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Formula feeding is an important risk factor for the development of necrotizing
enterocolitis in preterm infants. The potential harmful effects of different preterm formulas
on the developing intestinal tract remain incompletely understood. Here we demonstrate
that feeding newborn mouse pups with various preterm formulas resulted in differing
effects on intestinal inflammation, apoptosis, and activation of the pro-inflammatory
transcription factor NFκB. 16S rRNA sequencing revealed that each preterm formula
resulted in significant gut microbial alterations that were different from dam-fed controls.
Formula feeding with EleCare and Similac Special Care caused greater intestinal injury
compared to NeoSure. Pre-treatment with Lactobacillus rhamnosus GG ameliorated
severity of intestinal injury from EleCare and Similac Special Care. Our findings indicate
that not all preterm formulas are the same, and different formulations can have varying
effects on intestinal inflammation, apoptosis, and microbiome composition.
Keywords: necrotizing enterocolitis (NEC), probiotics, intestinal microbiome, prematurity, formula

INTRODUCTION
Breastmilk is the nutritional standard for infants, including those born prematurely. The benefits of
breastmilk in preterm infants include decreased rates of necrotizing enterocolitis (NEC), late-onset
sepsis, and improved neurodevelopmental outcomes (1, 2). Despite these benefits, formula feeding
remains common particularly when mother’s own milk or donor milk is unavailable (3, 4). But the
use of formula in preterm infants is not benign, as formula feeding is an important risk factor for
NEC (5–7).
Several studies have investigated the effects of formula on NEC (8, 9). However, these studies
were limited by their use of puppy milk or term milk formula instead of preterm formula.
In addition, not all preterm formulas are alike, and each formulation has slightly different
characteristics and nutritional content to accomplish its intended goal. For example, Similac Special
Care (SSC) is designed to provide the nutritional requirements of convalescing preterm infants
admitted to the neonatal intensive care unit (NICU), while Neosure (N) is designed to maintain
catch-up growth of preterm infants discharged to home. To promote the higher nutritional
requirements of convalescing preterm infants in the NICU, SSC has higher protein, medium
chain triglyceride concentration, vitamins, calcium, and phosphorus content than N. On the other
hand, EleCare (E) is a hypoallergenic formula often used in preterm infants who do not tolerate
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protocol amounted to about 200 mL/kg/day of fluid volume,
170 kcal/kg/day of calories, and 5 g/kg/day of protein. We tested
3 formula-feeding groups: SSC, N, and E.

standard formulas like SSC or N, typically in the setting of foodprotein induced enterocolitis. Thus, the protein in E is broken
down to the simplest amino acids whereas the protein in SSC and
N is comprised of complex chains of amino acids from non-fat
milk and whey protein concentrate. The carbohydrate content
of E is also different from SSC or N. E only has corn syrup
solids as carbohydrate source whereas SSC and N has both corn
syrup solids and lactose. These differences in composition among
preterm formulas and their impact on intestinal injury and the
developing gut microbiome have not been examined.
Probiotics are live microorganisms that can be beneficial to the
host when ingested. Several randomized clinical trials and metaanalyses have provided evidence that probiotic supplementation
is safe and well-tolerated in preterm infants (10–12). Moreover,
these studies have demonstrated that probiotics can be effective
in decreasing the risk for NEC, and may also have benefit in
decreasing late-onset sepsis. While its use in clinical practice
is starting to increase (13), the “one-size-fits-all” approach of
current probiotic intervention remains a major challenge that
contributes to inconsistent results (14). As we move more toward
individualized medicine, one important question is whether the
efficacy of probiotics in protecting against gut injury is similar
with different preterm formulas.
In this study, we hypothesized that various preterm formulas
have differential effects in causing neonatal gut injury and
intestinal microbiome alterations; and that probiotics remain
effective in attenuating gut injury caused by different preterm
formulas. We investigated this hypothesis by using a newborn
mouse model of experimental intestinal injury induced by
formula feeding alone with SSC, N, or E. We chose these
preterm formulas because SSC and N are standard formulas
for preterm infants while in-patient in the NICU and postdischarge, respectively; while E is the first line alternative formula
for preterm infants who do not tolerate SSC or N. We chose the
probiotic Lactobacillus rhamnosus GG (LGG) because it is one of
the most studied and widely used probiotics in preterm infants
(15–17).

Probiotic Experiments
LGG was obtained from American Type Culture Collection
(ATCC 53103, Manassas, VA, United States) and grown per
manufacturer recommendations. LGG in de Man, Rogosa and
Sharpe (MRS) culture media was harvested by centrifugation,
resuspended in PBS/0.1% gelatin, and diluted to 108 CFU/ml. We
tested 2 probiotic experimental groups: SSC + LGG and E + LGG.
Probiotic-treated pups were gavaged with 0.1 mL of 108 CFU/ml
of LGG once daily from P5 to P7, followed by formula-feeding
starting from P8 to P10.

Sample Collection and Tissue
Processing
Pups from both formula-feeding and probiotic experiments were
sacrificed on P11 and distal ileum was collected for histology,
immunofluorescence, qRT-PCR, and Western blot studies. The
distal colon with stool was harvested and immediately frozen for
16s rRNA sequencing under maximal aseptic precautions.

Histological Grading of Tissue Injury
Histology slides were stained with hematoxylin and eosin and
scanned into a computer using a Leica Biosystems Slide Scanner.
A standardized 4-point scale (19) was used to grade intestinal
injury by two blinded investigators (KR and WY).

TUNEL Assay
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was performed on terminal ileum as previously
described (21). The apoptotic index was calculated by dividing
the total number of TUNEL positive cells by the total number of
DAPI stained cells. A minimum of 2 slides per mouse and 3–5
fields per slide were analyzed.

qRT-PCR
METHODS

Gene expression data were collected on a Bio-Rad iQ5 with
SYBR Green Mastermix using pre-validated primers from
MilliporeSigma (St. Louis, MO, United States). Relative gene
expression of interleukin 1 beta (IL1B), toll like receptor
4 (TLR4), single immunoglobulin and interleukin-1-related
receptor (SIGIRR), and inducible nitric oxide synthase (iNOS)
was calculated with the Pfaffl method (22), with housekeeping
gene 18S rRNA for normalization.

Mice
C57BL/6 mice were obtained from Charles River (Wilmington,
MA, United States) and allowed to breed and deliver naturally.
All animal experiments were approved by the local Institutional
Animal Care and Usage Committee (Protocol # 1601).

Formula Feeding Experiments
Western Blot

Our protocol for formula-feeding was based on the mouse model
of NEC that we and others have used, as previously described
(18–20). Briefly, pups from the same litter were randomly
assigned to control or formula-feeding groups. Control pups
remained with their mothers and breast-fed ad lib. Formulafeeding pups were separated from their mothers on postnatal
day (P)8, housed in an incubator, and gavage-fed with 0.2 mL
of fortified formula (26 kCal/oz) five times daily for 3 days. For
an average mouse pup weighing 5 grams, this formula-feeding
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Ileal samples were lysed in radioimmunoprecipitation assay
(RIPA) buffer and then homogenized using a bullet blender.
Immunoblotting was done following standard protocols as
previously described (21). The antibodies used were as follows:
rabbit anti-(p) p38 mitogen-activated protein kinases (MAPK),
rabbit anti-p38 MAPK, rabbit anti-(p) p65, mouse anti-ICAM-1,
rabbit anti-Cleaved Caspase 3 (CC3), rabbit anti-p65, and mouse
anti-ß-Actin. ß-actin was used as a loading control. Blots were
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the intestinal tract. We found that feeding with preterm formula
alone was sufficient to cause mild to moderate injury to the
intestinal tract (Figure 1A). In comparing the extent of injury
from different preterm formulas, we observed that SSC and E
were similar in causing significant intestinal injury compared to
controls, while N resulted in modest intestinal injury (Figure 1B).
We next investigated whether differences in gut injury were
associated with changes in pro-inflammatory TLR-mediated
NFκB activation, a known key mediator of inflammation in
NEC (13, 14). We found that formula-feeding resulted in higher
protein expression of intercellular adhesion molecule 1 (ICAM1)
and phosphorylated p65 (p65, also known as RelA, a subunit
of NFκB transcription factor complex) compared to dam-fed
controls (Figure 1C). The level of protein expression of ICAM1
and phosphorylated p65 correlated with the level of intestinal
injury from formula feeding (Figure 1D). We also investigated
gene expression of pro-inflammatory genes from terminal ileal
lysates and found modest induction of IL1B and TLR4 in
formula-fed groups compared to controls (Figure 1E).
We then evaluated gene expression of gut protective genes
SIGIRR and iNOS. SIGIRR is a TLR antagonist that protects
against exaggerated TLR activation in NEC (21), while iNOS
is a key mediator of early villous re-epithelialization following
acute mucosal injury (26). Interestingly, we found significant
induction of both SIGIRR and iNOS among pups fed with
NeoSure, which correlated with the modest gut injury found in
this group (Figure 1E).
Lastly, we determined the effects of different preterm formulas
on intestinal apoptosis by CC3 protein expression (Figures 1C,D)
and TUNEL assay (Figures 1F,G). We found a similar pattern
of increased apoptosis among pups in the SSC and E groups,
while pups in the N group demonstrated comparable CC3 protein
expression and apoptotic index as control pups (Figure 1G).
Taken together, our findings indicate differing effects of preterm
formulas on intestinal injury, inflammation, and apoptosis—
with Similac Special Care and EleCare causing greater intestinal
injury than NeoSure.

detected by chemiluminescence and densitometry was quantified
using ImageJ software.

16s rRNA Sequencing
Total bacterial genomic DNA was extracted using the QIAmp
DNA stool kit (Qiagen) following their instructions. The
DNA integrity was assessed by agarose gel electrophoresis;
concentration and quality were determined by absorption at
A260, and A260/A280 ratio, respectively, using a Nanodrop2000 spectrophotometer (Thermo Fisher Scientific). The 16S V4
region was amplified using 515F/806R primers and sequenced
using amplicon sequencing on IonS5TM XL to generate raw
reads. Paired-end reads were assigned to samples based on
their unique barcode and truncated by cutting off the barcode
and primer sequences. We used Cutadapt (23) (V2.11 ) with
parameters p-error-rate 0.1 to remove primers and adaptors from
the sequences before performing downstream bioinformatic
processes in QIIME2_v2020.6. Briefly, we used QIIME2wrapped DADA2 (24) (v1.14) to remove chimeric and singleton
sequences and join paired-end reads to provide the amplicon
sequence variants (ASV) table. Resulting sequences were assigned
taxonomy using a pre-trained Naïve Bayes classifier trained
on the Greengenes 13_8_ 99% OTUs. Phylogenetic tree was
generated using align-to-tree-mafft-fasttree pipeline from the
q2-phylogeny plugin.

Data Analysis
Analysis of variance with Bonferroni correction for multiple
testing was used for analysis. Statistical analysis was done using
GraphPad Prism (San Diego, CA, United States) with statistical
significance set at P < 0.05. For microbiome analysis, microbial
community structures were characterized using measures of
α- (within-sample) and β-(between-samples) diversity indices.
α-diversity was applied in analyzing the complexity of species
diversity for a sample through indices including observed
richness, Shannon, ACE and InvSimpson. Beta-diversity
(Bray-Curtis dissimilarity index) assessed between-sample and
between-group species diversity that was visualized with a
Principal Coordinate Analysis (PCoA) plot. Linear discriminant
analysis effect size (LEfSe) was used to investigate the differences
in bacterial and pathway abundances between control and
formula groups (25). LEfSe incorporates the Kruskal–Wallis
rank-sum test to identify features with significant differences
between groups and subsequent linear discriminant analysis to
estimate the effect size of the feature of interest.

Each Preterm Formula Caused Distinct
Alterations to the Developing Gut
Microbiome
To further explore additional mechanisms related to intestinal
injury elicited by different preterm formulas, we investigated
whether differences in microbial composition could underlie
differences in NEC-like injury. We collected colonic stool
at the time of pup sacrifice and evaluated alterations in
microbial community composition and diversity (Figure 2A).
We investigated α-diversity within the groups using Phyloseq
(27). Standard α-diversity metrics were evaluated, including
observed richness, ACE, Shannon index and InvSimpson.
To visualize the results for β-diversity, Non-metric Multidimensional (NMDS) plots (Figure 2B) and PCoA plots
(Figure 2C) were generated based on Bray-Curtis distances.
Bray-Curtis provides a measure of community composition
differences between samples based on OTU counts, regardless of
taxonomic assignment.

RESULTS
Formula-Feeding With Similac Special
Care and EleCare Caused Greater Injury
Than NeoSure
We evaluated ileal histology of control and formula-fed mouse
pups to determine the effects of different preterm formulas on
1

http://cutadapt.readthedocs.io/en/stable/
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FIGURE 1 | Preterm formula elicits injury to the neonatal intestinal tract. (A) Representative histologic images of the terminal ileum from control (C) and formula-fed
mouse pups (SSC, Similac Special Care; N, Neosure; E, EleCare). (B) Histologic intestinal injury scores. (C,D) Western Blot showing protein expression of
phosphorylated p65, ICAM1, and CC3 from ileal tissue of control and formula-fed mouse pups. (E) Relative gene expression of IL-1β, iNOS, SIGIRR, and TLR4 in
controls vs. formula-fed pups. (F) TUNEL staining of terminal ileum of control and formula-fed groups. Green indicates TUNEL positive cells; blue, DAPI cells.
(G) Apoptotic index indicating ratio of TUNEL positive cells to DAPI cells. All data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***P < 0.001 by ANOVA.
n = 7–11 pups in each group.

effects on gut injury in N and SSC group (less injury with N, more
injury with SSC) were also noted despite the similarities in α- and
β-diversity measures between the two groups.
We also conducted LEfSe analysis to identify species with
significant differences among the formula groups (Figure 2D).
LEfSe statistical results include three parts, namely, the linear
discriminant analysis (LDA) value distribution histogram,
evolutionary branch graph (phylogenetic distribution), and
biomarker abundance comparison chart in different groups.
The LEfSe was used to identify discriminative bacterial taxon
among different groups. LDA (log10 > 4) and LEfSe analysis
revealed significant differences (P < 0.05) in the fecal microbiota

Our results showed that N (n = 8) and SSC (n = 7) groups
exhibited significantly different α-diversity measures (P < 0.01)
compared to dam-fed controls, while pups in E group (n = 8)
exhibited only modest differences (P < 0.05) (Figure 2A). The
ordinations based on β-diversity metrics followed a similar
pattern, with clear clustering of N and SSC samples that is
distinctly different from controls (P < 0.001), while separation
between control and E samples (Figures 2B,C) was less obvious.
Interestingly, we found poor correlation between α- and βdiversity measures and severity of gut injury. Pups in E group
demonstrated significant gut injury despite the close similarity in
α- and β-diversity measures with dam-fed controls. Contrasting
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FIGURE 2 | Preterm formula influences the acquisition of the intestinal microbiome. (A) Alpha diversity calculations with Phyloseq software package. Standard
diversity metrics were evaluated including observed richness, ACE, Shannon index, and InvSimpson. (B,C) Beta-diversity visualization with Non-metric
Multi-dimensional Scaling (NMDS) and Principal Coordinate Analysis (PCoA) plots based on Bray-Curtis distances. (D) The linear discriminant analysis (LDA) value
distribution histogram. Taxa meeting a linear discriminant analysis significant threshold > 4 are shown. c: class level; f: family level; g: genus level; o: order level; p:
phylum level.

exhibited by indicated groups (Figure 2D). Several bacterial
species commonly regarded as potentially pathogenic were
identified among formula-fed groups including Streptococcaceae,
Gammaproteobacteria,
Corynebacterium,
Staphylococcus,
Clostridia, and Actinobacillus. In contrast, the commensal
bacterial species Lactobacillus, Bacilli, and Lactobacillaceae were
found to predominate in dam-fed controls.

experiments on EleCare and Similac Special Care since NeoSurefed mice exhibited only low levels of injury (28). We found
that pre-treatment with LGG significantly reduced histologic gut
injury (Figures 3A,B) and decreased gene expression of proinflammatory mediators ICAM-1, IL-1B, and TLR4 (Figure 3C)
in E and SSC groups. We also observed that LGG significantly
induced SIGIRR gene expression (Figure 3C). This observation,
which we also demonstrated in our previous study (18), indicate
that SIGIRR induction may be one of the mechanisms by which
LGG protects against intestinal injury from preterm formula.
Lastly, we found that LGG was also effective in decreasing
apoptotic injury caused by E (Figures 3D,E). Taken together,
these findings indicate that LGG remains effective in ameliorating
formula-induced injury despite the varying effects of SSC and E
on the gut microbiome.

LGG Pre-treatment Ameliorated
Formula-Feeding Injury Caused by
Similac Special Care and EleCare
We next investigated whether LGG—a probiotic that protects
against experimental and human NEC—will be protective against
intestinal injury from preterm formula. We focused our probiotic

Frontiers in Pediatrics | www.frontiersin.org

5

July 2022 | Volume 10 | Article 902798

Rao et al.

Preterm Formula and NEC-Like Gut Injury

pups toward injury in the gut. In addition to carbohydrates, gut
bacteria also metabolize dietary proteins and produce metabolites
that are mutually beneficial to bacterial communities and the
host (30–32). The completely hydrolyzed protein content in
E can thus have a different impact on the gut microbiome
compared to the intact protein content in SSC or N. This
theory was tested by Kok et al. (33). in a randomized, doubleblinded trial comparing stool microbiota of term infants fed
with intact, extensively hydrolyzed, or completely hydrolyzed
milk. They found that infants receiving extensively hydrolyzed
or completely hydrolyzed milk developed patterns of early gut
microbiome that was distinctly different from infants fed with
intact milk. Interestingly, among the patterns they observed was
an increased abundance of Clostridia with hydrolyzed protein
formula. Increased Clostridia, which we also found in pups who
received E, has been identified in microbiome studies of preterm
infants to be associated with cases of NEC (34). Overall, our
findings suggest that differences in nutrient content of formulas
can impact the balance between commensal and pathogenic
gut bacterial communities and influence susceptibility of the
developing neonatal gut to injury.
A number of microbial taxa we identified as differentially
enriched in dam-fed versus formula-fed groups were consistent

DISCUSSION
In this study we have shown that different preterm formulas
cause varying injury to the neonatal mouse gut. More specifically,
we found that SSC (a specialized high-protein preterm formula)
and E (an elemental infant formula) caused greater gut injury,
apoptosis, and pro-inflammatory NFκB activation than N (a
preterm post-discharge formula). We also found that the different
preterm formulas caused distinct alterations in gut microbial
composition, and that pre-treatment with LGG was effective at
ameliorating the level of injury from formula-feeding. Taken
together, these data highlight that not all preterm formulas
are the same, and that subtle differences in their composition
can have varying effects on neonatal gut injury and the
developing gut microbiome.
Differences in nutrient content among the formulas we
tested could explain some of the differences in gut injury and
gut microbiome we observed in the study. For example, the
carbohydrate content in SSC and N include lactose, whereas E
does not. Lactose is a preferred carbon source of Bifidobacterium
and helps promote the growth of this commensal bacteria in
the gut (29). The absence of lactose in E can thus decrease
growth of Bifidobacterium and increase susceptibility of E-fed

FIGURE 3 | Lactobacillus rhamnosus GG (LGG) ameliorates intestinal injury by preterm formulas. (A) Representative histologic slides of the terminal ileum of
formula-fed pups with and without pre-treatment with LGG. (B) Histologic intestinal injury scores by blinded investigators. (C) Relative gene expression of ICAM1,
IL-1β, SIGIRR, and TLR4. (D) TUNEL staining of terminal ileum comparing formula versus formula + LGG. (E) Quantification of apoptosis by calculating apoptotic
index (ratio of TUNEL positive cells to DAPI cells). Data presented as mean ± SD; *P < 0.05, by t-test. n = 6 pups in each group.
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baseline (44). Instead, what they found was that probiotic
supplementation caused marked differences in mRNA expression
of mostly immune-related genes in the intestinal mucosa. Based
on their findings, the authors concluded that probiotics confer
benefits by regulating gene expression rather than by modulating
the composition of gut bacterial communities. Consistent with
the study by Zmora et al., our previous study demonstrated
that the probiotic LGG conferred protection in mice subjected
to formula-feeding and experimental NEC injury despite not
having major changes in gut microbiome composition (18).
Instead, in both this previous study and the current study, we
found that LGG administration induced mRNA expression of
the gut protective gene SIGIRR. Taken together, these results
provide evidence that probiotics can reduce intestinal injury
even when artificial enteral nutrition is administered. Moreover,
the mechanism by which probiotics confer this protection
maybe mediated by inducing gut protective genes such as
SIGIRR rather than by modulating the composition of gut
bacterial communities.
Murine models are often used to study NEC (46), but their
use of Esbilac (a milk replacement for puppies and dogs) or
Similac Advance (a term infant formula) to elicit gut injury may
have important limitations (19, 20, 47). For example, current
formulations of Esbilac contain probiotics and arginine—dietary
supplements that have been shown in studies to prevent NEC
(11, 48–50). The presence of these dietary supplements may
thus decrease the effectiveness of Esbilac in inducing NEC.
Similarly, term formula contains less nutrients, vitamins, and
minerals—and consequently decreased osmolarity—compared to
preterm formula. As administration of hyperosmolar formula
is regarded as an important risk factor for NEC, term formula
may also be less effective in inducing NEC compared to preterm
formula. In our study, we investigated intestinal injury arising
from different preterm formulas commonly used in the NICU.
In addition, instead of the traditional formula plus hypoxia plus
enteric endotoxin model, we used a formula-fed only model
to limit the effect of confounding from hypoxia and enteral
endotoxin or bacteria. Even with this less aggressive model, we
found that preterm formula was sufficient to elicit gut injury in
neonatal mice in the absence of hypoxia or enteral endotoxin
administration. Moreover, the observed changes in gut injury
were associated with increased cell death and increased proinflammatory NFκB activity, key characteristics that mimic injury
seen in human and experimental NEC (20). Taken together, our
results suggest that using preterm formula instead of Esbilac
or term formula can be an appropriate alternative to current
experimental NEC models.
While our study compared three commonly used preterm
formulas, we acknowledge that there are several other preterm
milk formulations that we did not test. Our study was also
limited to the effects of preterm formula in newborn mice.
It would require large studies to determine whether different
preterm formulas have varying abilities to cause intestinal injury
in preterm infants.
Formula-feeding in preterm infants is generally accepted to be
less beneficial compared to breastmilk. However, several different
types of formula are used in preterm infants; each with its own

with reports of health and NEC in infants. For example,
Lactobacillus, differentially increased in healthy dam-fed pups, is
a commensal bacteria often used as a probiotic to reduce NEC
in preterm infants (17). Conversely, Pasteurella and Clostridia,
differentially increased in E-fed mice that had severe gut injury,
are pathogenic bacteria identified in microbiome studies to be
associated with NEC in preterm infants (34, 35). Yet not all the
changes in gut microbial taxa we observed were consistent with
the expected patterns of injury based on existing literature. For
example, increased Gammaproteobacteria, observed in mice that
received N, has been identified in several studies to precede NEC
development in humans (36, 37). Yet in our study, N caused
the least amount of injury compared to SSC or E. Similarly,
the α- and β-diversity measures of E-fed pups were similar
with dam-fed controls. Yet despite this similarity with healthy
controls, pups who received E exhibited severe gut injury. These
inconsistent findings between gut microbiota changes and gut
injury suggest that other mechanisms can regulate injury caused
by formula feeding besides the gut microbiome. One possible
mechanism is that of increased osmolality causing direct injury
to the intestinal mucosa. In comparing the different formulas, the
osmolality of E (455 mOsm/kg) is significantly higher compared
to N (295 mOsm/kg) and SSC (303 mOsm/kg), and is above
the 450 mOsm/kg threshold recommended by the American
Academy of Pediatrics for enteral nutrition (38). This higher
osmolality may partly explain the intestinal injury elicited by
E, despite the similarities in α- and β-diversity of E-fed pups
with dam-fed controls (39–41). Similar findings of gut injury
dependent on osmolality and not on microbial changes were
also demonstrated by the study of Lueschow et al. (42). Another
possible mechanism is that of increased induction of beneficial
genes such as SIGIRR and iNOS protecting against gut injury.
SIGIRR inhibits intestinal TLR activity and can protect against
excessive TLR-mediated intestinal inflammation (21), while
iNOS mediates early intestinal epithelial repair following acute
mucosal injury (26). The increased induction of SIGIRR and
iNOS by N could thus explain the lower injury scores observed
in N-fed pups despite their increased Gammaproteobacteria.
Taken together, these results highlight the complexity of the
gut microbiome and how associative changes in gut microbial
diversity and composition do not necessarily correlate with
phenotype. Additional studies combining metagenomics with
other multi-omics approaches are needed to further investigate
the impact of formula-driven differences in gut microbiome on
health and disease.
The study by Repa et al. (43). suggested that probiotics may
be protective against NEC in breast-fed but not formula-fed
infants. Contrary to their findings, our current study provides
evidence that the probiotic LGG remained effective in decreasing
gut injury from various preterm formulas. The mechanisms
by which probiotics protect against gut injury remain poorly
understood. However, recent studies indicate that overt changes
in the gut microbiome may not be the main mechanism by which
probiotics confer its beneficial effects (44, 45). Using both mice
and humans, Zmora et al. demonstrated that probiotic treatment
caused only minimal changes in gut bacterial composition
compared to placebo-treatment or to their own pre-probiotic
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unique blend of nutrients, minerals, and additives. Our study
addresses a significant gap in knowledge regarding the differential
injury caused by different preterm formulas. Further studies are
needed to elucidate the effects of different preterm formulas on
the intestinal tract of infants.

draft of the manuscript, and contributed to the final version
of the manuscript. AC helped conceptualize and plan the
experiments, helped with the analysis, co-wrote the first draft
of the manuscript, and contributed to the final version of the
manuscript. HM and WY performed the experiments, helped
with the analysis and figures, and contributed to the final version
of the manuscript. SC-B performed the probiotics culture and
quantification, helped with the figures, and contributed to the
final version of the manuscript. IA, PS, and SU performed
the 16S microbiome sequencing and analysis, helped with the
figures, and contributed to the final version of the manuscript.
VS conceived the original idea, helped conceptualize and plan
the experiments, helped with analysis and interpretation of
results, supervised the project, and contributed to the final
manuscript. All authors contributed to the article and approved
the submitted version.

DATA AVAILABILITY STATEMENT
The original contributions presented in this study are publicly
available. This data can be found here: BioProject: PRJNA838402.

ETHICS STATEMENT
The animal study was reviewed and approved by Institutional
Animal Care and Usage Committee at University of MissouriKansas City.

FUNDING
AUTHOR CONTRIBUTIONS
This work was supported by institutional funds at Children’s
Mercy Hospital (VS and AC), and the National Institute of Health
R01DK117296 (VS) and K08DK125735 (AC).

KR helped conceptualize and plan the experiments, performed
the experiments, helped with the analysis, co-wrote the first

REFERENCES

12. Patel RM, Underwood MA. Probiotics and necrotizing enterocolitis. Semin
Pediatr Surg. (2018) 27:39–46. doi: 10.1053/j.sempedsurg.2017.11.008
13. van den Akker CHP, van Goudoever JB, Shamir R, Domellof M, Embleton
ND, Hojsak I, et al. Probiotics and preterm infants: a position paper
by the european society for paediatric gastroenterology hepatology and
nutrition committee on nutrition and the european society for paediatric
gastroenterology hepatology and nutrition working group for probiotics and
prebiotics. J Pediatr Gastroenterol Nutr. (2020) 70:664–80. doi: 10.1097/MPG.
0000000000002655
14. Veiga P, Suez J, Derrien M, Elinav E. Moving from probiotics to precision
probiotics. Nat Microbiol. (2020) 5:878–80. doi: 10.1038/s41564-020-0721-1
15. Capurso L. Thirty years of Lactobacillus rhamnosus GG: a review.
J Clin Gastroenterol. (2019) 53(Suppl. 1):S1–41. doi: 10.1097/MCG.
0000000000001170
16. 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) 36:1106–11. doi: 10.1038/jp.2016.144
17. Kane AF, Bhatia AD, Denning PW, Shane AL, Patel RM. Routine
supplementation of Lactobacillus rhamnosus GG and risk of necrotizing
enterocolitis in very low birth weight infants. J Pediatr. (2018) 195:73–9.e72.
doi: 10.1016/j.jpeds.2017.11.055
18. Cuna A, Yu W, Menden HL, Feng L, Srinivasan P, Chavez-Bueno S, et al.
NEC-like intestinal injury is ameliorated by Lactobacillus rhamnosus GG in
parallel with SIGIRR and A20 induction in neonatal mice. Pediatr Res. (2020)
88:546–55. doi: 10.1038/s41390-020-0797-6
19. 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)
177:3273–82. doi: 10.4049/jimmunol.177.5.3273
20. 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) 179:4808–20. doi: 10.4049/
jimmunol.179.7.4808
21. Fawley J, Cuna A, Menden HL, McElroy S, Umar S, Welak SR, et al.
Single-Immunoglobulin interleukin-1-related receptor regulates vulnerability
to TLR4-mediated necrotizing enterocolitis in a mouse model. Pediatr Res.
(2018) 83:164–74. doi: 10.1038/pr.2017.211
22. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. (2001) 29:e45. doi: 10.1093/nar/29.9.e45

1. Underwood MA. Human milk for the premature infant. Pediatr Clin North
Am. (2013) 60:189–207. doi: 10.1016/j.pcl.2012.09.008
2. Altobelli E, Angeletti PM, Verrotti A, Petrocelli R. The impact of human milk
on necrotizing enterocolitis: a systematic review and meta-analysis. Nutrients.
(2020) 12:1322. doi: 10.3390/nu12051322
3. Perrine CG, Scanlon KS. Prevalence of use of human milk in US advanced care
neonatal units. Pediatrics. (2013) 131:1066–71. doi: 10.1542/peds.2012-3823
4. O’Connor NR. Infant formula. Am Fam Physician. (2009) 79:565–70.
5. Tanner SM, Berryhill TF, Ellenburg JL, Jilling T, Cleveland DS, Lorenz RG,
et al. Pathogenesis of necrotizing enterocolitis: modeling the innate immune
response. Am J Pathol. (2015) 185:4–16. doi: 10.1016/j.ajpath.2014.08.028
6. Quigley M, Embleton ND, McGuire W. Formula versus donor breast milk
for feeding preterm or low birth weight infants. Cochrane Database Syst Rev.
(2018) 6:CD002971. doi: 10.1002/14651858.CD002971.pub4
7. Battersby C, Longford N, Mandalia S, Costeloe K, Modi N, UK Neonatal
Collaborative Necrotising Enterocolitis (UKNC-NEC) 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) 2:43–51. doi: 10.1016/S24681253(16)30117-0
8. Sangild PT, Siggers RH, Schmidt M, Elnif J, Bjornvad CR, Thymann T,
et al. Diet- and colonization-dependent intestinal dysfunction predisposes to
necrotizing enterocolitis in preterm pigs. Gastroenterology. (2006) 130:1776–
92. doi: 10.1053/j.gastro.2006.02.026
9. Bergholz R, Zschiegner M, Eschenburg G, Wenke K, Tiemann B, Roth B, et al.
Mucosal loss with increased expression of IL-6, IL-8, and COX-2 in a formulafeeding only neonatal rat model of necrotizing enterocolitis. J Pediatr Surg.
(2013) 48:2301–7. doi: 10.1016/j.jpedsurg.2013.04.028
10. Athalye-Jape G, Rao S, Patole S. Effects of probiotics on experimental
necrotizing enterocolitis: a systematic review and meta-analysis. Pediatr Res.
(2018) 83:16–22. doi: 10.1038/pr.2017.218
11. Morgan RL, Preidis GA, Kashyap PC, Weizman AV, Sadeghirad B, McMaster
Probiotic P, et al. Probiotics reduce mortality and morbidity in preterm,
low-birth-weight infants: a systematic review and network meta-analysis of
randomized trials. Gastroenterology. (2020) 159:467–80. doi: 10.1053/j.gastro.
2020.05.096

Frontiers in Pediatrics | www.frontiersin.org

8

July 2022 | Volume 10 | Article 902798

Rao et al.

Preterm Formula and NEC-Like Gut Injury

23. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. (2011) 17:3. doi: 10.1089/cmb.2017.0096
24. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat
Methods. (2016) 13:581–3. doi: 10.1038/nmeth.3869
25. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al.
Metagenomic biomarker discovery and explanation. Genome Biol. (2011)
12:R60.
26. Gookin JL, Rhoads JM, Argenzio RA. Inducible nitric oxide synthase mediates
early epithelial repair of porcine ileum. Am J Physiol Gastrointest Liver Physiol.
(2002) 283:G157–68. doi: 10.1152/ajpgi.00005.2001
27. McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One. (2013) 8:e61217.
doi: 10.1371/journal.pone.0061217
28. Cuna A, Morowitz MJ, Ahmed I, Umar S, Sampath V. Dynamics of the
preterm gut microbiome in health and disease. Am J Physiol Gastrointest Liver
Physiol. (2021) 320:G411–9. doi: 10.1152/ajpgi.00399.2020
29. Kato K, Ishida S, Tanaka M, Mitsuyama E, Xiao JZ, Odamaki T. Association
between functional lactase variants and a high abundance of Bifidobacterium
in the gut of healthy Japanese people. PLoS One. (2018) 13:e0206189. doi:
10.1371/journal.pone.0206189
30. Wu L, Tang Z, Chen H, Ren Z, Ding Q, Liang K, et al. Mutual interaction
between gut microbiota and protein/amino acid metabolism for host mucosal
immunity and health. Anim Nutr. (2021) 7:11–6. doi: 10.1016/j.aninu.2020.11.
003
31. Oliphant K, Allen-Vercoe E. Macronutrient metabolism by the human gut
microbiome: major fermentation by-products and their impact on host health.
Microbiome. (2019) 7:91. doi: 10.1186/s40168-019-0704-8
32. Madsen L, Myrmel LS, Fjaere E, Liaset B, Kristiansen K. Links between dietary
protein sources, the gut microbiota, and obesity. Front Physiol. (2017) 8:1047.
doi: 10.3389/fphys.2017.01047
33. Kok CR, Brabec B, Chichlowski M, Harris CL, Moore N, Wampler JL,
et al. Stool microbiome, pH and short/branched chain fatty acids in infants
receiving extensively hydrolyzed formula, amino acid formula, or human milk
through two months of age. BMC Microbiol. (2020) 20:337. doi: 10.1186/
s12866-020-01991-5
34. Zhou Y, Shan G, Sodergren E, Weinstock G, Walker WA, Gregory KE.
Longitudinal analysis of the premature infant intestinal microbiome prior to
necrotizing enterocolitis: a case-control study. PLoS One. (2015) 10:e0118632.
doi: 10.1371/journal.pone.0118632
35. Romano-Keeler J, Shilts MH, Tovchigrechko A, Wang C, Brucker RM, Moore
DJ, et al. Distinct mucosal microbial communities in infants with surgical
necrotizing enterocolitis correlate with age and antibiotic exposure. PLoS One.
(2018) 13:e0206366. doi: 10.1371/journal.pone.0206366
36. 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) 387:1928–
36. doi: 10.1016/S0140-6736(16)00081-7
37. Lindberg TP, Caimano MJ, Hagadorn JI, Bennett EM, Maas K, Brownell EA,
et al. Preterm infant gut microbial patterns related to the development of
necrotizing enterocolitis. J Matern Fetal Neonatal Med. (2020) 33:349–58.
doi: 10.1080/14767058.2018.1490719
38. Barness LA, Mauer AM, Holliday MA, Anderson AS, Dallman PR, Forbes GB
et al. Commentary on breast-feeding and infant formulas, including proposed
standards for formulas. Pediatrics (1976) 57: 278–85. doi: 10.1542/peds.57.2.
278
39. Miyake H, Chen Y, Koike Y, Hock A, Li B, Lee C, et al. Osmolality of enteral
formula and severity of experimental necrotizing enterocolitis. Pediatr Surg
Int. (2016) 32:1153–6. doi: 10.1007/s00383-016-3998-7
40. Pearson F, Johnson MJ, Leaf AA. Milk osmolality: does it matter? Arch Dis
Child Fetal Neonatal Ed. (2013) 98:F166–9. doi: 10.1136/adc.2011.300492

Frontiers in Pediatrics | www.frontiersin.org

41. Ellis ZM, Tan HSG, Embleton ND, Sangild PT, van Elburg RM. Milk feed
osmolality and adverse events in newborn infants and animals: a systematic
review. Arch Dis Child Fetal Neonatal Ed. (2019) 104:F333–40. doi: 10.1136/
archdischild-2018-315946
42. Lueschow SR, Kern SL, Gong H, Grobe JL, Segar JL, Carlson SJ, et al.
Feeding formula eliminates the necessity of bacterial dysbiosis and induces
inflammation and injury in the paneth cell disruption murine NEC model
in an osmolality-dependent manner. Nutrients. (2020) 12:900. doi: 10.3390/
nu12040900
43. 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) 77:381–8. doi: 10.1038/pr.2014.192
44. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes
S, et al. Personalized gut mucosal colonization resistance to empiric probiotics
is associated with unique host and microbiome features. Cell. (2018) 174:1388–
405.e21. doi: 10.1016/j.cell.2018.08.041
45. 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) 76:326–33. doi: 10.1038/pr.
2014.102
46. Lu P, Sodhi CP, Jia H, Shaffiey S, Good M, Branca MF, et al. Animal
models of gastrointestinal and liver diseases. Animal models of necrotizing
enterocolitis: pathophysiology, translational relevance, and challenges. Am
J Physiol Gastrointest Liver Physiol. (2014) 306:G917–28. doi: 10.1152/ajpgi.
00422.2013
47. Sodhi C, Richardson W, Gribar S, Hackam DJ. The development of animal
models for the study of necrotizing enterocolitis. Dis Model Mech. (2008)
1:94–8. doi: 10.1242/dmm.000315
48. Amin HJ, Zamora SA, McMillan DD, Fick GH, Butzner JD, Parsons HG,
et al. Arginine supplementation prevents necrotizing enterocolitis in the
premature infant. J Pediatr. (2002) 140:425–31. doi: 10.1067/mpd.2002.12
3289
49. Polycarpou E, Zachaki S, Tsolia M, Papaevangelou V, Polycarpou N, Briana
DD, et al. Enteral L-arginine supplementation for prevention of necrotizing
enterocolitis in very low birth weight neonates: a double-blind randomized
pilot study of efficacy and safety. JPEN J Parenter Enteral Nutr. (2013) 37:617–
22. doi: 10.1177/0148607112471561
50. Mitchell K, Lyttle A, Amin H, Shaireen H, Robertson HL, Lodha AK. Arginine
supplementation in prevention of necrotizing enterocolitis in the premature
infant: an updated systematic review. BMC Pediatr. (2014) 14:226. doi: 10.
1186/1471-2431-14-226
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2022 Rao, Cuna, Chavez-Bueno, Menden, Yu, Ahmed, Srinivasan,
Umar and Sampath. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

9

July 2022 | Volume 10 | Article 902798

