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Abstract

Children with autism frequently suffer from a variety of gastrointestinal (GI) 
problems, referred to as “leaky gut”, exhibit increased levels of pathogenic 
bacterial species, and interestingly, show higher prevalence of inflammatory 
bowel disease (IBD). It has been proposed that abnormal gut development may 
contribute to these problems. In turn, delayed gut development may affect the 
gut-brain axis communication and lead to altered brain development implicated 
in autism. In the premature infants IBD occurs primarily in the form of necrotizing 
enterocolitis (NEC). Importantly, the rate of both premature births and autism 
has been on an increase. These observations suggest that the GI problems 
present in subpopulations of autistic children may be related to prematurity. The 
preterm infant’s gut with underdeveloped gut lining, affects its ability to make a 
transition to the external milieu and the first bacterial colonization, which affect 
the subsequent development of the gut and the gut-brain axis impacting brain 
development. Lower levels of the brain-derived neurotrophic factor (BDNF) in 
premature infants may further affect brain maturation. Additionally, premature 
infants are often fed formulas devoid of essential bioactive factors such as 
lactoferrin (LF), present in the human colostrum and milk, and critical for both gut 
and brain maturation. Even when LF is used as a supplement, in infant formulas, 
it is present in low concentration and is mostly of bovine origin; recent research 
suggests species-specificity of LF. This review discusses: (1) the delay in gut 
maturation in preterm infants, (2) early nutritional practices in preterm infants, 
and (3) species-specific structure-function relationship of LF. It considers the 
possible link between gut immaturity and autistic pathology. It concludes with 
a suggestion that breastfeeding or/and native human LF supplementation may 
play a preventive role in autism. 
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drugs (aspirin, ibuprofen), food contaminated by parasites, highly 
refined carbohydrate diet (candies), gluten, enzyme deficiencies 
and genetically modified foods can cause “leaky gut syndrome”. In 
preterm infants some of the same factors may have more disrupting 
effects than in term infants. Animal studies suggest that gut leakiness 
[8] or changes in the gut microbiota [9] may in turn be communicated 
to the brain impacting neurodevelopment. The discovery that altered 
gut microbiota composition can affect behavior and cognition 
contributed to establishing the concept of the microbiota-gut-
brain axis as an extension of the concept of gut-brain axis. Thus, 
abnormalities in gut development, and the “leaky gut” may in fact 
result in brain development abnormalities implicated in autism [10]. 
In mammals, the developmental process, including gut maturation, 
is intimately dependent on bacterial colonization and early nutrition. 
In humans, the colostrum and milk provide not only basic nutrients, 
but also bioactive substances of which lactoferrin (LF) may play a key 
function. LF, plays an important role in the maturation of the gastro 
intestinal tract (GIT), early immune response and neurodevelopment. 
Its role in IBD has been subject of a number of studies; fewer 
studies concern the use of LF in autism. Preterm infants are often 
deprived of breastfeeding that provides native LF, while formulas are 
supplemented predominantly by bovine and less often by genetically 
modified LF. However, recently it has been reported that LF appears 
to be species specific, with differences in both protein moiety [11] and 
glycosylation pattern [12], intimately involved in both gut and brain 

Introduction
 In addition to neuropsychiatric symptoms, children with 

autism spectrum disorders (ASD) frequently suffer from a variety 
of gastrointestinal (GI) problems [1]. These GI problems, in which 
intestinal lining/the gut-blood barrier is hyper permeable to bacteria, 
viruses, parasites, proteins and toxins, allowing them to be transferred 
between the gut and the bloodstream, are referred to by an umbrella 
term - the “leaky gut syndrome” [2]. The “leaky gut syndrome” 
underlies the pathologies of the inflammatory bowel disease (IBD), 
which in turn encompasses necrotizing enterocolitis (NEC), Crohn’s 
disease, and ulcerative colitis. The “leaky gut” is also observed in a 
subpopulation of ASD, where it is associated with increased levels 
of pathogenic bacterial species in the gut [3]. Interestingly, the 
prevalence of GI problems, including IBD and especially NEC 
appears to be higher in the premature as compared to term children. 
Furthermore, the rate of both premature births [4] and autism [5] has 
been to increase. The gut-blood barrier is absent at birth in the term 
infants, and is established as part of the maturation of the GI system 
in the first few months of life [6]. In the preterm infants, there may 
be an additional delay in gut development, as suggested by persistent 
delay in maturation of digestive functions during the postnatal period 
in the preterm pigs [7]. Furthermore, in the term infants, once the 
barrier is established, a number of factors that cause inflammation 
of the gut lining, such as antibiotics, nonsteroidal anti-inflammatory 
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maturation. Others have reported species differences in glycosylation 
patterns and antimicrobial activity in genetically modified LF [13]. In 
view of these findings, while mindful of the current progress in saving 
the lives of premature infants, one should pose a question whether or 
not one should be more cautious when designing infant formulas? 
This review addresses the possibility of prematurity, and specifically 
delayed maturation of the GI and resulting gastrointestinal problems, 
as the predisposing factors in autism. The immaturity of the gut at the 
time of preterm birth affects its ability to undergo proper bacterial 
colonization, impairs further gut development, and the gut-brain 
axis maturation, impacting brain development that may predispose 
autism. We further examine the potential role of breastfeeding and/
or the use of native human LF in prevention of autism.

Autism and Preterm Births: Increase in 
Prevalence and IBD Occurrence

 The prevalence of ASD in USA has more than doubled over 
the last two decades [5,14,15]. The median global prevalence rate of 
ASD published in 2012 is over 62 cases per 10,000 people [16]. At the 
same time the rate of premature infants, defined as born before the 
37 weeks of gestation, has increased by 20 percent between 1990 and 
2006 contributing to a greater number of infants at higher risk for 
autistic-like behavior later in life [4]. Increasing prevalence of IBD 
in general population has also been observed [17-19]. Furthermore, 
the age-adjusted increase in the prevalence of IBD in autism, based 
on the case-control studies, has been recently reported [20]. Similar 
correlation has been claimed between IBD and prematurity. Premature 
infants and especially very-low-birth-weight infants experience GI 
dysfunctions, sepsis, and NEC that result in altered gut microbiota 
and dysbiosis [21]. NEC, a form of IBD, affects primarily premature 
infants, and is a lethal cause of infant morbidity and mortality. It has 
been suggested that the microbial intestinal colonization may affect 
the immature gut establishing inflammatory and barrier properties 
predisposing to the development of NEC [22]. Additional data support 
the notion of preterm birth as a risk factor of IBD in adulthood [23]. 
Others reported that there is no relationship between preterm births 
and development of IBD in adulthood [24]. Additional data is needed 
to clarify the effect of early childhood events on the development 
of IBD. Early life factors have been postulated to play a role in the 
development of the immune tolerance and microbiome, which in 
turn may influence the risk of IBD, although the exact relationship 
is unclear. Premature infants [25,26] and especially those with a 
very-low-birth-weight [27] are at risk of specific learning deficits, 
hyperactivity, impaired social interactions and autism. Furthermore, 
the impairment of social behavior may persist into adulthood [28]. 
Magnetic resonance imaging (MRI) scans in very premature babies, 
subsequently diagnosed with autism, showed reduced volumes in the 
temporal, occipital, insular and limbic region, which are involved 
in autistic pathology [29]. Importantly, clinical studies indicate a 
relationship between the premature birth and the age of first signs of 
autistic symptoms, which is at 7 months in preterm and 13 months 
in term infants [30].

Early Nutritional Practices in Term and 
Preterm Infants

Management practices in preterm infants, as well as in term 
infants during infection, frequently employ interruption in nursing. 

Such practices may contribute to infant’s deficiency in bioactive 
factors such as LF, as well as several hormones including critical for 
the development thyroid hormone (TH), and have dire consequences 
on both immediate and long-term health. The preterm infants 
especially those with very-low-birth-weight experience disruptive 
pregnancies, rapid vaginal or Caesarean births, are separated from 
mothers, and are often treated with antibiotics that are leading causes 
of dysbiosis and altered gut microbiota [3]. In turn, the gut dysbiosis 
has been associated with behavioral abnormalities typical of autism. 
It has been suggested that one of the factors that can ameliorate the 
dysbiosis is feeding the breast milk [21].

Both the colostrum and the human milk provide several 
biologically active milk-born proteins important for maintaining 
gut health and controlling microbial ecosystem [31-33]. Both 
colostrum and milk also contain important quantities of biologically 
active milk-borne peptides and proteins known to stimulate the 
offspring’s immune system, digestion and absorption of nutritional 
elements, development of endogenous defense mechanisms against 
bacteria, fungi and viruses, prebiotic effects, and others [31-33]. 
Thus eliminating nursing in preterm infants as well as during 
infection in term infants may have negative consequences on both 
immediate and down-stream health. The mother’s milk contains 
700 species of bacteria and is an important source of Lactobacillus 
and Bifidobacterium during nursing. Furthermore, breast-fed vs. 
formula-fed infants present very different trajectories of microbiota 
development [34]. It has been suggested that nursing inhibits 
pathogenic bacteria, and that suboptimal breast-feeding may increase 
risks of ASD [34,35] and IBD [36].

The premature infant’s formulas are based on either cow’s milk 
or soy. While human milk contains 1.4 mg/ml LF, cow’s formula 
contains 0.1 mg/ml and soy based formulas do not contain LF [37]. 
Even when formulas are supplemented with LF concentration at 0.1 
mg/ml, bacterial flora did not contain beneficial Bifidobacterium 
species; LF at 1 mg/ml was able to establish this beneficial bacterial 
species in half of the infants, but later than in breastfed infants [38]. 
However, animal data suggest that LF supplementation at high 
dosage may actually exert detrimental effects as seen in preterm 
pigs supplemented with a high dose of bovine LF, urging caution 
[39]. An alternative to formula-feeding, in case when mother milk is 
unavailable or infant stays in intensive care neonatal units, is donated 
human milk stored in human milk banks. Freezing at -20°C is the 
most common way to preserve donor milk. However, frozen storage 
can reduce nutritional and immunological quality of some milk 
components [40-43]. Unfortunately, freezing decreases concentration 
of LF [44]. Still, taking into consideration all these factors, properties 
of human milk, even frozen and stored, outstrip formula feeding.

Interestingly, donor milk usage in the USA, in level 3 and 4 
neonatal ICUs, has increased from 25 to 45% between 2007 and 
2011, based on the observation that exclusive human milk diet offers 
protection against NEC. Several ongoing studies are reevaluating the 
benefits of exclusive human milk diet vs. formula feeding in preterm 
infants [45].

Lactoferrin (LF): Structure-Function 
Relationship

LF is a sialic acid-rich, iron-binding, bioactive glycoprotein most 
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abundant in colostrum and milk, but also found in other biological 
fluids, neutrophile granules and the central nervous system (CNS). 
Colostral and milk LF binds to its receptors (LFR) in the brush 
border cells, is absorbed by the epithelial cells of the intestine, where 
it regulates the proliferation of gut lymphatic follicles and both 
local and systemic immune response. LF is involved in multiple 
physiological functions, including antimicrobial, anti-inflammatory, 
and immunomodulatory; it is also a major transport protein for 
dietary iron. LF also enhances absorption of nutrients [46] and 
controls proper composition and proportion of the beneficial gut 
microbiota [47].

Human milk LF binds to the pathogenic gram-positive and gram-
negative bacteria and exerts antimicrobial activity via iron depletion 
and bacterial membrane disruption. It has been shown that diabetes 
mellitus during pregnancy is associated with altered milk immune 
factors implicated in modulation of infant immunity; specifically, 
the colostrum contains lower concentrations of IgA and IgG, and 
complement C3 protein and presents increased glycosylation of LF 
[48]. Interestingly, LF is resistant to digestion in the infants’ intestines, 
so its effect is greater in infants than in adults.

LF is critical for both gut and brain development. Interestingly, 
LF has been found in dopaminergic neurons of substantia nigra and 
has been shown to be synthesized by human activated microglia [49]. 
Additionally, LF transcript has been located in pyramidal neurons of 
the hippocampus of aged mice, suggesting its protective effect from 
oxidative damage in the brain, However, its level of expression under 
normal conditions are very low [49].

LF is involved in learning and cognition [50,51]. Interestingly, it 
has been shown that in newborn calves colostrum LF is transported 
from plasma to the cerebrospinal fluid (CSF), suggesting it may play 
an important role in brain functions [52]. Indeed, LF has been shown 
to suppress psychological stress [53].

Recent proteonomic comparison of human and macaque milk 
identified 88 differently abundant proteins, including LF that was 
more abundant in human milk, as well as 524 new human milk 
proteins [11]. Human native LF and recombinant (rLF) have identical 
protein sequences, but different glycosylation patterns. Native human 
LF shows a glycol profile rich in sialic acid, fructose, and mannose, 
whereas rLF is rich in mannose. While native human LF stimulates 
IgG and IgE antibody response, rLF is 40-fold less immunogenic and 
200-fold less allergenic [12]. Furthermore, the native human and the 
rLF differed with respect to N-glycosylation sites, consistent with the 
concept of milk (as well as other proteins) glycosylation profile being 
both species- and tissue-specific [13]. It has been proposed that these 
species differences in LF structure are related to the developmental 
maturity of the organism at birth [11]. One can then pose a question, 
whether modified LF can replace native human LF in early human 
nutrition?

Delayed Maturation of the Gut in Preterm 
Infants as a Possible Factor Contributing to 
Autistic Pathology; Role of Lactoferrin

Human infants at term attain certain degree of gut maturity 
and readiness to make a transition from nutrients present in the 
mother’s blood to the external supply of undigested nutrition. What 

happens to the preterm infants, lacking several critical weeks of gut 
development? As already pointed out, preterm infants experience 
gastrointestinal dysfunctions, sepsis, and NEC that result in altered 
gut microbiota and dysbiosis [21].

Similarly, children with ASD frequently present a variety of 
GI symptoms, which include constipation, diarrhea, abdominal 
pain, gastroesophageal reflux, and vomiting. The prevalence of GI 
symptoms as high as 23 -70% has been reported in ASD children [54]. 
The bacterial theory of autism posits that the GI symptoms observed 
in autism are associated with changes in the microbial composition in 
the gut and that these changes could be involved in the pathogenesis 
or progression of the disease. And indeed, several lines of evidence, 
including the clinical studies seem to support alterations of gut 
microbiota in autism [3]. Importantly, age-adjusted increase in the 
prevalence of IBD, based on the case-control studies has been recently 
reported in patients with autism [20].

It is important to realize, that the intactness of the gut-blood barrier 
is crucial for maintaining the composition of gut microbiota, and that 
any damage to that barrier results in changes in its composition. It has 
been suggested that altered gut microbiota in some ASD children (late 
onset) may be due to disruption of indigenous microbiota by certain 
antimicrobial drugs [55]. The Clostridial species emerged as the most 
likely candidate, since it has been implicated in diarrhea diseases of 
humans and animals. This hypothesis is supported by the reports of 
increased intestinal permeability [56-58] in children with autism. 
Treatment with antibiotics is associated with increased intestinal 
colonization with a number of opportunistic bacteria, including C. 
difficile. Interestingly, the animal studies are in support of human 
observations; they further suggest that the changes in microbiota may 
be sex-dependent and more significant in males [59,60]. In summary, 
there is consensus on the increase of both IBD prevalence [20] and a 
shift from health promoting bacteria to spore-producing, antibiotic 
resistant, neurotoxins-producing bacteria in autism.

The human gut, sterile at birth, is first colonized by bacteria 
during birth and the postpartum period by facultative and anaerobic 
bacteria, Lactobacillus and Bifidobacterium, derived from mother’s 
vaginal and fecal bacteria. This first gut colonization is disrupted in 
children derived by C-sections, as is the case in premature births, 
when gut is first colonized by predominantly skin bacteria. It has 
been suggested that the recent increase in C-sections may contribute 
to reduced bacterial diversity of gut microbiota resulting in ‘microbial 
deprivation syndrome”, that is insufficient diversity of microbial 
stimulation resulting in the abnormal immune system and the CNS 
maturation [61].

The second gut colonization occurs around the time of weaning 
when the digestive system adjusts to the switch from mother’s milk 
to solids. The first microbiota, dominated by Actinobacteria and 
Proteobacteria are gradually replaced by strict anaerobic members 
of Bacteroidetes and Firmicutes. The individual gut profiles are 
established by the end of the first year, and the adult profiles by 3-5 
years [62].

Following weaning the diversity of microbiota increases with 
a relative increase in Bacteriodes and Clostridium species [63]. The 
gut colonization following weaning is associated with changes in 
the GIT structure and function leading to a temporary drop in gut 
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permeability, a phenomenon known as gut closure [6]. The timing 
of gut closure is very critical for the maturation of the GIT, as the 
process regulates the integrity of gut microbiota and thus protects 
against environmental insults, including bacterial translocation. 
The timing of this closure is delayed in preterm animals and in 
intrauterine growth retarded (IUGR) animals [63]. In preterm infants 
there is reduced diversity of bacterial species and a higher levels of 
Bifidobacterium and Bacteroides [62]. Importantly, there is some 
evidence pointing to incomplete gut closure in autism resulting in 
increased gut permeability [58,64,65].

The gut microbiota is directly involved in the development 
and regulation of GIT structure and function. It participates in the 
development of intestinal mucosa, and mucosal immunity [66]. It is 
also involved in many functions, such as, the regulation of epithelial 
barrier integrity, gut motility, digestion and metabolism, and 
production of hormones and some vitamins [59].

What happens to the early colonization in preterm infants, in 
which the gut lining is developmentally delayed? In preterm infants 
the early colonization is affected by a number of factors such as fast 
vaginal/C-section delivery, formula feeding, antibiotics exposure etc. 
Premature epithelium will also differ in gut-microbiota interplay [67]. 
Importantly, this process is affected by the developmental maturity of 
not only gut, but also gut-associated lymphoid tissue (GALT), and 
the interplay with the microbiota. GALT, as the mucosal-associated 
lymphoid tissue, plays a crucial role in maintaining the balance 
between inside of the body and the outside (intestine lumen). GALT 
maintains the anti-inflammatory environment in the intestines, which 
is necessary for mucosal tolerance [68]. During the development, 
GALT must learn to differentiate between commensal bacteria or 
food-derived antigens and the pathogens [69].

In preterm infants both the gut and the immune system are 
underdeveloped, the latter results in abnormal immune response 
to commensal bacteria. Instead of the immune tolerance, the 
immune response develops, that eventually leads to the bacterial 
penetration through the disrupted gut epithelium and subsequent 
epithelial injury, which in some cases may lead to NEC [70]. Also, 
the lack of milk-derived secretory IgA may trigger the abnormal 
immune response, allowing the microbe penetration through the 
intestine wall. Normally, antigens in the gut lumen form complexes 
with secretory IgA, that prevent antigen-directed interference 
with epithelial cells, while allowing sampling by protrusions of the 
dendritic cells (DCs), underlying the epithelium [71]. DCs with Toll-
like receptors (TLRs) recognize the microbial-associated molecular 
patterns (MAMPs) and release TGBβ and IL-10 maintaining 
tolerance. Furthermore, antigen- B cell interaction in mesenteric 
lymph nodes results in their differentiation to plasma cells producing 
IgA [55]. Gut maturation also includes the proper formation of tight 
junctions, between the epithelial cells. Abnormal, or insufficient 
microflora may reduce the maturation of epithelial barrier that in 
turn results in “leaky gut”, allowing the antigens penetration, and 
evoking the immune response [71,72]. Interaction of abnormal 
microbiota with underdeveloped GALT in preterm infants interferes 
with the immune balance (pro- and anti-inflammatory) resulting in 
inadequate immune response that disrupts normal gut development. 
This in turn lead to later malfunction of GALT and may result in 
developing allergic or autoimmune-based diseases, such as Crohn’s 

disease, or diabetes type-I later in age [73,67]. LF is critical for gut 
development. Animal experiments have shown that LF inhibits 
apoptosis, regulating both TGF-β, and caspase-3 expression, and 
stimulates both the proliferation and differentiation of the epithelial 
cells in the intestines, increases the villus height, and the expression of 
the brush-border specific enzymes [74,75]. LF stimulates the growth 
of gut-associated lymphatic follicles, suggesting its beneficial role in 
premature infants [76]. LF controls the composition and proportion 
of the gut microbiota that in turn affect gut development [76].

Possible Role of Lactoferrin in Brain 
Development

LF has been implicated in the neurodevelopment [77]. It has been 
reported that LF administered into the intestine [78], as well as LF 
absorbed systemically from colostrum are transported into the CSF 
[79] via receptor-mediated mechanism [52]. LF receptors have been 
detected in brain endothelial capillary cells [80]. These results suggest 
lactoferrin’s involvement in brain maturation.

Diet is a key modulator of the bidirectional signaling pathways 
between the gut and brain that underlie neurodevelopment, and LF 
activity may be mediated through gut-brain axis and gut synthesized 
factors [81], such as BDNF. BDNF, critical for brain growth and 
maturation, is developmentally regulated [3]. The levels of BDNF in 
human cord blood increase with the gestation and beyond the first 
week of age [82]. Furthermore, lower BDNF levels have been observed 
in the umbilical cord blood of premature than in the full-term infants 
[83]. BDNF levels are also altered in autism, with both decreased and 
increased BDNF levels reported in different ASD subpopulations [3].

In general, LF supplementation results in upregulation of BDNF. 
Supplementation with bovine LF in nursing piglets (equivalent to 
10 month old human infants) has been shown to upregulate BDNF 
in the duodenum [77] and the hippocampal BDNF synthesis at 
both the mRNA (1.3 times) and the protein (2.1 times) level. It has 
been suggested that LF upregulates the BDNF signaling pathways 
and improves learning and memory as shown by the results of the 
eight-arm radial maze testing [51]. In rats with intrauterine growth 
retardation (IUGR) induced by the maternal dexamethasone 
treatment during gestation, maternal supplementation with 
bovine LF during both gestation and lactation upregulated BDNF 
expression in hippocampus and increased both neuronal density and 
neurotransmitter levels in the hippocampus at 7 days of age [84]. 
Thus LF supplementation may be of benefit in preterm infants and 
ADS cases characterized by lower than normal BDNF levels.

In addition to the BDNF regulation, LF affects both brain structure 
and behavior. Male piglets given lactoferrin-containing supplements 
during lactation period showed higher degree of maturation of the 
internal capsule and cortical tissue and performed better on the 
spatial T-maze than unsupplemented controls [85]. In a rat model 
of brain injury from cerebral hypoxia-ischemia (HI) which has a 
high incidence in premature infants, maternal LF supplementation 
through lactation reduced both short- and the long-term brain injury 
at both metabolic and microstructure level in rat pups at 24-28 weeks 
human age equivalent [86].

Additionally, LF administered to rats during late postnatal/ 
early post weaning period exerted behavioral effects that included 
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less risky behavior and faster escape responses, and sex-dependent 
water immobility/escape response [50]. LF has been also shown to 
exert a suppressive effect on distress induced by maternal separation 
in rat pups [87] and on psychological distress under conditions of 
moderate stress in adult rats perhaps by activation of endogenous 
opioidergic system [53]. Data derived from both human and animal 
studies suggest beneficial effect of LF supplementation on brain 
biochemistry and behavior, although further insight is needed into LF 
effect in specific subpopulations of preterm infants and toddlers with 
suspected autism, before the beneficial action of LF in preventing 
ASD is accepted.

Fecal LF as Diagnostic Marker in IBD
Based on several reports it can be concluded that fecal LF is a 

sensitive and a specific marker for gut inflammation in chronic 
IBD [88,89]. It can detect intestinal inflammation even in patients 
with normal CRP, while normal fecal LF excludes the intestinal 
inflammation [90]. Recent review using a meta-analysis involving 
seven studies concluded that fecal LF has high pooled sensitivity 
(0.82) and specificity (0.95) especially in chronic inflammation [91].

Data on fecal LF in autism is very limited. Elevated fecal LF has 
been reported in 24 percent of autistic stools [92] supporting the 
need for further exploration of fecal LF as a useful marker in ASD. 
Interestingly, results of another recent study, evaluating the duodenal 
biopsies as well as fecal LF in children support the notion that 
gastrointestinal pathology in ASD is similar to controls [93]. In light 
of the above, fecal LF could be used as an early diagnostic marker 
in autistic children with gastrointestinal problems. Elevation in fecal 
LF would identify those children that can benefit from early dietary 
intervention.

Beneficial Role of Breast Feeding and 
Native Human LF as Autism-Preventing 
Strategies in Preterm Infants and Existing 
Gut Targeting Therapies in Autism

The gut microbiota undergoes changes throughout the life span, 
adjusting to different age-specific requirements of the organism, 
with diet being one of the key regulatory mechanisms. Age-specific 
intestinal dysbiosis, defined as increased proportion of harmful to 
beneficial bacteria, has been shown to precede the NEC in intensive 
care nurseries and is linked to long-term psychomotor disabilities 
in very-low-birth-weight infants. Intestinal dysbiosis has also been 
established as a mediator of both IBD and neurodevelopmental 
disorders, such as autism [94].

Consequently, dietary intervention can be used to remodel 
microbiota’s profile especially during the critical developmental 
period, when the intestinal microbiota is still being established. 
This period coincides with emergence of the autistic symptoms and 
the onset of regressive types of autism. Therefore, there is an open 
window of opportunity to remodel gut microbiota in preterm infants 
as means of ASD prevention. Existing therapies targeting the gut 
microbiota in autism include dietary restrictions, supplementations, 
immune therapies, antibiotics, prebiotics and probiotics, and fecal 
microbiota transplantation (FTM), with future plans including 
development of gut bacteria-specific vaccines [3]. Recently, 
therapies targeting directly the gut microbiota composition with 

probiotics are emerging as a viable strategy in the treatment of the 
CNS disorders [95]. The probiotics, defined as dietary supplements 
containing live bacteria, have been shown beneficial also in IBD [96]. 
Preclinical studies of selected probiotics in healthy volunteers [97] 
have provided encouraging results for further studies exploring the 
concept of microbial targeting under pathological conditions. Use of 
probiotics in autism has been reviewed by Critchfield and colleagues 
[98]; Bifidobacterium and Lactobacillus are the main genera showing 
beneficial effects.

However, all these therapies are targeting already established 
autism cases, following the critical period of gut and brain 
development. There is a need to develop dietary therapies for the 
premature infants and to reestablish age-specific composition of 
microflora early during development.

As discussed, autism may be associated with prematurity, and 
the premature infants are fed formulas, rather than breast milk. 
Importantly, clinical studies indicate a relationship between the lack 
of breastfeeding in premature infants and development of ASD [99]. 
Other studies support the notion that breastfeeding may be associated 
with lower risk of Crohn’s disease [36,100-102] and ulcerative colitis 
[36,101].

LF in the breast milk has been proposed to provide a protection 
against NEC, intestinal allergy, and bacterial gastroenteritis in 
preterm infants over two decades ago [103]. Recently this issue has 
been revisited by clinical trials on efficacy and safety of LF with 
respect to neonatal sepsis and NEC [104-106]. Supplementation of 
infant formulas with bovine LF in preterm infants has been shown 
to reduce the late-onset sepsis [105], but had no effect on NEC 
[107,108]. However in a most recent randomized clinical trial, bovine 
LF supplementation has been found effective in preventing NEC 
[109].

In view of native human LF being structurally unique, both with 
respect to the peptide composition and glycosylation pattern that are 
intimately related to its function in the developing humans, more 
studies are required to re-examine its beneficial function in preterm 
infants and possible preventive role in autism.

Conclusion 
Data derived from clinical observations support the link between 

prematurity and GI abnormalities in autism. Several specific points 
emerged from the reviewed data, and are summarized below: (1) 
increased incidence of premature births accompanied by a higher 
survival rate of preterm infants is associated with an increase in GI 
problems and prevalence of IBD also observed in ASD, suggesting 
that prematurity and associated delay in gut maturation may be 
contributing factors to autism; (2) elimination and substitution of 
the breastfeeding in premature infants with formulas containing 
altered composition of bioactive factors, such as LF, may alter gut 
microbiota, delay gut maturation, affect the gut-brain axis and brain 
development contributing to neuropsychiatric pathologies including 
ASD; (3) the supplementation of infant formulas with bovine and/or 
transgenic LF has to be reexamined in view of the species specificity 
of this glycoprotein. While breastfeeding, frozen human milk, and 
perhaps native human lactoferrin should be promoted as autism-
preventing strategies in premature infants, further studies are needed 
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to reevaluate supplementation of infant formula with bovine and 
recombinant human LF.
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