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Ischemia/reperfusion of mesenteric vessels is a useful
model for acute vascular insufficiency and the early
stages of multiorgan failure, conditions associated
with high morbidity and mortality. Epidermal growth
factor (EGF) is a potent mitogen that shows potential
for use in intestinal injury. We therefore examined its
influence on this model. Male Sprague-Dawley rats
received human recombinant EGF (2 mg/kg i.p., n �
14) or saline (n � 16); 25 minutes before arterial
clamping of the superior mesenteric artery (ischemic
period) for 60 minutes followed by a final 60-minute
reperfusion period. Additional rats were not operated
on (controls, n � 7) or had sham operation (laparot-
omy only, n � 10). Ischemia/reperfusion caused mac-
roscopic damage affecting 56%, 51 to 67% (median,
interquartile range), of small intestinal length and
intraluminal bleeding. Malondialdehyde levels (free
radical marker) increased eightfold compared to non-
operated animals (2400, 2200 to 2700 �mol/mg pro-
tein versus 290, 250 to 350 �mol/mg protein, P <
0.01) and myeloperoxidase levels (marker for inflam-
matory infiltrate) increased 15-fold (3150, 2670 to
4180 U/g tissue versus 240, 190 to 250 U/g tissue, P <
0.01). Pretreatment with EGF reduced macroscopic
injury to 11%, 0 to 15%; prevented intraluminal
bleeding; and reduced malondialdehyde and myelo-
peroxidase levels by �60% and 90% (all P < 0.01
versus non-EGF-treated). Mesenteric ischemia/reper-
fusion also damaged the lungs and kidneys and in-
creased serum tumor necrosis factor-� levels (circu-
lating cytokine activity marker). EGF pretreatment
also reduced these changes. These studies provide

preliminary evidence that EGF is a novel therapy for
the early treatment or prevention of intestinal dam-
age and multiorgan failure resulting from mesenteric
hypoperfusion. (Am J Pathol 2002, 161:373–379)

Multiple organ failure is a severe, life-threatening condi-
tion that usually occurs as a result of major trauma, burns,
or fulminant infections. Whatever the initiating event, once
established, multiple organ failure has a high mortality
(up to 80%).1 The pathophysiological mechanisms un-
derlying this condition are unclear although important
contributory factors probably include hypoxia, increased
intestinal permeability, bacterial translocation, endotox-
emia, and uncontrolled systemic inflammatory responses.2

Several studies suggest that the splanchnic circulation
is particularly vulnerable to hypoperfusion, as occurs in
low-flow states such as hemorrhagic shock and that this
hypoperfusion is out of proportion to the overall reduction
in cardiac output.3 Although it is obvious that tissue isch-
emia initiates a series of events that can ultimately lead to
cellular dysfunction and necrosis, resumption of blood
flow can paradoxically create more tissue injury, possibly
because of production of oxygen-derived cytotoxic prod-
ucts.4 The use of ischemia/reperfusion models of injury,
therefore, not only have relevance to acute vascular dis-
ruption (thrombosis, embolism), but also to the pathogen-
esis of development of multiorgan failure.

Epidermal growth factor (EGF) is a 53 amino acid
peptide that is produced by the salivary glands and
Brunners’ glands of the duodenum. It is a potent stimulant
of proliferation and healing of the gastrointestinal tract,
acting as a cytoprotective agent and also stabilizing cells
against noxious agents such as indomethacin.5 In addi-
tion, we have shown that EGF can prevent hepatic injury
induced by carbon tetrachloride6 and multiorgan injury
induced by thioacetamide.7 However, because the
pathophysiological relevance of administration of chem-
ical toxins is limited, we decided to examine a more
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clinically relevant rat model that reproduces acute isch-
emia/reperfusion injury.

Materials and Methods

EGF and Tumor Necrosis Factor (TNF)-�

Human recombinant (hr)-EGF expressed in Saccharomy-
ces cerevisiae was obtained from HeberBiotc S.A. (Ha-
vana, Cuba). This product consists of a 60:40 mixture of
EGF1–52 and EGF1–51 and is as biologically active as the
full-length EGF1–53 form.8 Before administration, EGF was
diluted in 0.9% saline and sterilized by passage through
a 0.22-�m filter. Solutions were always freshly prepared
under sterile conditions. The hr-TNF-� (with specific ac-
tivity of 107 U/mg), used in the TNF-� bioassay, was
purchased from Boehringer Mannheim, GmbH, Mann-
heim, Germany.

Animal Ethics and Protocol

Ethics

Animal care and experimentation fulfilled the criteria
for standards issued by the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. Local
and national regulatory approval was obtained. Animals
were acclimatized for �10 days before the study.

Induction of Ischemia/Reperfusion Injury

Nonfasted male Sprague-Dawley rats (age, 8 weeks;
weight, 220 to 250 g) were induced with ketamine-HCl
(10 mg/kg i.p.; Parke-Davis, Barcelona, Spain) and xyla-
zine (3 mg/kg i.p.; Bayer, Malmo, Sweden). Additional
doses of this combination were used for maintenance of
anesthesia as required. The surgical procedures were
conducted using a thermal blanket (40°C) to maintain
body temperature.

Experimental Protocol

Intestinal ischemia/reperfusion injury was produced by
causing complete occlusion of the anterior mesenteric
artery followed by a period of reperfusion.9 Briefly, the
abdomen was shaved and opened through a midline
abdominal incision. The anterior mesenteric artery was
identified and clamped for 60 minutes, using surgical
microvascular clamps (Moria clamps; Fine Science
Tools, Foster City, CA), followed by releasing the clamps
for a further 60-minute period. During ischemia/reperfu-
sion, abdominal organs were covered with moistened
gauze in warm (38°C) saline solution. At the end of the
reperfusion period, the animals were killed. Before per-
forming these procedures, the animals also received a
1-ml i.p. injection of EGF (2 mg/kg in saline, n � 14) or
saline alone (n � 16), 25 minutes before arterial clamp-
ing. This dose of EGF was chosen because it is similar to
values that influenced CCl4-induced liver injury6 and a
small dose-ranging pilot study, examining whether the

gross macroscopic injury was influenced by EGF, had
failed to demonstrate any major beneficial effect when
administered at 400 �g/kg (damaged area �50%, which
was similar to that seen in animals undergoing ischemia/
reperfusion but not given EGF).

To distinguish between the effects of ischemia/reper-
fusion from changes because of nonspecific surgical
stress, a further group of 10 rats (sham-ischemic) was
subjected to abdominal incision and their organs ex-
posed for 120 minutes but with no clamping of the mes-
enteric artery. In addition, to facilitate comparisons of
laboratory data, samples were also taken from seven
intact nonoperated rats of the same litter for use as a
reference control.

Collection and Analyses of Samples

At the end of the study period, animals were killed and
blood samples collected by cardiac puncture. The tho-
racic and abdominal organs were inspected, and the
lungs, kidneys, liver, spleen, and pancreas retrieved, and
representative samples fixed in formalin for subsequent
histological examination. Additional samples of lungs and
kidneys were rapidly frozen and stored at �70°C until
subsequent biochemical analyses (see below).

Small Intestine

The total lengths of the small intestines were measured
and the intestinal luminal contents then flushed with 5 ml
of saline and collected for subsequent analysis of hemo-
globin content. The weights of the small intestines were
recorded and then split longitudinally to allow a macro-
scopic assessment of percentage injured area. The per-
centage of damage was calculated by measuring (cm) all
of the regions showing gross macroscopic changes,
such as petechiae, and considering the whole length of
the small intestine (in cm) as 100%. Eight equispaced
2-cm segments from the length of the small bowel were
then collected for histological assessment and a further
three 1-cm segments collected for biochemical analyses
(see below).

Microscopic Assessment

The intestinal samples for histological assessment
were extended onto cardboard and fixed in 10% buffered
formalin. Tissues were then embedded in paraffin, cut
into 5-�m sections and stained with hematoxylin and
eosin (H&E). Mucosal damage of the small intestine was
quantitatively assessed according to the grading system
of Chiu and colleagues.10 This system uses a scale of 0
to 5, where 0 � normal mucosa; 1 � development of
subepithelial (Gruenhagen’s) spaces; 2 � extension of
the subepithelial space with moderate epithelial lifting
from the lamina propria; 3 � extensive epithelial lifting
with occasional denuded villi tips; 4 � denuded villi with
exposed lamina propria and dilated capillaries; and 5 �
disintegration of the lamina propria, hemorrhage, and
ulceration. The mean score of 30 to 40 villi from each of
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the eight segments for each animal were pooled to pro-
vide an average score for the intestine of that animal. All
assessments were performed in a blinded manner.

Biochemical Assessment

Tissue Samples

Tissue fragments were analyzed for malondialdehyde
(MDA) as a marker of lipid peroxidation and myeloperoxi-
dase (MPO) activity as a marker of neutrophilic infiltration.

Intestinal tissues were homogenized in KCl-histidine
buffer (pH 7.4) and the MDA content determined using
the calorimetric method of Satoh.11 Protein levels in the
supernatant were also determined using the method of
Lowry and colleagues12 to allow MDA results to be ex-
pressed as �mol/mg of protein. Supernatant samples
were also analyzed for MPO activity using o-dianisidine-
H2O2 as a substrate for MPO as described by Bradley
and colleagues.13 Maximal chromogen absorption is at
460 nm and enzyme activity was expressed as U/g of
tissue. Because the lungs and kidneys are also targets
for neutrophilic infiltration after an episode of intestinal
ischemia, fragments of these organs were also pro-
cessed for MPO activity.

Blood Samples

Serum TNF-� concentrations were determined based
on the cytotoxicity assay of Aggarwal and colleagues.14

Briefly, monolayer cultures of the murine fibroblast cell
line L929 were maintained in RPMI medium supple-
mented with 10% fetal calf serum at 37°C in 5% CO2

atmosphere. Cells (105) were added to each well of a
96-well, flat-bottom plate (Costar-Corning, MA) and cul-
tured overnight. Fifty �l of Actinomycin D (4 �g/ml) and
50 �l of varying concentrations of hr-TNF-� standard or
serum sample were then added to the culture plate.
Twenty-four hours later, cytotoxicity was visualized by
crystal violet staining and measured in a plate reader at
570 nm. The specificity of cytotoxicity produced by
TNF-� has been previously determined by neutralization
assays using a rabbit polyclonal TNF-� neutralizing anti-
body (R&D Systems, Minneapolis, MN). Detection limit is
greater than 20 pg/ml.

Statistical Analyses

Data are expressed as median, interquartile ranges.
Comparisons between groups were analyzed using the
Mann-Whitney U-test and P � 0.05 was taken as statis-
tically significant.

Results

Macroscopic Assessment of Small Intestine

Sham operation did not influence intestinal weight, mac-
roscopic injury, or luminal hemoglobin compared to ref-
erence (nonoperated) animals (Figure 1 and Table 1).

Animals who had undergone ischemia/reperfusion but
did not receive EGF had a significant reduction in intes-
tinal weight of �35% compared to intact or sham-oper-
ated animals (Table 1). Ischemia/reperfusion resulted in
macroscopically obvious injury affecting 56% of the in-
testinal length and also caused intraluminal bleeding
(Figure 1 and Table 1).

Animals who had undergone ischemia/reperfusion and
had also received EGF showed no significant reduction in
intestinal weight compared to sham-operated animals
(Table 1). In these animals, macroscopic injury only af-
fected 11% of the intestinal length, which was signifi-
cantly less than that found in animals undergoing isch-
emia/reperfusion alone (56%, P � 0.01) (Figure 1).
Luminal hemoglobin was also below the limit of detection
in these animals.

Microscopic Assessment of Small Intestine

There was severe mucosal damage, consistent with isch-
emic injury, ranging from loss of villi to mucosal infarction
in animals that received ischemia/reperfusion alone (Fig-
ure 2A). These changes were much less prominent in
animals that had also received EGF in which the damage
was usually minor, such as villus tip de-epithelialization,
but with no villus destruction (Figure 2B). Quantitative
assessment showed that histological damage was re-
duced by �80% by the previous administration of EGF
(Figure 1, P � 0.01).

Figure 1. Effect of EGF on the amount of small intestinal injury induced by
mesenteric ischemia and reperfusion. Rats received no treatment (control,
n � 7), underwent a laparotomy only (sham operation, n � 10), or laparot-
omy with ischemia and reperfusion (I�R). These I�R-treated animals also
received either EGF (2 mg/kg i.p. in saline; n � 14) or saline alone (n � 16),
25 minutes before arterial clamping. Data are presented as median (inter-
quartile range). Parameters shown are macroscopic damage, microscopic
score, and intestinal MPO (marker for inflammatory infiltrate) and MDA
levels (free radical marker). **, P � 0.01 comparing animals receiving I�R
alone against animals also given EGF.
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Histological Appearances of Other Organs

Animals undergoing ischemia/reperfusion showed lung
changes consisting of alveolar wall thickening, hypercel-
lularity, and neutrophilic adhesion to the endothelial sur-
face of small pulmonary vessels (Figure 2C). These
changes appeared much less prominent in EGF-treated
animals (Figure 2D). The histology of the kidneys in all

groups looked normal or showed very minor abnormali-
ties such as occasional tubular eosinophilic deposits.

Biochemical Assessment

MDA levels were measured as a marker of lipid peroxi-
dation. Animals that had undergone ischemia/reperfusion

Table 1. Effect of EGF on the Amount of Injury Induced by Mesenteric Ischemia and Reperfusion (I � R)

Control
n � 7

Sham operation
(laparotomy) n � 10

I � R
n � 16

I � R � EGF
n � 14

Small intestinal wt (g) 11.61 (11.37–11.89) 11.88 (11.24–12.2) 7.65 (6.6–8.74) 11.50† (11.15–12.15)
Haemoglobin levels in

intestinal washout (g/dL)
0 (0–0) 0 (0–0) 2.19 (2.12–3.32) 0† (0–0)

MDA intestine �mol/mg
protein

0.29 (0.25–0.35) 0.24 (0.20–0.28) 2.40 (2.20–2.70) 0.71† (0.21–2.00)

MPO intestine U/g tissue 0.24 (0.19, 0.25) 0.20 (0.13, 0.30) 3.15 (2.67, 4.18) 0.20† (0.11–0.55)
MPO lungs U/g tissue 0.22 (0.11, 0.31) 0.21 (0.16, 0.33) 0.76 (0.64, 0.80) 0.30† (0.16–0.35)
MPO kidney U/g tissue 0.14 (0.08–0.20) 0.12 (0.09–0.14) 0.64 (0.47–0.77) 0.30* (0.16–0.35)
Plasma TNF-� pg/mL �20 57‡ (51–79) 54 (42–67) 22† (�20–36)

MPO, Myeloperoxidase (marker of inflammatory infiltrate); MDA, malondialdehyde levels (free radical marker).
Data are presented as median (interquartile range).
* and † indicate P � 0.05 and � 0.01 comparing animals receiving I � R alone against animals also receiving EGF.
‡ indicates P � 0.01 of sham-operated versus control animals.

Figure 2. Histology of intestinal and lung tissue from animals that had received ischemia/reperfusion. Paraffin sections were stained with H&E. A: Small intestinal
histology showed marked mucosal damage with extensive loss of villi and foci of almost complete mucosal necrosis. B: Intestinal injury was much less severe
in animals that received EGF before the ischemia/reperfusion. C: Lung histology showed gross alveolar wall thickening, hypercellularity, and polymorph
margination (individual polymorphs not seen at this magnification). D: Pretreatment with EGF markedly reduced the lung changes seen. Original magnifications,
�10; scale bars, 100 �m.
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had an eightfold higher level of intestinal MDA compared
to animals in control and sham-operated groups. Pread-
ministration of EGF truncated this response by �80%
(Figure 1).

Ischemia/reperfusion caused a 15-fold increase in in-
testinal MPO levels (marker for neutrophilic infiltration)
compared to controls. In contrast, no increase was seen
in EGF-pretreated animals (Figure 1).

MPO levels in the kidneys and lungs were increased
by approximately threefold as a result of ischemia/reper-
fusion. As in the intestine, pretreatment with EGF mark-
edly truncated these changes (Table 1).

Serum Levels of TNF-�

Serum TNF-� levels were raised in animals subjected to
ischemia/reperfusion but a similar rise was also seen in
sham-ischemia animals (Table 1). This showed that the
rise in TNF-� was a nonspecific response to surgical
stress. Pretreatment with EGF significantly reduced
TNF-� levels below those seen in ischemia/reperfusion or
sham-ischemia animals (Table 1).

Discussion

We have examined the effects of pretreatment with EGF
on the intestinal and extra-intestinal responses to mesen-
teric ischemia/reperfusion. Ischemia/reperfusion caused
marked intestinal damage with ulceration, neutrophilic
infiltration, and lipid peroxidation. Pretreatment with EGF
markedly truncated these effects. In addition, the lung
and renal injuries induced by ischemia/reperfusion were
also reduced by pretreatment with EGF.

The use of mesenteric artery occlusion with reperfu-
sion is a well-established model of intestinal injury result-
ing from acute vascular occlusion as occurs after embo-
lism or thrombosis. In addition, it is used as a model for
loss of the intestinal barrier function associated with hem-
orrhagic shock, major burns, and multiple traumas, which
can result in multiorgan failure.15 Several models have
been used to mimic the early stages of multiorgan failure.
Ischemia/reperfusion has the advantage of being more
physiologically relevant than administration of toxic
agents, such as thioacetamide,7 because the major fac-
tors causing injury are probably internally generated
proinflammatory cytokines15,16,17 and free radical pro-
duction,4,17 rather than resulting from metabolism of an
external damaging agent.

The major physiological sources of EGF production are
the salivary glands, Brunner’s glands of the duodenum,
and the kidney. Many studies have shown EGF to be a
potent stimulant of growth for various cell types in vitro18

and in vivo19 and that it acts as a cytoprotective agent
against gastrointestinal injury caused by a variety of nox-
ious agents such as nonsteroidal-anti-inflammatory drug-
induced gastric injury5,20 and trinitrobenzenesulphonic
acid-induced colitis.21 In addition, we have shown re-
cently that exogenous EGF reduced thioacetamide-in-
duced multiorgan injury7 in which much of the damage is
thought to be mediated by free radical production.22

The mechanisms underlying ischemia/reperfusion-in-
duced injury and the protective effects of EGF are likely to
be complex and multifactorial. During hypoxic condi-
tions, there is an up-regulation of cell adhesion mole-
cules,23 facilitating recruitment of neutrophils to ischemic
areas. Our studies confirmed a marked influx of inflam-
matory infiltrate with raised MPO levels in several organs
after ischemia/reperfusion. Because EGF is known to
influence cell adhesion molecule expression and func-
tion,24,25 this may well be relevant in explaining the
marked reduction of inflammatory infiltrate in the intestine
of the EGF-treated animals. It is important to note, how-
ever, that the influx of inflammatory cells was not re-
stricted to the intestine but also affected distant organs
such as the lungs. This must either be because of an
alteration in circulating factor(s), such as cytokines, or to
the priming and activation of inflammatory cells (mainly
neutrophils) at the intestinal site, that subsequently mi-
grate to distant organs. To examine this idea further, we
measured changes in circulating TNF-� because this has
been reported to be one of the major cytokines raised
after abdominal aortic aneurysm repair26 and Souza and
co-workers27 have reported that TNF-� blockade (using
neutralizing antibodies) is of partial benefit in reducing
intestinal and lung injury caused by ischemia/reperfusion
in rats. Importantly, in the current study we found that the
rise in circulating TNF-� in animals undergoing laparot-
omy (sham-operated group) was similar to that seen in
animals undergoing ischemia/reperfusion. Because lung
injury and intestinal injury was only seen in the ischemia/
reperfusion group, the increase in circulating TNF-� is
unlikely to explain how most of the injury was caused and
the reduction of plasma TNF-� concentration, seen in
animals given EGF, is unlikely to be the major mechanism
by which it prevented injury. Several other cytokines,
such as interleukin-�, interleukin-6, and interleukin-8 are
increased in such conditions26 and further studies could
potentially examine this area in more detail. Our finding of
the raised TNF-� in sham-operated animals also empha-
sizes the importance of performing adequate controls to
distinguish specific from nonspecific effects in models
such as these.

Production of highly reactive oxygen species and other
free radical damaging metabolites is known to occur
during ischemia/reperfusion.17,23 Uncontrolled produc-
tion of such factors results in cellular damage including
lipid peroxidation, as well as induction of both apopto-
sis and necrosis.28,29 We found excessive free radical
production in ischemia/reperfusion-treated animals,
measured indirectly as markedly raised MDA levels
(indicating increased lipid peroxidation). The molecu-
lar mechanisms underlying the reduction in MDA levels
in EGF-treated animals may be because of several fac-
tors; It is possible that up-regulation of cellular anti-oxi-
dant enzymes occurred in response to EGF because this
has been demonstrated in rat fetal lung cells exposed to
hyperoxia30 and growth factor withdrawal from primary
cultures of mouse renal tubular cells resulted in superox-
ide anion accumulation, resulting in cell death.31 Further
studies in this area could potentially measure changes in
anti-oxidant enzyme levels in various gastrointestinal cell
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lines. However, it is likely that several other interrelated
mechanisms are also involved: Pillai and co-workers32

demonstrated a cytoprotective effect of heparin-binding
EGF in IEC-18 cells when cultured in hypoxic conditions
and considered that this was, in part, because of main-
tenance of cytoskeletal structure and ATP stores whereas
Heck and co-workers33 found that EGF suppressed the
rise in NO and H2O2 caused by �-interferon, lipopolysac-
charide, and TNF-� and suggested that this was not
caused by up-regulation of anti-oxidant enzymes but be-
cause of phosphorylation of nitric oxide synthase by EGF.
A major limitation of such cell culture model systems is
the absence of inflammatory cells that are likely to be of
major importance in the damaging process in vivo (as
demonstrated in the present study by raised MPO levels
and histology). In addition, EGF also influences multiple
other systems that might be important in mediating pro-
tective effects in vivo including up-regulation of prosta-
glandin20 and mucus34 production, increasing mesen-
teric blood flow35,36 (which might have had relevance
either before or after clamping), influencing stress-asso-
ciated protein kinases37 and affecting apoptosis, acting
via the Akt survival signaling pathway.38 Further studies
could examine the changes in some of these factors in
vivo although this would require a different, less damag-
ing, protocol because of the extensive necrosis seen in
the intestine of our ischemia/reperfusion-treated rats
making measurement of factors in the intestinal mucosa,
eg, anti-oxidative enzyme levels, of limited value.

Clinical trials of EGF are presently underway for treat-
ment of ulcerative conditions of the bowel, such as neo-
natal necrotizing enterocolitis39 and adult colitis.40 Our
studies provide preliminary evidence that EGF may also
be of benefit for injury associated with mesenteric vas-
cular hypoperfusion such as occurs during high-abdom-
inal aortic aneurysm repair, acute vascular occlusion,
and in the prevention of multiple organ failure.15 If pa-
tients at high risk of vascular hypoperfusion can be iden-
tified at an early stage of their admission to hospital, rapid
intervention with EGF may maintain organ viability. Fur-
ther studies appear warranted.
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