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Abstract

Background—The aim of the current study was to determine the role of heparin-binding EGF-like
growth factor (HB-EGF) as a mediator of gut barrier function after hemorrhagic shock and
resuscitation (HS/R) in mice.

Methods—HS/R was induced in HB-EGF knockout (KO) and wild type (WT) mice. Intestinal
histologic injury scores, intestinal epithelial cell apoptosis, and gut barrier function were determined.
Statistical analyses were performed using linear mixed models with p<0.05 considered statistically
significant.

Results—All mice subjected to HS/R had significantly increased intestinal histologic injury scores,
apoptosis indices and intestinal permeability compared to mice subjected to sham surgery. Compared
to WT mice, HB-EGF KO mice subjected to HS/R had significantly increased histologic injury (mean
injury grade 4.5 £ 1 vs. 2.75 + 0.5 at 3 h of resuscitation, p<0.05), increased apoptosis indices (mean
apoptosis index 6.84 + 1.95 vs. 3.24 + 1.00 at 3 h of resuscitation, p<.05), and increased mucosal

permeability (FD4 clearance 78 + 18.91 vs. 47.75 + 8.06 nl /min/ cm? at 3 h of resuscitation, p<.05).

Conclusions—HB-EGF is essential for the preservation of gut barrier function after HS/R. These
findings support the clinical use of HB-EGF in protection of the intestines from disease states
associated with intestinal hypoperfusion injury.

Introduction

Ischemia/reperfusion (I/R) injury of the intestine is important in many clinically encountered
critical situations including hemorrhagic shock and resuscitation (HS/R). The gut is particularly
susceptible to I/R injury due to its higher critical oxygen requirement compared to other organs
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of the body. While the local effects of intestinal ischemia are a serious concern themselves,
the systemic effects, manifested by the systemic inflammatory response syndrome and multiple
organ dysfunction syndrome, can be devastating and often fatal.1 2

Heparin-binding EGF-like growth factor (HB-EGF) was first identified as a 22-kDa
glycoprotein in the conditioned medium of cultured human macrophages?, and later identified
to be a member of the EGF family of growth factors.* Like other EGF family members, HB-
EGF binds to and activates the EGF receptor (EGFR/ HER1/ErbB-1). Additionally, HB-EGF
activates ErbB-4 (HER4) and N-arginine dibasic convertase (NRDc), the latter representing a
specific receptor for HB-EGF only.> Mature HB-EGF has a strong affinity for cell-surface
heparan-sulfate proteoglycans, which enhance its binding to EGFR and its bioactivity in some
cell types.>

Previous studies in our laboratory revealed that endogenous HB-EGF was immediately
upregulated in the intestine after I/R injury.8 Exogenous administration of HB-EGF decreases
reactive oxygen species (ROS) production in the intestine’, and reduces intestinal I/R-induced
inflammation.8 HB-EGF promotes intestinal epithelial cell (IEC) migration and restitution in
order to heal superficial intestinal injuries®, and promotes angiogenesis in order to heal deep
mucosal injuries.10:11 We have used three separate animal models of intestinal injury (I/R
secondary to superior mesenteric artery occlusion®, HS/R12, and stress-induced necrotizing
enterocolitis!3) to show that HB-EGF can protect the intestines from each of these types of
injury.

The current study was designed to examine the effects of loss of endogenous HB-EGF gene
expression on gut barrier function using a clinically relevant model of HS/R.

Materials and Methods

Mouse model of hemorrhagic shock and resuscitation

HB-EGF(") knockout (KO) mice on a C57BL/6J x 129 background and HB-EGF™*/*) wild
type (WT) C57BL/6J x 129 mice were a kind gift from Dr David Lee (Chapel Hill, NC).14 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.14 All animal procedures were approved
by the Institutional Animal Care and Use Committee of the Children's Research Institute
(Protocol 00903AR). Two- to three-month-old male HB-EGF KO or WT mice weighing 25
to 30g were fasted for 16 to 18 h with access to water only. Under inhalation anesthesia using
2% isoflurane, the right and left femoral arteries were cannulated with PE10 tubing (Becton
Dickinson, Sparks, MD). The right arterial catheter was connected to a pressure monitor (Grass,
West Warwick, RI) to follow mean arterial pressure (MAP). Blood was withdrawn over 15
min via the left femoral artery catheter to reduce the MAP to 35 mmHg. Blood was withdrawn
and returned to the animal as needed to maintain a MAP of 35 £ 5 mmHg. Sham animals were
cannulated but were not subjected to hemorrhage. At the end of the shock period (90 min), the
mice were resuscitated with the shed blood plus two times that volume of Ringer's lactate
solution infused slowly over 30 min.

Experimental design

HB-EGF KO and WT mice were randomly assigned to the following groups (n=4 animals per
group); 1) experimental group: animals were subjected to HS/R, and sacrificed at 1, 3and 6 h
after the initiation of resuscitation; 2) sham operated controls: animals were anesthetized and
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catheterized; but no hemorrhage was induced. Small intestines from animals of each group
were obtained for histologic examination at 1, 3, and 6 h timepoints.

For histologic examination, samples of ileum were fixed in 10% formaldehyde for 24 h and
then embedded in paraffin. 5-um thick sections were stained with hematoxylin and eosin.
Histologic injury was graded blindly using a standardized histologic injury scoring system
according to Murao et al.1®> with modifications as follows: Grade 0: no injury; Grade 1:
vacuolization at the tips of villi; Grade 2: vacuolization at the upper one third of villi; Grade
3: vacuolization at the upper two thirds of villi; Grade 4: presence of a subepithelial space;
Grade 5: mucosal ulceration (Figure 1).

TUNEL staining

Terminal deoxynucleotidyl transferase-mediated deoxyuridine 5-triphosphate nick-end
labeling (TUNEL) staining was used to detect fragmented DNA in situ in paraffin sections
using a commercially available test kit (ApopTag Red In Situ Apoptosis Detection; Chemicon
International, Inc., CA) following the manufacturer's instructions. Six sections of terminal
ileum for each animal were examined blindly under 40 x magnification. In each section,
positively stained enterocytes and total enterocytes in the villi and crypts were counted.
Typically, 4000-6000 total enterocytes were counted for each animal. The apoptosis index was
defined as the percent of positively stained enterocytes / 100 enterocytes.

Determination of intestinal permeability

Small intestinal mucosal barrier function was assessed by using the ex vivo isolated everted
sac method as described, with some modifications.16 Briefly, 6 cm long distal jejunal everted
gut sacs were prepared in ice-cold modified Krebs-Henseleit bicarbonate buffer (KHBB, pH
7.4,10 mM Hepes / 137 mM NaCl /5.5 mM KCI/4.2 mM NaHCO3 /0.3 mM NayHPO,4 / 0.4
MMKH,PO4 / 0.4 mM MgSQO,4 /0.5 mM MgCl, / 1.3 mM CaCl, / 19.5 mM 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 pg/ml) for 30 min. The
incubation medium in the beaker was maintained at a temperature of 37°C and was
continuously bubbled with a gas mixture containing 95% O, and 5% CO5. 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 min 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
min at 1000 g at 4°C. Fluorescence of 100 pl 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 follows'6: FD4
clearance (nL/min/cm?) = FD4g, x (Original 0.4 ml +Absorbed Volume) x 3071x FD4y,c 1 x
(nDL)?

Statistical analyses

To take into consideration repeated measurements from the same animals, the differences in
injury scores, apoptosis indices, and intestinal permeability between different groups under
sham control and hemorrhage shock conditions at each time point were tested using linear
mixed effects models. The Holms procedure was used to correct for multiple endpoints and
p<0.05 was considered significant after adjustment for multiple comparisons.
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HB-EGF gene deletion is associated with increased structural intestinal injury in mice
subjected to HS/R

To evaluate the role of endogenous HB-EGF in tolerance to intestinal injury, HB-EGF KO and
WT mice were subjected to HS/R. All mice (KO and WT) subjected to HS/R had significantly
increased histologic injury scores at 1, 3 and 6 h of reperfusion compared to mice subjected to
sham surgery only (Figure 2). HB-EGF KO mice had significantly increased histologic injury
compared to WT mice at 3 and 6 h of resuscitation (mean injury grade 45+ 1.0vs. 2.75+ 0.5
at 3 h of resuscitation, p=0.0009). Thus, HB-EGF KO mice have more serious histologic
intestinal injury compared to WT mice upon recovery from hemorrhagic shock, indicating that
endogenous HB-EGF gene expression is essential for preservation of structural integrity after
HS/R.

HB-EGF gene deletion is associated with increased enterocyte apoptosis in mice subjected

to HS/R

Since apoptosis is a major mode of IEC death induced by I/R injury, we next evaluated the
effect of endogenous HB-EGF gene deletion on enterocyte apoptosis using TUNEL staining
of histologic sections to calculate the apoptosis index (defined as the percent of positively
stained enterocytes / 100 enterocytes). All mice (KO and WT) subjected to HS/R had
significantly increased apoptosis indices at 1, 3 and 6 h of resuscitation compared to mice
subjected to sham surgery only (Figure 3). HB-EGF KO mice had significantly increased
apoptosis indices compared to WT mice at 1, 3 and 6 h of resuscitation (mean apoptosis index
6.84 £ 1.95 vs. 3.24 £+ 1.00 at 3 h of resuscitation, p<0.0001). The increased IEC apoptosis in
HB-EGF KO mice after HS/R supports a role for endogenous HB-EGF gene expression in
protection of enterocytes from apoptosis after injury.

HB-EGF gene deletion is associated with intestinal barrier dysfunction in mice subjected to

HS/R

Since increased enterocyte apoptosis may lead to gut barrier dysfunction after intestinal injury,
we next evaluated the effect of endogenous HB-EGF gene deletion on the functional gut
permeability barrier, as determined by mucosal-to-serosal unidirectional clearance to FD4
using the everted gut sac method. All mice (KO and WT) subjected to HS/R had significantly
increased intestinal permeability at 1, 3 and 6 h of resuscitation compared to mice subjected
to sham surgery only (Figure 4). HB-EGF KO mice had significantly increased mucosal
permeability compared to WT mice at 1, 3 and 6 h of resuscitation (FD4 clearance 78 + 18.91
vs. 47.75 + 8.06 nl/min/cm? at 3 h of resuscitation, p<0.05). This indicates that HB-EGF KO
mice have increased intestinal permeability after HS/R, and that endogenous HB-EGF gene
expression is essential for the preservation of a functional gut barrier during recovery of the
intestine from injury.

Discussion

Our results demonstrate that endogenous HB-EGF is important in intestinal barrier function
after HS/R. Since HB-EGF KO mice have deletion of HB-EGF only, with preservation of other
EGF family members, our results also show that the effects of loss of HB-EGF on gut barrier
function cannot be compensated for by the presence of other EGF family members.

HB-EGF has been shown to play important physiological roles in the process of healing after
injury. The function of endogenous HB-EGF in skin wound healing has been investigated using
a keratinocyte-specific HB-EGF KO mouse model, in which wound closure was markedly
impaired in the KO mice.1” This was confirmed in vitro, where functional blocking of
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endogenous HB-EGF using HB-EGF neutralizing antibodies caused a significant reduction in
keratinocyte migration resulting in delayed wound healing.18 Others have found that liver
regeneration was delayed in HB-EGF KO mice after two-thirds partial hepatectomy.1® We
have shown that HB-EGF KO mice have impaired intestinal restitution and angiogenesis, and
decreased survival, after intestinal I/R due to superior mesenteric artery occlusion.10
Collectively, these studies suggest that endogenous HB-EGF plays a key role in healing, arole
that cannot be compensated for by the presence of other EGF family members.

Compared with other injury models, the HS/R mouse model has some unique characteristics.
Among the internal organs, the intestine is probably the most sensitive to I/R injury.
Interruption of the blood supply to the intestine results in ischemic injury which rapidly
damages this metabolically active tissue. In addition, restoration of blood flow to the ischemic
intestine initiates a cascade of events known as reperfusion injury, which may lead to even
more serious injury than the original ischemic insult.: 2 When the intestine is subjected to HS/
R, the earliest lesion of the intestinal mucosa seen by light microscopy following hypoxic shock
is enterocyte cytoplasmic vacuolization, indicating that the cellular organelles are affected by
hypofusion.1% 20 Enterocyte vacuolization is followed by structural damage, with injury to the
basal portion of the villi and in the intestinal crypts appearing much later than injury to the
distal villi.2! In the current study, we found that HB-EGF KO mice sustained more serious
intestinal injury than HB-EGF WT mice after HS/R, indicating that endogenous HB-EGF gene
expression is involved in the structural recovery of the intestinal barrier after injury.

Apoptosis is a major mode of IEC death during I/R injury. In the early stage of I/R, over 80%
of the detached cells exhibited characteristic morphological features of apoptosis, with only
20% demonstrating necrosis.?? In previous studies using mouse muscle myoblast C2C12 cells,
blocking of endogenous HB-EGF with neutralizing antibodies significantly enhanced
sensitivity to apoptosis induced by hypoxic stress.23 We have previously shown that addition
of HB-EGF to pro-inflammatory cytokine stimulated IEC in vitro increases resistance to
apoptosis.24 Our current results reveal that HB-EGF KO mice have significantly increased
apoptosis indices compared to WT mice after HS/R, suggesting that endogenous HB-EGF
plays an anti-apoptotic role after intestinal injury due to HS/R.

We have demonstrated that mucosal hyperpermeability is detectable 1 h after resuscitation in
HB-EGF KO mice exposed to HS/R, and showed that this abnormality persists until at least 6
h after resuscitation. This significantly increased gut permeability indicates that endogenous
HB-EGF plays an important role in the preservation of intestinal barrier function after injury.

In conclusion, our results show that HB-EGF is essential for preservation of gut barrier function
after HS/R, and that lack of HB-EGF expression cannot be compensated for by the presence

of other EGF family members. These findings support the clinical use of HB-EGF to protect
the intestines from disease states associated with intestinal hypoperfusion injury.
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Figure 1.

Grading system for histological injury after HS/R. Grade 0, no injury; Grade 1, vacuolization
at the tips of villi; Grade 2, vacuolization at the upper one third of villi; Grade 3, vacuolization
at the upper two thirds of villi; Grade 4, presence of a subepithelial space; Grade 5, mucosal
ulceration. Arrows indicate areas of vacuolization; asterisks indicate subepithelial spaces,
arrowheads indicate the disrupted tips of the villi.

Surgery. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Histologic Injury Score

Page 9
[] WT Sham .
[] KO Sham —_— .
B wTHSIR —

B KOHSIR

[

Reperfusion Reperfusion Reperfusion
1h Jh 6 h

Figure 2.

HB-EGF gene deletion is associated with higher intestinal injury scores in mice subjected to
HS/R. HB-EGF KO and WT mice were subjected to hemorrhagic shock (MAP of 35 + 5
mmHg) for 90 minutes followed by reperfusion for 1, 3 and 6 hours. Histologic injury in the
ileum was graded using the scoring system described in Figure 1. *p<0.05.
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Figure 3.

HB-EGF gene deletion is associated with increased apoptosis in mice subjected to HS/R. HB-
EGF KO and WT mice were subjected to hemorrhagic shock (MAP of 35 + 5 mmHg) for 90
minutes followed by reperfusion for 1, 3 and 6 hours. Histologic sections of terminal ileum
were subjected to TUNEL staining, positively stained enterocytes and total enterocytes in the
villi and crypts were counted, and apoptosis indices calculated as the percent of positively
stained enterocytes / 100 enterocytes. *p<0.05.
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Figure 4.

HB-EGF gene deletion is associated with increased intestinal permeability in mice subjected
to HS/R. HB-EGF KO and WT mice were subjected to hemorrhagic shock (MAP of 35 £5
mmHg) for 90 min followed by reperfusion for 1, 3 and 6 h. Intestinal permeability was
determined by FD4 clearance using the everted gut sac method. *p<0.05, **p=0.05.
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