
  
  

Strictly confidential NEC mechanism of action 

Major processes involved L. reuteri benefits 

Presence of pathogenic bacteria in the 
gut of the preterm inducing 
inappropriate inflammatory response, 
gut damage and escalation towards 
NEC 

ü  

Sub-optimal gut motility leading to 
feeding intolerance one of the first 
clinical indicators of the onset of NEC ü  

Unregulated inflammation is a key 
component of NEC ü  

Anti-pathogen effects 

1 

Modulation of gut 
motility  

2 

Anti-inflammatory 
effects 

3 

L. reuteri, by itself, interacts with the human host to 
influence these factors and the development of NEC 

in the premature infant through three main 
mechanisms of action 
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Lactobacillus reuteri inhibits the growth of pathogens 

 Bacteria Yeast and fungi 
§ Bacillus subtilis § Candida albicans  

§ Listeria monocytogenes § Aspergillus flavus 
§ Campylobacter jejuni  § Fusarium samiaciens 

§ Porphyromonas gingivalis  
§ Clostridium perfringens  

§ Prevotella intermedia  
§ Clostridium difficile  

§ Pseudomonas fluorescens  
§ Escherichia coli (patogena)  

§ Salmonella typhimurium  
§ Enterobacter sakazakii  

§ Shigella spp  
§ Fusobacterium nucleatum  

§ Staphylococcus aureus  
§ Helicobacter pylori  

§ Streptococcus mutans  

L. reuteri inhibits S. aureus 

1 

Source Talarico TL, Casas IA, Chung TC, and Dobrogosz WJ. Production and isolation of reuterin, a growth inhibitor produced by Lactobacillus reuteri. Antimicrob 
Agents Chemother. 1988, 32:1854-58; Morita H, Toh H, Fukuda S, et al. Comparative genome analysis of Lactobacillus reuteri and Lactobacillus fermentum reveal a 
genomic island for reuterin and cobalamin production. DNA Res. 2008,15:151-61; Axelsson L, Chung TC, Dobrogosz WJ, Lindgren SE. Production of a broad-
spectrum antimicrobial substance by Lactobacillus reuteri. 1989, Microbial Ecology in Health and Disease. 2:131-36; Schaefer L, Auchtung TA, Hermans KE, et al. The 
antimicrobial compound reuterin (3‑hydroxypropionaldehyde) induces oxidative stress via interaction with thiol groups. Microbiology. 2010, 156:1589-99. 

Reuterin production is stimulated by the presence of other bacteria close to L. reuteri 
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Lactobacillus reuteri produces reuterin in the presence of pathogens 

Pathogen L. reuteri Reuterin 

1 Reuterin production 

Source Talarico TL, Casas IA, Chung TC, and Dobrogosz WJ. Production and isolation of reuterin, a growth inhibitor produced by Lactobacillus reuteri. Antimicrob Agents Chemother. 1988, 
32:1854-58; Schaefer L, Auchtung TA, Hermans KE, et al. The antimicrobial compound reuterin (3‑hydroxypropionaldehyde) induces oxidative stress via interaction with thiol groups. 
Microbiology. 2010, 156:1589-99. 

L. reuteri reacts to the trespass of pathogens with the production of an antimicrobial substance called Reuterin ü  
Reuterin is produced in an anaerobic environment and in the presence of glycerol and causes oxidative stress 
in bacteria ü  
In general it has been found that lactobacilli, streptococci and other commensals are more resistant to reuterin 
than pathogens and other organisms ü  
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Pathogens and opportunistic pathogens isolated 

Note 
1  95% confidence interval (CI) 
Source Savino F, Fornasero S, Ceratto S,  De Marco A, et al., Probiotics and gut health in infants: A preliminary case-control observational study about early treatment with Lactobacillus 

reuteri DSM 17938. Clin Chim Acta. 2015 Feb 19 

1 

Bacterial species

L. reuteri treatment
n (%)

n=30 (50.0)

No L. reuteri treatment
n (%)

n=30 (50.0) OR (95%CI) p Value

Diarrheagenic E.coli (a-EPEC) 0 (0.0) 4 (13.3) NA NA

Salmonella spp. 0 (0.0) 2 (6.7) NA NA

Cronobacter sakazakii 0 (0.0) 1 (3.3) NA NA

Hafinia alvei 4 (13.33) 17 (70.0) 8.2 (2.10-40.391) 0.001

Klebsiella oxytoca 1 (3.3) 8 (26.7) 10.2 (1.22-483.71) 0.03

Klebsiella pneumoniae 1 (3.3) 5 (16.7) 6.7 (0.58-283.61) 0.2

Enterobacter aerogenes 2 (6.7) 8 (26.7) 5.0 (0.87-52.61) 0.08

Enterobacter cloaccae 1 (3.3) 6 (20.0) 7.0 (0.77-344.71) 0.11

Serratia odorifera 0 (0.0) 3 (10.0) NA NA

Study of infants shows that giving L. reuteri can 
improve gut health by decreasing pathogen 
colonisation 
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0.86 ± 1.5 mm s)1 (57%) (P = 0.04), but increased
velocity in colon from 1.3 ± 0.9 to 3.2 ± 1.6 mm s)1

(146%) (P = 0.02). PPr decreased from 12 ± 0.7 to
8.9 ± 3.0 (26%) (P = 0.08) hPa for jejunum and 42 ± 12
to 37 ± 6 hPa for colon (12%) (P = 0.1).

We have previously shown that heat-killed JB-1 had
no effect on mouse jejunum MMC PPr or frequency.29

However, we did not measure velocity in these exper-
iments and thus cannot exclude the possibility that
heat-killed bacteria somehow altered velocity without
affecting the other parameters. We thus used heat-
killed JB-1 (n = 5) and DSM (n = 5) to exclude this

possibility. Migrating motor complex frequencies
(mHz), velocities (mm s)1), and PPr (hPa) Krebs vs

heat-killed JB-1 were 41 ± 10 vs 45 ± 13 (P = 0.5),
1.5 ± 0.7 vs 1.3 ± 0.6 (P = 0.7), and 15 ± 4 vs 18 ± 4
(P = 0.3). The same parameters when DSM were
applied to the jejunum were as follows: 44 ± 5 vs

44 ± 8 (P = 0.9), 1.7 ± 0.5 vs 1.9 ± 0.6 (P = 0.7), and
15 ± 2 vs 16 ± 4 (P = 0.03).

TRAM-34 was added to the Krebs buffer perfusing
the serosal surface of eight jejunal and ten colonic
segments (Fig. 5). TRAM-34 changed rat jejunal pat-
terns of intraluminal pressure waves so that they were
less evenly spaced than for Krebs controls. The
contractions appeared to occur more in clusters with
longer intervals between clusters.41 Consistent with
these former observations, we found that intervals
between clustered jejunal MMC lengthened (Fig. 5A,B)
so that the average frequency of MMCs decreased from
34 ± 24 to 10 ± 6 mHz (71%) (P = 0.008). For colon the
MMC pattern remained the same after adding TRAM-
34, but there was an increase in frequency from
5.9 ± 4.3 to 8.6 ± 3.1 (46%) (P = 0.03). MMC velocity
was increased from 1.5 ± 0.7 to 4.5 ± 3.6 (200%)
(P = 0.04) for jejunum, and from 1.0 ± 0.3
to 1.5 ± 0.04 mm s)1 (50%) (P = 0.03) for colon.

**

** * 

* * 
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Figure 5 Effects of TRAM-34 on intestinal motility. (A–C) TRAM-34
decreased jejunal migrating motor complex (MMC) frequency, in-
creased MMC velocity, and decreased intraluminal peak pressure (PPr).
(D–F) Colonic MMC frequency and velocity were increased by TRAM-
34, but PPr decreased.
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Figure 4 Effects of DSM on intestinal motility. (A–C) DSM reduced
jejunal migrating motor complex (MMC) frequency, velocity, but not
MMC peak pressure (PPr). (D–E) Representative 3D maps representing
colon motility before (D) and 20 min after (E) adding DSM to lumen.
(F–H) DSM increased colon MMC frequency and conduction velocity
with no effect on PPr.

R. Y. Wu et al. Neurogastroenterology and Motility

! 2013 Blackwell Publishing Ltd6

L. reuteri has strain and region-specific actions on gut 
motility 

0.86 ± 1.5 mm s)1 (57%) (P = 0.04), but increased
velocity in colon from 1.3 ± 0.9 to 3.2 ± 1.6 mm s)1

(146%) (P = 0.02). PPr decreased from 12 ± 0.7 to
8.9 ± 3.0 (26%) (P = 0.08) hPa for jejunum and 42 ± 12
to 37 ± 6 hPa for colon (12%) (P = 0.1).

We have previously shown that heat-killed JB-1 had
no effect on mouse jejunum MMC PPr or frequency.29

However, we did not measure velocity in these exper-
iments and thus cannot exclude the possibility that
heat-killed bacteria somehow altered velocity without
affecting the other parameters. We thus used heat-
killed JB-1 (n = 5) and DSM (n = 5) to exclude this

possibility. Migrating motor complex frequencies
(mHz), velocities (mm s)1), and PPr (hPa) Krebs vs

heat-killed JB-1 were 41 ± 10 vs 45 ± 13 (P = 0.5),
1.5 ± 0.7 vs 1.3 ± 0.6 (P = 0.7), and 15 ± 4 vs 18 ± 4
(P = 0.3). The same parameters when DSM were
applied to the jejunum were as follows: 44 ± 5 vs

44 ± 8 (P = 0.9), 1.7 ± 0.5 vs 1.9 ± 0.6 (P = 0.7), and
15 ± 2 vs 16 ± 4 (P = 0.03).

TRAM-34 was added to the Krebs buffer perfusing
the serosal surface of eight jejunal and ten colonic
segments (Fig. 5). TRAM-34 changed rat jejunal pat-
terns of intraluminal pressure waves so that they were
less evenly spaced than for Krebs controls. The
contractions appeared to occur more in clusters with
longer intervals between clusters.41 Consistent with
these former observations, we found that intervals
between clustered jejunal MMC lengthened (Fig. 5A,B)
so that the average frequency of MMCs decreased from
34 ± 24 to 10 ± 6 mHz (71%) (P = 0.008). For colon the
MMC pattern remained the same after adding TRAM-
34, but there was an increase in frequency from
5.9 ± 4.3 to 8.6 ± 3.1 (46%) (P = 0.03). MMC velocity
was increased from 1.5 ± 0.7 to 4.5 ± 3.6 (200%)
(P = 0.04) for jejunum, and from 1.0 ± 0.3
to 1.5 ± 0.04 mm s)1 (50%) (P = 0.03) for colon.
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Figure 5 Effects of TRAM-34 on intestinal motility. (A–C) TRAM-34
decreased jejunal migrating motor complex (MMC) frequency, in-
creased MMC velocity, and decreased intraluminal peak pressure (PPr).
(D–F) Colonic MMC frequency and velocity were increased by TRAM-
34, but PPr decreased.
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Figure 4 Effects of DSM on intestinal motility. (A–C) DSM reduced
jejunal migrating motor complex (MMC) frequency, velocity, but not
MMC peak pressure (PPr). (D–E) Representative 3D maps representing
colon motility before (D) and 20 min after (E) adding DSM to lumen.
(F–H) DSM increased colon MMC frequency and conduction velocity
with no effect on PPr.

R. Y. Wu et al. Neurogastroenterology and Motility

! 2013 Blackwell Publishing Ltd6

2 

Source Wu RY, Pasyk M, Wang B, et al. Spatiotemporal maps reveal regional differences in the effects on guts motility for Lactobacillus reuteri and rhamnosus strains. Neurogastroenterol 
Motil. 2013;25(3):e205-14 
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Strictly confidential Preterm infants given L. reuteri have shown improved 
gut peristalsis and reductions in feeding intolerance  

Feeding tolerance characteristics and bowel habits in preterm new-borns fed formula with placebo, formula with L. reuteri, or breast milk 

2 

Source Indrio F, Riezzo G, Raimondi F, et al.The effects of probiotics on feeding tolerance, bowel habits, and gastrointestinal motility in preterm newborns. J Pediatr. 2008;152:801-6 

Notes 
1.  Clinical data are shown as the 

daily mean # SD over the last 7 
days of treatment. Continuous 
variables were tested with 1-
way ANOVA, whereas discrete 
variables were tested with 
Kruskal-Wallis ANOVA on 
Ranks. 

2.  *Formula + LR versus formula + 
placebo, P < .01, Kruskal-Wallis 
test, P = .01; multiple 
comparisons procedure (Dunn’s 
test). 

3.  †Breast milk vs formula + 
placebo, P < .01, Kruskal-Wallis 
test, P = .01; multiple 
comparisons procedure (Dunn’s 
test). 

4.  ‡Formula + LR versus formula + 
placebo, P < .01, Kruskal-Wallis 
test, P = .01; multiple 
comparisons procedure (Dunn’s 
test). 

5.  §Breast milk versus formula + 
placebo P < .05, Kruskal-Wallis 
test, P = .01; multiple 
comparisons procedure (Dunn’s 
test). 

6.  II Formula + LR versus formula 
+ placebo P < .05, Kruskal-
Wallis test, P = .01; multiple 
comparisons procedure (Dunn’s 
test). 

7.  ¶Breast milk versus formula + 
placebo P < .05, Kruskal-Wallis 
test, P = .01; multiple 
comparisons procedure (Dunn’s 
test). 

-
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p<0.001

p=0.04

Formula +LR (n = 10) Breast milk (n = 10) Formula + placebo (n = 10)
Daily amount of feeding (mL) 650 ± 50 600 ± 75 600 ± 60
Weight gain/day (g) 28 ± 7.0 30 ± 9.1 25 ± 8.1
Regurgitation (No. of episode/d) 2.1 ± 0.9* 1.6 ± 0.3† 4.2 ± 1.11†
Vomiting (No. of episodes/d) - - 0.01 ± 0.04
Crying time (No. of episodes/d) 32 ± 6 ‡ 66 ± 11 § 88 ± 16‡§
Evacuations (No. of episodes/d) 3.7 ± 0.5|| 4.8 ± 0.2¶ 2.1 ± 0.4||¶
Side effects (No. reported) - - -
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Strictly confidential Term infants given L. reuteri have shown improved gut 
peristalsis and reductions in feeding intolerance 
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Source Indrio F, Riezzo G, Raimondi F, et al. Lactobacillus reuteri accelerates gastric emptying and improves regurgitation in infants. Eur J Clin Invest. 2011;41:417-22 
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Characteristics

Probiotic 
group 

(N¼150)

Antifungal 
group 

(N¼150) p value

Primary outcomes

Candida colonization of the skin4 21 (14) 18 (12) 0.6

Candida colonization of the stool4 28 (18.7) 24 (16) 0.54

Candida colonization of the skin and 
stool4

11 (7.3) 8 (5.3) 0.47

Invasive fungal infection4 2 (1.3) 1 (0.66) 0.56

Secondary outcomes

Episodes of feeding Intolerance4 41 (27.3) 64 (42.7) 0.004

Clinical sepsis4 33 (22) 37 (24.7) 0.58

Proven sepsis4 11 (7.3) 22 (14.7) 0.032

NEC stage  ≥ 24 7 (4.7) 9 (6) 0.39

Duration of hospitalization, days5 42.4 ± 24.1 48 ± 29.2 0.022

Mortality4 12 (8) 16 (10.7) 0.27

Improved feeding tolerance in preterm and term 
infants given L. reuteri 

Secondary outcomes of the study (Oncel 2014a) Primary and secondary outcomes of the study (Oncel 2014b) 

2 

Characteristics Proiotic Placebo p Value
Total n=200 n=200

Proven sepsis1 13 (6.5) 25 (12.5) 0.041

Full feeding day2 9.1±3.2 10.1±4.3 0.006

Feeding intolerance1 56 (28) 79 (39.5) 0.015
 ≥2 episodes of feeding intolerance1 16 (8) 22 (11) 0.306

Duration of hospitalization, days3 38 (10-131) 46 (10-180) 0.022

1000-1500 g n=107 n=97

Proven sepsis1 7 (6.5) 6 (6.2) 0.57

Full feeding day2 8.9±3.3 9.2±3.4 0.55

Feeding intolerance1 25 (23.4) 28 (28.9) 0.23
 ≥2 episodes of feeding intolerance1 7 (6.5) 10 (10.3) 0.33

Duration of hospitalization, days3 38 (11-130) 44 (11-118) 0.005

<1000 g n=93 n=103

Proven sepsis1 6 (6.5) 19 (18.4) 0.01

Full feeding day2 9.3±3.2 11±4.9 0.004

Feeding intolerance1 31 (33.3) 51 (49.5) 0.016
 ≥2 episodes of feeding intolerance1 9 (9.7) 12 (11.7) 0.65

Duration of hospitalization, days3 38 (10-131) 49 (10-180) 0.042

In preterm infants given L. reuteri, incidence of feeding 
intolerance was significantly lower compared to the 

control group (28% versus 39.5%, respectively) 
Time to reach full enteral feeding was significantly 
decreased in the L. reuteri group compared to the 
placebo group (9.1 versus 10.1 days, respectively) 

Notes 
1  Values are given as percentage 
2  Values are given as mean ± SD 
3  Values are given median and range 
4  Values are given as percentage 
5  Values are given as mean ± 

standard deviation 
6  Bold values indicate statistical 

significance 

Source Oncel, 2014a, Oncel 2014b  

Episodes of feeding intolerance were significantly lower 
in infants given L. reuteri compared to antifungal-
exposed infants (27.3% versus 42.7% respectively)  



  
  

Strictly confidential Improved feeding tolerance in preterm infants given L. 
reuteri 

Secondary outcomes 

Note 
1  Interquartile range 

2 

Source Rojas MA, Lozano JM, Rojas MX, et al. Prophylactic probiotics to prevent death and nosocomial infection in preterm infants. Pediatrics. 2012;130:e1113-20 

Episodes of feeding intolerance were lower in premature infants L. reuteri compared to placebo  
(9.6% vs 16.8%) 

Probiotics Placebo P

Total N = 372 N = 378

Episodes of feeding Intolerance, n (%) 26 (7.0) 40 (10.6) 0.08

Duration of hospitalization, d, median1 20.0 (11-33) 20.0 (11-38) 0.53

≤1500 g n = 176 n = 184

Episodes of feeding Intolerance, n (%) 17 (9.6) 31 (16.8) 0.04

Duration of hospitalization, d, median1 32.5 (21-44) 37.0 (23-51) 0.03

>1500 g n = 196 n = 194

Episodes of feeding Intolerance, n (%) 9 (4.5) 9 (4.6) 0.98

Duration of hospitalization, d, median1 14.0 (8-19) 13.0 (7-19) 0.33
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infants, from just after birth to 6 mo, have uncontrollable crying
spells that last for at least 3 h at a time. L. reuteri was compared
with simethicone treatment for efficacy in treating colic in
a prospective controlled trial. After 28 d of treatment with L.
reuteri 95% of infants were deemed responders and found to
have significantly reduced their daily crying times, compared with
only 7% of infants receiving simethicone. The mechanism by
which L. reuteri reduces colic symptoms is not yet understood but
may be linked to stimulation of gastric emptying (90).

L. reuteri Contributes to Tolerance in the Gut
Recently, Edwards (91) proposed an important role for tolerance
strategies for the evolution, maintenance, and breakdown of
mutualism in symbiotic relationships. In the vertebrate gut, the
establishment of tolerance to the microbes is a key requirement
for peaceful coexistence (7). Strict compartmentalization by con-
fining symbiotic bacteria to the gut lumen is essential, but signals
from the microbiota are also involved by influencing the differ-
entiation of T cells and the induction of regulatory T cells (Tregs)
that suppress excessive immune responses. The significance of
immune homeostasis in the gut becomes evident in inflammatory
bowel diseases (92).
Recent studies revealed that L. reuteri might play a key role in

the induction of tolerance in the vertebrate gut (a summary of
the immune effects is provided in Fig. 3). Christensen et al. (93)
showed that L. reuteri had the ability to inhibit induction of
proinflammatory cytokines interleukin (IL)-12, IL-6, and TNF-α
in murine dendritic cells (DCs). The priming of DCs by L. reuteri,
which was initiated by the binding of C-type lectin DC-specific
intercellular adhesion molecule 3-grabbing nonintegrin (DC-
SIGN), resulted in an induction of regulatory T cells in vitro
(94). A similar down-regulation of proinflammatory cytokines
(e.g., TNF-α) by L. reuteri was also observed with macrophages,
lipopolysaccharide-activated monocytes, and primary monocyte-
derived macrophages from children with Crohn’s disease (81,
95). The bacterial molecule(s) responsible for down-regulating
TNF-α in antigen-presenting cells have not been identified to
date but appear to function by inhibiting the activation of c-Jun
and AP-1 (95).
The physiological relevance of the immune effects of L. reuteri

was recently demonstrated in vivo using Lactobacillus-free (LF)
mice (96, 97). In these animals, administration of L. reuteri resulted
in a transient activation of proinflammatory cytokines and che-
mokines produced by intestinal epithelial cells in the jejunum and
ileum (97). However, the inflammatory response was transient and
proinflammatory cytokine levels completely returned to normal
after 21 d, although high numbers of lactobacilli continued to be
present in the gut. This process could be explained by elevated
levels of IL-10, IL-2, and TGF-β in supernatants from immune cells
recovered from the mice, as well as increased levels of Foxp3-

positive regulatory T cells (96). The induction of immune tolerance
in LF-mice by L. reuteri is a remarkable finding, as these mice have
a complex microbiota that is functionally equivalent to that of
conventional mice (98). It suggests that L. reuteri contributes to the
immune regulation in the gut by modulating antigen-presenting
cells toward favoring tolerance. The ability of L. reuteri to prevent
experimental colitis in animal models indicates that the immuno-
regulatory effects of this organism can have a significant benefit for
the host (70, 71, 80–82).

Conclusions and Perspective
Researchers have just begun to unravel the complex features of
microbial symbiosis in vertebrates, and research on the evolution
of gut microbes is clearly in its infancy. Studies on the bacterium
L. reuteri have provided unique insight into the evolutionary
mechanisms of a gut microbe that maintains a close symbiotic
relationship with its vertebrate host. Despite the inevitable dis-
semination through feces,L. reuteri lineages share an evolutionary
history with particular vertebrate animals and became host
adapted. This evolutionary strategy is in striking contrast to that of
commensalE. coli, which have a broad host range and followmore
diverse adaptive strategies (35). Although we lack a general the-
ory about the consequences of such distinct evolutionary patterns
in vertebrate gut symbionts, it is intriguing that the phenotypes of
L. reuteri and E. coli in terms of their impact on the host are in
accordance with both theoretical considerations and observations
in other symbiotic systems (29, 30, 33). Specifically, the beneficial
attributes of L. reuterimight be a direct consequence of its shared
evolutionary fate (and potentially coevolution) with groups of
vertebrate hosts. In contrast, the dynamic relationship of E. coli
with vertebrates might account for the emergence of the well-
known human pathogens within this species, which contain viru-
lence factors that may have evolved coincidentally because of
their role as colonization factors in other hosts (35). If analogous
principles do apply to gut microbes in general, we could use evo-
lutionary studies to better interpret their symbiotic interactions
within the vertebrate gut microbiota.
Breakthroughs in our understanding of the roles of microbes in

the vertebrate digestive tract and the biological principles that
apply are likely to arise from studies that are informed by eco-
logical and evolutionary theory. This will require integrative
studies spanning all scales, from molecules, individual microbes,
microbial communities, and populations of vertebrate hosts, to
answer the open questions. What are the evolutionary strategies
of members of the gut microbiota other than L. reuteri andE. coli?
Are there host-specific reciprocal evolutionary interactions be-
tween specific microbes and their vertebrate hosts that could be
described as coevolution? What effect does selection pressure
have on the host in terms of the evolution of the gut microbiome?
Are symbiotic interactions and beneficial effects of microbes host-
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Fig. 3. Effects of L. reuteri on immune cells that contribute to
tolerance in the gut. L. reuteri has been shown to suppress the
production of proinflammatory cytokines such as TNF-α and
IL-12 in macrophages, monocytes, and dendritic cells. The
modulation of dendritic cells by L. reuteri has been shown to be
mediated through DC-SIGN and promote development of
regulatory T cells producing high amounts of IL-10 and TGF-β.
This suppression of immune responses is likely to underlie the
ability of L. reuteri to reduce intestinal inflammation in several
murine colitis models. Please see text for details and references.
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L. reuteri increases survival in NEC model (3 studies) 

3 

Rat 

changes of transcripts in the intestine of groups of NEC ! 17938
(n " 7) or NEC ! 4659 (n " 6) were compared with the changes
in NEC group (n " 6). To monitor the quality of tested samples,
the controls for genomic DNA, reverse transcription, and a positive
PCR were examined simultaneously. All samples passed the tests
for quality control.

Statistics. Experimental results are expressed as means # SE.
Statistical analyses were performed using one-way ANOVA (Graph-
Pad Prism 4.0; GraphPad Software, San Diego, CA). Dunnett’s and
Tukey’s multiple-comparison tests were used for comparison of
multiple groups with a control group. A P value of $ 0.05 was
considered statistically significant.

RESULTS

L. reuteri increases the survival rate of rat pups with NEC.
Feeding L. reuteri DSM 17938 or ATCC PTA 4659 to neonatal
rats with NEC significantly increased survival rate compared with
rats exposed to the NEC protocol without probiotic; improved
survival was seen on days 3 and 4. Survival on day 3 was 86.8%
in rats with NEC that were fed 17938 (P $ 0.001), 75% in rats
with NEC that were fed 4659 (P $ 0.05), and 45.6% in rats with
NEC without probiotics. Survival on day 4 was 68.4% in rats with
NEC that were fed 17938 (P $ 0.01), 36.1% in rats with NEC that
were fed 4659 (P $ 0.05), and 10.8% in rats with NEC without
probiotics (Fig. 1). Survival was greater with strain 17938 than
with 4659 on day 4 (P $ 0.05).

In separate studies of rat pups fed with formula with or
without L. reuteri strains without hypoxia, we found that
mortality in formula-fed rats was also reduced by strain 17938
at both days 3 and 4 (100% survival in formula-fed rats
receiving strain 17938 vs. 70.9% in formula-fed rats receiving
no probiotic; P $ 0.05; Fig. 2).

L. reuteri reduces the incidence and severity of NEC. Intes-
tines for evaluation of histological changes were obtained only
from living animals on day 4. However, tissues were collected
on day 3 for the purpose of comparison in some groups with
severe NEC. Morphologic analysis of ileal segments from
formula-fed animals with/without hypoxia revealed various
degrees of inflammatory changes ranging from villus core
separation and submucosal edema to epithelial sloughing and
necrosis (Fig. 3). In contrast, dam-fed pups had normal intes-
tinal architecture and rarely showed any inflammatory changes.
The severity of NEC was evaluated by histological NEC score
in the ileum and graded as 0 to 3. Animals with histological
scores of !2 were defined as having NEC. The incidence of
histological NEC was significantly higher in NEC (formula !
hypoxia) group (11/14, 78%) compared with either dam-fed
(0/22, 0%) or formula-fed (4/22, 18%) rat pups (P $ 0.01).

Feeding L. reuteri to neonatal rats exposed to experimental
NEC significantly reduced the incidence of histological NEC to
34% (9/26) in NEC-exposed pups fed L. reuteri strain 17938
and 36% (7/19) in NEC-exposed pups fed L. reuteri strain
4659, compared with NEC without probiotic (78%, 11/14; P $
0.05; Table 1). In addition, the severity of NEC also decreased
with administration of either strain 17938 or 4659, demonstrat-
ing that probiotic administration shifted intestinal damage from
severe to mild, as indicated by NEC score changing from 3 to
1. In the NEC group, 42.9% (6/14) had a NEC score of 3
compared with 11.5% (3/26) in the NEC ! L. reuteri strain
17938 group or 10.5% (2/19) in the NEC ! L. reuteri strain
4659 group. Conversely, a score of 1 was seen in %46% of
animals in NEC ! L. reuteri strain 17938 (12/26) or NEC !
L. reuteri strain 4659 (9/19), compared with 7.1% (1/14) in
pups with NEC that were not given L. reuteri (Table 1). The
average NEC score was 2.1, which was decreased to 1.2 by
treatment with strain 17938 and 1.3 by treatment with strain 4659
(Table 1).

Fig. 1. Survival rate of rat pups with necrotizing enterocolitis (NEC) compared
with NEC pups that were supplemented with Lactobacillus reuteri strains.
Newborn rats were separated from their mothers and housed in an incubator.
NEC was induced by formula feeding plus exposure to hypoxia (5% oxygen-
95% nitrogen for 10 min, 3 times per day) from days 1 to 3 (indicated as
arrow). Rat pups were euthanized on day 4 (indicated by “X”), and tissues
were collected. L. reuteri strain DSM 17938 or ATCC PTA 4659 (106 CFU·g
body wt&1·day&1, where CFU is colony-forming unit) was added in formula
for treatment. Groups studied were as follows: 1): NEC ! 17938 (n " 38);
2) NEC ! 4659 (n " 36); and 3) NEC ! no probiotic (n " 46). Both strains
reduced mortality rate on days 3 and 4 compared with NEC without probiotics.
*P $ 0.05, **P $ 0.01, ***P $ 0.001, NEC ! 17938 or NEC ! 4659 vs.
NEC without probiotic; #P $ 0.05, NEC ! 17938 vs. NEC ! 4659.

Fig. 2. Survival rate of rat pups with cow milk-based formula feeding
compared with formula plus L. reuteri. Newborn rats were separated from their
mothers and fed with formula (without hypoxia exposure) beginning on day 1
for 3 days (indicated with arrow). Rat pups were euthanized on day 4
(indicated by “X”). L. reuteri strain DSM 17938 or strain ATCC PTA 4659
(106 CFU·g body wt&1·day&1) was added in formula for treatment without
hypoxia. Groups studied were as follows: 1) formula ! 17938 (n " 22);
2) formula ! 4659 (n " 17); and 3) formula alone (n " 31). *P $ 0.05.
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7.5), 150 mmol/l NaCl, 1 mmol/l Na2EDTA, 1 mmol/l EGTA, 1%
NP-40, 1% sodium deoxycholate, 2.5 mmol/l Na3VO4, 1 !g/ml
leupeptin, 1 !g/ml aprotinin, and 1 mmol/l PMSF. The homogenates
were centrifuged at 14,000 g for 10 min at 4°C after incubation on ice
for 30 min. A mouse cytokine kit (Meso Scale Discovery, Gaithers-
burg, MD) was used according to the manufacturer’s protocol to
measure IL-1" in the collected supernatant. The detection range from
the standard curve of this assay is 1.32–10,000 pg/ml. Final cytokine
levels were normalized by the weight of collected ileal tissues and
reported as picograms of cytokine per gram of ileal tissue weight.

Preparation of Single-Cell Suspension for Flow Cytometry

Ileal tissues were gently fragmented and digested in RPMI 1640
(Sigma) complete medium containing collagenase V (0.1 mg/ml) from
Clostridium histolyticum (Sigma) at 37°C for 30 min. After the
samples were vigorously vortexed for 1 min, single-cell suspensions
were obtained by filtration through 40-!m cell strainers (BD Biosci-
ences, San Jose, CA). Single-cell suspensions from MLNs were
obtained by gentle fragmentation and filtration of the tissues through
40-!m cell strainers into MACS buffer consisting of phosphate-
buffered saline, 0.5% bovine serum albumin (Hyclone Laboratories),
and 2 mM EDTA (Lonza). Cells were washed with MACS buffer and
finally resuspended in MACS buffer for surface and intracellular
staining using specific antibodies for further flow cytometric analysis.

Flow Cytometric Analysis

Cells were detected by immunofluorescent staining with flow
cytometric analysis. Cell surfaces were stained by fluorochrome-
conjugated anti-mouse antibodies, including CD4 (GK1.5) conjugated
with peridinin-chlorophyll proteins (PerCP/Cy5.5), CD8a (53-6.7)
conjugated with phycoerythrin (PE), CD44 (IM7) conjugated with
fluorescein isothiocyanate (FITC), and CD45RB conjugated with PE
(C363-16A) from Biolegend (San Diego, CA). For intracellular stain-
ing, the anti-mouse antibodies Foxp3 (FJK-16a) conjugated with
Alexa Fluor 647 (AF647, eBioscience, San Diego, CA) and Helios
(22F6) conjugated with FITC (Biolegend) were used. Fixation and
permeabilization were performed using a fixation/permeabilization kit
according to the manufacturer’s protocol (eBioscience). All samples
were analyzed with FACSCalibur (BD Biosciences) and processed
with FlowJo (TreeStar, Ashland, OR).

Statistics

Experimental results are expressed as means # SE. Statistical analysis
was performed using one-way ANOVA (Prism 4.0, GraphPad Software,
San Diego, CA). Dunnett’s and Tukey’s multiple-comparison tests were
used for comparison of multiple groups or multiple groups with a control
group. Kaplan-Meier survival curves were performed, and $2 test was
used for comparison of survival rate between groups. P % 0.05 was
considered statistically significant.

RESULTS

L. reuteri DSM 17938 Increased Survival of Mouse Pups
With NEC

Feeding LR17938 to neonatal mice subjected to the NEC-
inducing protocol (FS) significantly increased survival com-
pared with mice given FS without probiotic. Survival on day 5
was 75 # 9.7% in the FS & LR17938 group compared with 42 #
8.2% in the FS group (P ' 0.0277). Survival on day 5 was 100% in
dam-fed and dam-fed & LR17938 mice (Fig. 1). Even though
LR17938 significantly increased the survival rate of mice subjected to
the NEC protocol, the survival rate of mice subjected to the NEC
protocol and treated with LR17938 on day 5 was lower than that of
dam-fed or dam-fed & 17938 mice (P % 0.05).

L. reuteri 17938 Reduced the Incidence and Severity of NEC

The severity of NEC was evaluated by histological NEC
scoring of ileal tissues on a scale of 1–3 (1, 5). Animals with
histological scores !2 were defined as having NEC. Intestinal
tissues for evaluation of histological changes were obtained
from living animals on day 5. However, in some groups with
severe NEC, tissues were collected on day 3 or 4 for the
purpose of comparison. Morphological analysis of ileal seg-
ments from mice subjected to the NEC protocol revealed
various degrees of inflammatory change, ranging from slough-
ing of epithelial cells to the midvillous level to necrosis of the
entire villus (Fig. 2A), and villous core separation was also
seen (Fig. 2A, red arrow). For comparison, Fig. 2A shows the
histological features of ileal mucosa from dam-fed and FS &
17938 animals. In contrast, dam-fed and dam-fed & LR17938
mice had normal intestinal architecture and rarely showed
inflammatory changes. The incidence of histological NEC was
significantly higher in the FS group (11 of 17, 65%) than in
dam-fed (0 of 23) or dam-fed & 17938 (0 of 16) mice (P %
0.01).

Feeding LR17938 to mice subjected to the NEC protocol
significantly reduced the incidence of histological NEC to 27%
(4 of 15) compared with 65% in the FS group (11 of 17, P %
0.05; Fig. 2B). In addition, the severity of NEC also decreased
with administration of LR17938, demonstrating that probiotic
administration shifted intestinal damage from severe to mild,
as indicated by a change in the NEC score from 2 or 3 to 1.
Specifically, 29% (5 of 17) had a NEC score of 3 in the FS
group compared with 13% (2 of 15) in the FS & 17938 group
(P % 0.05); 35% (6 of 17) had a NEC score of 2 compared with

Fig. 1. Lactobacillus reuteri DSM 17938 (LR17938) increased survival rate of
mouse pups with necrotizing enterocolitis (NEC). Mice (8–10 days old) were
separated from their mothers and housed in an incubator. NEC was induced by
formula feeding & stress (FS) with hypoxia (5% O2-95% N2 for 10 min) and
cold exposure (4°C for 5 min) twice daily for 4 days (indicated by arrows).
Live animals were counted on each day for calculation of survival rate. Mice
were euthanized on day 5 after NEC protocol (indicated by (), and tissues
were collected. In some cases, pups in the FS group were euthanized on day 3
or 4, if they were in pain, demonstrated labored respirations, or exhibited
abdominal distension or gastrointestinal bleeding, to collect tissues for histo-
logical analysis and to calculate survival rate. LR17938 [106 colony-forming
units (CFU)·g body wt)1·day)1] was added to the formula for treatment (FS &
17938). LR17938 reduced mortality rate on day 5 compared with FS without
probiotic. *P ' 0.027.
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The anti-inflammatory effect of L. reuteri is associated with modulation of the immune response and induction of Treg cells in the gut; an 
important mechanism in the prevention of NEC. Treg cells are critical regulators of inflammatory responses 

Source Liu Y, Fatheree NY, Dingle BM, Tran DQ, Rhoads JM. Lactobacillus reuteri DSM 17938 Changes the Frequency of Foxp3+ Regulatory T Cells in the Intestine and Mesenteric Lymph 
Node in Experimental Necrotizing Enterocolitis. PLoS ONE. 2013;8(2): e56547 

A 

B 



  
  

Strictly confidential Anti-inflammatory effects – NEC models (cont’d) 

Effect of formula feeding and hypoxia on intestinal morphology 

Source Liu Y, Fatheree NY, Mangalat N, Rhoads JM. Lactobacillus reuteri strains reduce incidence and severity of experimental necrotizing enterocolitis via modulation of TLR4 and NFκB 
signaling in the intestine. Am J Physiol Gastrointest Liver Physiol. 2012;302:G608-17 
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L. reuteri reduces the incidence and severity of NEC 

L. reuteri is a promising therapy for many different condi-
tions, including diarrheal disease (47), infant colic (50), and
Helicobacter pylori infection (21). However, the impact of L.
reuteri on NEC in animal and human has not been investigated.
In our current study, we first found out that both L. reuteri
strains DSM 17938 and ATCC PTA 4659 could increase the
survival rate and decrease the incidence and severity of NEC.
In particular, strain 17938 was better than 4659 in that it
showed greater survival rate and also reduced formula-associ-
ated inflammation and death.

Differential modulation of inflammation by L. reuteri
strains. L. reuteri has antimicrobial actions conferred by its
ability to convert glycerol into a potent broad-spectrum anti-
microbial compound, reuterin (52). In addition, the immuno-

modulatory properties of L. reuteri strains have been studied in
vitro, and strain-specific differences have been observed (22,
28, 54). Some L. reuteri strains (ATCC PTA 4659, 5289, and
6475; Refs. 22, 23, 28) have the ability to produce small (!3
kDa), secreted factors that suppress LPS-induced TNF produc-
tion in primary monocytes, myeloid cell lines and macro-
phages, whereas others (ATCC 55730, DSM 17938, and
CF48–3A) are incapable of reducing TNF production (23).
Genomic analysis from four L. reuteri strains suggested that
these strains can be divided into two different groups (strains
55730 and CF48–3A in one group, and strains 4659 and 6475
in a separate group; Ref. 38). L. reuteri strains from these two
different groups differed according to their immunomodulatory
properties (22, 23, 28), ability to produce reuterin, and ten-
dency to form biofilms in vitro.

However, in both our LPS-feeding inflammation model
described previously (29) and in the NEC model in our current
study, we noted that oral administration of several different L.
reuteri strains including DSM 17938, ATCC PTA 4659, 5289,
and 6475 significantly reduced intestinal inflammation. Both
strains 17938 and 4659 increased NEC survival and decreased
the incidence and severity of NEC. In an ex vivo experiment
for analyzing phospho-I"B activity, we found that both live
strains significantly inhibited the activity of phospho-I"B in-
duced by LPS in the intestines. Moreover, the phospho-I"B
levels were reduced by L. reuteri stains in the intestine in the
rat NEC model. This inhibition, combined with downregula-
tion of TLR4-related gene and TLR4 protein expression in
NEC intestine by both strains, indicates that TLR signaling was
modulated by direct interaction of live probiotics and the
intestinal epithelium (including epithelial and/or immune
cells). Thus, at least in part, the mucosal immune system plays

Fig. 7. Cytokine levels of TNF-#, IL-1$, and IFN-% in the intestines of rats
with formula & 17938 feeding (no hypoxia). Newborn rats were left with their
mothers (dam fed) or separated from their mothers and housed in an incubator
for formula feeding only without hypoxic exposure. L. reuteri strain DSM
17938 (106 CFU·g body wt'1·day'1) was added to formula. Ileal tissues were
homogenized in a lysis buffer containing protease inhibitors. Tissue lysates
were examined cytokine levels by using MSD multiplex cytokine assay; n (
6–9 rats per group. Comparisons were as follows: a,c,eformula fed vs. dam fed;
b,d,fL. reuteri strain 17938-supplemented vs. formula without 17938. Strain
17938 significantly decreased formula-induced cytokine levels in the intestines
of newborn rats. *P ! 0.05, **P ! 0.01, ***P ! 0.001.

Fig. 6. TNF-# (A) and IL-1$ (B) levels in the intestines of rats with NEC
compared with rats with NEC fed with supplemental L. reuteri. Tissue lysates
were examined cytokine levels by using MSD multiplex cytokine assay; n (
6–7 rats per group. aGroups were compared with dam fed; bNEC group was
compared with formula-fed group; cgroups NEC ) 17938 or NEC ) 4659
were compared with NEC without probiotic. Increased cytokine levels in NEC
were both decreased by strains 17938 and 4659. *P ! 0.05, **P ! 0.01,
***P ! 0.001.
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L. reuteri is a promising therapy for many different condi-
tions, including diarrheal disease (47), infant colic (50), and
Helicobacter pylori infection (21). However, the impact of L.
reuteri on NEC in animal and human has not been investigated.
In our current study, we first found out that both L. reuteri
strains DSM 17938 and ATCC PTA 4659 could increase the
survival rate and decrease the incidence and severity of NEC.
In particular, strain 17938 was better than 4659 in that it
showed greater survival rate and also reduced formula-associ-
ated inflammation and death.

Differential modulation of inflammation by L. reuteri
strains. L. reuteri has antimicrobial actions conferred by its
ability to convert glycerol into a potent broad-spectrum anti-
microbial compound, reuterin (52). In addition, the immuno-

modulatory properties of L. reuteri strains have been studied in
vitro, and strain-specific differences have been observed (22,
28, 54). Some L. reuteri strains (ATCC PTA 4659, 5289, and
6475; Refs. 22, 23, 28) have the ability to produce small (!3
kDa), secreted factors that suppress LPS-induced TNF produc-
tion in primary monocytes, myeloid cell lines and macro-
phages, whereas others (ATCC 55730, DSM 17938, and
CF48–3A) are incapable of reducing TNF production (23).
Genomic analysis from four L. reuteri strains suggested that
these strains can be divided into two different groups (strains
55730 and CF48–3A in one group, and strains 4659 and 6475
in a separate group; Ref. 38). L. reuteri strains from these two
different groups differed according to their immunomodulatory
properties (22, 23, 28), ability to produce reuterin, and ten-
dency to form biofilms in vitro.

However, in both our LPS-feeding inflammation model
described previously (29) and in the NEC model in our current
study, we noted that oral administration of several different L.
reuteri strains including DSM 17938, ATCC PTA 4659, 5289,
and 6475 significantly reduced intestinal inflammation. Both
strains 17938 and 4659 increased NEC survival and decreased
the incidence and severity of NEC. In an ex vivo experiment
for analyzing phospho-I"B activity, we found that both live
strains significantly inhibited the activity of phospho-I"B in-
duced by LPS in the intestines. Moreover, the phospho-I"B
levels were reduced by L. reuteri stains in the intestine in the
rat NEC model. This inhibition, combined with downregula-
tion of TLR4-related gene and TLR4 protein expression in
NEC intestine by both strains, indicates that TLR signaling was
modulated by direct interaction of live probiotics and the
intestinal epithelium (including epithelial and/or immune
cells). Thus, at least in part, the mucosal immune system plays

Fig. 7. Cytokine levels of TNF-#, IL-1$, and IFN-% in the intestines of rats
with formula & 17938 feeding (no hypoxia). Newborn rats were left with their
mothers (dam fed) or separated from their mothers and housed in an incubator
for formula feeding only without hypoxic exposure. L. reuteri strain DSM
17938 (106 CFU·g body wt'1·day'1) was added to formula. Ileal tissues were
homogenized in a lysis buffer containing protease inhibitors. Tissue lysates
were examined cytokine levels by using MSD multiplex cytokine assay; n (
6–9 rats per group. Comparisons were as follows: a,c,eformula fed vs. dam fed;
b,d,fL. reuteri strain 17938-supplemented vs. formula without 17938. Strain
17938 significantly decreased formula-induced cytokine levels in the intestines
of newborn rats. *P ! 0.05, **P ! 0.01, ***P ! 0.001.

Fig. 6. TNF-# (A) and IL-1$ (B) levels in the intestines of rats with NEC
compared with rats with NEC fed with supplemental L. reuteri. Tissue lysates
were examined cytokine levels by using MSD multiplex cytokine assay; n (
6–7 rats per group. aGroups were compared with dam fed; bNEC group was
compared with formula-fed group; cgroups NEC ) 17938 or NEC ) 4659
were compared with NEC without probiotic. Increased cytokine levels in NEC
were both decreased by strains 17938 and 4659. *P ! 0.05, **P ! 0.01,
***P ! 0.001.
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L. reuteri reduces TNFalpha and IL-1 beta in the intestine of rat with NEC 

Dam (n = 22) Formula (n = 22) NEC (n = 14) NEC + 17938 (n = 26) NEC + 4659 (n = 19)
Treatment scrores

Score = 0 (normal) 20 (90.9%) 7 (31.8%) 2 (14.3%) 5 (19.2%) 3 (15.8%)
Score = 1 (mild) 2 (10%) 11 (50%) 1 (7.1%) 12 (46.2%) 9 (47.4%)
Score = 2 (moderate) 0 3 (13.6%) 5 (35.7%) 6 (23.1%) 5 (26.3%)
Score = 3 (severe) 0 1 (4.5%) 6 (42.9%) 3 (11.5%) 2 (10.5%)

Incidence of NEC 0 (0/22) 18% (4/22) 78%1 (11/14) 34%† (9/26) 36%† (7/19)
Average NEC score 0.1 1 2.1 1.2 1.3


