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Abstract

Amniotic fluid is the enteral “diet” of the developing fetus, while the first mammary gland secretion,
colostrum, is the natural diet of the newborn mammal. Both diets contain nutrients but also growth
factors, immune-modulating components, and antibacterial agents that support perinatal organ
development, particularly of the gastrointestinal (GI) tract. Birth requires a sudden transition to
nutrient uptake via the GI tract and exposure to microorganisms. Ingestion of amniotic fluid before
birth and of colostrum just after birth helps to adapt GI functions and provides protection against
detrimental immune responses. Experimental studies indicate that these fluids may also have
beneficial effects in certain GI disease conditions, particularly those related to immature digestive
and immune function. We provide a brief review of the functions and composition of mammalian
amniotic fluid and colostrum, and we describe how these fluids may have a therapeutic potential for
GI conditions in some pediatric patients, particularly preterm infants. The composition of the two
fluids varies widely among different species and the effects are likely highly species specific. Some
effects may however be species independent, maybe allowing colostrum from one species (i.e.,
lactating cows) to be used as the first enteral diet for infants for whom mother’s milk is lacking. The
use of amniotic fluid and bovine colostrum in the critical care of neonates is still at an experimental
stage, but animal studies have shown promising results.

List of Abbreviations

GI Gastrointestinal
MEN Minimal enteral nutrition
NEC Necrotizing enterocolitis
SBS Short bowel syndrome

Introduction

Nutrition is an important contributor to the growth and development of infants, both healthy and
infants born with or who develop complications. This chapter will address the role of some
alternative diets, amniotic fluid and bovine colostrum, for infants that are sensitive to develop
conditions that compromise the function of the gastrointestinal (GI) tract, such as necrotizing
enterocolitis (NEC). NEC is primarily seen in preterm infants born prior to 36 weeks gestation
and is a leading cause of mortality in preterm infants in neonatal intensive care units (Henry and
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Moss 2009; Berman and Moss 2011). This disease sometimes requires intestinal resection that
subsequently leads to the development of short bowel syndrome (SBS) (Aunsholt et al. 2014).
Research in this sensitive patient population is difficult, and in vivo and in vitro models may be used
to determine the optimal nutritional strategy in relation to the type of diet, nutritional supplements,
and feeding route and volume for infants at risk of NEC and SBS. Mother’s milk is the natural and
optimal diet for infants to support their nutritional demands. Nevertheless, alternatives need to be
considered, because mother’s milk is not always available in adequate amounts, if at all. Amniotic
fluid and colostrum are of interest as alternative diets in this context because these fluids represent
the natural diets that the developing mammal is exposed to from the transition from parenteral
nutrition before birth to enteral nutrition after birth (Fig. 1).

Infants are born with an immature GI tract and a competent but naïve immune system that is being
matured by feeding and exposure to external stimuli, including bacteria. For preterm infants, the GI
tract and immune system are evenmore naïve and immature. The exact etiology of NEC is unknown,
but prematurity is a central risk factor, and thus these infants are at high risk of developing
NEC. Other contributing risk factors are enteral feeding with infant formula and an inappropriate
composition and density of the GI microbiota. As mentioned, NEC may lead to SBS, but this
condition can also be a consequence of congenital defects or other complications that need removal
of a part of the small intestine. As this may cause malabsorption and consequently malnutrition,
intestinal adaptation to SBS is crucial for the absorption of nutrients and fluids (Aunsholt
et al. 2014). For both NEC and SBS patients, feeding with the right diet, in the appropriate amounts
and at the right time, may be crucial to improve maturation and for the intestinal environment to
become less sensitive to nutritional and microbial insults.

The mother’s own milk is recommended as the sole diet for infants under the age of 6 months
(WHO 2010). This is because it is believed to contain the appropriate contents of nutrients for
growth and development of the infant. However, the milk not only serves as a source of growth for
the newborn but also supplies bioactive factors that assist in the maturational process of the GI tract
and immune system, including induction of tolerance and provision of passive immunity against

Fig. 1 Nutritional transition at birth. During fetal development in mammals, nutrient uptake occurs mainly through the
parenteral route. The fetus is provided with nutrients via the maternal blood supply through the umbilical cord. The fetus
also swallows considerable amounts of amniotic fluid that stimulates somatic and gastrointestinal growth. At birth, the
route of nutrient uptake changes from parenteral to enteral with the first uptake of milk. Enteral intake of nutrients, in
combination with bacterial colonization, stimulates maturation of the newborn digestive system
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infections (Bernt and Walker 1999; Playford et al. 2000; Brandtzaeg 2003; Field 2005; Walker
2010). The bioactive factors in amniotic fluid and colostrum (Table 1) include antimicrobial,
immune-stimulating, and growth factors that may be important for reducing the risk of develop-
mental deficits, including those leading to NEC. Mother’s milk is often absent or limited in the first
days after preterm birth (Schanler et al. 2005). The infants may therefore receive infant formula,
which lacks these essential bioactive factors. A study in preterm infants comparing preterm infants
exclusively on the mother’s own milk or the mother’s own milk supplemented with human donor
milk showed that the amount of maternal milk was inversely correlated to NEC (Montjaux-Régis
et al. 2011), while a Cochrane review has concluded that infant formula increases the risk of NEC in
preterm infants compared with donor breast milk (Quigley et al. 2008). In preterm pigs, bovine
colostrum is protective against NEC with similar efficacy as human donor milk (Jensen et al. 2013).
The optimal nutritional strategy may be minimal enteral nutrition (MEN) that combines small doses
of enteral nutrition with parenteral nutrition. This provides the infant with adequate intake of
nutrients through the parenteral nutrition but still provides the beneficial effects of enteral nutrition
on intestinal and immune system maturation, especially in preterm infants for whom it is impossible
to give the mother’s own milk or donor breast milk. The administration of colostrum in slowly
advancing volumes, directly after birth and during the transition from parenteral to enteral nutrition,
has proven to protect against NEC in preterm pigs (Cilieborg et al. 2011). In contrast, the effect of
MEN in preterm infants remains uncertain (Morgan et al. 2011; Fallon et al. 2012). Most studies in
infants have not clearly defined the effects of diet type on NEC, as the enteral diet has often been a
mixture of the mother’s own milk, donor human milk, and/or infant formulas based on bovine milk
products.

Alternative sources of the first enteral diet, when mother’s milk is not an option, need to be
identified. This is important for GI maturation and protection but clearly also for nutrient uptake and
body growth, as well as maintenance of basic physiological parameters such as fluid homeostasis.
Such alternative sources of the first diet may include amniotic fluid and the first milk, colostrum,
potentially from another species, such as the cow. For amniotic fluid, the potential to use this as a
supplementary enteral diet after birth is mainly targeted toward feeding the infant its own amniotic
fluid collected during the birth process (e.g., at preterm cesarean section). This would be a way to

Table 1 An overview of some bioactive factors in amniotic fluid and colostrum, grouped according to their antimi-
crobial, immune regulating, or growth factor functions. The amount of each bioactive factor in each of the two fluids
vary among different species and different stages of pregnancy (amniotic fluid) and lactation (colostrum) (Brandtzaeg
2003; Calhoun 2002; Caplan et al. 2001; Espinoza et al. 2002, 2003; Field 2005; Good et al. 2012; Hurley and Theil
2011; Kerr 1990; Lu et al. 2007; Pakkanen and Aalto 1997; Wagner et al. 2008; Walker 2010; Yoshio et al. 2003)

Antimicrobial factors
Immune
factors Growth factors

Bactericidal/permeability-increasing
protein
Calprotectin
Cathelicidin
Defensins (a and b)
Fatty acids
Immunoglobulins
Lactoferrin
Lactoperoxidase
Lipopolysaccharide-binding protein
Lysozyme
Oligosaccharides/glycoconjugates

Cytokines
Fatty acids
Growth
factors
Hormones

Epidermal growth factor
Erythropoietin
Fibroblast growth factor
Granulocyte colony-stimulating factor and hepatocyte growth
factor
Insulin-like growth factor
Transforming growth factor b1 and b2
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continue feeding the enteral diet that the fetus was ingesting already before birth and that may have a
particularly important role for the immature GI tract. Colostrum contains a large number of bioactive
factors, which may aid in GI growth, maturation, priming of the immune system, and the succession
of a beneficial microbiota in the newborn infant (Bernt and Walker 1999; Playford et al. 2000; Field
2005; Sangild et al. 2006; Walker 2010). We acknowledge that the concepts of feeding the mother’s
amniotic fluid or bovine colostrum just after preterm birth are only experimental at this stage.
However, there is the potential that these fluids might be seen as novel sources of protective enteral
diets in the critical care of neonates during the difficult transition from parenteral nutrition to enteral
nutrition (Fig. 1).

Amniotic Fluid

Amniotic fluid is essential for fetal survival and development throughout gestation. It protects the
fetus against mechanical injury and physical stressors but also upholds fetal homeostasis through
recirculation of fetal secretions and maintenance of amnion integrity and protects against and
eradicates infections (Harman 2008). In addition, amniotic fluid is a source of enteral nutrition for
the developing fetus, thereby providing 10–15 % of fetal energy and nitrogen requirements in
addition to the nutrients provided by maternal blood across the placenta via the umbilical cord
(Pitkin and Reynolds 1975; Tisi et al. 2004).

From mid-gestation, amniotic fluid is primarily a product of fetal urine excretion, while fetal
swallowing is the principal route of amniotic fluid removal (Ross and Brace 2001). The fetus ingests
an amniotic fluid volume equivalent to 5–10 % of the body weight but may swallow as much as
15–20 % or up to 800 ml per day in the late fetal period (Pritchard 1966; Sherman et al. 1990). Fetal
swallowing of amniotic fluid also affects fetal somatic and GI growth. This is evident from
observations in neonates born with congenital intestinal atresia and reduced birth weight as a result
(Blakelock et al. 1998; Condino et al. 2004; Schaart et al. 2006; Burjonrappa et al. 2010). Further-
more, esophageal ligation studies in pigs (Sangild et al. 2002), rabbits (Mulvihill et al. 1985;
Buchmiller et al. 1993; Cellini et al. 2006), and sheep (Trahair et al. 1986; Trahair and Harding
1995; Trahair and Sangild 2000) demonstrate reduced somatic and GI growth in late gestation when
amniotic fluid swallowing is obstructed. Interestingly, the effects of esophageal ligation are reversed
by infusion of amniotic fluid (Trahair and Sangild 2000) or reconstruction of fetal swallowing
(Trahair and Harding 1995).

Amniotic fluid contains electrolytes, lipids, proteins, amino acids and peptides, lactate, enzymes,
and hormones (Underwood et al. 2005). The protein fraction has been studied most extensively and
has been found to contain a range of low-weight proteins with potent bioactivities including growth
factors, cytokines, and antimicrobial peptides (Table 1). The concentration of bioactive proteins in
amniotic fluid varies greatly between individuals and gestational ages and changes in response to
conditions such as intrauterine infections (Bastek et al. 2011). Amniotic fluid stimulates proliferation
of gastric (Mulvihill et al. 1989; Kong et al. 1998) and intestinal epithelial cells (Hirai et al. 2002),
probably via its content of growth factors. These include epidermal, fibroblast, hepatocyte, insulin-
like, and transforming growth factors (Wagner et al. 2008) as well as hematopoietic growth factors
including erythropoietin and granulocyte colony-stimulating factor (Calhoun 2002). Amniotic fluid
also possesses immunosuppressive properties, as demonstrated by in vitro cell studies. Amniotic
fluid from different mammalian species attenuates induced inflammatory responses and activation of
intestinal epithelial cells (Good et al. 2012), dendritic cells (Møller et al. 2011a), macrophages (Lang
and Searle 1994; Maheshwari et al. 2011), and lymphocytes (Shohat and Faktor 1988). The
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immunomodulatory effects may to some degree be ascribed to transforming growth factor b1 and b2
(Lang and Searle 1994; Claud et al. 2003; Rautava et al. 2010; Maheshwari et al. 2011; Rautava
et al. 2012) and epidermal growth factor (Good et al. 2012). Antimicrobial effects of amniotic fluid
have also been demonstrated in vitro (Yoshio et al. 2003) and associated with the content of
antimicrobial peptides, such as a-defensin and cathelicidin, and lysozyme (Yoshio et al. 2003),
bactericidal/permeability-increasing protein, calprotectin (Espinoza et al. 2003), and
lipopolysaccharide-binding protein (Espinoza et al. 2002). In addition to the molecular bioactive
constituents, amniotic fluid also contains a heterogeneous population of cells including a subpop-
ulation of easily cultivable pluripotent stem cells (Shaw et al. 2011). The origin of these stem cells
and their function in fetal development remain uncertain. They may originate from a unique cell
mass that differentiates into diverse progenitors at different stages of embryonic development, enters
the amniotic cavity, migrates through to the amniotic fluid, and implants into specific tissues (Tong
2013).

It has been suggested to use amniotic fluid as MEN or an immunomodulatory supplement to
infant formula during the first days after preterm birth when human milk is not available (Calhoun
2002). The use of “simulated amniotic fluid,” consisting of sterile, isotonic electrolyte solution with
hematopoietic growth factors, was tested in preterm infants prior to initiation of enteral feeding
(Sullivan et al. 2002; Christensen et al. 2005) and in term neonates (Barney et al. 2007) and during a
period of bowel rest in the recovery after NEC-related surgery (Lima-Rogel et al. 2003). In these
small trials, it was demonstrated that this “simulated amniotic fluid”was well tolerated at doses of up
to 20 ml/kg/day and tended to improve tolerance to enteral feeding.

Colostrum

Colostrum is the first milk produced after a mammal has given birth, and it gradually changes its
special composition to that of mature milk shortly after birth. In humans, the colostrum is produced
mainly during the first 5 days after birth with the composition gradually changing to that of mature
milk during the first 2 weeks after birth (Prentice 1995; Murtaugh et al. 2005). Bovine colostrum is
produced mainly during the first 2 days after parturition (Blumand Hammon 2000; Playford
et al. 2000). Like milk, colostrum contains proteins, carbohydrates, lipids, vitamins, minerals,
electrolytes, and trace minerals. Furthermore, colostrum contains large amounts of bioactive factors
(Table 1) like growth factors, cytokines, and antimicrobial peptides, in addition to the presence of
bacteria and cells (Committee on Nutritional Status During Pregnancy and Lactation and Institute of
Medicine 1991; Playford et al. 2000; Field. 2005; Cabrera-Rubio et al. 2012). The major whey
protein group in bovine colostrum, immunoglobulins, is responsible for immune exclusion by
agglutination of microbes and neutralization of pathogens and bacterial enterotoxins (Kerr 1990;
Brandtzaeg 2003; Hurley and Theil 2011). Immunoglobulin A dominates in human colostrum,
while the primary immunoglobulin in bovine colostrum is immunoglobulin G. Other bioactive
factors in the protein fraction of bovine colostrum include antimicrobial factors. Lactoferrin is able
to assist the host’s innate defense against microbes and their toxins and acts in synergy with the
antibacterial enzyme lactoperoxidase, which together with lysozyme is involved in the antimicrobial
defense (Pakkanen and Aalto 1997). Bioactive factors are also found in the other nutrient classes in
colostrum. In human colostrum, oligosaccharides and glycoconjugates in the carbohydrate fraction
act as prebiotics that stimulate the succession of a beneficial microbiota in the colon (Walker 2010).
In contrast, the level of oligosaccharides in bovine milk is very low (Gopal and Gill 2000). Long-
chain polyunsaturated fatty acids are also present in high amounts in colostrum and have shown to
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reduce the incidence of NEC and intestinal inflammation in a neonatal rat model of NEC (Caplan
et al. 2001; Lu et al. 2007).

To have physiological relevance, the colostrum bioactive factors have to pass through the GI tract
to the site of action without being degraded. To facilitate this, bovine colostrum contains glycopro-
teins and protease inhibitors (inhibiting trypsin, chymotrypsin, and elastase), and furthermore, some
factors are hard to digest by being acid resistant (Lindberg 1979; Thapa 2005). Some colostrum
bioactive factors are activated during the digestion in the GI tract (Shah 2000; Liepke et al. 2002;
Silva andMalcata 2005). Thus, bioactive factors have to be present in sufficient quantity, in an active
state, and not being inhibited by other factors to be able to exert their effects on the intestinal
environment (Bernt and Walker 1999). In both children and adults with SBS, supplementation with
bovine colostrum is well tolerated although the effects on intestinal function, compared with a mixed
milk diet, were minimal (Lund et al. 2012; Aunsholt et al. 2014).

Applications of Amniotic Fluid in the Critical Care of Preterm Neonates

Studies have been conducted to investigate the NEC-protective effects of postnatal feeding with
amniotic fluid in both preterm pigs and young mice (Table 2). The typical experimental design to
investigate the effects of amniotic fluid and colostrum products on NEC development in preterm
pigs is shown in Fig. 2. In these experiments, amniotic fluid was given as MEN, as a bioactive
supplement to enteral formula feeding, or both. Siggers et al. (2013) found that amniotic fluid
reduced the incidence of NEC in preterm pigs when fed both as MEN and as part of the later full
enteral feeding with infant milk formula. Compared with porcine colostrum, which completely
prevented NEC, amniotic fluid was less efficacious as indicated by the lacking effect on brush-
border enzyme activities. Nevertheless, postnatal feeding with amniotic fluid affected the intestinal
expression of many genes involved in innate immune system and inflammatory pathways. Similarly,
the administration of amniotic fluid to a 10-day-old mice reduced NEC severity scores, probably via
immunomodulatory effects of epidermal growth factor (Good et al. 2012). Further studies in the
preterm pig model showed no effects of amniotic fluid on NEC incidence or severity when the fluid
was fed exclusively as MEN during a 2-day period of parenteral nutrition (Østergaard et al. 2013) or

Table 2 Overview of studies in preterm pigs and young mice testing the effect of amniotic fluid (AF) on necrotizing
enterocolitis (NEC). In all studies, infant formula was used as control diet

Study Study aims Outcome

(Good
et al. 2012)

Test NEC-protective effects of murine AF given to
postnatal full-term mice

Murine AF reduces NEC severity via
regulation of EGF receptor and TLR-4

(Siggers
et al. 2013)

Experiment 1:
Test efficacy of porcine AF used as MEN diet + mixed
into formula feeding

Results:
Reduced NEC after AF in formula;
inflammation/microbiota changes

Experiment 2:
Test efficacy of porcine AF mixed into formula feeds

Results:
No effects of AF on NEC or gut structure or
functions

(Østergaard
et al. 2013)

Experiment 1:
Test effect of porcine/human AF used as MEN in pigs

Results:
Increased body growth, reduced gut cytokines

Experiment 2:
Test effects of porcine/human AF used as MEN in pigs,
followed by formula feeding

Results:
Increased body growth and no (pAF) or
negative (hAF) effects on NEC
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exclusively as a supplement to full enteral formula feeding introduced after a 2-day period of total
parenteral nutrition (Siggers et al. 2013). Amniotic fluid provision during the first days after birth
induced small but consistent increases in body weight gain, but whether this resulted from increased
fluid retention or increased dry mass or both remains to be resolved. Finally, intraperitoneal injection
of amniotic fluid stem cells is well tolerated in neonatal rats (Ghionzoli et al. 2010) and prevents
NEC (Zani et al. 2014). Together, these studies indicate that the postnatal administration of amniotic
fluid and amniotic fluid stem cells to preterm neonates does not improve GI function per se but may
modulate intestinal inflammatory responses and cytokine production. Future studies will demon-
strate whether this may reduce the sensitivity to NEC during the critical transition from parenteral to
enteral feeding.

Applications of Bovine Colostrum in the Critical Care of Preterm Neonates

Bovine colostrum has in studies in a preterm pig model of NEC (Fig. 2) shown promising results for
the future use of bovine colostrum for preterm infants, as bovine colostrum repeatedly has been
shown to be better than infant formula in improving GI function and resistance against NEC
(Table 3). In one study (Bjornvad et al. 2008), the investigators compared bovine colostrum, porcine
colostrum, and infant formula in preterm pigs to investigate whether the protective effects of
colostrum were species specific. This study showed that NEC severity was lower in both groups
of pigs fed colostrum, compared with pigs receiving infant formula. Furthermore, formula feeding
resulted in decreased villus height and nutrient digestive capacity, while it increased luminal lactic
acid levels compared with both colostrum diets which were similar for the majority of the measured
intestinal parameters. This study suggests that the protective effect of colostrum is at least partly
species independent. This is further supported by the finding that both bovine colostrum and human
donor milk reduce NEC lesions and proinflammatory cytokines and increase nutrient absorption and
body weight gain, relative to formula (Jensen et al. 2013). Another study investigated howmilk after
different stages of lactation influenced gut responses (Li et al. 2014). The study showed that bovine
colostrumwas moderately superior to mature bovine milk as observed by improved mucosal weight,
villus height, and nutrient digestive capacity, while gut permeability, nutrient fermentation, and NEC
severity were decreased. In this study, both milk products improved gut responses compared with
infant formula. Bovine colostrum also increases mucosal growth with a concomitant increase in
first-pass splanchnic threonine utilization, protein synthesis, and mucin synthesis in the distal small

Fig. 2 Protocol for experimental clinical nutrition experiments in preterm pigs. Preterm pigs are delivered by cesarean
section at 90 % of gestation and stabilized in incubators that are heated and oxygenized. Piglets are then provided with
parenteral nutrition for 2–5 days, which may be supplemented with minimal enteral nutrition (i.e., small boluses of
enteral nutrition), followed by a transition to full enteral feeding. The enteral nutrition provided may be amniotic fluid,
colostrum or mature milk from various species, or various infant milk formulas
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intestine(Puiman et al. 2011). Thus, colostrum feeding may lead to increased intestinal threonine
metabolism and subsequently improved gut barrier function that may support NEC resistance.
Bovine colostrum may also restore the mucosa after an initial inflammatory insult by feeding infant
formula to preterm neonates. Just 8 h of formula feeding is enough to initiate such inflammatory
responses in the preterm pig intestine (Siggers et al. 2011). In preterm pigs fed formula for such a
short time span, subsequent feeding with bovine colostrum reduces the NEC severity and
interleukin-1 beta and interleukin-8 concentrations and increases villus height and digestive func-
tions, relative to pigs continuously fed with infant formula (Støy et al. 2013).

Bioactive factors in colostrum may be responsible for the beneficial effects of bovine colostrum
on the intestine in preterm neonates, although it has been difficult to demonstrate beneficial effects of
adding milk bioactives, such as gangliosides and sialic acid to formula-fed preterm pigs. (Møller
et al. 2011b) Only bovine colostrum improved NEC resistance and intestinal structure and function
compared with control formula. Thus, the beneficial effects of colostrum may result from a
combined, synergistic effect of many bioactive factors (Chatterton et al. 2013).

Based on studies in preterm pigs, the most NEC-preventive feeding regimen is when bovine
colostrum is given as MEN during the first days after birth (16–30 mL/kg/day) and reaches about
120 mL/kg/day on day 5 (Cilieborg et al. 2011). Similar MEN feeding regimen, using infant
formula, did not prevent NEC or improve mucosal structure and function, relative to an abrupt
transition to formula after a period of parenteral nutrition. Only MEN feeding with colostrum
resulted in reduced bacterial load and organic acid concentration, thereby reducing the abundance
of total bacteria in the distal small intestine.

There are a series of safety concerns that need to be carefully addressed before bovine colostrum
can be tested in preterm infants that have no access to mother’s milk. First, it should be noted that in
many of the above preterm piglet studies, there has been a tendency to observe a greater frequency of
lesions in the stomach region when feeding high amounts (e.g., 120mL/kg/day) of bovine colostrum
(Li et al. 2014; Støy et al. 2013). Also the use of bovine colostrum as the sole enteral diet after the
first week of life may not be advantageous. While it is beneficial for preterm infants that bovine

Table 3 Overview of studies in preterm pigs testing the effect of different enteral diet interventions on the incidence of
NEC. In all studies, infant formula was used as control diet

Study Study aims Outcome

(Bjornvad
et al. 2008)

Test the species specificity of bovine and
porcine colostrum

Colostrum had a species-independent improvement on
gut maturation and reduced NEC incidence

(Cilieborg
et al. 2011)

Test the efficacy of bovine colostrum asMEN
diet

Colostrum MEN improved NEC resistance and
intestinal structure and function

(Jensen
et al. 2013)

Test species specificity of bovine colostrum
and human donor milk

Bovine colostrum and human donor milk show
improved NEC protection and gut structure and
function, relative to infant formula

(Li et al. 2014) Test if mature bovine milk had less
bioactivity than bovine colostrum

Gut maturational effects improved by milk and
especially colostrum, relative to formula

(Møller
et al. 2011b)

Compare bovine colostrum with formula
enriched with gangliosides and sialic acids

Improved NEC resistance and gut structure and function
of colostrum versus formula. No effects of formula
enrichments

(Puiman
et al. 2011)

Test if colostrum improves mucosal growth,
protein synthesis, and mucin synthesis

Bovine colostrum increased intestinal threonine
metabolism, gut barrier function, and mucin synthesis

(Støy
et al. 2013)

Investigate if bovine colostrum may restore
intestinal damage after exposure to formula
feeding

Bovine colostrum restored intestinal function and
structure
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colostrum contains a large amount of digestible protein (of which the major fraction is immuno-
globulin G in the whey fraction), there may be a concern that preterm infants will receive excess
amounts of protein when fed enterally with too much bovine colostrum. Finally, there are also
possible allergic reactions to cowmilk proteins in infants. Despite these reservations, the preterm pig
studies would suggest that bovine colostrum, fed as MEN (e.g., 10–50 mL/kg/day) over the first
days after birth, may be of benefit for the immature GI tract in preterm neonates.

Guidelines and Protocols

The above animal studies suggest that there is a potential to use amniotic fluid and bovine colostrum
as MEN diets in the immediate postnatal period of preterm infants, if mother’s milk is not available.
Amniotic fluid is much less investigated than bovine colostrum, but studies in pigs using
40–80 mL/kg/day for the first 2–5 days after birth (Fig. 2) suggest that amniotic fluid could have
beneficial effects to support the later transition to full enteral feeding with milk diets. Preliminary
results suggest that amniotic fluid collected from another species is not efficacious, at least not in
pigs, or may even be detrimental.

The animal experimental data are clearer for the use of bovine colostrum asMEN feeding than for
amniotic fluid. Preterm pig studies consistently show that bovine colostrum, provided in moderate
amounts during the initial week after preterm birth (20–120 mL/kg/day), has markedly better effects
on growth and development than any formula tested until now. On the other hand, it appears that
colostrum may not be advantageous for more long-term use and when provided in larger volumes.
This leads us to suggest that bovine colostrum should be used only as MEN for preterm infants,
providing 10–50 mL/kg/day over the first 5–10 days of postnatal life, until mother’s milk or an
alternative diet is available.

Applications to Other Complications

As indicated above, the possible use of amniotic fluid as a critical care diet for preterm infants
requires further study in animal models before human studies are justified. Possibly, amniotic fluid
collected from pregnant mothers at the time of a preterm cesarean section, and fed to her own
preterm infant, is the first way to test this novel feeding strategy. There are a series of practical
complications and microbiological safety concerns, especially when the preterm delivery is associ-
ated with maternal infection. The concentration of bioactive proteins in amniotic fluid is also
affected during intrauterine infections (Bastek et al. 2011), and it is clearly important not to provide
amniotic fluid that is bacterially contaminated. However, amniotic fluid is the enteral diet that the
preterm delivered newborn was drinking before birth, and intuitively and physiologically, this may
exactly be what is required to support the immature intestine to adapt to enteral feeding and bacterial
colonization. It cannot be excluded that human amniotic fluid or even amniotic fluid from another
species could be relevant as an enteral diet for clinical conditions other than preterm birth, but first,
its efficacy for preterm infants or other compromised newborn infants must be documented.

For the use of colostrum in clinical care, even colostrum from cows, the case is different. Pilot
studies in older human preterm infants and adults suffering from SBS suggest that bovine colostrum
is well tolerated (Lund et al. 2012), and studies in preterm infants are being planned. Regardless,
there are many questions remaining regarding the optimal time, dosage, and duration of the feeding.
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In addition, it will be a large task to secure the product stability and microbiological safety for such a
new diet for use in the pediatric ICU.

Careful considerations regarding species specificity are required for colostrum (bovine, pig,
human) and in relation to interpretation of results from animal models. For bovine colostrum, the
contents of immunoglobulin G and many other components are much higher than in humans, and
whether this constitutes an advantage or a possible risk is yet unknown. For both amniotic fluid and
bovine colostrum, it is important to note that the amount of nutrients fluctuate over time and vary
within and between species (Murtaugh et al. 2005; Bastek et al. 2011). The fluctuation of nutrients
and bioactive factors underlines that the neonates have specific needs at a certain time point and that
the needs differ between species. This should be considered when formulating nutritional products
to human infants based on bovine colostrum. However, the unique composition with a high content
of bioactive factors may benefit the neonates unable to receive their own mother’s colostrum and
milk. Studies are testing the use of bovine colostrum for pediatric patients subjected to chemother-
apy, and these studies are based also on model studies in piglets (Pontoppidan et al. 2014). While the
use of bovine colostrum in intensive care patients is new, the product has been extensively used over
many years in healthy adults, especially in sports medicine and human exercise and fitness (Rathe
et al. 2014).

Processing procedures may be required for these alternative diets since the bacterial contamina-
tion standards are set at a very low level for infant formula or donor breast milk given to preterm
infant (Ewaschuk et al. 2011). A prerequisite for the use of amniotic fluid and bovine colostrum in a
clinical setting is that a product with low bacterial contamination and which is easy to handle and
store can be produced. Several processing methods, for example, spray drying, gamma irradiation,
and pasteurization, can be employed to increase storage time, to reduce bacterial load, and to
facilitate handling of the products. However, the bioactivity of bovine colostrum also needs to be
preserved, leaving the number of feasible methods limited. A study in preterm pigs has shown that
bovine colostrum maintains the beneficial effects on the preterm pig intestine after spray drying,
gamma irradiation, and pasteurization (Støy et al. 2013, unpublished data). This is supported by the
aforementioned study by Li et al. (2014) documenting that homogenization, pasteurization, and
spray drying of milk to whole milk powder are not as detrimental to gut responses as the milk
processing performed during infant formula production, including modification of milk fractions.
Whole milk powder induced in general the same beneficial effects as mature breast milk on the GI
environment and thus was markedly better that infant formula.

Conclusion

Amniotic fluid and bovine colostrum could potentially serve as alternative diets either to protect
infants against intestinal inflammation and injury or for infants already suffering from intestinal
inflammation and injury such as NEC and SBS. The safety and efficacy of amniotic fluid and bovine
colostrum still needs to be better investigated in both experimental studies and clinical trials.

Summary Points

• Mother’s milk is the natural diet for infants to support their nutritional demands, but mother’s
milk is not always available for preterm infants in adequate amounts, if at all. Thus, alternatives
need to be considered.
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• Amniotic fluid and bovine colostrum contain bioactive factors that support perinatal organ growth
and development in mammals.

• Animal studies indicate that amniotic fluid and bovine colostrum protect against necrotizing
enterocolitis.

• The composition of amniotic fluid and colostrum varies widely among different species, and the
beneficial effects are likely highly species specific although some differences may be also species
independent.

• Pilot trials should be initiated to investigate the efficacy and safety of providing amniotic fluid or
bovine colostrum in the critical care of human neonates.

References

Aunsholt L, Jeppesen PB, Lund P, et al. Bovine colostrum to children with short bowel syndrome: a
randomized, double-blind, crossover pilot study. JPEN J Parenter Enteral Nutr. 2014;38:99–106.

Barney CK, Lambert DK, Alder SC, et al. Treating feeding intolerance with an enteral solution
patterned after human amniotic fluid: a randomized, controlled, masked trial. J Perinatol.
2007;27:28–31.

Bastek JA, Gomez LM, Elovitz MA. The role of inflammation and infection in preterm birth. Clin
Perinatol. 2011;38:385–406.

Berman L, Moss RL. Necrotizing enterocolitis: an update. Semin Fetal Neonatal Med.
2011;16:145–50.

Bernt KM, Walker WA. Human milk as a carrier of biochemical messages. Acta Paediatr Suppl.
1999;88:27–41.

Bjornvad CR, Thymann T, Deutz NE, et al. Enteral feeding induces diet-dependent mucosal
dysfunction, bacterial proliferation, and necrotizing enterocolitis in preterm pigs on parenteral
nutrition. Am J Physiol Gastrointest Liver Physiol. 2008;295:G1092–103.

Blakelock R, Upadhyay V, Kimble R, et al. Is a normally functioning gastrointestinal tract necessary
for normal growth in late gestation? Pediatr Surg Int. 1998;13:17–20.

Blum JW, Hammon H. Colostrum effects on the gastrointestinal tract, and on nutritional, endocrine
and metabolic parameters in neonatal calves. Livest Prod Sci. 2000;66:151–9.

Brandtzaeg P. Mucosal immunity: integration between mother and the breast-fed infant. Vaccine.
2003;21:3382–8.

Buchmiller TL, Gregg J, Rivera FA, et al. Effect of esophageal ligation on the development of fetal
rabbit intestinal lactase. J Pediatr Surg. 1993;28:1473–7.

Burjonrappa SC, Crete E, Bouchard S. The role of amniotic fluid in influencing neonatal birth
weight. J Perinatol. 2010;30:27–9.

Cabrera-Rubio R, Collado MC, Laitinen K, et al. The human milk microbiome changes over
lactation and is shaped by maternal weight and mode of delivery. Am J Clin Nutr.
2012;96:544–51.

Calhoun DA. Enteral administration of hematopoietic growth factors in the neonatal intensive care
unit. Acta Paediatr. 2002;91:43–53.

Caplan MS, Russell T, Xiao Y, et al. Effect of Polyunsaturated Fatty Acid (PUFA) supplementation
on intestinal inflammation and Necrotizing Enterocolitis (NEC) in a neonatal rat model. Pediatr
Res. 2001;49:647–52.

Cellini C, Xu J, Buchmiller TL. Effect of esophageal ligation on small intestinal development in
normal and growth-retarded fetal rabbits. J Pediatr Gastroenterol Nutr. 2006;43:291–8.

Diet and Nutrition in Critical Care
DOI 10.1007/978-1-4614-8503-2_131-1
# Springer Science+Business Media New York 2014

Page 11 of 15



Chatterton DE, Nguyen DN, Bering SB, et al. Anti-inflammatory mechanisms of bioactive milk
proteins in the intestine of newborns. Int J Biochem Cell Biol. 2013;45:1730–47.

Christensen RD, Havranek T, Gerstmann DR, et al. Enteral administration of a simulated amniotic
fluid to very low birth weight neonates. J Perinatol. 2005;25:380–5.

Cilieborg MS, Boye M, Thymann T, et al. Diet-dependent effects of minimal enteral nutrition on
intestinal function and necrotizing enterocolitis in preterm pigs. JPEN J Parenter Enteral Nutr.
2011;35:32–42.

Claud EC, Savidge T, Walker WA. Modulation of human intestinal epithelial cell IL-8 secretion by
human milk factors. Pediatr Res. 2003;53:419–25.

Committee on Nutritional Status During Pregnancy and Lactation and Institute of Medicine.
Nutrition during lactation. Washington: The National Academies Press; 1991. p. 113–52.

Condino AA, Barleycorn AA, LuW, et al. Abnormal intestinal histology in neonates with congenital
anomalies of the gastrointestinal tract. Biol Neonate. 2004;85:145–50.

Espinoza J, Romero R, Chaiworapongsa T, et al. Lipopolysaccharide-binding protein in microbial
invasion of the amniotic cavity and human parturition. J Matern Fetal Neonatal Med.
2002;12:313–21.

Espinoza J, Chaiworapongsa T, Romero R, et al. Antimicrobial peptides in amniotic fluid: defensins,
calprotectin and bacterial/permeability-increasing protein in patients with microbial invasion of
the amniotic cavity, intra-amniotic inflammation, preterm labor and premature rupture of mem-
branes. J Matern Fetal Neonatal Med. 2003;13:2–21.

Ewaschuk JB, Unger S, Harvey S, et al. Effect of pasteurization on immune components of milk:
implications for feeding preterm infants. Appl Physiol Nutr Metab. 2011;36:175–82.

Fallon EM, Nehra D, Potemkin AK, et al. A.S.P.E.N. clinical guidelines: nutrition support of
neonatal patients at risk for necrotizing enterocolitis. JPEN J Parenter Enteral Nutr.
2012;36:506–23.

Field CJ. The immunological components of human milk and their effect on immune development
in infants. J Nutr. 2005;135:1–4.

Ghionzoli M, Cananzi M, Zani A, et al. Amniotic fluid stem cell migration after intraperitoneal
injection in pup rats: implication for therapy. Pediatr Surg Int. 2010;26:79–84.

GoodM, Siggers RH, Sodhi CP, et al. Amniotic fluid inhibits toll-like receptor 4 signaling in the fetal
and neonatal intestinal epithelium. Proc Natl Acad Sci USA. 2012;109:11330–5.

Gopal PK, Gill HS. Oligosaccharides and glycoconjugates in bovine milk and colostrum. Br J Nutr.
2000;84:S69–74.

Harman CR. Amniotic fluid abnormalities. Semin Perinatol. 2008;32:288–94.
Henry MC, Moss RL. Necrotizing enterocolitis. Annu Rev Med. 2009;60:111–24.
Hirai C, Ichiba H, SaitoM, et al. Trophic effect of multiple growth factors in amniotic fluid or human

milk on cultured human fetal small intestinal cells. J Pediatr Gastroenterol Nutr. 2002;34:524–8.
Hurley WL, Theil PK. Perspectives on immunoglobulins in colostrum and milk. Nutrients.

2011;3:442–74.
Jensen ML, Sangild PT, Lykke M, et al. Similar efficacy of human banked milk and bovine

colostrum to decrease incidence of necrotizing enterocolitis in preterm piglets. Am J Physiol
Regul Integr Comp Physiol. 2013;305:R4–R12.

Kerr MA. The structure and function of human IgA. Biochem J. 1990;271:285–96.
Kong W, Yee LF, Mulvihill SJ. Hepatocyte growth factor stimulates fetal gastric epithelial cell

growth in vitro. J Surg Res. 1998;78:161–8.

Diet and Nutrition in Critical Care
DOI 10.1007/978-1-4614-8503-2_131-1
# Springer Science+Business Media New York 2014

Page 12 of 15



Lang AK, Searle RF. The immunomodulatory activity of human amniotic fluid can be correlated
with transforming growth factor-beta 1 (TGF-beta 1) and beta 2 activity. Clin Exp Immunol.
1994;97:158–63.

Li Y, Jensen ML, Chatterton DE, et al. Raw bovine milk improves gut responses to feeding relative
to infant formula in preterm piglets. Am J Physiol Gastrointest Liver Physiol. 2014;306:G81–90.

Liepke C, Adermann K, Raida M, et al. Human milk provides peptides highly stimulating the
growth of bifidobacteria. Eur J Biochem. 2002;269:712–8.

Lima-Rogel V, Calhoun DA, Maheshwari A, et al. Tolerance of a sterile isotonic electrolyte solution
containing select recombinant growth factors in neonates recovering from necrotizing enteroco-
litis. J Perinatol. 2003;23:200–4.

Lindberg T. Protease inhibitors in human milk. Pediatr Res. 1979;13:969–72.
Lu J, Jilling T, Li D, et al. Polyunsaturated fatty acid supplementation alters proinflammatory gene

expression and reduces the incidence of necrotizing enterocolitis in a neonatal rat model. Pediatr
Res. 2007;61:427–32.

Lund P, Sangild PT, Aunsholt L, et al. Randomised controlled trial of colostrum to improve intestinal
function in patients with short bowel syndrome. Eur J Clin Nutr. 2012;66:1059–65.

Maheshwari A, Kelly DR, Nicola T, et al. TGF-beta(2) suppresses macrophage cytokine production
and mucosal inflammatory responses in the developing intestine. Gastroenterology.
2011;140:242–53.

Møller HK, Fink LN, Sangild PT, et al. Colostrum and amniotic fluid from different species exhibit
similar immunomodulating effects in bacterium-stimulated dendritic cells. J Interferon Cytokine
Res. 2011a;31:813–23.

Møller HK, Thymann T, Fink LN, et al. Bovine colostrum is superior to enriched formulas in
stimulating intestinal function and necrotising enterocolitis resistance in preterm pigs. Br J Nutr.
2011b;105:44–53.

Montjaux-Régis N, Cristini C, Arnaud C, et al. Improved growth of preterm infants receiving
mother’s own rawmilk compared with pasteurized donor milk. Acta Paediatr. 2011;100:1548–54.

Morgan J, Young L, McGuire W. Slow advancement of enteral feed volumes to prevent necrotising
enterocolitis in very low birth weight infants. Cochrane Database Syst Rev. 2011;3:CD001241.

Mulvihill SJ, Stone MM, Debas HT, et al. The role of amniotic fluid in fetal nutrition. J Pediatr Surg.
1985;20:668–72.

Mulvihill SJ, Hallden G, Debas HT. Trophic effect of amniotic fluid on cultured fetal gastric mucosal
cells. J Surg Res. 1989;46:327–9.

Murtaugh MA, Sharbaugh C, Sofka D. Nutrition and lactation. In: Brown JE, Isaacs JS, Krinke BU,
et al., editors. Nutrition through the life cycle. 2nd ed. London: Thomson Wadsworth; 2005.
p. 143–72.

Østergaard MV, Bering SB, Jensen ML, et al. Modulation of intestinal inflammation by minimal
enteral nutrition with amniotic fluid in preterm pigs. JPEN J Parenter Enteral Nutr. 2013.
doi:10.1177/0148607113489313.

Pakkanen R, Aalto J. Growth factors and antimicrobial factors of bovine colostrum. Int Dairy
J. 1997;7:285–97.

Pitkin RM, Reynolds WA. Fetal ingestion and metabolism of amniotic fluid protein. Am J Obstet
Gynecol. 1975;123:356–63.

Playford RJ, MacDonald CE, Johnson WS. Colostrum and milk-derived peptide growth factors for
the treatment of gastrointestinal disorders. Am J Clin Nutr. 2000;72:5–14.

Pontoppidan PL, Shen RL, Petersen BL, et al. Intestinal response to myeloablative chemotherapy in
piglets. Exp Biol Med. 2014;239:94–104.

Diet and Nutrition in Critical Care
DOI 10.1007/978-1-4614-8503-2_131-1
# Springer Science+Business Media New York 2014

Page 13 of 15



Prentice AD. Regional variations in the composition of human milk. In: Robert GJ, editor. Hand-
book of milk composition. San Diego: Academic; 1995. p. 115–221.

Pritchard JA. Fetal swallowing and amniotic fluid volume. Obstet Gynecol. 1966;28:606–10.
Puiman PJ, JensenM, Stoll B, et al. Intestinal threonine utilization for protein and mucin synthesis is

decreased in formula-fed preterm pigs. J Nutr. 2011;141:1306–11.
Quigley MA, Henderson G, Anthony MY, et al. Formula milk versus donor breast milk for feeding

preterm or low birth weight infants. Cochrane Database Syst Rev. 2008;2:CD002971.
RatheM,M€uller K, Sangild PT, et al. Clinical applications of bovine colostrum therapy: a systematic

review. Nutr Rev. 2014;72:237–54.
Rautava S, Nanthakumar NN, Dubert-Ferrandon A, et al. Breast milk-transforming growth factor-

beta(2) specifically attenuates IL-1beta-induced inflammatory responses in the immature human
intestine via an SMAD6- and ERK-dependent mechanism. Neonatology. 2010;99:192–201.

Rautava S, Lu L, Nanthakumar NN, et al. TGF-beta2 induces maturation of immature human
intestinal epithelial cells and inhibits inflammatory cytokine responses induced via the
NF-kappaB pathway. J Pediatr Gastroenterol Nutr. 2012;54:630–8.

Ross MG, Brace RA. National institute of child health and development conference summary:
amniotic fluid biology–basic and clinical aspects. J Matern Fetal Med. 2001;10:2–19.

Sangild PT, Schmidt M, Elnif J, et al. Prenatal development of gastrointestinal function in the pig
and the effects of fetal esophageal obstruction. Pediatr Res. 2002;52:416–24.

Sangild PT, Siggers RH, Schmidt M, et al. Diet- and colonization-dependent intestinal dysfunction
predisposes to necrotizing enterocolitis in preterm pigs. Gastroenterology. 2006;130:1776–92.

Schaart MW, Yamanouchi T, van Nispen DJ, et al. Does small intestinal atresia affect epithelial
protein expression in human newborns? J Pediatr Gastroenterol Nutr. 2006;43:576–83.

Schanler RJ, Lau C, Hurst NM, et al. Randomized trial of donor human milk versus preterm formula
as substitutes for mothers’ own milk in the feeding of extremely premature infants. Pediatrics.
2005;116:400–6.

Shah NP. Effects of milk-derived bioactives: an overview. Br J Nutr. 2000;84:S3–S10.
Shaw SW, David A, De CP. Clinical applications of prenatal and postnatal therapy using stem cells

retrieved from amniotic fluid. Curr Opin Obstet Gynecol. 2011;23:109–16.
Sherman DJ, Ross MG, Day L, et al. Fetal swallowing: correlation of electromyography and

esophageal fluid flow. Am J Physiol. 1990;258:R1386–94.
Shohat B, Faktor JM. Immunosuppressive activity of human amniotic fluid of normal and abnormal

pregnancies. Int J Fertil. 1988;33:273–7.
Siggers JL, Sangild PT, Jensen TK, et al. Transition from parenteral to enteral nutrition induces

immediate diet-dependent gut histological and immunological responses in preterm neonates. Am
J Physiol Gastrointest Liver Physiol. 2011;301:G435–45.

Siggers JL, Østergaard MV, Siggers RH, et al. Postnatal amniotic fluid intake reduces gut inflam-
matory responses and necrotizing enterocolitis in preterm neonates. Am J Physiol Gastrointest
Liver Physiol. 2013;304:G864–75.

Silva SV, Malcata FX. Caseins as source of bioactive peptides. Int Dairy J. 2005;15:1–15.
Støy ACF, Heegaard PMH, Thymann T, et al. Bovine colostrum improves intestinal function

following formula-induced gut inflammation in preterm pigs. ClinNutr. 2013. doi:10.1016/j.
clnu.2013.05.013.

Sullivan SE, Calhoun DA, Maheshwari A, et al. Tolerance of simulated amniotic fluid in premature
neonates. Ann Pharmacother. 2002;36:1518–24.

Thapa BR. Health factors in colostrum. Indian J Pediatr. 2005;72:579–81.

Diet and Nutrition in Critical Care
DOI 10.1007/978-1-4614-8503-2_131-1
# Springer Science+Business Media New York 2014

Page 14 of 15



Tisi DK, Emard JJ, Koski KG. Total protein concentration in human amniotic fluid is negatively
associated with infant birth weight. J Nutr. 2004;134:1754–8.

Tong X. Amniotic fluid may act as a transporting pathway for signaling molecules and stem cells
during the embryonic development of amniotes. J Chin Med Assoc. 2013;76:606–10.

Trahair JF, Harding R. Restitution of swallowing in the fetal sheep restores intestinal growth after
midgestation esophageal obstruction. J Pediatr Gastroenterol Nutr. 1995;20:156–61.

Trahair JF, Sangild PT. Fetal organ growth in response to oesophageal infusion of amniotic fluid,
colostrum, milk or gastrin-releasing peptide: a study in fetal sheep. Reprod Fertil Dev.
2000;12:87–95.

Trahair JF, Harding R, Bocking AD, et al. The role of ingestion in the development of the small
intestine in fetal sheep. Q J Exp Physiol. 1986;71:99–104.

Underwood MA, Gilbert WM, Sherman MP. Amniotic fluid: not just fetal urine anymore.
J Perinatol. 2005;25:341–8.

Wagner CL, Taylor SN, Johnson D. Host factors in amniotic fluid and breast milk that contribute to
gut maturation. Clin Rev Allergy Immunol. 2008;34:191–204.

Walker A. Breast milk as the gold standard for protective nutrients. J Pediatr. 2010;156:S3–7.
WHO. The optimal duration of exclusive breastfeeding: a systematic review. Geneva: World Health

Organization; 2010.
Yoshio H, Tollin M, Gudmundsson GH, et al. Antimicrobial polypeptides of human vernix caseosa

and amniotic fluid: implications for newborn innate defense. Pediatr Res. 2003;53:211–6.
Zani A, Cananzi M, Fascetti-Leon F, et al. Amniotic fluid stem cells improve survival and enhance

repair of damaged intestine in necrotising enterocolitis via a COX-2 dependent mechanism. Gut.
2014;63:300–9.

Diet and Nutrition in Critical Care
DOI 10.1007/978-1-4614-8503-2_131-1
# Springer Science+Business Media New York 2014

Page 15 of 15


	Amniotic Fluid and Colostrum as Potential Diets in the Critical Care of Preterm Infants
	Abstract
	Introduction
	Amniotic Fluid
	Colostrum
	Applications of Amniotic Fluid in the Critical Care of Preterm Neonates
	Applications of Bovine Colostrum in the Critical Care of Preterm Neonates
	Guidelines and Protocols
	Applications to Other Complications
	Conclusion
	Summary Points
	References




