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ABSTRACT

Introduction and Purpose

The gut microbiome is crucial to infant health and development. For premature infants,
microbiome development differs from full-term babies, posing long-term health risks. Factors
such as delivery method, feeding, antibiotic treatment, and neonatal intensive care unit
(NICU) environment significantly influence the microbiome of premature infants. Probiotics,
especially Bifidobacterium strains, show promise in enhancing health and reducing risks of
necrotizing enterocolitis (NEC) and late-onset sepsis (LOS).

Material and Methods

This review is based on articles from the PubMed database, covering the years 2004-2023,
using keywords: gut microbiome, premature infants, probiotic, microbiome development, and
neonatal intensive care unit.

Results

Current research indicates probiotics, particularly Bifidobacterium strains, positively impact
the gut microbiome of premature infants, improving immunity and metabolism, and providing
protection against NEC and LOS. Multi-strain probiotic preparations combining
Bifidobacterium and Lactobacilaceae strains appear promising, but further research is needed
to fully understand their effects. Addressing food intolerance (FI) in premature infants is
another potential application of microbiome-focused therapies.

Conclusions

While probiotics show promise in improving the microbiome of preterm infants,
comprehensive research on single and multi-strain probiotics and their specific mechanisms
of action is needed. Controversies persist regarding the safety, FDA regulation, and selection
of specific probiotics and formulations. There is no consensus on the optimal timing for
introducing probiotics. Further research is required to optimize probiotic selection and
determine the best benefits. Enhanced standardization and oversight are essential to ensure
safe and effective use of probiotics in neonatal healthcare.

Keywords: gut microbiome, premature infants, probiotic, microbiome development, neonatal
intensive care unit

Introduction

The gut microbiome plays a key role in shaping infants' health and development, influencing
their immune system, growth and overall well-being. Many factors influence the colonization
of the baby's intestines by microorganisms, including the mother's microflora, the method of
delivery (cesarean section or vaginal delivery), the method of feeding (breastfeeding or
formula feeding), and the baby's gestational age at birth. The development of an infant's gut
microbiome typically follows a well-defined, step-by-step pattern, and deviations from this
pattern can lead to long-term health problems.



Preterm infants born before 37 weeks of gestation (GA) experience a distinct set of microbial
colonization patterns during the first weeks and months of life before eventually converging
with those of infants born at approximately 40 weeks postmenstrual age (PMA).! However,
preterm infants are exposed to frequent clinical interventions., which may change their gut
microbiome. A stay in the neonatal intensive care unit exposes them to changing feeding
patterns, frequent use of antibiotics, and a controlled microbial environment, leading to
continuous enrichment of antibiotic resistance genes and altered microbial populations. These
differences in the microbiome may increase the risk of immunological and metabolic diseases
later in life, making modulation of the gut microbiome an important disease prevention
strategy in premature infants.’

The degree of prematurity at birth is directly related to neonatal morbidity and mortality.
Extremely premature infants, born before 32 weeks of age, are particularly susceptible to
necrotizing enterocolitis (NEC), a severe necroinflammatory disease that affects
approximately 7% of very low birth weight infants.> NEC often requires surgery and can
result in lifelong complications. Another problem in premature infants is late-onset sepsis
(LOS), which affects over 35% of premature infants.* Premature birth is associated with
increased intestinal permeability, potentially allowing gut bacteria to enter the bloodstream, a
risk factor for LOS.? Researches have shown that probiotic strains, especially those of the
Bifidobacterium genus, can significantly change the composition of the intestinal microbiome
of premature infants. These changes accelerate the maturation of the microbiome, making it
more similar to that of full-term infants and leading to health-enhancing changes in immune
and metabolic factors. Some probiotic strains may even become a permanent part of a
premature baby's microbiome, suggesting potential long-term benefits. Interestingly, the
presence of Bifidobacterium in the intestines of premature infants appears to provide
protection against LOS. As a result, the infant gut microbiome is considered a target for the
prevention of both NEC and LOS. Additionally, nutritional intolerance (FI) is a common
problem in premature infants, delaying their transition to full enteral nutrition and prolonging
hospital stay.® Given the impact of gut bacteria on intestinal balance, microbiome-focused
therapies may offer opportunities for improved nutritional support in the intensive care unit.

Despite significant advances in neonatal care, there is limited compelling evidence for the
effectiveness of therapies that manipulate the gut microbiome to reduce morbidity and
mortality in premature infants. Probiotics and prebiotics are of great interest in neonatology,
but changing the composition and function of the microbiome must be approached with
caution. This review examines the current situation, focusing on the maturation patterns of the
gut microbiome in preterm compared to full-term infants and the impact of probiotic
supplementation on the microbiome of preterm infants. It presents the mechanisms by which
probiotics can influence health, promote change, and discusses the use of probiotics as a
therapeutic strategy in early life.



Necrotizing Enterocolitis (NEC)

Necrotizing enterocolitis (NEC) is a severe gastrointestinal disease affecting primarily
premature infants, characterized by intestinal necrosis and bacterial translocation into the
bloodstream, often resulting in sepsis. Mortality rates range from 15% to 45%, with long-term
complications such as short-bowel syndrome, growth restriction, and neurological deficits.
Factors like dysbiotic gut microbes, immune reactivity, and genetic predispositions contribute
to NEC. Breastfeeding offers some protection against the condition. Clinical signs include
abdominal distension, feeding intolerance, and systemic symptoms like temperature
instability. Diagnosis is supported by radiographic findings such as pneumatosis intestinalis
(Figure 1). The Bell staging system is used to assess NEC severity (Table 1). Treatment
typically involves antibiotics like ampicillin, gentamicin, vancomycin, and metronidazole,
although prolonged use can disrupt the microbiome and increase NEC risk. Gut rest,
intravenous nutrition, and bowel function assessment are also crucial. NEC complications
extend beyond the intestines, affecting the lungs and brain. Recurrence occurs in 4-10% of
cases, and post-NEC intestinal stricture is common. Short bowel syndrome (SBS) is a severe
consequence with high morbidity. NEC is linked to neurodevelopmental impairments,
including cerebral palsy and cognitive deficits.’

Figure 1. Radiograph of a baby with necrotizing enterocolitis
RadsWiki, CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia



Stage | Stage Il Stage I
e Suspicion of NEC, e Confirmed NEC e Advanced NEC
e Nonspecific symptoms e Significant abdominal e Shock symptoms,
such as mild abdominal distension systemic manifestations
distension. e Radiological evidence e Severe metabolic
hemodynamic of pneumatosis acidosis
instability, bradycardia, intestinalis e DIC
and apnea. e Metabolic acidosis e Radiological evidence
e Trombocytopenia as in stage 2 plus free
intraperitoneal air
indicating intestinal
perforation.

Table 1. The Bell staging system (acc to Kawalec W, Grenda R, Kulus M, Pediatrics, Warsaw
2020, PZWL Medical Publishing, 2nd edition, volume I, page 238)

Development of the microbiome in the intestines of premature infants

The development of the intestinal microbiome in premature infants follows a unique pattern,
shaped by various factors. Postnatal colonization of the infant's gastrointestinal tract is a
dynamic process characterized by the sequential formation of microbial ecosystems. This
process begins with pioneer species that change the intestinal environment and influence the
timing and success of subsequent microbial species. As more species arrive, the microbial
community changes, leading to a diverse community dominated by strict anaerobes, usually
occurring at around 3 years of age.

Unlike full-term infants, which are initially colonized by microorganisms found in the
mother's vaginal secretions or stool during vaginal delivery or through the skin during
cesarean section delivery, preterm infants are colonized primarily by nosocomial
microorganisms. Several factors contribute to this distinction, including a higher incidence of
cesarean sections, frequent use of antibiotics, delayed initiation of enteral nutrition, and
longer hospital stays. The development of the intestinal microbiome of a premature infant is
closely related to postmenstrual age (PMA). Early microbial communities are characterized
by a dominance of Staphylococcaceae, followed by a shift towards communities rich in
Enterococcaceae and Enterobacteriaceae, before reaching a dominance of Bifidobacteriaceae
or Clostridiaceae around week 40 PMA, depending on the type of feeding (human milk or
formula). Although alpha diversity increases over time, it generally remains lower than in
full-term infants.>*

In addition to bacteria, the fungal microbiome (mycobiome) in premature infants shows
stochastic changes. Candida sp. dominate mainly in the first weeks or months of life,
becoming dominant with Saccharomyces spp. with the introduction of solid foods. The viral
microbiome (virome) in premature infants is less studied, but it shows similar stochastic
changes and high individual variation. **

The development of the intestinal microbiome of a premature infant is additionally influenced
by anatomical and functional differences in the gastrointestinal tract resulting from
developmental immaturity.




These differences include shorter crypts and villi, decreased production of mucus and
antimicrobial peptides due to fewer or immature goblet cells and Paneth cells, increased
intestinal permeability, increased oxygen levels resulting from delayed enteral feeding and
decreased colonization by strict anaerobes, and decreased motility and hormone secretion
intestinal problems, partly due to long-term parenteral nutrition. Premature infants are also
considered immunocompromised, making them more susceptible to serious infections and
gastrointestinal conditions such as late-onset sepsis (LOS) and NEC. The complex interaction
of these factors makes premature babies susceptible to the development of an abnormal
microbiome and is subject to characteristic developmental processes. *2

The use of probiotics in premature infants - single and multi-strain probiotics

Probiotics, i.e. preparations of live microorganisms with presumed health benefits, are
increasingly used in early intervention strategies for premature infants. These interventions
have shown significant positive effects on the development of the intestinal microbiota and
the gastrointestinal environment in premature infants, bringing them closer to full-term infants
in terms of the development of the intestinal immune system. Probiotics effectively regulate
the intestinal microflora, thus contributing to the prevention of necrotizing enterocolitis
(NEC), improving feeding tolerance and reducing mortality among premature infants. ****
Despite demonstrated benefits, insight into the immunomodulatory effects of probiotics in
preterm infants remains limited. Available evidence suggests that probiotics exert their
immunomodulatory effects through three main mechanisms: modification of the gut
microbiota composition and improvement of the intestinal environment, stimulation of
immunity through probiotic-derived antigenic signals, and production of beneficial
metabolites. '

The use of single-strain probiotics versus multi-strain probiotics in premature infants is still a
subject of ongoing research. It is not entirely clear how multi-strain probiotics may provide
additional or synergistic benefits that exceed those of single-strain probiotics. Furthermore,
some mechanisms, such as human milk oligosaccharide (HMO) utilization, are strain-specific,
which influences the selection of probiotic strains for clinical use in neonatal intensive care
units (NICUs).*®

Probiotics containing Bifidobacterium strains have shown great potential to improve intestinal
health in premature infants. These probiotics offer various benefits, including nutrient
metabolism, formation of cross-feeding networks, production of antimicrobial peptides, and
competitive exclusion of pathogens.!” It is worth noting that some strains of Bifidobacterium
are excellent at metabolizing complex carbohydrates present in breast milk, known as human
milk oligosaccharides (HMOs) , which makes them particularly suitable in probiotic
preparations for premature infants.'®*°

At the strain level, it is clear that not all Bifidobacterium species have the same ability to
colonize the infant gut and induce changes in the microbiome. 2° Multi-strain probiotics have
shown greater effectiveness in increasing Bifidobacterium abundance and creating more
resistant and interconnected microbial communities. This collaboration benefits species with
limited HMO metabolism capabilities. %



Supplementation with Bifidobacterium strains leads to functional changes in the intestines,
such as increased concentrations of short-chain fatty acids (SCFA), especially acetate. This
metabolic change contributes to lowering intestinal pH and strengthening the defense
mechanisms of the intestinal epithelium against pathogens. Additionally, supplementation
with Bifidobacterium strains has been associated with reduced pro-inflammatory status.
However, the effect may vary depending on the specific strain used, highlighting the need for
further research to optimize probiotic formulations to obtain the greatest benefit for premature
infants.?%*

Lactobacilaceae transiently colonize the infant intestine and provide competitive pathogen
exclusion, antitoxic effects, immunomodulatory effects, and limited HMO metabolism.
Although they are not dominant members of the gut microbiome, they do play a role in
probiotic supplements.?>?’

Functionally, knowledge about the effects of Lactobacilaceae-based probiotics on premature
infants is limited. One study suggests that these probiotics may act through competitive
exclusion processes rather than HMO metabolism and immune modulation. Further research
is needed to better understand the role of lactobacilli in the intestines of premature infants.
28,29

Multi-type probiotic preparations, often containing strains of Bifidobacterium and
Lactobacilaceae, are often studied for their potential benefits in premature infants. These
preparations are considered due to the possibility of synergistic effects and broader health
benefits due to the inclusion of microorganisms with different functional abilities. However,
they also pose challenges in identifying the most effective probiotic candidates. 33

Studies of multigeneric probiotics have shown that some strains, especially Bifidobacterium
species, are more likely to persist in infants' guts and increase in abundance, while others,
such as Lactobacilaceae, tend to disappear over time. %

In summary, multigeneric probiotic formulations, especially those combining Bifidobacterium
and Lactobacilaceae strains, have shown promise in promoting microbiome maturation and
reducing inflammation in premature infants. However, the specific strains used may have
different effects and further research is needed to optimize the selection of probiotics for the
best results.

Safety

The controversy surrounding the routine prophylactic administration of probiotics to
premature infants has sparked a contentious debate. Although some advocates recommend the
use of probiotics based on meta-analyses of various studies, concerns have been raised about
their safety and effectiveness. These concerns include the lack of an appropriate FDA-
approved probiotic product and the potential risks associated with dietary supplements,
including reported side effects and increased mortality. ** The choice of specific probiotic
formulas is another area of uncertainty. The effectiveness of different strains and
combinations of probiotics may vary, and there is no standardized approach to selecting the
most appropriate preparation for a given clinical situation. Determining the optimal time to
introduce probiotics remains a matter of debate. It is not widely established whether
probiotics should be introduced prophylactically, during or after antibiotic treatment, or in
response to specific clinical conditions.



Concerns about the safety of probiotics continue to be a significant point of discussion. These
concerns include potential problems with contamination, side effects such as systemic
infections and overactivation of the immune system, transfer of antibiotic resistance genes,
and metabolic activities that may be harmful. Ensuring the quality and purity of probiotic
products, as well as regulating their production and distribution, is a critical aspect that lacks a
standardized framework. In summary, the use of probiotics in the clinical setting is
characterized by a lack of consensus on patient selection, formulation, timing, and safety
considerations. These issues highlight the need for further research, standardized guidelines,
and increased oversight to ensure the safe and effective use of probiotics in various health
care scenarios. %%

Summary

The gut microbiome plays a key role in infants' health and development, influencing their
immune system, growth and overall well-being. Various factors, including gestational age,
mode of delivery, and feeding, influence microbial colonization in infants. Premature infants
follow a distinct colonization pattern but face obstacles due to clinical interventions,
potentially increasing the risk of future health problems. Therefore, modulation of the gut
microbiome becomes an important strategy for disease prevention in premature infants.
Extremely premature infants, born before 32 weeks of age, are particularly susceptible to
conditions such as necrotizing enterocolitis (NEC) and late-onset sepsis (LOS). It has been
shown that probiotics, particularly Bifidobacterium strains, can positively impact the gut
microbiome, promote improved immunity and metabolism, and even provide protection
against LOS. Addressing food intolerance (FI) in premature infants is another potential
application of microbiome-focused therapies. Although probiotics have shown promise in
improving the microbiome of preterm infants, there is a need for more comprehensive
research on single and multi-strain probiotics and their specific mechanisms of action. There
is also much controversy surrounding the use of probiotics in premature infants. There are
concerns about safety and the lack of FDA regulation regarding probiotic products. The
choice of specific probiotics and their formulation remains a matter of debate. There is also a
lack of consensus on when to introduce probiotics. It is worth emphasizing that different
probiotic strains may produce different effects, requiring further research to optimize
probiotic selection and determine optimal benefits. Multi-strain probiotic preparations
combining Bifidobacterium and Lactobacilaceae strains seem promising, but require further
research to better understand their effects. The controversy surrounding the use of probiotics
in premature infants highlights the need for further research, development of guidelines, and
increased oversight to ensure the safe and effective use of probiotics in health care.
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