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Abstract

Growth factors have important roles in gastrointestinal (Gl) tract development, maintenance, and
response to injury. Various /n vitro, in vivo, and human experiments have been used to
demonstrate growth factor influence. Collectively, these studies have demonstrated enhancement
of mucosal proliferation, intestinal motility, and immune modulation, decreased apoptosis,
enhanced gut barrier function, and enteric nervous system (ENS) protection. Select growth factors,
including epidermal growth factor (EGF) and heparin-binding EGF-like growth factor (HB-EGF),
demonstrate some beneficial effects in experimental and clinical intestinal injury, including
necrotizing enterocolitis (NEC). The roles of glucagon-like peptide-2 (GLP-2), insulin-like growth
factor-1 (IGF-1), erythropoietin (EPO), growth hormone (GH), and hepatocyte growth factor
(HGF) in NEC have also been investigated. The roles of these growth factors will be summarized
in this chapter.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is the most frequent and most serious gastrointestinal (GI)
surgical emergency in preterm infants.! Despite decades of research, it remains the leading
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cause of morbidity and mortality in neonates, occurring predominately in premature infants
weighing less than 1500 g and those born before 36 weeks gestation.2 Advances in modern
medical and clinical care have improved the survival of premature infants, yet the prevalence
of NEC remains high. In the US, nearly 12% of extremely premature infants, those weighing
less than 1500g, develop NEC, with up to 50% succumbing to the disease.3 Severe NEC,
characterized by full-thickness necrosis of the intestine with peritonitis and sepsis, occurs in
up to 63% of NEC cases and requires life-saving surgical intervention.2 Patients who survive
and recover require prolonged care due to associated complications including defects in
growth and development, liver failure from prolonged use of total parental nutrition, and
short bowel syndrome resulting in intestinal failure.> Epidemiologic studies have identified
multiple complex factors associated with the development of NEC, with gut prematurity,
formula feedings, and altered gut microbiome thought to have primary roles in disease
pathogenesis. 145

Growth factors play important roles in the health and development of the Gl tract, with many
involved in intestinal growth and repair from inflammation or injury.” It has been established
that growth factors have critical effects on cellular proliferation, differentiation, and survival.
8 It is hypothesized that absence or reduced levels of specific growth factors normally
present during gestation contribute to the development of NEC, however this remains poorly
understood. To date there have been various studies demonstrating altered levels of growth
factors in injured tissues, as well as changes in the response of injured tissue in the presence
or absence of a given growth factor. Continued work toward understanding these factors and
their roles may be of clinical value in the future prevention and treatment of NEC.

EPIDERMAL GROWTH FACTOR (EGF)

Members of the epidermal growth factor (EGF) family are recognized as critical trophic
factors for normal intestinal development.® Most EGF family members are first synthesized
as transmembrane precursors, eventually undergoing proteolysis into the mature, secreted
form of the growth factor. EGF family proteins have tyrosine kinase activity and activate the
EGF receptor (EGFR), which has been identified predominantly on the basolateral surface
of intestinal enterocytes.%10 EGF is a 53-amino-acid peptide with resistance to proteolytic
degradation from the gastric pH normally encountered in the gastric lumen and Gl tract.}
The primary source of intestinal EGF is the submandibular salivary gland.1® Human EGF
expression remains poorly understood, with information on expression of salivary EGF and
serum EGF levels in premature infants particularly lacking.®

. EGF and the intestine: Various studies have shown that EGF given in utero
accelerates the maturation of intestinal enzyme activity and intestinal growth.? In
addition, there is evidence that EGF stimulates intestinal growth. The importance
of EGF has been demonstrated by the observation that EGFR knockout mice die
prematurely or /in utero.12 Furthermore, mice who survive postnatally
demonstrate significant epithelial underdevelopment in various tissues and
develop severe hemorrhagic enteritis similar to human NEC.%13 EGF is present
in various fluids that come into contact with the developing intestine, including
amniotic fluid, fetal urine, breast milk, bile and saliva.® In addition, EGF exerts
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potent trophic and cytoprotective effects on enterocytes, facilitating normal
function, maturation, healing, and survival.11:14 After intestinal mucosal injury,
EGF promotes epithelial intestinal restitution, thus restoring gut barrier function
and preventing bacterial translocation and resulting sepsis.1>16 This is further
enhanced by the ability of EGF to decrease apoptosis and moderate the pro-
inflammatory response after injury.’

. EGF and necrotizing enterocolitis: Various investigations have highlighted the
importance of EGF in the pathogenesis and treatment of NEC. Immaturity of the
developing gut leading to decreased intestinal mucosal barrier function,
diminished restitution, impaired intestinal motility and bacterial translocation are
believed to contribute to NEC.18-20 Premature infants have immature intestinal
defenses and are often exposed to antibiotics and formula feedings that alter the
intestinal microbiome. These factors are thought to increase pathogenic bacterial
translocation.?! Neonatal rat models have shown significantly decreased EGFR
expression in the injured ilium of animals with NEC.22 Furthermore,
administration of EGF led to decreased incidence and severity of NEC through
accelerated goblet cell maturation, mucin production and normalization of
enterocyte tight junction protein expression.1” While there is minimal human
data, an association between EGF and human disease has been demonstrated.23
Salivary EGF is significantly reduced in infants with NEC compared to
premature infants who do not develop NEC,° with lower salivary EGF levels
correlating with increasing prematurity.24 Formula feeding is a well-known risk
factor for NEC, one that can be mitigated to a degree with breast milk (BM). BM
and colostrum are the primary source of EGF postnatally, with EGF
concentration being inversely proportional to the gestational age of the infant.25
Commercial infant formulas contain no EGF, which may explain why formula
feeding in premature infants is considered a leading risk factor for the
development of NEC.2526

. EGF and the inflammatory response: Another process thought to have
significance in the pathogenesis of NEC is the altered inflammatory response,
with a primarily proinflammatory cascade thought to have a major role.?° In a
neonatal rat model of NEC, elevated expression of pro-inflammatory cytokines
IL-18 and IL-12 were directly associated with injury severity.2® Furthermore,
infants with NEC have high levels of proinflammatory platelet-activating factor
(PAF), tumor necrosis factor-alpha (TNF-a), IL-8, and nitric oxide (NO).2”
Interestingly, enteral EGF administration results in decreased IL-18 and
increased anti-inflammatory 1L-10 expression during experimental NEC.28

. EGF and apoptosis: Another potential mechanism in the pathogenesis of NEC
is enterocyte apoptosis. Apoptosis, mediated through BAX, is observed in rat
models of NEC. It is thought to occur prior to the onset of fulminant disease and
is influenced by EGF. EGF administration leads to decreased BAX and increased
anti-apoptotic Bcl-2 levels.16
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Clinical studies of EGF for NEC: Clinical studies of EGF as a treatment for
NEC have been limited and have not provided much advance in its treatment or
prevention. However, further investigation is warranted given that EGF has
distinct roles in pathogenesis of experimental NEC.

HEPARIN-BINDING EGF-LIKE GROWTH FACTOR (HB-EGF)

HB-EGF is a glycoprotein member of the EGF family, with expression triggered by hypoxia
and oxidative stress. HB-EGF induces wound healing and tissue regeneration in response to
tissue damage.2? In addition to binding to the EGFR, HB-EGF also binds and signals
through a specific receptor known as N-arginine dibasic convertase (NRDc), resulting in
increased chemoattractant and migration activities.3 It is thought that the EGFR-binding
specificities of HB-EGF, along with its ability to signal though its specific NRDc receptor
and its ability to bind to cell-surface heparin-sulfate proteoglycans (HSPGs), may combine

to confer a

particularly important functionality of HB-EGF compared with other members of

the EGF family. HB-EGF is found in amniotic fluid (AF) and BM, allowing its continuous
exposure to fetal and newborn intestine.3! Endogenous HB-EGF is expressed in many cell
types, and is a potent mitogen for a number of those cells, including cells of the intestinal
mucosa.32 Various animal models of intestinal injury have been utilized to demonstrate the
effects of HB-EGF, with a significant amount of knowledge gained from work in our

laboratory.

HB-EGF and intestinal restitution: Endogenous HB-EGF plays an important
role in restitution.33 Administration of HB-EGF activates the ErbB-1 receptor
and subsequent signaling increases the rate of IEC migration, proliferation, and
restitution after intestinal ischemia/reperfusion (I/R) injury33 and experimental
NEC.3*4 HB-EGF also affects restitution by altering cell adhesion and by
decreasing intercellular adhesion molecules.3®

HB-EGF and intestinal stem cells (ISC): The intestinal epithelium is the most
rapidly renewing tissue in mammals and is fueled by intestinal stem cells (ISC)
that reside at the base of the crypts. Intestinal injury of various forms damages
not only differentiated intestinal epithelial cells (IEC), but also the ISC required
for restitution.36 Enteral administration of HB-EGF protects ISC and enterocytes
from injury in experimental NEC.37

HB-EGF and mesenchymal stem cells (MSC): HB-EGF protects MSCs from
hypoxia-induced apoptosis.3® In models of NEC, intravenous (IV) and
intraperitoneal (IP) administration of MSC protects the intestines from injury,
with simultaneous administration of HB-EGF enhancing the beneficial effects of
MSC.39 HB-EGF likely protects not only injured I1SC, but also preserves the
viability of transplanted MSC, thus allowing these cells to play a greater role in
intestinal healing.

HB-EGF and the enteric nervous system (ENS): The premature Gl tract has
poor motility, likely from underdevelopment of the ENS, which is critical for
coordinating peristalsis.*? ENS abnormalities involving both neurons and glial
cells exist in human intestine resected for NEC compared to age-matched
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intestine resected for non-NEC conditions.*! HB-EGF has been shown to
improve post-NEC intestinal motility by promotion of neural stem cell (NSC)
proliferation and migration.#2 Enteral administration of HB-EGF in rats exposed
to NEC results in preservation of enteric neuronal nitric oxide synthase (nNOS)
levels with concomitant improvement in post-injury intestinal motility.41

HB-EGF-mediated protection from apoptosis: Apoptosis is triggered by the
generation of reactive oxygen species (ROS) after oxidative stress, which is
commonly seen in NEC. Apoptosis is thought to play either an etiologic role or
to represent a final cellular pathway in the pathogenesis of NEC.43 HB-EGF
decreases IEC apoptosis after exposure to hypoxia /7 vitro** and reduces ROS
production following enteral administration in a rat model of I/R injury.®
Furthermore, HB-EGF decreases IEC apoptosis in a rat model of NEC.46

HB-EGF and inflammatory mediators: Immune dysregulation is one potential
etiologic factor associated with the development of NEC. In a rat model of I/R
injury, HB-EGF administration decreased the serum levels of the pro-
inflammatory cytokines TNF-alpha, IL-6, and IL-1 after injury.4” During
intestinal injury, inflammatory cytokines trigger an upregulation of inducible
NOS (iNOS), which generates large amounts of NO that is oxidized into reactive
nitrogen species. Intraluminal administration of HB-EGF after intestinal I/R
injury significantly decreases iNOS gene expression and protein production,*®
with subsequent decreased intestinal damage.

HB-EGF and gut barrier function: NEC is associated with decreased gut
barrier function, increased intestinal permeability, and resultant bacterial
translocation.® HB-EGF decreases bacterial translocation across IEC
monolayers after I/R exposure.59 In HB-EGF KO mice, HB-EGF is shown to be
essential for preservation of gut barrier function, in part due to inhibition of
neutrophil-endothelial cell interactions.5! In experimental models of NEC and

other intestinal injury, exogenous enteral HB-EGF preserves gut barrier function.
48

HB-EGF and human NEC: HB-EGF can protect the intestines from various
forms of intestinal injury including NEC. The beneficial effects observed in
animal models may be applicable to humans. HB-EGF mRNA levels in human
small bowel resected for NEC were higher at the resection margins adjacent to
NEC-afflicted tissue, suggesting that lack of HB-EGF expression may play a role
in the pathogenesis of NEC, or that its expression may play a role in healing after
injury.52

Clinical studies of HB-EGF for NEC: As of yet, there have been no clinical
trials investigating the effects of HB-EGF in NEC. Until then, further
investigations of HB-EGF in animal models will continue to elucidate the
mechanisms by which this growth factor exerts its beneficial effects.
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GLUCAGON-LIKE PEPTIDE 2 (GLP-2)

GLP-2 is an intestinotrophic hormone that is known for its proliferative and anti-
inflammatory effects in the intestine. It is secreted from the L cells of the small and large
intestine in response to fatty acids and glucose in the intestinal lumen, and in response to
ENS stimulation.53 GLP-2 increases crypt cell proliferation, leading to increased villus
height, crypt depth, and overall intestinal length.>* There is incomplete knowledge of the
downstream mechanisms of action of GLP-2, but animal models have shown promise in its
ability to reduce the severity of NEC by maintaining the intestinal mucosa and reducing
inflammatory cytokine production.>3

GLP-2 and gut development: GLP-2 signaling is hypothesized to play an

important role in the developing intestine. The GLP-2 precursor, proglucagon,
and the enzyme necessary for cleaving GLP-2 from proglucagon, are found in rat
fetal intestine, further supporting this theory.®® Various studies have evaluated its
effects and application in multiple Gl diseases. GLP-2 administration results in
increased intestinal growth and improved intestinal barrier function.>6 Animal
studies demonstrate that it reduces histological injury in experimental models of
colitis.5"58 Furthermore, there is increased mucosal villous height and proximal
intestinal weight with exogenous GLP-2 administration in a premature piglet
model of NEC.%6

GLP-2 and Inflammation: Multiple studies have demonstrated the anti-
inflammatory effects of GLP-2 in the intestine. In a rat model of intestinal
inflammation, GLP-2 administration led to reduced levels of the inflammatory
cytokines IFN-A, TNF-a, IL-1B, and iNOS.5? In a rat model of NEC, GLP-2
administration resulted in decreased TNF-a and IL-6 levels that were
comparable to dam-fed pups.s3 Finally, addition of GLP-2 to macrophages
primed with LPS resulted in decreased pro-inflammatory iNOS, COX-2, TNF-a.,
IL-1B, and IL-6 levels.>® Although knowledge of the exact mechanisms by which
GLP-2 mediates its anti-inflammatory effects remains incomplete, there is
continued study of its potential roles in inflammatory bowel disease.69-61

GLP-2 and NEC: Several studies have demonstrated the ability of GLP-2 to
attenuate intestinal injury.52 However, there are few publications on its role in
NEC. A neonatal piglet model of NEC in which GLP-2 was administered
demonstrated delayed onset of NEC from 10 to 25 hours, and increased proximal
jejunum weight, villous height and area, and decreased histological damage.>6
However, in this study GLP-2 did not demonstrate a reduction in incidence of
NEC or survival from NEC. Another study showed that high dose GLP-2
administration in a rat model improved incidence and survival from NEC.53
GLP-2 demonstrates potential in the treatment and prevention of NEC, however
additional investigation of its role is needed.
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INSULIN-LIKE GROWTH FACTOR-1 (IGF-1)

IGF-1 is a polypeptide that is produced primarily in the liver. Circulating IGF-1 binds to the
IGF-1 receptor (IGF-1R), leading to activation of intracellular signaling pathways that result
in trophic effects on tissues.53 IGF-1 is mainly present in BM and saliva. IGF-1R is present
in the Gl tract, with the highest concentration of the receptor found in the fetal Gl tract.54
IGF-1 promotes growth of the Gl tract, participates in intestinal healing, and has anti-
inflammatory properties, supporting research for IGF-1 as a possible treatment or prevention
for NEC.55

. IGF-1 and apoptosis: IGF-1 protects IECs from oxidative-stress and apoptosis
in the setting of intestinal injury.56 It also promotes cytotoxic activity of natural
killer cells.5” In mouse and rat models of intestinal injury and experimental
NEC, IGF-1 mitigated intestinal injury and decreased apoptosis.58:69

. IGF-1 and gut barrier function: There is evidence suggesting that IGF-1
improves gut barrier function.” Furthermore, IGF-1 decreases bacterial
translocation, likely due to its effect on gut barrier function.”r When IGF-1 was
administered in a rat model of small bowel transplantation, there was
improvement in mucosal histology, and enhanced gut barrier function.” In a
human trial involving premature infants, formula supplemented with IGF-1 led to
decreased gut permeability.”3 The anti-inflammatory effect of IGF-1 along with
improved gut barrier function was demonstrated in a rat model of liver cirrhosis,
where IGF-1 decreased intestinal mucosal damage and bacterial translocation,
with upregulation of anti-inflammatory cyclooxygenase 2 (COX-2) and
downregulation of TNF-a..”©

. IGF-1 and NEC: Although limited, studies investigating the association of
IGF-1 and NEC are promising. Early observations found that premature infants
with persistently low IGF-1 levels had an increased risk of developing NEC.”
Animal studies, using a mouse model of NEC indicated that IGF-1
administration prior to injury resulted in decreased epithelial cell apoptosis and
improved survival.”

ERYTHROPOIETIN (EPO)

Erythropoietin is a glycoprotein secreted by the liver prenatally and by renal peritubular cells
postnatally in response to anemia.” It is found in AF and BM, thereby providing access to its
receptors in the developing Gl tract, suggesting a potential role in the development, health,
or proper function of the Gl tract.”> Animal models have demonstrated that EPO protects the
Gl tract by preservation of intestinal barrier function through tight junction protein
expression,’® as well as protection against I/R injury.””

. EPO in experimental intestinal injury including NEC: Various animal studies
have analyzed the mechanisms by which EPO affects different types of intestinal
injury including I/R injury, septic- and hemorrhagic-shock, IBD, and NEC. In a
rat model of intestinal I/R injury, a single dose of EPO decreased histologic
injury and apoptosis, and decreased markers of oxidative stress.’’ In a rat model
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of NEC, administration of EPO prior to injury resulted in decreased histological
injury and attenuated levels of NO, suggesting that EPO provides protection
from oxidative damage in NEC.”8 EPO improves intestinal mucosal barrier
integrity by regulating the expression of the tight junction protein zona
occludens-1 (ZO-1) in a dose-dependent fashion.”® Furthermore, administration
of EPO in a rat model of NEC resulted in preservation of intestinal barrier
function, decreased loss of ZO-1, and reduction in the incidence of NEC.”®

. EPO in human NEC: Human studies of EPO in NEC are lacking. One
retrospective cohort study of very low birth weight infants given recombinant
EPO for prevention or treatment of anemia demonstrated a decreased incidence
of NEC.89 More recently, a randomized controlled trial of EPO in 90 premature
infants showed that EPO improved feeding tolerance and decreased the risk of
NEC.81 While there is potential for the use of EPO in treating and preventing
NEC, further investigation is necessary.

GROWTH HORMONE (GH)

Growth hormone (GH) is a protein produced by the anterior pituitary gland with systemic
effects on anabolism. GH reacts with its receptor, GH receptor (GHR), a transmembrane
tyrosine kinase receptor which is present in the Gl tract. Upon binding to GHR, transcription
of various genes occurs, resulting in glucose and lipid metabolic changes.82 GH has an effect
on the release and function of downstream intestinotrophic mediators, such as insulin-like
growth factor-1 (IGF-1), that have been implicated in the development of NEC.

. Effects of GH on the intestine: GH is predominantly known for its impact on
growth throughout the body. Short stature results from GH deficiency while
gigantism and acromegaly result from GH excess. When introduced into the
intestine, GH induces cell proliferation, decreased apoptosis, and preserves gut
barrier function.82 Additionally, recombinant human GH (rhGH) administration
to rats with GH deficiency results in increased growth of each layer of the
colonic wall.83 There is ongoing investigation in the potential use of GH as a
treatment or prevention of intestinal injury. Further studies to establish the role of
GH in NEC are needed

HEPATOCYTE GROWTH FACTOR (HGF)

Hepatocyte growth factor (HGF) is a glycoprotein involved in angiogenesis, cellular
proliferation and survival.” Active HGF is found in the fetal GI tract as well as in BM, and is
involved in epithelial migration, proliferation and repair of injured tissues.®# Once activated,
HGF binds to tyrosine kinase receptors with downstream effects on cell proliferation,
apoptosis, and immunity regulation.85 HGF is vital for embryonic development as shown in
a study where HGF deficient mice experience embryonic demise.86 The mechanisms by
which HGF exerts its effects are incompletely understood, thus further research is required.

. HGF and experimental models of intestinal injury: HGF has been shown to
protect and repair intestinal tissue in many animal models. When given prior to
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I/R injury in rats, there was decreased apoptotic activity in the intestinal
epithelium.87 Mice with HGF receptor deficiency that were exposed to DSS- or
acetic acid-induced colitis had impaired colonic mucosal regeneration and
increased mortality.88 Finally, administration of enteral HGF decreased the
incidence and severity of NEC in rats.8°

OTHER GROWTH FACORS IN NEC

The information presented above is a snapshot of the knowledge we gain daily about a
multitude of growth factors and their roles in the development and treatment of NEC. There
are other growth factors that remain under investigation that were not included in this
chapter. These include keratinocyte growth factor (KGF), intestinal trefoil factor (ITF), and
granulocyte colony stimulating factor (GCSF), which have been identified as having a role
in NEC. These additional growth factors have been associated with stimulation of mucosal
proliferation, reducing apoptosis, modulating the immune system, and enhancing gut barrier
function and nutrient absorption.90.91.92

Summary/Discussion

Growth factors play an important role in the development, growth and health of the Gl tract
(Figure 1). Through mediation of cellular activities, they have a role in cellular proliferation,
migration, differentiation, and survival. Growth factors are present in AF and BM, thus
having the potential to bathe intestinal cells, pre- and postnatally. A relationship has been
established between the presence of growth factors and disease severity, and healing
potential in intestinal injury has been observed. For each of the growth factors reviewed
here, and many others not reviewed, the current body of research is varied and evolving.
Some, like EGF and HB-EGF, have been a significant focus of research related to NEC,
while others are only recently beginning to be reported. Additional studies are needed to
further elucidate the roles of these growth factors in the pathogenesis of NEC. Eventually,
growth factors may lead to the development of novel therapies for the prevention and/or
treatment of clinical NEC.
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Key Points

. Necrotizing enterocolitis (NEC) remains a significant healthcare problem in

the premature infant
. Growth factors have a significant role in the development and maintenance of

the Gl tract
. Select growth factors have been shown to protect the intestines in

experimental models of NEC
. Further investigation is required to elucidate the exact mechanisms and effects

of these growth factors prior to their clinical use
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Figure 1.

Growth factors contribute to the development, maintenance, and repair of the small intestine.
Research has led to the discovery of their roles in mucosal proliferation, enhancing motility,
immune modulation, enhanced blood flow, decreased apoptosis, enhanced nutrient
absorption, enhanced barrier function, and enteric nervous system protection. The growth
factors above are listed according to their proposed general mechanisms. EGF, epidermal
growth factor; EPO, erythropoietin; G-CSF, granulocyte colony stimulating factor; GH,
growth hormone; GLP-2, glucagon-like peptide 2; HB-EGF, heparin-binding EGF-like
growth factor; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor-1; ITF,
intestinal trefoil factor; KGF, keratinocyte growth factor.
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