have increased intestinal injury and
increased intestinal permeability.28 We have also shown that HB-EGF gene deletion is
associated with intestinal barrier dysfunction in mice subjected to HS/R27 and to superior
mesenteric artery occlusion.26 These results demonstrate that endogenous HB-EGF is
important in intestinal barrier function. Because HB-EGF KO mice have deletion of HB-
EGF only, with preservation of other EGF family members (data not shown), our current
and previous results show that the effect of loss of HB-EGF on gut barrier function cannot
be compensated for by the presence of other EGF family members.

Previous data from our laboratory demonstrate that administration of HB-EGF to rat pups
exposed to experimental NEC or adult rats exposed to I/R significantly decreases enteric
bacterial translocation to MLN.40,41 Our current findings demonstrate that loss of
endogenous HB-EGF expression increases the bacterial load in the PF and MLN after CLP,
and that administration of HB-EGF can decrease the bacterial translocation observed. This is
important, because there is a correlation between bacterial translocation and subsequent
sepsis, which likely accounts for the survival advantage conferred to HB-EGF KO mice
subjected to CLP but treated with HB-EGF.

Our current study indicates that 24 hours after CLP, HB-EGF KO mice have decreased pro-
and anti-inflammatory cytokine levels. This suggests that loss of HB-EGF expression results
in a poor response to inflammation caused by bacterial invasion. It is well known that a
proper level of inflammation during infection is necessary and crucial for inhibiting bacterial
growth and translocation after inflammation occurs.42 We postulate that the poor response to
bacteria-induced inflammation in the early stage of peritonitis leads to excessive bacterial
growth and poor survival in HB-EGF KO mice subjected to CLP. In our model,
administration of HB-EGF to HB-EGF KO mice subjected to CLP led to increased anti-
inflammatory IL-10 levels in the serum, consistent with a partially restored response to
bacteria-induced inflammation.

Using a model in which mice overexpress epidermal growth factor (EGF) in villi, Clark et
al2 demonstrated preservation of villus structure and length, decreased apoptosis in the
intestine, and preservation of the intestinal proliferative response after CLP. In those studies,
systemic administration of EGF conferred a survival advantage, but did not reduce the
bacterial burden or cytokine levels in PF or blood.2 In contrast, our studies show that HB-
EGF administration results in decreased bacterial translocation and decreased pro-
inflammatory cytokine levels after CLP. It has been shown that HB-EGF binds to and
activates ErbB-1 to promote cell proliferation and chemotaxis, and also activates ErbB-4 to
stimulate chemotaxis. Because HB-EGF binds to the EGF receptor (ErbB-1, EGFR) with a
10-fold greater affinity than EGF, it may act as a more potent mitogen and chemoattractant
than EGF.17 In addition, the ability of HB-EGF to bind to low-affinity, high-concentration
cell-surface heparin sulfate proteoglycans may enhance its binding to EGFR.43 The current
observation that HB-EGF KO mice have lower survival after CLP compared with WT mice
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highlights the importance of endogenous HB-EGF expression as an important survival factor
in animals suffering from peritonitis.

In the current study, we utilized a model of sepsis based on CLP to examine the effects of
HB-EGF administration. The CLP model is very different in pathophysiology compared
with the I/R model31 or the HS/R model24 that we have used in our previous studies. The
initiator of the CLP model is bacterial invasion, which causes endotoxemia and sepsis,
whereas the model of I/R or HS/R is initiated by low local or systemic blood perfusion,
which causes inflammation and oxidative damage to the intestines and other organs.44 The
CLP model is felt to be an ideal model for investigating bacterial peritonitis, as is commonly
seen in the hospital setting, justifying our use of this model in the current studies.

Our results support an important protective role for HB-EGF in a model of sepsis based on
CLP. Compared with WT mice, mice with loss of endogenous HB-EGF expression have
significantly increased IEC apoptosis, pro-inflammatory cytokine expression, intestinal
permeability, and mortality after CLP, which can be reversed with administration of
exogenous HB-EGF. Administration of HB-EGF to WT mice subjected to CLP resulted in
improved apoptosis indices and pro-inflammatory cytokine levels, although the results did
not reach statistical significance. However, it is possible that examination at different time
points after CLP may have resulted in significant results. Although WT mice subjected to
CLP that were treated with HB-EGF had a 100% higher survival rate compared with WT
mice subjected to CLP only (2/11 vs 1/11), the sample size of the survival study may have
precluded significance of these results.

Taken together, our results demonstrate the ability of HB-EGF to confer a survival
advantage and to improve intestinal barrier function in a murine model of sepsis. These
findings support a role for HB-EGF as a novel preventive or therapeutic agent for the
treatment of peritonitis-induced sepsis in the future.
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Fig 1.
Intestinal villous length. A, Representative H&E-stained histologic images of sections of
jejunum from (a) WT mice subjected to sham operation (n = 5); (b) WT mice subjected to
CLP (n = 4); (c) WT mice subjected to CLP but treated with HB-EGF (n = 6); (d) HB-EGF
KO mice subjected to sham operation (n = 4); (e) HB-EGF KO mice subjected to CLP (n =
5); and (f) HB-EGF KO mice subjected to CLP but treated with HB-EGF (n = 5). Original
magnification, ×100. B, Quantification of villous length. Villous length was measured as the
distance from the crypt neck to the villous tip using Image J software. KO, HB-EGF KO
mice; WT, wild type.
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Fig 2.
Intestinal permeability was determined by FD4 clearance in everted gut sacs in WT mice
subjected to sham operation (n = 3), WT mice subjected to CLP (n = 7), WT mice subjected
to CLP but treated with HB-EGF (n = 9), HB-EGF KO mice subjected to sham operation (n
= 2), HB-EGF KO mice subjected to CLP (n = 5), and HB-EGF KO mice subjected to CLP
but treated with HB-EGF (n = 6). KO, HB-EGF KO mice; WT, wild type.
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Fig 3.
A, Representative histologic images of sections of jejunum subjected to terminal
deoxynucleotidyl transferase dUTP nick end labeling staining (red) and DAPI nuclear
counterstaining (blue) from (a) WT mice subjected to sham operation (n = 5); (b) WT mice
subjected to CLP (n = 9); (c) WT mice subjected to CLP but treated with HB-EGF (n = 7);
(d) HB-EGF KO mice subjected to sham operation (n = 4); (e) HB-EGF KO mice subjected
to CLP (n = 5); (f) HB-EGF KO mice subjected to CLP but treated with HB-EGF (n = 5).
Original magnification, ×200. B, Positively stained enterocytes and total enterocytes were
counted using Image Pro Plus 6.2.1 for Windows, and the apoptotic index was defined as the
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percent of positively stained enterocytes per 100 enterocytes. KO, HB-EGF KO mice; WT,
wild type.
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Fig 4.
Bacterial growth in PF and mesenteric lymph nodes. A, Representative MacConkey agar
plates demonstrating bacterial growth from the PF and mesenteric lymph nodes of WT mice
subjected to sham operation (n = 2), WT mice subjected to CLP (n = 5), WT mice subjected
to CLP but treated with HB-EGF (n = 6), HB-EGF KO mice subjected to sham operation (n
= 2), HB-EGF KO mice subjected to CLP (n = 4), and HB-EGF KO mice subjected to CLP
but treated with HB-EGF (n = 6). B, Quantification of bacterial colony forming units (CFU)
in PF. C, Quantification of bacterial CFU in mesenteric lymph nodes. KO, HB-EGF KO
mice; WT, wild type. (Color version of figure is available online.)
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Fig 5.
Pro- and anti-inflammatory cytokine levels were determined in peritoneal fluid (PF) and
serum (SR) obtained 24 hours after surgery from WT mice subjected to sham operation (n =
9), WT mice subjected to CLP (n = 14), WT mice subjected to CLP but treated with HB-
EGF (n = 10), HB-EGF KO mice subjected to sham operation (n = 9), HB-EGF KO mice
subjected to CLP (n = 16), and HB-EGF KO mice subjected to CLP but treated with HB-
EGF (n = 6). Data are expressed as mean values ± SD.
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Fig 6.
WT and HB-EGF KO mice were subjected to either sham operation or to CLP, with either
HB-EGF or vehicle only administration. All mice were followed for survival for 7 days. KO,
HB-EGF KO mice; WT, wild type.
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