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Abstract

Background: Exaggerated Toll-like receptor (TLR) signaling and intestinal dysbiosis are key 

contributors to necrotizing enterocolitis (NEC). Lactobacillus rhamnosus GG (LGG) decreases 

NEC in preterm infants, but underlying mechanisms of protection remain poorly understood. We 

hypothesized that LGG alleviates dysbiosis and upregulates TLR inhibitors to protect against 

TLR-mediated gut injury.

Methods: Effects of LGG (low- and high-dose) on intestinal pro-inflammatory TLR signaling 

and injury in neonatal mice subjected to formula-feeding (FF) and NEC were determined. 16S 

sequencing of stool and expression of anti-TLR mediators Single Immunoglobulin Interleukin-1 

Related Receptor (SIGIRR) and A20 were analyzed.

Results: FF induced mild intestinal injury with increased expression of interleukin-1 beta 

(IL-1β) and KC (mouse homolog of IL-8) compared to controls. LGG decreased IL-1β and KC in 

association with attenuated TLR signaling and increased SIGIRR and A20 expression in a dose-

dependent manner. Low- and high-dose LGG had varying effects on gut microbiome despite both 

doses providing gut protection. Subsequent experiments of LGG on NEC revealed that pro-

inflammatory TLR signaling and intestinal injury were also decreased, and SIGIRR and A20 

expression increased, in a dose-dependent manner with LGG pre-treatment.

Conclusion: LGG protects against intestinal TLR-mediated injury by upregulating TLR 

inhibitors without major changes in gut microbiome composition.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is a devastating disease of preterm infants characterized by 

rapid and uncontrolled inflammation of the intestinal tract. It is estimated that about 5% to 

10% of infants born less than 32 weeks gestation at birth develop NEC. About 25% to 40% 

of infants who develop NEC will die because of the disease, while infants who survive 

remain at risk for serious long-term morbidities including intestinal failure and 

neurodevelopmental delays (1). Pathologic activation of the Toll-Like Receptor (TLR) 

family of innate immune receptors has been identified as the key signaling pathway through 

which uncontrolled inflammation occurs in NEC (2, 3). Intestinal microbiome studies of 

preterm infants with and without NEC suggest that this excessive TLR activity is triggered 

by abnormal gut bacterial colonization (4–6). Dysbiotic patterns found to precede the 

development of NEC include lower gut microbial diversity, increased abundance of γ-

Proteobacteria, and decreased abundance of Firmicutes (5, 6).

Based on the strong link between gut dysbiosis and NEC, clinical trials of probiotic 

supplementation in preterm infants have been conducted, and evidence is accumulating 

regarding its benefit in reducing NEC (7, 8). While it was commonly believed that the 

protection conferred by probiotics was related to changing gut microbiota signatures and 

mitigating dysbiosis, recent studies have begun to challenge this hypothesis (9, 10). Zmora 

et al. (11) demonstrated that minimal changes in gut bacterial composition occurred in 

probiotic-treated adult mice compared to placebo-treated mice or to their own pre-probiotic 

baseline. Nevertheless, despite the modest changes in gut microbiome, probiotic 

consumption did lead to significant transcriptional changes in the ileum, with a majority of 

genes related to the intestinal innate immune system.

Prior genetic studies from our laboratory have identified Single-Immunoglobulin 

Interleukin-1 Related Receptor (SIGIRR), an immune gene that normally functions as a 

negative regulator of TLR signaling, as a potential candidate gene for NEC susceptibility. 

We found that loss of SIGIRR worsens NEC-like injury in mice, suggesting that SIGIRR is 

important in maintaining intestinal TLR homeostasis and protection against NEC (12, 13). 

The impact of probiotics in modulating the balance between inhibitors and mediators of 

TLR4 signaling in the neonatal intestine is poorly understood. In this study, we sought to 

determine whether the probiotic Lactobacillus rhamnosus GG (LGG), which is the most 

commonly used probiotic in the United States for the prevention of NEC (14), protected 

against NEC-like intestinal injury in mice by effecting changes in microbiota or by 

modulating gene expression of TLR4 signaling mediators. We hypothesized that LGG will 
confer protection from excessive TLR activation by inducing expression of SIGIRR and 
other TLR inhibitors and by alleviating microbial dysbiosis in the neonatal gut.

METHODS:

A full description of the materials and methods is available as supplementary material at the 

Pediatric Research website (Supplemental Text - Methods, online).
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RESULTS

LGG treatment attenuates formula-induced inflammation and TLR signaling concurrent 
with increased SIGIRR and A20 expression in a dose-dependent fashion

To determine the effects of formula feeding and probiotics on intestinal inflammation, we 

first compared cytokine gene expression between dam-fed and formula-fed C57BL6 

neonatal mice. P5 pups administered formula for 3 days exhibited upregulation of 

inflammatory cytokines IL-1β, KC and inflammatory marker ICAM1 in the gut compared to 

dam-fed controls (Fig 1A). Increasing doses of LGG were then administered to formula-fed 

mice to evaluate the effects of LGG on formula-induced inflammation and we found that 

LGG treatment decreased expression of inflammatory cytokines in a dose-dependent manner 

(Fig 1A).

To investigate the mechanisms by which LGG ameliorates formula-induced inflammation, 

we evaluated the balance between pro-inflammatory and anti-inflammatory TLR pathway 

genes in the intestinal tract. We found that compared to BM controls, pups fed with formula 

had increased RNA expression of TLR signaling mediators TLR4 and IRAK1 (TLR 

signaling mediators). In contrast, RNA expression of TLR inhibitor SIGIRR was induced 

with LGG in breast fed pups (BM vs. BMP, p<0.05), and showed a trend towards increase in 

formula-fed pups treated with high-dose LGG (F vs. FPP; p=0.067, Fig 1B). LGG treatment 

also significantly induced the TLR inhibitor A20 in both the breast milk and formula-fed 

groups (Fig 1B). Induction of TLR inhibitors SIGIRR and A20 in formula-fed mice 

correlated with a reduction in TLR mediators TLR4 and IRAK1, both of which occurred in a 

dose-dependent manner with LGG treatment (Fig 1B).

To further explore these findings, we investigated whether canonical TLR signaling, which 

drives intestinal inflammation, was also suppressed with LGG administration (Fig 1 C–D). 

Protein expression of phosphorylated IKKβ, phosphorylated p65, ICAM1, and IL-1β were 

increased in formula-fed mice compared to BM controls, while formula-fed pups treated 

with LGG exhibited decreased levels of TLR signaling and inflammation (Fig 1 C–D). This 

decreased expression of phosphorylated IKKβ, phosphorylated p65, and pro-inflammatory 

cytokines correlated in a dose-dependent manner with the induced expression of SIGIRR 

and A20 from LGG treatment (Fig 1 C–D). Together, these data suggest that LGG 

ameliorates formula-induced TLR-dependent inflammation by inducing expression of TLR 

inhibitors in the gut.

Intestinal apoptosis and injury from formula feeding is decreased with LGG treatment

We next investigated the effect of formula and LGG on intestinal apoptosis by evaluating 

protein levels of Cleaved Caspase 3 (CC3) (Fig 2 A–B). Formula-fed pups had increased 

CC3 levels in the intestinal tract compared to BM controls, while LGG treatment decreased 

CC3 levels of formula-fed pups to levels similar to BM controls, signifying a protective 

effect of LGG against formula-induced enterocyte apoptosis. The impact of formula and 

LGG on intestinal injury was also assessed by using a validated intestinal injury scoring tool 

(Fig 2 C–D). Histologic evaluation of the terminal ileum showed mild increase in intestinal 

injury scores of pups fed with formula compared to controls. Intestinal injury scores of 
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formula-fed pups were unchanged with low-dose LGG treatment, but decreased when high-

dose LGG was administered.

Taxonomic changes in the bacterial constituents of colon fecal microbiome following LGG 
treatment

To determine if mouse pups fed breast milk versus those receiving formula had differences 

in microbial community profiles, and whether LGG treatment influenced gut microbiota, we 

performed MiSeq v3 PE-300 bp sequencing of 72plex V3/V4 16S amplicon library pool. 

The sequencing provided average of ~400,000 reads per sample. After quality filtering and 

removal of chimeras and non-bacterial sequences, barcoded 16S rRNA amplicons generated 

a total of 60,000 sequences in the colonic fecal samples. Prior to estimating microbial 

diversity, phylum level analyses revealed that among the 12 phyla, four phyla, Firmicutes, 
Bacteroidetes, Proteobacteria and Verrucomicrobia, were dominant in all five groups (BM, 

BMP, F, FP & FPP; Fig 3A). In the formula group receiving higher doses of LGG (FPP), 

Bacteroidetes phyla was more abundant compared to any other group (Fig 3A and 

Supplemental Fig S2A, online).

To evaluate the species richness, evenness and diversity of the microbial communities, the 

observed OTUs, Chao1 index, abundance-based coverage estimators (ACE), Shannon and 

Simpson indices were calculated for samples within each group. The observed OTUs, Chao1 

and Shannon indices in the FP group were significantly more variable compared to any other 

group. We saw similar trend with ACE and InvSimpson indices respectively (Fig 3B). These 

indices in the FPP group interestingly were higher but not as variable than those in any other 

group (Fig 3B). This suggests that while both low- and high-dose LGG conferred protection 

against formula-induced gut injury, low-dose LGG promoted more variability while high-

dose LGG showed reduced variability but higher microbial diversity.

Next, we estimated β-diversity after samples were rarefied to the lowest library size (4600 

reads/sample). Weighted UniFrac distance metric was used to examine differences in 

community structure. As depicted in Fig 3C, FPP group consistently showed higher β-

diversity compared to any other group. This was confirmed by both ANOSIM and 

PERMANOVA (P < 0.05) that indicated significant differences in the microbial community 

structure specially between FP and FPP groups. Principal Coordinates Analysis (PCoA) 

based on 16S rRNA community profiles further demonstrated that in contrast to the more 

uniform pattern of clustering in either BM or BMP, FP and FPP groups compared to F, were 

clustered in separate coordinates indicating discrete colonization types (Fig 3D). Lastly, 

linear discriminant analysis (LDA) was performed to determine differentially abundant 

bacterial taxa between the groups. A total of 22 bacterial groups were differentially 

expressed (LDA score > 3.0) in the FPP group. Proteobacteria were overrepresented, while 

Verrucomicrobia and others including Akkermansia, were underrepresented in the FP group 

(Fig 3E). Cladogram, plotted from LEfSe analysis, further demonstrated significant 

differences in the FP vs. FPP group (Supplemental Fig. S2B, online).
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LGG pre-treatment increases SIGIRR and A20 expression and attenuates canonical TLR 
signaling and inflammatory cytokine expression in mice with NEC

Our experiments with formula-induced gut injury indicated that both low-dose and high-

dose LGG increased SIGIRR and A20 expression and decreased pro-inflammatory TLR 

signaling in the neonatal intestinal tract. As TLR4 is central to NEC pathogenesis, we next 

investigated whether low-dose LGG pre-treatment confer similar protective effects in mice 

with experimental NEC. We posited that LGG pre-treatment also increases intestinal 

SIGIRR and A20 expression and ameliorates intestinal injury from NEC. To mimic how 

probiotics are used clinically in preterm infants, we pre-treated mice with LGG for 3 days 

prior to NEC induction with formula, hypoxia, and LPS. As expected, increased expression 

of inflammatory cytokines KC, IL-1β and inflammation marker ICAM1 was observed in 

mice following NEC induction compared to controls. (Fig 4A) When mice were pre-treated 

with LGG for 3 days prior to NEC induction, expression of TLR4 was attenuated in 

association with increased SIGIRR and A20 expression (Fig 4B), suggesting that LGG pre-

treatment programs resistance against pro-inflammatory TLR signaling by inducing negative 

regulators of TLR.

To further investigate TLR pathway signaling during NEC after LGG pre-treatment, we 

assessed activation of TLR4 signaling mediators, SIGIRR, and downstream TLR4-mediated 

inflammatory cytokines (Fig 4 C–D). Phosphorylated p65, phosphorylated IKKβ, IL-1β, and 

ICAM1 were increased with NEC compared to controls, indicating robust activation of pro-

inflammatory TLR pathway activation. Pre-treatment with LGG prior to NEC induction 

resulted in higher levels of SIGIRR protein and decreased levels of TLR signaling and 

inflammation (Fig 4 C–D). We also assessed CC3 protein levels and TUNEL staining to 

assess apoptosis and found that intestinal apoptosis was increased in NEC and decreased in 

pups pre-treated with LGG (Fig 4 E–H).

Bacterial invasion and intestinal injury are decreased with low-dose LGG pre-treatment

Direct invasion of intestinal mucosa by bacteria is an important contributor in NEC 

pathogenesis, and improved barrier function has been proposed as a mechanism by which 

probiotics protect against NEC (17, 18). We therefore investigated the effect of low-dose 

LGG pre-treatment on bacterial community proximity and invasiveness into the colonic 

epithelium using the universal bacterial probe, EUB338. As seen in Fig 5A, there is clear 

separation of bacteria from intestinal mucosa in dam-fed mice indicating an intact mucosal 

barrier function; while mice with NEC exhibited invasion of bacteria into the mucosa. In 

contrast, mice pre-treated with LGG prior to NEC induction had decreased invasion of 

bacteria into the mucosa (Fig 5A). We also performed analysis with standard H&E staining 

to assess intestinal injury in NEC pups pre-treated with LGG. Compared to untreated pups 

with NEC, we found that intestinal injury scores were decreased in pups who received LGG 

prior to experimental NEC induction. (Fig 5 B–C)

Pre-treatment with high-dose LGG also increases SIGIRR and confers protection against 
intestinal injury from experimental NEC

As our prior data indicated that high-dose LGG exhibited more substantial protective effects 

with formula-induced injury, we investigated the effects of high-dose LGG pre-treatment on 
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subsequent experimental NEC. Overall, we found consistent findings of decreased 

inflammation, decreased TLR signaling activity, and increased SIGIRR expression at both 

RNA and protein level in mice pre-treated with high-dose LGG. (Fig 6 A–D) Pre-treatment 

with high-dose LGG also conferred protection from gut injury with decreased apoptosis (Fig 

6 E–G) and lower intestinal injury (Fig 6 H–I) than low-dose LGG.

DISCUSSION

Evidence is accumulating regarding the benefit of prophylactic probiotics in reducing the 

risk for NEC, yet the mechanisms by which probiotics confer protection remain poorly 

understood (19). In this study, we showed that concurrent LGG supplementation in mice 

subjected to formula-feeding decreases intestinal TLR signaling, inflammation, and injury. 

Pre-treatment with probiotics prior to experimental NEC induction – a strategy which 

mimics how probiotics are used in preterm infants – also conferred similar protection against 

TLR-mediated inflammation, apoptosis, and injury in the gut. These protective effects 

occurred in a dose-dependent manner with increasing intestinal SIGIRR and A20 expression 

as higher dose of LGG was used, despite variable changes in gut microbial diversity and 

richness. Additional protection against bacterial mucosal invasion in NEC was also provided 

by LGG pre-treatment. Together, our findings suggest that altering intestinal gene expression 

to favor an anti-inflammatory milieu, as well as enhanced mucosal barrier protection against 

bacteria, are primary mechanisms by which probiotics afford protection against NEC.

Nanthakumar et al. (20) studied ileal tissue resected from infants with surgical NEC and 

found that mRNA expression of TLR inhibitors SIGIRR and A20 were decreased in relation 

to increased levels of TLR4 signaling, suggesting that imbalances between TLR4 and its 

negative regulators contribute to the exaggerated inflammatory TLR activation of NEC. 

Among the TLR inhibitors identified in Nanthakumar’s study include SIGIRR and A20. 

SIGIRR is a well-known negative regulator of TLR signaling in the gut (21, 22). The 

importance of SIGIRR in human NEC was demonstrated in genetic studies that identified 

loss-of-function mutations of SIGIRR were enriched in preterm infants with NEC compared 

to controls (12). Moreover, functional studies using neonatal SIGIRR knock-out mice 

confirmed that a pro-inflammatory phenotype of intestinal TLR hyper-responsiveness was 

present when SIGIRR is dysfunctional (13). A20 is an ubiquitin-editing enzyme that limits 

NF-κB activation by targeting several proximal mediators of TLR signaling for ubiquination 

and subsequent degradation (23, 24). Mice deficient in A20 develop severe intestinal 

inflammation early in life, while mice with dendritic cell –specific A20 deletion demonstrate 

increased mortality following exposure to LPS compared to controls (25, 26). In our study, 

administration of LGG to neonatal mice induced gene expression of SIGIRR and A20 in the 

gut and was associated with amelioration of TLR mediated-intestinal injury from formula-

feeding and experimental NEC. The use of higher-dose LGG further induced SIGIRR and 

A20 levels and enhanced protection from gut injury. Together, our results suggest that 

probiotics could potentially restore imbalance between TLR activators and inhibitors in the 

gut and protect against NEC.

A few other studies have investigated the effect of probiotics on the balance between TLR 

signaling and negative regulators of TLR. Ganguli et al. (27) studied immature intestinal 
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xenografts and primary enterocyte cultures exposed to probiotic-conditioned media (PCM) 

from Lactobacillus acidophilus and Bifidobacterium infantis then treated with LPS to induce 

TLR4-mediated inflammation. They found that PCM attenuated LPS-induced inflammation 

in relation to increased mRNA levels of SIGIRR and Toll-interacting protein (TOLLIP), 

another TLR inhibitor in the gut. Important limitations of their study include the use of an ex 
vivo model which may or may not accurately represent the complex physiology that occurs 

in vivo, and the lack of comprehensive analysis of canonical TLR signaling beyond gene 

expression studies. Wu et al. (28) used a rodent model of NEC to explore the protective 

effect of probiotics on NEC and found that Bifidobacterium adolescentis inhibited TLR4 

expression and alleviated ileal injury in relation to increased SIGIRR and TOLLIP 

expression in the intestine. Although a well-established in vivo model of NEC was 

employed, their study used a probiotic strain that has not been tested in clinical studies and 

also did not examine changes in gut microbiota.

In our study, we evaluated the protective effects of LGG – a widely-used probiotic against 

NEC in preterm infants – in neonatal mice subjected to formula-feeding and experimental 

NEC. We first performed formula-feeding experiments to determine whether formula alone 

induces injury to the gut and if so, whether LGG treatment confers protection against 

formula-induced injury. We then tested the effects of LGG on the full NEC model with 

formula feeding, hypoxia, and LPS. Neonatal mice were pre-treated with LGG for 3 days 

prior to NEC induction to mimic how probiotics are clinically used in preterm infants. We 

used low-dose and high-dose LGG to determine dose-dependent effects. We also performed 

a comprehensive analysis of the effects of LGG on canonical TLR signaling, microbiome 

composition with 16S sequencing, and bacterial invasion with EUB338 staining. In both 

models, we demonstrated that LGG attenuated TLR-mediated inflammation and apoptosis as 

well as overall injury gut injury in relation with increased expression of negative TLR 

regulators. Taken in conjunction with prior studies, our data suggest that modulation of TLR 

inhibitors to maintain intestinal TLR homeostasis is a primary mechanism by which 

probiotics confer protection in NEC.

Favorable alteration of intestinal microbiome has been proposed as another mechanism by 

which probiotics protect against NEC (29, 30). In our study, inconsistent changes in alpha 

diversity by LGG supplementation were demonstrated, with low-dose LGG showing higher 

variability in the FP group while high-dose LGG exhibited higher microbial diversity in the 

FPP group, respectively. Similarly, high-dose LGG increased beta-diversity based on 

weighted Unifrac distance metric; and PCoA visualization and LDA demonstrated 

significant differences in microbial communities of FPP pups treated with LGG compared to 

FP. Although the biological explanation for varying effects of LGG supplementation on the 

microbiome is unknown, our results indicate that both low-dose and high-dose LGG 

remained capable of inducing SIGIRR and A20 expression and decreasing TLR-mediated 

gut injury. Our findings are similar to that of Underwood et al. (31) who showed protective 

benefits of the probiotic Bifidobacterium infantis in a rat model of experimental NEC 

despite inconsistent changes in the gut microbiome. How probiotics confer intestinal 

protection despite heterogenous changes in gut microbiome may be explained by its effects 

on expression of several important immune genes in the gut. This was elegantly shown by 

Zmora et al. (11) who found minimal changes in gut microbial composition in adult mice 
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and humans but observed marked differences in mRNA expression of mostly immune-

related genes in the intestinal mucosa following probiotic supplementation. Our results in 

neonatal mice are thus consistent with this study and suggest that protective effects of 

probiotics may not be necessarily mediated by changes in microbial composition but by 

transcriptional-level changes in the intestinal mucosa. The exact mechanisms by which 

probiotics modulate intestinal gene expression and subsequent host function needs further 

elucidation but may likely be mediated by epigenetic regulation of TLR pathway mediators 

and inhibitors (32, 33).

In our study, supplementation with high-dose LGG resulted in increased abundance of 

Bacteroidetes in the gut. These results were similar to another study in which 

supplementation with Lactobacillus rhamnosus increased microbial abundance of 

Bacteroidetes and improved lipid metabolism of hyperlipidemic rats (34). As reduction in 

the relative abundance of Bacteroidetes has been identified as a distinct microbial signature 

that precedes NEC in preterm infants (6), the restoration of Bacteroidetes abundance by 

LGG supplementation may be a potential strategy for NEC prevention. The exact 

mechanism by which LGG, which belongs to the phylum Firmicutes, increases microbial 

abundance of Bacteroidetes remains unclear. Recent evidence suggests that complex 

interaction of several factors including genetics, diet, antibiotics, existing gut microbiota, 

and microbiota-derived metabolites contribute to gut microbiome modulation (35, 36).

Another potential mechanism by which probiotics prevent NEC is by enhancing intestinal 

epithelial barrier function. Under physiologic conditions, the intestinal epithelium is 

separated from gut bacteria by an epithelial barrier consisting mainly of a dense mucus layer 

(37). Disruption of this mucosal barrier with subsequent bacterial invasion and TLR pathway 

activation has been postulated as a central mechanism underlying NEC pathogenesis. Using 

the bacterial probe EUB338, our study demonstrated a decrease in bacterial invasion in NEC 

pups pre-treated with LGG, suggesting that probiotic pre-treatment confers protection 

against NEC-like injury in part by enhancing the intestinal mucosal barrier.

Our study has a number of strengths. We employed two in vivo models of gut injury that 

relate to the clinical condition in premature infants – a formula-feeding model and an 

experimental NEC model – to study the effects of LGG supplementation on neonatal 

intestinal injury. Several protective mechanisms of probiotics were investigated including 

immune modulation by negative regulators of TLR, alteration of microbial composition, and 

maintenance of mucosal barrier. The use of colonic stool directly obtained at time of death 

to assess the microbiome was another strength of the study. A limitation is the absence of 

microbiome data on the ileum, which is the site where most NEC injury occur. We chose to 

focus on colonic stool in this study as bacteria are most concentrated in the colon. Future 

studies will be needed to assess the role of microbiome in other portions of the neonatal gut 

in NEC. Our study was also limited by its investigation of a single probiotic strain which 

does not allow generalization of our results to other probiotic strains. Several clinical studies 

have demonstrated that LGG used alone or in combination with other probiotic strains or 

prebiotics protects against NEC in preterm infants (38, 39). In one observational study (40) 

LGG supplementation was unexpectedly associated with increased rates of NEC; however, 

their results were limited by its single-center observational study design, selection bias with 
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regards to which infants receive probiotics, and uncertainty whether practice changes during 

the study period could have affected NEC rates. Future mechanistic studies using similar 

combinations of different probiotic strains with or without prebiotics are also warranted.

The enthusiasm for probiotics use in preterm neonates stems from evidence suggesting that 

they protect against NEC and late onset sepsis, putatively by alleviating gut dysbiosis. Our 

data suggest that concurrent probiotic use with formula feeding or pre-treatment strategies 

reflecting the clinical situation, both suppress TLR pathway activation and intestinal injury. 

However, protective effects of LGG were related to upregulation of the TLR pathway 

inhibitors, SIGIRR and A20, but not significant changes in the gut microbiota. Interestingly, 

we also noted less bacterial invasion through preservation of the intestinal barrier. While 

deeper metagenomics approaches and assessment of small intestinal microbiome may reveal 

subtle changes in gut microbiota with probiotics use in the developing gut, our results are 

consistent with an emerging body of literature indicating changes in intestinal gene 

expression that tamponade excessive TLR signaling may be the predominant mechanism of 

action with probiotics. These considerations are directly relevant to the choice of probiotic 

use in preterm neonates as efforts to standardize preparations for clinical use are accelerated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Lactobacillus rhamnosus GG (LGG) dose-dependently increases SIGIRR and decreases 
TLR-mediated ileal inflammation induced by formula.
(A) mRNA expression of ICAM1, IL-1β, and KC increased in formula-fed pups (F) and 

decreased dose-dependently with LGG treatment in FP and FPP. (n≥5 per group; 

***p<0.001; Comparisons: BM vs. BMP, BM vs. F, F vs. FP, F vs. FPP). (B) SIGIRR and 

A20 mRNA expression increased dose-dependently with LGG treatment accompanied by 

decrease in TLR4 and IRAK-1 mRNA expression. (n≥5 per group; ***p<0.001, *p<0.05, 
§p=0.06; Comparisons: BM vs. BMP, BM vs. F, F vs. FP, F vs. FPP). (C-D) Western blot 
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showing increased protein expression of phosphorylated IKKβ, p65, IL-1β, and ICAM1 

indicating pro-inflammatory canonical TLR4 signaling is activated with formula feeding. 

LGG treatment increased protein expression of SIGIRR in association with reduction in 

protein levels of phosphorylated IKKβ, p65, IL-1β, and ICAM1. (n≥5 per group; 

***p<0.001, *p<0.05; Comparisons: BM vs. BMP, BM vs. F, F vs. FP, F vs. FPP).
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Fig 2. Formula causes apoptosis and mild injury to immature intestine that is ameliorated by 
treatment with Lactobacillus rhamnosus GG (LGG).
(A-B) Quantification of CC3 protein using densitometry demonstrated formula-induced 

increase in CC3 levels which were attenuated with LGG treatment in FP and FPP groups. 

(n≥5 per group; ***p<0.001). (C-D) Examination of terminal ileum of formula-fed pups 

shows damage to intestinal epithelial cells compared to controls which was partially 

decreased with LGG treatment. Quantification of intestinal injury by a validated scoring tool 

shows decrease in injury score following high-dose LGG (FPP), but not following low-dose 

LGG (FP). (n≥6 per group; ***p<0.001, **p<0.01).

Cuna et al. Page 14

Pediatr Res. Author manuscript; available in PMC 2021 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 3. Changes in gut bacterial composition and diversity in response to LGG.
(A) Estimation of taxonomic abundance showing compositional shifts at the phyla level. (B) 

Box and Whisker plots showing fecal microbial diversity based on observed OTUs, Chao1 

index, abundance-based coverage estimators (ACE), Shannon and InvSimpson indices in the 

five groups of mice. The horizontal line in the middle of each box represents the median, 

while the top and bottom borders of the box represent the 75th and 25th percentiles, 

respectively. P values for Shannon indices: BM (n=7) vs. BMP (n=6): <0.4795; FP (n=8) vs. 

FPP (n=7): <0.008151. P values for Chao1 indices: BM (n=7) vs. BMP (n=6): <0.125; FP 
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(n=8) vs. FPP (n=7): <0.008151. P values for ACE indices: BM (n=7) vs. BMP (n=6): 

<0.668; FP (n=8) vs. FPP (n=7): not significant. (C) Box plot of inter-group β-distance 

amongst the five groups (pairwise Anosim analysis in the five groups of mice (BM, BMP, F, 

FP, FPP): p values for BM vs. BMP F, FP and FPP: 0.671, .556, .824 and 0.311; p values for 

BMP vs. F, FP, FPP: 0.413,0.301,0.580; p values for F vs. FP and FPP: 0.649, 0.461; p 

values for FP vs. FPP: 0.157). (D) Principal Coordinates Analysis (PCoA) based on 

weighted UniFrac distances between bacterial communities. P values: (FP vs FPP <0.05). 

(E) Histogram of the LDA scores (log 10) computed for features that were differentially 

abundant in FPP vs. FP group.
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Fig 4. Low-dose LGG pre-treatment induces SIGIRR and ameliorates TLR-mediated 
inflammation in mice with experimental NEC.
(A) Gene expression of inflammatory cytokines ICAM1, KC, and IL-1β increased with NEC 

and decreased in NEC-P group pre-treated with LGG. (n≥5 per group; ***p<0.001). (B) 

Pups pre-treated with LGG exhibit higher SIGIRR and A20 expression compared to 

untreated mice with NEC. (n≥5 per group. ***p<0.001, **p<0.01, *p<0.05). (C) Western 

blot analysis of canonical TLR4 signaling mediators and downstream inflammatory effectors 

demonstrated increased levels of phosphorylated p65, phosphorylated IKKβ, ICAM1, and 
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IL-1β with NEC induction, all of which were attenuated in mice pre-treated with LGG. 

Increased SIGIRR protein expression in mice pre-treated with LGG (NEC-P) was also 

evident. (D) Graphical representation of densitometric quantification of protein expression 

showing decreased canonical TLR4 inflammatory signaling in mice pre-treated with LGG 

prior to NEC induction. (n≥5 per group. ***p<0.001, *p<0.05). (E) CC3 protein expression 

of BM and NEC mice at baseline and following LGG treatment was examined by western 

blotting of ileal homogenates. (F) Quantification of CC3 protein using densitometry 

demonstrated increased CC3 levels with NEC that were attenuated with LGG treatment. 

(n≥5 per group. ***p<0.001). (G) Representative ileal sections from BM, BMP, NEC, and 

NEC-P pups show reduction in apoptotic cells (TUNEL, green stained) with LGG pre-

treatment. (H) Quantification of apoptotic index (apoptotic cells/total cells) in intestinal 

sections demonstrate statistically significant decrease in apoptotic index in NEC-P mice 

compared to NEC. (n≥4 per group; ***p<0.001, **p<0.01).
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Fig 5. Pre-treatment with low-dose LGG protects against bacterial invasion of intestinal mucosa 
and ameliorates intestinal injury from experimental NEC.
(A) BM control mice demonstrate separation of bacteria (stained red) from intestinal mucosa 

(stained blue with DAPI), while mice with experimental NEC exhibit invasion of bacteria 

into the mucosa. Bacterial invasion was ameliorated when mice were pre-treated with low-

dose LGG prior to NEC induction. (n≥5 per group). (B) Histologic examination of terminal 

ileum shows moderate damage to intestinal epithelial cells with destruction of villi 

architecture in experimental NEC. Pups pre-treated with LGG prior to NEC induction show 
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less damage to intestinal epithelial cells with preservation of villi. (C) Intestinal injury 

scores decreased significantly in pups pre-treated with LGG. (n≥ 5 per group, representative 

samples shown; ***p<0.001, *p<0.05).
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Fig 6. Pre-treatment with high-dose LGG (P5-7) conferred similar protection from TLR4-
mediated inflammation, apoptosis, and injury caused by experimental NEC induction (P8-10).
(A-B) mRNA levels of pro-inflammatory and anti-inflammatory mediators in the gut 

showing amelioration of TLR4-mediated inflammation in conjunction with increased levels 

of SIGIRR and A20 induced by high-dose LGG (NEC-PP). (n≥5/group. ***p<0.001, 

**p<0.01). (C-D) Western blot analysis showed reduction in canonical TLR4 signaling 

mediators (phosphorylated p65, phosphorylated IKKβ) and downstream inflammatory 

markers (IL-1β, ICAM1) with increased SIGIRR levels in NEC pups pre-treated with high-
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dose LGG (NEC-PP). (n≥5/group. ***p<0.001, **p<0.01). (E-F) Protein levels of CC3 

were increased with NEC and decreased with high-dose LGG pre-treatment (NEC-PP). (G, 
H) TUNEL staining demonstrated increased intestinal apoptosis with NEC induction with 

subsequent reduction in pups pre-treated with high-dose LGG (NEC-PP). (n≥4/group. 

***p<0.001, **p<0.01). (I) Representative sections of terminal ileum showed decreased 

injury with less mucosal edema and villi damage in pups pre-treated with high-dose LGG 

(NEC-PP) compared to untreated NEC pups. (J) Graph of intestinal injury scores showing 

that injury is decreased in pups pre-treated with high-dose LGG (NEC-PP) compared to 

untreated NEC pups. (n≥5/group. ***p<0.001, **p<0.01).
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