1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Pediatr Surg. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Pediatr Surg. 2018 February ; 27(1): 39-46. doi:10.1053/j.sempedsurg.2017.11.008.

Probiotics and Necrotizing Enterocolitis

Ravi Mangal Patel, MD, MSc! and Mark A. Underwood, MD, MAS?

1Associate Professor, Department of Pediatrics, Division of Neonatology, Emory University School
of Medicine and Children’s Healthcare of Atlanta, Atlanta, GA

2Professor, Department of Pediatrics, Division of Neonatology, University of California Davis
School of Medicine, Sacramento, CA

Abstract

In this review, we summarize existing knowledge regarding the effects of probiotics on necrotizing
enterocolitis (NEC). We review the role of the microbiome in NEC and pre-clinical data on
mechanisms of probiotic action. Next, we summarize existing randomized controlled trials and
observational studies of probiotics to prevent NEC. We also summarize findings from several
recent meta-analyses and report a new cumulative meta-analysis of probiotic trials. Finally, we
review data from cohorts routinely using commercially available probiotics. Our goal is to inform
clinicians about the risks and benefits of probiotics, which may be helpful for those considering
use in preterm infants to prevent NEC, death or sepsis.
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Introduction

Probiatics are live microorganisms that confer a health benefit to the host when ingested. In
preterm infants, probiotics have been widely studied and used to improve health outcomes
and reduce morbidity and mortality. In particular, probiotics have been studied as a therapy
to decrease the risk of necrotizing enterocolitis (NEC), a serious intestinal disorder that
primary affects preterm infants (1). NEC is a multifactorial disease with a pathogenesis that
is incompletely understood (2), although type of feeding (with own mother’s milk associated
with decreased risk and bovine-origin products associated with increased risk) (3) and an
abnormal gut microbiome (4, 5) are two important determinants. In this review, we discuss
mechanisms of probiotic action in the immature gut, review clinical trials investigating the
use of probiotics, report a new cumulative meta-analysis of the effect of probiotics on NEC
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and discuss commercially available preparations and results from observational studies
reporting on routine probiotic supplementation.

Overview of the epidemiology and pathophysiology of NEC

NEC is the most common serious gastrointestinal disease in preterm infants and the most
common single cause of death in extremely preterm infants from 2 weeks to 2 months of age
(6). The disease primarily affects infants <32 weeks’ gestation and the incidence is inversely
proportional to gestational age (3). Beyond gestational age, clinical risk factors include, but
are not limited to, small for gestational age, premature rupture of membranes, assisted
ventilation, sepsis, and hypotension (7). NEC does not occur in utero and is rare prior to the
onset of feeding. In addition, potentially modifiable risk factors include formula feeding (8,
9), and exposure to acid suppression medications (10) and prolonged empiric antibiotics (11,
12).

The role of the microbiome in NEC

The associations between NEC and antibiotic use, acid suppression use, enteral dilute
hydrochloric acid (13) and enteral antibiotics (14), all of which alter the infant’s intestinal
microbiome, support the role of abnormal gut bacteria (dysbiosis) as a major determinant of
NEC.

Several non-culture based case-control studies have shown that early dysbiosis, with a bloom
of intestinal Gammaproteobacteria, precedes NEC in many preterm infants (4, 5). However,
the underlying causes of this bloom and mechanisms by which this results in NEC in some
infants and not others remain to be elucidated. In addition, experimental models of NEC
have used the administration of exogenous Gram-negative bacteria, along with hypoxia and
ischemia, to cause NEC-like intestinal injury, (15) suggesting that abnormal microbiota are
an important component of the causal pathway of NEC. Beneficial commensal bacteria, such
as bifidobacteria, are abundant in breastfed term infants, likely due to human milk
oligosaccharides which are selectively consumed by many Bifidobacterium species (16, 17).
By contrast, these bacteria are less common in premature infants and even less abundant in
preterm infants who go on to develop NEC compared to controls (16). Beyond feeding,
antibiotic use may also decrease the abundance of bifidobacteria (18), which may explain
some of the epidemiological associations previously noted between prolonged antibiotic
exposure and a higher risk of NEC.

The immature preterm gut, which is being exposed to newly colonizing commensals and
pathogens, has an innate immune system that is constantly interacting with microbial ligands
such as peptidoglycan and lipopolysaccharide (19). Importantly, the immature gut has a
propensity towards inflammation. A major driver of the inflammation seen in NEC is the
activation of the Toll-like receptor 4, which is thought to play a central role in the
pathogenesis of NEC (20, 21). Probiotics have been shown to influence the innate and
adaptive immune pathways involved in the pathogenesis of NEC (19, 22).
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Mechanisms of Probiotic Action

In vitro and animal studies have demonstrated a number of mechanisms by which probiotics
and commensal bacteria protect the immature gut against inflammation and injury (Figure
1). Although these mechanisms may be specific to individual commensal or probiotic strains
(23), they provide insight into how probiotics prevent NEC. There are a number of
mechanisms of probiotic action in the gut, which include: 1) upregulation of cytoprotective
genes (24); 2) downregulation of pro-inflammatory gene expression (25-28); 3) production
of butyrate and other short chain fatty acids that nourish colonocytes and lower the pH and
oxygen tension within the intestinal lumen thereby suppressing growth of pathogenic
Enterobacteriaceae (phylum Proteobacteria)(29, 30); 4) support of barrier maturation and
function (31, 32); 5) competition with other microbes (33); 6) regulation of cellular
immunity and Th1:Th2 balance (2, 34).

Randomized trials of probiotics to prevent NEC

Probiotics have been extensively studied in preterm infants, with trials to date enrolling over
10,000 infants (Table 1) (35). However, studies have utilized a wide variety of bacterial
strains, most commonly Bifidobacterium, Lactobacillus or a combination of the two. In
addition, studies have used different total doses, ages at initiation, and durations of treatment
(35, 36). Despite this clinical heterogeneity, the cumulative meta-analysis of studies show a
strong treatment effect of probiotics in the reduction of NEC (pooled relative risk, random-
effects: 0.53; 95% CI 0.42-0.66; Figure 2).

Following initial small studies in the latter part of the 20" century, probiotics have now been
studied in over 35 randomized trials in preterm infants in both developed and developing
countries. After reaching the strongest pooled cumulative treatment effect on NEC in 2009
(RR 0.32; 95% CI 0.20-0.49), which followed the publication of a multicenter study from
Taiwan (37), the treatment effects of probiotics on NEC have remained significant but
slightly diminished over time. Although there is a substantial amount of clinical
heterogeneity in studies evaluating probiotic use in preterm infants owing to the different
preparations used, there is relatively low statistical heterogeneity among studies in the
pooled meta-analysis (12 11%) with a number of individual studies showing statistically
significant effects in the reduction of NEC (Table 2) and no studies showing an increase in
the risk of NEC.

Multiple meta-analyses have shown pooled estimates of treatment effect of probiotics in
reducing NEC that support a clinically meaningful effect (Table 1). However, individual
consideration of each study is necessary given the clinical heterogeneity of the studies of
probiotics included in meta-analyses. This is highlighted by the recent Probiotics in Very
Preterm Infants (PiPS) trial, which is the largest trial of probiotics use in preterm infants to
date (38). The study treated 1,315 infants with Bifidobacterium breve or placebo and found
no difference in the risk of NEC between probiotics vs. placebo treatment arms (adjusted
risk ratio 0.93; 95% CI 0.68-1.27). Of note, there was no harm reported with the use of
probiotics in this trial. The addition of this study to the cumulative meta-analysis led to a
modest increase in heterogeneity from 0% to 11% and diminishing of treatment effect of
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probiotics on NEC from a pooled relative risk of 0.47 to 0.53 (Figure 2). Of note, the study
did highlight the potential for crossover of the effect of probiotics as 20% and 49% of the
infants in the placebo group were colonized with the probiotic organism by 2 weeks of life
and 36 weeks post-menstrual age, respectively, with cross-contamination noted at every
study site (24 hospitals). This may have diminished the results of the trial towards the null,
although the incidence of NEC was not significantly different among infants colonized with
the probiotic compared to those not colonized (7% vs 13%, adjusted risk ratio 0.68; 99% CI
0.43-1.09).

There have been several recent systematic-reviews and meta-analyses evaluating the use of
probiotics to reduce NEC, death or sepsis (Table 1). Although systematic reviews have had
different inclusion of studies, all have reported similar estimates of the treatment effects of
probiotics on NEC, death and sepsis. While all recent meta-analysis have concluded that
probiotics effectively decrease NEC and all-cause mortality, the analyses differ in
conclusions of the effects of probiotics on sepsis, with some pooled estimates suggesting a
significant benefit (39, 40) and others no significant benefit (upper 95% CI of relative risk
ending at 1.0) (35). Given the number of studies to date and the strength of the treatment
effect on NEC and death (Table 1), it is unlikely that additional studies will change the
conclusion that probiotics decrease NEC and death, when studies are pooled together
(Figure 2). However, additional trials to guide the optimal choice of preparation, including
the availability of preparations that have been approved through regulatory frameworks as
medications, may increase confidence in the reproducibility of the effects of probiotics
observed in studies to date. The considerations related to the quality and consistency of
probiotic products are discussed later in this paper.

Observational studies of probiotics to prevent NEC

As with all trials, it is important to acknowledge that the efficacy of a treatment in a
controlled-trial may differ from the effectiveness of a treatment in routine practice. For the
use of probiotics, multiple implementation cohort studies allow for a comparison of the
treatment effects on NEC between clinical trials and observational studies (Figure 3).
Reassuringly, the pooled treatment effects of probiotics on NEC, death and late-onset sepsis
in clinical trials have been similar to those in observational studies, although the statistical
heterogeneity is larger in the observational studies. The largest implementation cohort study
to date has involved the use of Lactobacillus acidophilus and Bifidobacterium bifidum
(Infloran) in Germany (41). The study included over 5,000 infants and found infants
supplemented with Infloran, compared to those not supplemented, had a lower risk of
surgical NEC (adjusted OR 0.58, 95% CI1 0.37-0.91) (Table 2). In addition to this study from
Germany, other implementation cohort studies from Canada, US, France, Australia, and
Switzerland have reported significant decreases in the incidence of NEC after routine use of
probiotics (Table 2). These findings support the external validity of the pooled estimates of
probiotic treatment effects from randomized trials (Figure 3). Table 3 presents a comparison
of probiotic administration to other studied interventions intended to prevent NEC.
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Commercial probiotic preparations

One of the important decisions involved in the use of probiotics to prevent NEC is the choice
of product. Clinicians and researchers must choose from a large number of commercially
available preparations, some of which are summarized in Tables 2 and 4. The variability in
preparations used in the US was evaluated in a phone survey of neonatal intensive care units
(NICUs) (42). The survey reported that 16 different commercial products were used in 44
US NICUs or 9% of those surveyed. The most common probiotics, accounting for over 50%
of use in NICUs, were single strain preparations of Lactobacillus rhamnosus GG (LGG) or
Lactobacillus reuteri (Table 4). LGG, in the form of Culturelle, was the most common
probiotic used in the US. Manzoni et al. evaluated LGG, as Diclofor, alone and with
Lactoferrin in several studies (43, 44). In addition, a recent cohort study in France reported a
decrease in the risk of NEC from 5.3% to 1.2% with the use of LGG (45). Of note,
nasogastric tube clogging has been reported with the use of LGG (46).

The second and third most common probiotic products used in the US included
Lactobacillus reuteri (42). This strain has been used in several trials and observational
studies (Table 4). A strain-specific meta-analysis reported that Lactobacillus reuteri
decreases the risk of late-onset sepsis but not NEC (47). Of note, a randomized trial of
Lactobacillus reuteriin Turkey did not show a beneficial effect on NEC (48), which
contrasts a single-center observational study in which the incidence of NEC decreased from
15.1% to 2.5% following the adoption of routine supplementation (46). Lactobacillus
acidophilus and Bifidobacterium bifidum (Infloran) is one of the most widely studied
probiotic preparations, having been used in 5 studies involving over 7,000 infants (Table 4),
including a large implementation study in Germany (41). However, the Bifidobacterium
species and strain in this probiotic has been changed over the years and this product has not
been commonly used in the US and has been associated with several case reports of
probiotic-associated sepsis (49).

Given the lack of a regulator-approved probiotic preparation that is widely available, we
recommend that quality improvement principles be used to assess the beneficial (or harmful)
effects of routine clinical use of probiotics should centers decided to use currently available
commercial supplements. Such approaches should measure the adherence to probiotic
supplementation as a process measure, NEC as an outcome measure and episodes of
probiotic-associated sepsis as a balancing measure. Such initiatives could then inform the
decision to continue with a given probiotic or change to another preparation based on the
observed changes over time in the incidence of NEC. Based on the experience in Germany
and other centers, multicenter quality improvement may accelerate efforts to decrease the
incidence of NEC. Currently, there are insufficient data to recommend any particular
probiotic product, although we have summarized common products used in both randomized
trials and observational studies in Tables 2 and 4.
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Remaining questions about probiotic use

Quality of preparations

Safety

Concerns regarding the quality of probiotic products have been raised by scientific societies
(50), with specific concerns regarding the quality control process and differences between
the label and actual content. The lack of adequate quality control for some products was
illustrated in a recent study in which 16 products were evaluated to determine if the bacterial
species noted on the label matched the contents identified by both DNA and culture-based
methods (51). In this study, only 1 of 16 products containing bifidobacteria exactly matched
the label. In addition, there was substantial variability in the composition of probiotic
products by differing lots and pills. As many probiotic products are considered dietary
supplements and do not fall under regulatory frameworks for pharmaceutical products in
most countries, the balance between improving oversight of probiotic quality and
discouraging additional study due to regulatory burdens has been highlighted by the
proceedings from an international workshop on probiotics (52). Several phase 2 randomized,
placebo-controlled, multicenter trials are ongoing that will evaluate the use of probiotics to
prevent NEC (ClinicalTrials.gov NCT02472769, NCT01954017). These trials, if they
progress and are successful, may yield products approved by regulatory agencies such as the
Food and Drug Administration that could address some of the quality concerns noted and
increase the use of probiotics in preterm infants in the US; however, it is likely to be a
number of years before such products could potentially be available.

Although several meta-analyses reported an overall decrease in the incidence of late-onset
sepsis with probiotic use (Table 1), there are concerns about the risk of probiotic-associated
sepsis when administering live microorganisms to immature infants. There have been several
case reports of probiotic-associated sepsis, mostly from Bifidobacterium longum associated
with the use of Infloran (49), from Lactobacillus rhamnosus (53) and from the fungal
probiotic Saccharomyces (54, 55). However, given the large number of infants studied in
randomized trials to date and the overall favorable effect of probiotic supplementation on the
risk of late-onset sepsis and death (Table 1), the absolute risk of sepsis from probiotic
supplementation is likely to be low. Of note, the incidence of probiotic-sepsis is difficult to
characterize due to the infrequent occurrence and potential ascertainment bias due to
different blood culture media used to grow bacteria. In addition, issues related to the quality
control of probiotic products remain as evidenced by the single case report of death in a
premature infant from contamination of a commercial probiotic product with a pathogen (56,
57).

Long-term outcomes

There are limited follow-up studies of preterm infants enrolled in probiotic trials to guide an
assessment of long-term efficacy or safety. In a randomized trial of 400 VLBW infants with
follow-up of 249 infants at 18-24 months’ corrected age, the use of Lactobacillus reuteri did
not increase or decrease the risk of adverse neurocognitive outcome assessed using the
Bayley Scales of Infant and Toddler Development Il (58). Follow-up of the ProPrems trial is
ongoing and will provide additional data regarding the long-term risks and benefits of
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probiotics. Other long-term outcomes such as atopic disease have been studied in more
mature populations of infants. A systematic-review and meta-analyses of these studies have
found probiotics may prevent infantile eczema but do not affect other atopic diseases such as
asthma or wheezing (59).

Optimal dose, age and duration of treatment initiation

There is variability in the doses, age at initiation and duration of probiotic supplementation
in randomized trials, as highlighted in a previous review (36). The majority of trials have
used a dose of 1 to 6 x 10° CFU/d with initiation of treatment within the first several days of
birth. Studies using probiotics at a daily dose below 1 x 10° CFU per day have had mixed
results. The PiPs trial showed no benefit with a preparation of Bifidobacterium breve at a
dose of 8.3 to 8.8 x 108 CFU/d (38). By contrast, cohort studies using Lactobaccilus reuteri
at a daily dose of 1 x108 CFU/d (46) and LGG at 4 x108 CFU/d (45) have both reported
associations between probiotic supplementation and a lower risk of NEC. In the only
published dose escalation trial of probiotics in premature infants to date, doses of 1.4 x 10°
CFU twice daily of Bifidobacterium infantis led to maximal fecal colonization while there
was no significant colonization at any of the studied doses for Bifidobacterium lactis (60). In
terms of duration of therapy, most trials have provided probiotic supplementation for at least
28 days, with several continuing through discharge (35, 36). In a retrospective cohort study
in 3 NICUs in Switzerland and Germany, a shorter duration of probiotics supplementation
for 10 to 14 days was associated with a lower risk of NEC (61). Therefore, it remains
unclear if treatment for a greater duration of time confers a larger benefit to preterm infants
and additional studies are needed to guide the optimal dose and duration of therapy.

Conclusion

In conclusion, a large number of pre-clinical studies provide mechanistic insight into how
probiotics support gut health and may decrease NEC. These results support the beneficial
effect of probiotics observed in meta-analyses of both randomized trials and observational
studies. The cumulative meta-analysis demonstrates a significant but diminished treatment
effect of probiotics on NEC over time; however, the overall effect on NEC is unlikely to
change substantially given the large number of trials and patients studied to date. Additional
studies are needed to guide clinicians in the most appropriate probiotic product to decrease
NEC; however, further small, traditional placebo-controlled trials that are not pursuing a
drug regulatory pathway are of questionable ethical and clinical value. Cluster-randomized
clinical trials (i.e. randomization of the neonatal intensive care unit rather than the individual
infant) comparing available commercial probiotics to each other would require a very large
sample size but would be of great value. Future studies will be of greatest value if they
report independent confirmation of the purity and viability of administered probiotic strains.

If, after reviewing available data with relevant stakeholders including the parents of
premature infants, clinicians opt to pursue routine supplementation of currently available
products, quality improvement approaches should be utilized to measure for the desired
effects of probiotics on the risk of NEC and also to assess for safety at a given center. The
NEC Society website (NECSociety.org) contains information for clinicians interested in
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participating in a planned large multi-center quality improvement study of probiotic
administration (see the tab marked “low-cost NEC QI”).

Acknowledgments

Ravi Patel was supported by NIH awards KL2 TR000455, UL1 TR000454 & K23 HL128942. Mark Underwood
was supported by NIH award R01 HD059127. The NIH had no role in: (1) study design; (2) the collection, analysis,
and interpretation of data; (3) the writing of the report; and (4) the decision to submit the paper for publication.

Disclosures: Ravi Patel received honorarium and travel support from Mednax, Inc. Mark Underwood received
honorarium and travel support from Abbott and is on the scientific advisory board for Avexegen. None of these
entities had any role in this manuscript. The authors are not endorsing the use of any specific probiotic product.

References

1.

Frost BL, Modi BP, Jaksic T, Caplan MS. New Medical and Surgical Insights Into Neonatal
Necrotizing Enterocolitis: A Review. JAMA Pediatr. 2017; 171(1):83-8. [PubMed: 27893069]

. Nino DF, Sodhi CP, Hackam DJ. Necrotizing enterocolitis: new insights into pathogenesis and

mechanisms. Nat Rev Gastroenterol Hepatol. 2016; 13(10):590-600. [PubMed: 27534694]

. Battersby C, Longford N, Mandalia S, Costeloe K, Modi N. U. K. Neonatal Collaborative

Necrotising Enterocolitis study group. Incidence and enteral feed antecedents of severe neonatal
necrotising enterocolitis across neonatal networks in England, 2012-13: a whole-population
surveillance study. Lancet Gastroenterol Hepatol. 2017; 2(1):43-51. [PubMed: 28404014]

. Pammi M, Cope J, Tarr PI, Warner BB, Morrow AL, Mai V, et al. Intestinal dysbiosis in preterm

infants preceding necrotizing enterocolitis: a systematic review and meta-analysis. Microbiome.
2017; 5(1):31. [PubMed: 28274256]

. Warner BB, Deych E, Zhou Y, Hall-Moore C, Weinstock GM, Sodergren E, et al. Gut bacteria

dysbiosis and necrotising enterocolitis in very low birthweight infants: a prospective case-control
study. Lancet. 2016; 387(10031):1928-36. [PubMed: 26969089]

. Patel RM, Kandefer S, Walsh MC, Bell EF, Carlo WA, Laptook AR, et al. Causes and timing of

death in extremely premature infants from 2000 through 2011. N Engl J Med. 2015; 372(4):331-40.
[PubMed: 25607427]

. Samuels N, van de Graaf RA, de Jonge RCJ, Reiss IKM, Vermeulen MJ. Risk factors for necrotizing

enterocolitis in neonates: a systematic review of prognostic studies. BMC Pediatr. 2017; 17(1):105.
[PubMed: 28410573]

. Quigley M, McGuire W. Formula versus donor breast milk for feeding preterm or low birth weight

infants. Cochrane Database Syst Rev. 2014; (4):CD002971. [PubMed: 24752468]

. O’Connor DL, Gibbins S, Kiss A, Bando N, Brennan-Donnan J, Ng E, et al. Effect of Supplemental

Donor Human Milk Compared With Preterm Formula on Neurodevelopment of Very Low-Birth-
Weight Infants at 18 Months: A Randomized Clinical Trial. JAMA. 2016; 316(18):1897-905.
[PubMed: 27825008]

10. Guillet R, Stoll BJ, Cotten CM, Gantz M, McDonald S, Poole WK, et al. Association of H2-

blocker therapy and higher incidence of necrotizing enterocolitis in very low birth weight infants.
Pediatrics. 2006; 117(2):e137-42. [PubMed: 16390920]

11. Cotten CM, Taylor S, Stoll B, Goldberg RN, Hansen NI, Sanchez PJ, et al. Prolonged duration of

initial empirical antibiotic treatment is associated with increased rates of necrotizing enterocolitis
and death for extremely low birth weight infants. Pediatrics. 2009; 123(1):58-66. [PubMed:
19117861]

12. Kuppala VS, Meinzen-Derr J, Morrow AL, Schibler KR. Prolonged initial empirical antibiotic

treatment is associated with adverse outcomes in premature infants. J Pediatr. 2011; 159(5):720-5.
[PubMed: 21784435]

13. Carrion V, Egan EA. Prevention of neonatal necrotizing enterocolitis. J Pediatr Gastroenterol Nutr.

1990; 11(3):317-23. [PubMed: 2246712]

Semin Pediatr Surg. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel and Underwood

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 9

. Bury RG, Tudehope D. Enteral antibiotics for preventing necrotizing enterocolitis in low
birthweight or preterm infants. Cochrane Database Syst Rev. 2001; (1):CD000405. [PubMed:
11279690]

Sodhi C, Richardson W, Gribar S, Hackam DJ. The development of animal models for the study of
necrotizing enterocolitis. Dis Model Mech. 2008; 1(2—3):94-8. [PubMed: 19048070]

Underwood MA, German JB, Lebrilla CB, Mills DA. Bifidobacterium longum subspecies infantis:
champion colonizer of the infant gut. Pediatr Res. 2015; 77(1-2):229-35. [PubMed: 25303277]
Torrazza RM, Ukhanova M, Wang X, Sharma R, Hudak ML, Neu J, et al. Intestinal microbial
ecology and environmental factors affecting necrotizing enterocolitis. PLoS One. 2013;
8(12):e83304. [PubMed: 24386174]

Penders J, Thijs C, Vink C, Stelma FF, Snijders B, Kummeling I, et al. Factors influencing the
composition of the intestinal microbiota in early infancy. Pediatrics. 2006; 118(2):511-21.
[PubMed: 16882802]

Denning TW, Bhatia AM, Kane AF, Patel RM, Denning PW. Pathogenesis of NEC: Role of the
innate and adaptive immune response. Semin Perinatol. 2017; 41(1):15-28. [PubMed: 27940091]
Jilling T, Simon D, Lu J, Meng FJ, Li D, Schy R, et al. The roles of bacteria and TLR4 in rat and
murine models of necrotizing enterocolitis. J Immunol. 2006; 177(5):3273-82. [PubMed:
16920968]

Leaphart CL, Cavallo J, Gribar SC, Cetin S, Li J, Branca MF, et al. A critical role for TLR4 in the
pathogenesis of necrotizing enterocolitis by modulating intestinal injury and repair. J Immunol.
2007; 179(7):4808-20. [PubMed: 17878380]

Gomez-Llorente C, Munoz S, Gil A. Role of Toll-like receptors in the development of
immunotolerance mediated by probiotics. Proc Nutr Soc. 2010; 69(3):381-9. [PubMed: 20416121]
Underwood MA. Impact of probiotics on necrotizing enterocolitis. Semin Perinatol. 2017; 41(1):
41-51. [PubMed: 27836423]

Hooper LV, Wong MH, Thelin A, Hansson L, Falk PG, Gordon JI. Molecular analysis of
commensal host-microbial relationships in the intestine. Science. 2001; 291(5505):881-4.
[PubMed: 11157169]

Lin PW, Myers LE, Ray L, Song SC, Nasr TR, Berardinelli AJ, et al. Lactobacillus rhamnosus
blocks inflammatory signaling in vivo via reactive oxygen species generation. Free Radic Biol
Med. 2009; 47(8):1205-11. [PubMed: 19660542]

Neish AS, Gewirtz AT, Zeng H, Young AN, Hobert ME, Karmali V, et al. Prokaryotic regulation of
epithelial responses by inhibition of IkappaB-alpha ubiquitination. Science. 2000; 289(5484):
1560-3. [PubMed: 10968793]

Wickramasinghe S, Pacheco AR, Lemay DG, Mills DA. Bifidobacteria grown on human milk
oligosaccharides downregulate the expression of inflammation-related genes in Caco-2 cells. BMC
Microbiol. 2015; 15:172. [PubMed: 26303932]

Underwood MA, Arriola J, Gerber CW, Kaveti A, Kalanetra KM, Kananurak A, et al.
Bifidobacterium longum subsp. infantis in experimental necrotizing enterocolitis: alterations in
inflammation, innate immune response, and the microbiota. Pediatr Res. 2014; 76(4):326-33.
[PubMed: 25000347]

Kumar A, Wu H, Collier-Hyams LS, Kwon YM, Hanson JM, Neish AS. The bacterial fermentation
product butyrate influences epithelial signaling via reactive oxygen species-mediated changes in
cullin-1 neddylation. J Immunol. 2009; 182(1):538-46. [PubMed: 19109186]

Rivera-Chavez F, Lopez CA, Baumler AJ. Oxygen as a driver of gut dysbiosis. Free Radic Biol
Med. 2017; 105:93-101. [PubMed: 27677568]

Bron PA, Kleerebezem M, Brummer RJ, Cani PD, Mercenier A, MacDonald TT, et al. Can
probiotics modulate human disease by impacting intestinal barrier function? Br J Nutr. 2017;
117(1):93-107. [PubMed: 28102115]

Patel RM, Myers LS, Kurundkar AR, Maheshwari A, Nusrat A, Lin PW. Probiotic bacteria induce
maturation of intestinal claudin 3 expression and barrier function. Am J Pathol. 2012; 180(2):626—
35. [PubMed: 22155109]

Martinez FA, Balciunas EM, Converti A, Cotter PD, de Souza Oliveira RP. Bacteriocin production
by Bifidobacterium spp. A review. Biotechnol Adv. 2013; 31(4):482-8. [PubMed: 23384878]

Semin Pediatr Surg. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel and Underwood

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5L

Page 10

Walker WA. Mechanisms of action of probiotics. Clin Infect Dis. 2008; 46(Suppl 2):S87-91.
discussion S144-51. [PubMed: 18181730]

Sawh SC, Deshpande S, Jansen S, Reynaert CJ, Jones PM. Prevention of necrotizing enterocolitis
with probiotics: a systematic review and meta-analysis. Peer J. 2016; 4:e2429. [PubMed:
27761306]

Patel RM, Denning PW. Therapeutic use of prebiotics, probiotics, and postbiotics to prevent
necrotizing enterocolitis: what is the current evidence? Clin Perinatol. 2013; 40(1):11-25.
[PubMed: 23415261]

Lin HC, Hsu CH, Chen HL, Chung MY, Hsu JF, Lien RI, et al. Oral probiotics prevent necrotizing
enterocolitis in very low birth weight preterm infants: a multicenter, randomized, controlled trial.
Pediatrics. 2008; 122(4):693-700. [PubMed: 18829790]

Costeloe K, Hardy P, Juszczak E, Wilks M, Millar MR. Probioatics in Preterm Infants Study
Collaborative G. Bifidobacterium breve BBG-001 in very preterm infants: a randomised controlled
phase 3 trial. Lancet. 2016; 387(10019):649-60. [PubMed: 26628328]

Dermyshi E, Wang Y, Yan C, Hong W, Qiu G, Gong X, et al. The “Golden Age” of Probiotics: A
Systematic Review and Meta-Analysis of Randomized and Observational Studies in Preterm
Infants. Neonatology. 2017; 112(1):9-23. [PubMed: 28196365]

Rao SC, Athalye-Jape GK, Deshpande GC, Simmer KN, Patole SK. Probiotic Supplementation
and Late-Onset Sepsis in Preterm Infants: A Meta-analysis. Pediatrics. 2016; 137(3):e20153684.
[PubMed: 26908700]

Hartel C, Pagel J, Rupp J, Bendiks M, Guthmann F, Rieger-Fackeldey E, et al. Prophylactic use of
Lactobacillus acidophilus/Bifidobacterium infantis probiotics and outcome in very low birth
weight infants. J Pediatr. 2014; 165(2):285-9. el. [PubMed: 24880888]

Viswanathan S, Lau C, Akbari H, Hoyen C, Walsh MC. Survey and evidence based review of
probiotics used in very low birth weight preterm infants within the United States. J Perinatol.
2016; 36(12):1106-11. [PubMed: 27583387]

Manzoni P, Mostert M, Leonessa ML, Priolo C, Farina D, Monetti C, et al. Oral supplementation
with Lactobacillus casei subspecies rhamnosus prevents enteric colonization by Candida species in
preterm neonates: a randomized study. Clin Infect Dis. 2006; 42(12):1735-42. [PubMed:
16705580]

Manzoni P, Rinaldi M, Cattani S, Pugni L, Romeo MG, Messner H, et al. Bovine lactoferrin
supplementation for prevention of late-onset sepsis in very low-birth-weight neonates: a
randomized trial. JAMA. 2009; 302(13):1421-8. [PubMed: 19809023]

Bonsante F, lacobelli S, Gouyon JB. Routine probiotic use in very preterm infants: retrospective
comparison of two cohorts. Am J Perinatol. 2013; 30(1):41-6. [PubMed: 22773285]

Hunter C, Dimaguila MA, Gal P, Wimmer JE Jr, Ransom JL, Carlos RQ, et al. Effect of routine
probiotic, Lactobacillus reuteri DSM 17938, use on rates of necrotizing enterocolitis in heonates
with birthweight < 1000 grams: a sequential analysis. BMC Pediatr. 2012; 12:142. [PubMed:
22947597]

Athalye-Jape G, Rao S, Patole S. Lactobacillus reuteri DSM 17938 as a Probiotic for Preterm
Neonates: A Strain-Specific Systematic Review. JPEN J Parenter Enteral Nutr. 2016; 40(6):783-
94. [PubMed: 26059900]

Oncel MY, Sari FN, Arayici S, Guzoglu N, Erdeve O, Uras N, et al. Lactobacillus Reuteri for the
prevention of necrotising enterocolitis in very low birthweight infants: a randomised controlled
trial. Arch Dis Child Fetal Neonatal Ed. 2014; 99(2):F110-5. [PubMed: 24309022]

Thomas JP, Raine T, Reddy S, Belteki G. Probiotics for the prevention of necrotising enterocolitis
in very low-birth-weight infants: a meta-analysis and systematic review. Acta Paediatr. 2017
Kolacek S, Hojsak I, Berni Canani R, Guarino A, Indrio F, Orel R, et al. Commercial Probiotic
Products: A Call for Improved Quality Control. A Position Paper by the ESPGHAN Working
Group for Probiotics and Prebiotics. J Pediatr Gastroenterol Nutr. 2017; 65(1):117-24. [PubMed:
28644359]

Lewis ZT, Shani G, Masarweh CF, Popovic M, Frese SA, Sela DA, et al. Validating bifidobacterial
species and subspecies identity in commercial probiotic products. Pediatr Res. 2016; 79(3):445—
52. [PubMed: 26571226]

Semin Pediatr Surg. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel and Underwood

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 11

. Sanders ME, Shane AL, Merenstein DJ. Advancing probiotic research in humans in the United
States: Challenges and strategies. Gut Microbes. 2016; 7(2):97-100. [PubMed: 26963522]

Dani C, Coviello CC, Corsini Il, Arena F, Antonelli A, Rossolini GM. Lactobacillus Sepsis and
Probiotic Therapy in Newborns: Two New Cases and Literature Review. AJP Rep. 2016; 6(1):e25—
9. [PubMed: 26929865]

Ipson MA, Blanco CL. Saccharomyces cerevisiae sepsis in a 35-week-old premature infant. A case
report. J Perinatol. 2001; 21(7):459-60. [PubMed: 11894515]

Chioukh FZ, Ben Hmida H, Ben Ameur K, Toumi A, Monastiri K. [Saccharomyces cerevisiae
fungemia in a premature neonate treated receiving probiotics]. Med Mal Infect. 2013; 43(8):359-
60. [PubMed: 23876201]

Vallabhaneni S, Walker TA, Lockhart SR, Ng D, Chiller T, Melchreit R, et al. Notes from the field:
Fatal gastrointestinal mucormycosis in a premature infant associated with a contaminated dietary
supplement--Connecticut, 2014. MMWR Morb Mortal Wkly Rep. 2015; 64(6):155-6. [PubMed:
25695322]

U.S. Food and Drug Administration. FDA Investigates Presence of Mucormycosis-causing Mold in
Infant and Children’s Probiotic Supplement 2016. [Available from: https://www.fda.gov/Food/
RecallsOutbreaksEmergencies/Outbreaks/ucm423830.htm

Akar M, Eras Z, Oncel MY, Arayici S, Guzoglu N, Canpolat FE, et al. Impact of oral probiotics on
neurodevelopmental outcomes in preterm infants. J Matern Fetal Neonatal Med. 2017; 30(4):411-
5. [PubMed: 27045204]

Zuccotti G, Meneghin F, Aceti A, Barone G, Callegari ML, Di Mauro A, et al. Probiotics for
prevention of atopic diseases in infants: systematic review and meta-analysis. Allergy. 2015;
70(11):1356-71. [PubMed: 26198702]

Underwood MA, Kalanetra KM, Bokulich NA, Lewis ZT, Mirmiran M, Tancredi DJ, et al. A
comparison of two probiotic strains of bifidobacteria in premature infants. J Pediatr. 2013; 163(6):
1585-91. e9. [PubMed: 23993139]

Guthmann F, Arlettaz Mieth RP, Bucher HU, Buhrer C. Short courses of dual-strain probiotics
appear to be effective in reducing necrotising enterocolitis. Acta Paediatr. 2016; 105(3):255-9.
[PubMed: 26600335]

Chang HY, Chen JH, Chang JH, Lin HC, Lin CY, Peng CC. Multiple strains probiotics appear to be
the most effective probiotics in the prevention of necrotizing enterocolitis and mortality: An
updated meta-analysis. PL0oS One. 2017; 12(2):e0171579. [PubMed: 28182644]

Bin-Nun A, Bromiker R, Wilschanski M, Kaplan M, Rudensky B, Caplan M, et al. Oral probiotics
prevent necrotizing enterocolitis in very low birth weight neonates. J Pediatr. 2005; 147(2):192-6.
[PubMed: 16126048]

Lin HC, Su BH, Chen AC, Lin TW, Tsai CH, Yeh TF, et al. Oral probiotics reduce the incidence
and severity of necrotizing enterocolitis in very low birth weight infants. Pediatrics. 2005; 115(1):
1-4. [PubMed: 15629973]

Samanta M, Sarkar M, Ghosh P, Ghosh J, Sinha M, Chatterjee S. Prophylactic probiotics for
prevention of necrotizing enterocolitis in very low birth weight newborns. J Trop Pediatr. 2009;
55(2):128-31. [PubMed: 18842610]

Jacobs SE, Tobin JM, Opie GF, Donath S, Tabrizi SN, Pirotta M, et al. Probiotic effects on late-
onset sepsis in very preterm infants: a randomized controlled trial. Pediatrics. 2013; 132(6):1055—
62. [PubMed: 24249817]

Dilli D, Aydin B, Fettah ND, Ozyazici E, Beken S, Zenciroglu A, et al. The propresave study:
effects of probiotics and prebiotics alone or combined on necrotizing enterocolitis in very low birth
weight infants. J Pediatr. 2015; 166(3):545-51. el. [PubMed: 25596096]

Janvier A, Malo J, Barrington KJ. Cohort study of probiotics in a North American neonatal
intensive care unit. J Pediatr. 2014; 164(5):980-5. [PubMed: 24411521]

Patole SK, Rao SC, Keil AD, Nathan EA, Doherty DA, Simmer KN. Benefits of Bifidobacterium
breve M-16V Supplementation in Preterm Neonates - A Retrospective Cohort Study. PLoS One.
2016; 11(3):e0150775. [PubMed: 26953798]

Semin Pediatr Surg. Author manuscript; available in PMC 2019 February 01.


https://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks/ucm423830.htm
https://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks/ucm423830.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patel and Underwood

70

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 12

. 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. 2015; (10):CD001241.
[PubMed: 26469124]

Abrams SA, Schanler RJ, Lee ML, Rechtman DJ. Greater mortality and morbidity in extremely
preterm infants fed a diet containing cow milk protein products. Breastfeed Med. 2014; 9(6):281—
5. [PubMed: 24867268]

Kantorowska A, Wei JC, Cohen RS, Lawrence RA, Gould JB, Lee HC. Impact of Donor Milk
Availability on Breast Milk Use and Necrotizing Enterocolitis Rates. Pediatrics. 2016;
137(3):220153123. [PubMed: 26908696]

Herrmann K, Carroll K. An exclusively human milk diet reduces necrotizing enterocolitis.
Breastfeed Med. 2014; 9(4):184-90. [PubMed: 24588561]

Hair AB, Peluso AM, Hawthorne KM, Perez J, Smith DP, Khan JY, et al. Beyond Necrotizing
Enterocolitis Prevention: Improving Outcomes with an Exclusive Human Milk-Based Diet.
Breastfeed Med. 2016; 11(2):70-4. [PubMed: 26789484]

Assad M, Elliott MJ, Abraham JH. Decreased cost and improved feeding tolerance in VLBW
infants fed an exclusive human milk diet. J Perinatol. 2016; 36(3):216—20. [PubMed: 26562370]
Dani C, Biadaioli R, Bertini G, Martelli E, Rubaltelli FF. Probiotics feeding in prevention of
urinary tract infection, bacterial sepsis and necrotizing enterocolitis in preterm infants. A
prospective double-blind study. Biol Neonate. 2002; 82(2):103-8. [PubMed: 12169832]

Luoto R, Matomaki J, Isolauri E, Lehtonen L. Incidence of necrotizing enterocolitis in very-low-
birth-weight infants related to the use of Lactobacillus GG. Acta Paediatr. 2010; 99(8):1135-8.
[PubMed: 20219023]

Rojas MA, Lozano JM, Rojas MX, Rodriguez VA, Rondon MA, Bastidas JA, et al. Prophylactic
probiotics to prevent death and nosocomial infection in preterm infants. Pediatrics. 2012;
130(5):e1113-20. [PubMed: 23071204]

Repa A, Thanhaeuser M, Endress D, Weber M, Kreissl A, Binder C, et al. Probiotics (Lactobacillus
acidophilus and Bifidobacterium infantis) prevent NEC in VLBW infants fed breast milk but not
formula [corrected]. Pediatr Res. 2015; 77(2):381-8. [PubMed: 25423074]

Li D, Rosito G, Slagle T. Probiotics for the prevention of necrotizing enterocolitis in neonates: an
8-year retrospective cohort study. J Clin Pharm Ther. 2013; 38(6):445-9. [PubMed: 23865733]
Al-Hosni M, Duenas M, Hawk M, Stewart LA, Borghese RA, Cahoon M, et al. Probiotics-
supplemented feeding in extremely low-birth-weight infants. J Perinatol. 2012; 32(4):253-9.
[PubMed: 21546942]

Dang S, Shook L, Garlitz K, Hanna M, Desai N. Nutritional outcomes with implementation of
probiotics in preterm infants. J Perinatol. 2015; 35(6):447-50. [PubMed: 25590220]

Kitajima H, Sumida Y, Tanaka R, Yuki N, Takayama H, Fujimura M. Early administration of
Bifidobacterium breve to preterm infants: randomised controlled trial. Arch Dis Child Fetal
Neonatal Ed. 1997; 76(2):F101-7. [PubMed: 9135288]

Patole S, Keil AD, Chang A, Nathan E, Doherty D, Simmer K, et al. Effect of Bifidobacterium
breve M-16V supplementation on fecal bifidobacteria in preterm neonates--a randomised double
blind placebo controlled trial. PLoS One. 2014; 9(3):e89511. [PubMed: 24594833]

Fujii T, Ohtsuka Y, Lee T, Kudo T, Shoji H, Sato H, et al. Bifidobacterium breve enhances
transforming growth factor betal signaling by regulating Smad7 expression in preterm infants. J
Pediatr Gastroenterol Nutr. 2006; 43(1):83-8. [PubMed: 16819382]

Semin Pediatr Surg. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Patel and Underwood

Probiotics

Page 13

Compete against
pathogens

ax Rl
A = \’ Generate metabolites
-

)

Figure 1. Mechanisms of probiotic action

involved in signaling

~.

:

Upregulate
cytoprotective genes

Tighten
gut barrier

Ny .

Immune cell
regulation

Figure depicts potential mechanisms by which probiotics exert beneficial effects on the
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Figure 2. Cumulative pooled meta-analysis of the effects of probiotics on NEC
The cumulative pooled risk ratio for NEC among trials from 1997 through 2016. Studies

selected from a recent meta-analysis (DOI: 10.7717/peerj.2429/supp-1)(35) and sorted, first,
by year of publication and then alphabetically by author. Cumulative pooled risk ratios
(Mantel-Haenszel method with random effects model) including each study along with prior
studies generated using RevMan 5.3 (Review Manager (RevMan) [Computer program].
Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014).
The N reflects the cumulative number of enrolled patients. Abbreviations: NEC, necrotizing
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enterocolitis; N/A, no applicable as no events in either group; N, cumulative number of
infants; RR, relative risk; Cl, confidence interval.
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RR [95% CI]
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0.71 [0.62, 0.81]

0.88 [0.80, 0.97]

0.81 [0.69, 0.96]

Figure 3. Treatment effects of probiotics in randomized trials and observational studies
Pooled risk ratios with error bars to indicate 95% CI (Mantel-Haenszel method with fixed

effects) are reported along with sample sizes for each pooled estimate with corresponding
statistical measure of heterogeneity (12). Data from Dermyshi E. et al. The “Golden Age” of
Probiotics: A Systematic Review and Meta-Analysis of Randomized and Observational
Studies in Preterm Infants. Neonatology. 2017 (39). Abbreviations: RR, relative risk; Cl,
confidence interval; NEC, necrotizing enterocolitis; RCT, randomized controlled trials;

OBS, observational studies; LOS, late-onset sepsis.
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Comparison of interventions studied for the prevention of NEC Meta-analyses of randomized controlled trials

Intervention

trials infants
Slow vs. fast feeding advancement (70) 9 949
Formula vs. donor human milk (8) 9 1070
Exclusive human diet vs. bovine-based protein (71) 2 260
Probiotic vs. no probiotic (35) 35 10,520

Observational studies

Intervention

Number of  Number of

Number of infants

Mother’s own milk within 7 days of birth vs. all others (3) 14,678
No bovine products vs. any bovine products within 14 days of birth (3) 14,678
No donor human milk available vs. donor human 42,532
milk available (72)

Exclusive human diet vs. bovine based human milk fortifier (73-75) 2494
Probiotic vs no probiotic (39) 13,779

RR (95% Cl)

1.02 (0.64-1.62)
2.77 (1.40-5.46)
0.31 (0.14-0.68)
0.53 (0.42-0.66)

RR (95% CI)
0.69 (0.60-0.78)
0.61 (0.39-0.83)

1.15 (1.03-1.28)2

0.70 (0.56-0.87)
051 (0.37-0.70)

Abbreviations: NEC, necrotizing enterocolitis; RR, relative risk; Cl, confidence interval.

aAdj usted odds ratio
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Summary of probiotic strains and associated products evaluated in randomized trials and observational studies

for NEC

Product Name or
Supplier (Country)
Culturelle (US), Diclofor (Italy)

BioGaia (Sweden), Gerber Soothe
(US)

Infloran (Multiple)

ABC Dophilus (US)?

Align (along with Culturelle) (US)
Yakult (Japan), Morinaga Milk
Industry Co. (Japan)

FloraBaby (Canada)

Bacterial species on label

Lactobacillus rhamnosus GG (LGG)

Lactobacillus reuteri

Lactobacillus acidophilus, Bifidobacterium
bifidum?

Bifidobacterium infantis, Bifidobacterium
bifidum, Streptococcus thermophilus

Bifidobacterium infantis (with LGG)

Bifidobacterium breve

Bifidobacterium breve, bifidum, infantis,
and

Randomized
trials
(infants), n

3 (984)
2 (1150)

2 (810)

2 (1244)

1(101)
4 (1584)

Observational

studies

(infants), n

1(3342)
1(311)

3(7038)

1 (580)

1(221)
1 (1755)

1 (611)

Ref.

(43, 44,76, 77)
(46, 48, 78)

(37, 41, 61, 64, 79)

(63, 66, 80)

(81, 82)
(38, 69, 83-85)

(68)

Products selected based on reporting of probiotic use in Viswanathan et al. Journal of Perinatology. 2016 (42) and evaluation of studies in

Dermyshi et al. Neonatology. 2017 (39).

a\/arious Infloran products have contained B. bifidum, longum or infantis

bRecaIIed from the US market (56, 57)
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