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Abstract

BACKGROUND: Post-natal growth restriction (PNGR) in premature infants increases risk of
pulmonary hypertension (PH). In a rodent model, PNGR causes PH, while combining PNGR and
hyperoxia increases PH severity. We hypothesized that PNGR causes intestinal dysbiosis and that
treatment with a probiotic attenuates PNGR-associated PH.

METHOD: Pups were randomized at birth to room air or 75% oxygen (hyperoxia), to normal milk
intake (10 pups/dam) or PNGR (17 pups/dam), and to probiotic Lactobacillus reuteriDSM 17938
or phosphate-buffered saline. After 14 d, PH was assessed by echocardiography and right
ventricular hypertrophy (RVH) was assessed by Fulton’s index (right ventricular weight/left
ventricle+septal weight). The small bowel and cecum were analyzed by high throughput 16S
ribosomal RNA gene sequencing.
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RESULTS: PNGR with or without hyperoxia (but not hyperoxia alone) altered the microbiota of
the distal small bowel and cecum. Treatment with DSM 17938 attenuated PH and RVH in pups
with PNGR but not hyperoxia alone. DSM 17938 treatment decreased a-diversity. The intestinal
microbiota differed based on oxygen exposure, litter size and probiotic treatment.

CONCLUSION: PNGR causes intestinal dysbiosis and PH. Treatment with DSM 17938 prevents
PNGR-associated RVH and PH. Changes in the developing intestine and intestinal microbiota
impact the developing lung vasculature and RV.

INTRODUCTION

Pulmonary hypertension (PH) is an increase in pulmonary vascular resistance typically
associated with muscularization and fibrosis of the pulmonary arterioles, decreased
pulmonary blood flow and right ventricular hypertrophy (RVH). The incidence of PH among
extremely premature infants is as high as 18% and increases to 25-40% among premature
infants with bronchopulmonary dysplasia (BPD) (1, 2). PH increases the morbidity of
preterm neonates with BPD with up to 50% mortality by age 2(3).

Poor growth /n utero (fetal growth restriction, FGR) is common in premature infants and a
significant predictor of PH in this population (2). Post-natal growth restriction (PNGR) is
even more common in extremely premature infants, particularly those with BPD (79% of
premature infants with gestational age < 27 weeks and severe BPD in a recent large cohort
study)(4), and is also associated with increased risk of PH (5-7). While both FGR and
PNGR occur at a critical time in pulmonary alveolar and vascular development in premature
infants, the distinction between FGR and PNGR is significant. FGR occurs /n utero when the
mother and placenta are the major source of nutrition, thermoregulation and gas exchange
while PNGR occurs after birth when the major source of nutrition is parenteral nutrition and
milk and thermoregulation and gas exchange must be supported. Furthermore, the intestinal
microbiota is unlikely to play a significant role in FGR, but may be important in PNGR.
While there are several animal models of FGR, models of PNGR are limited.

Similar to preterm infants, rats are born in the saccular stage of lung development and do not
begin alveolarization until postnatal day 5. Neonatal rats exposed to hyperoxia (75%-95%
O,) for 14 days develop PH, RVH, pulmonary vascular remodeling plus the alveolar
simplification that is characteristic of preterm infants with BPD (8). PNGR, achieved by
increasing litter size from 10 pups to 16 pups at birth, results in poor growth (body weight
22% lower at 10 days of life and 24% lower at 20 days) (9). We have previously
demonstrated that the combination of PNGR and hyperoxia in the rat model results in a
more severe PH and BPD phenotype. Increasing litter size to 17 pups at birth significantly
augments the increases in pulmonary artery pressure and RVH induced by hyperoxia at 14
days (10). Even more compelling, PNGR alone induces PH and RVH in room air and is
associated with impaired signaling pathways common to the hyperoxia model including
decreased lung expression of vascular endothelial growth factor, hypoxia inducible factors
and endothelial nitric oxide synthase (10).

Malnutrition impacts the composition of the community of microbes in the intestinal tract
(the microbiota). The association between the intestinal microbiota and poor growth in
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children with malnutrition and in premature infants has recently been established, with
causality confirmed with fecal transplantation studies (11-13). Links between nutrition, the
intestinal microbiota and diseases distant from the gut demonstrate systemic effects of
gastrointestinal changes as exemplified by the increasing number of chronic inflammatory
diseases associated with intestinal dysbiosis(14). We hypothesized that PNGR in neonatal
rats alters the intestinal microbiota (ie causes dysbiosis) and impacts distal organs including
the lung, contributing to PH. The objective of this study was to analyze the intestinal
microbiota of neonatal rats exposed to PNGR and/or 75% hyperoxia for 14d, and to
determine if probiotic treatment to reverse any detected dysbiosis attenuates PH. This is the
first investigation in a rodent model of the developing gut-lung axis.

MATERIALS AND METHODS

Animals.

Sequencing.

The animal protocol was approved by the Institutional Animal Care and Use Committee at
UC Davis. Timed-pregnant Sprague Dawley dams at E14-E16 were ordered from Charles
River Laboratories (Wilmington, MA). Rats were housed in plastic cages with a 12h
dark:light cycle and allowed to feed ad /ibitum with a standard diet (2018 Teklad from
Harlan). After birth, pups were pooled and randomly assigned to litters of 10 pups (control)
or 17 pups (PNGR). Additionally, pups were randomly assigned to cages maintained in
room air or exposed to 75% oxygen in a plexiglass chamber (Biospherix, Lacona, NY)
continuously, and dams were rotated with the appropriate control or PNGR dam every 24h.
In a second experiment, pups in each group were treated either with 5X10° cfu Lactobacillus
reuteriDSM 17938 (Protectis Biogaia, Sweden) or with phosphate-buffered saline (PBS)
daily by gavage at a maximum safe volume of 10pl/g body weight. Pups treated with L.
reuteriwere cohoused with PBS treated pups. At postnatal day 14, the pups were analyzed
by echocardiography, weighed and euthanized for tissue harvest. Hearts, lungs and intestines
were snap-frozen in liquid nitrogen and stored at —80°C.

Bacterial DNA was extracted from the specimens of proximal small intestine, distal small
intestine and cecum using the ZR Fecal DNA Miniprep kit (Zymo Research, Irvine CA)
according to the manufacturer’s instructions. DNA library construction was carried out as
previously described (15) and submitted to the UC Davis Genome Center DNA
Technologies Core for sequencing on an Illumina MiSeq instrument (lllumina, San Diego
CA). Raw sequencing data was demultiplexed with Sabre (https://github.com/ucdavis-
bioinformatics/sabre) and then imported into the QIIME2 software package (version
QIIME2-2018.4) (16). Bases prior to base pair 22 and after base pair 230 for the forward
read, prior to base pair 20 and after base pair 250 for reverse read were trimmed. Trimmed
reads were processed with DADA2. Taxonomy was assigned using the 99% Greengenes
naive Bayes classifier in QIIME2-2018.4.

Echocardiography.

At day 14, echocardiography was performed using a VisualSonics VIVO 2100 in vivo
ultrasound imaging system (VisualSonics, Toronto, Ontario, Canada) to determine the ratio
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of the Pulmonary Acceleration Time (PAT) to the total ejection time (ET) a marker of
pulmonary hypertension as previously described (10).

Measurement of right ventricular hypertrophy (RVH).

Fulton’s index (the weight of the right ventricle (RV) divided by the weight of the left
ventricle (LV) + septum) was determined to assess RVH. Additionally, RV and LV + septum
weights were normalized to body weight (17).

Statistical analysis.

Data are presented as means + SEM and further expressed as fold change relative to air
controls where indicated. “N” represents the number of animals in each group. The effects of
PNGR and hyperoxia were tested by two-way analysis of variance (ANOVA) (GraphPad
Software, La Jolla, CA). A significant interaction between PNGR and hyperoxia was not
detected in any analysis, and the effect of each independent variable was tested from the
two-way ANOVA. If the Ftest was significant, a Newman Keuls post hoc test was
performed. The independent variables were considered significant at £< 0.05.

Statistical analysis for the 16S amplicon sequencing data was carried out with R 3.5.2
statistical software and QIIME2 (versions QIIME2-2018.4 and QIIME2-2018.11).
Differences in alpha diversity were calculated based on Shannon’s diversity index and
significance was determined using the Kruskal-Wallis test followed with a Benjamini and
Hochberg correction. Permutational multivariate analysis of variance (PERMANOVA) (18),
based on weighted unifrac distances, as implemented in the R VEGAN package (R package
version 2.5-2. https://CRAN.R-proiect.org/package=vegan) was used to determine if there
were significant differences in microbial community structure between treatment groups.

RESULTS

Impact of PNGR and hyperoxia on the intestinal microbiota

In experiment 1, we analyzed specimens of the cecum and the distal and proximal small
intestine using high throughput sequencing on the MiSeq platform to assess the impact of
PNGR and/or hyperoxia on the intestinal microbiome. Supplemental Figure S1 (online)
demonstrates non-metric multidimensional scaling (NMDS) based on weighted (a) and
unweighted (b) UniFrac distances. PERMANOVA testing of both weighted and unweighted
UniFrac distances confirms differences in the microbiota between the three sample types, p
= 0.001 for both weighted and unweighted UniFrac measures.

For the cecal specimens, Shannon (alpha) diversity differed among the four groups (Figure
1a) as did the relative abundances of the six detected phyla (Figure 2a, Supplemental File
S2) and 37 detected families (Figure 3a, Supplemental File S2) of bacteria. One animal in
the normal litter hyperoxia group (denoted by arrows in Figures 2a and 3a) had a higher
relative abundance of unidentified bacteria (24%) than any of the other samples (< 1%
unidentified Bacteria). As a result, the NMDS plot was not able to resolve given the stress on
the model from this outlier (Supplemental Figure S3a, online). Re-analysis of beta diversity
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excluding this sample demonstrated differences between groups (p=0.001 by PERMANOVA
testing, Supplemental Figure S3b, online).

In the distal small bowel, Shannon diversity differed among the four groups (Figure 1b) as
did the relative abundances of the four detected phyla (Figure 2b, Supplemental File S2) and
the 29 detected families (Figure 3b, Supplemental File S2) of bacteria at the genus level with
differences between groups confirmed by analysis of beta diversity (p=0.001 by
PERMANOVA testing, Supplemental Figure S4a, online).

In the proximal small intestine there were no significant differences in alpha diversity
(Figure 1c), beta diversity (Supplemental Figure S4b, online), or relative abundance between
the four groups, with all dominated by Firmicutes (phylum)/Lactobacillaceae (family)
(Figures 2c and 3c, Supplemental File S2). Two of the proximal small bowel samples had >
20% unidentified bacteria (denoted with arrows in Figures 2c and 3c).

Impact of probiotic Lactobacillus on PNGR and hyperoxia

Given the marked decreases in Lactobacillaceae and the increases in Enterobacteriaceae in
the distal small bowel and cecum in the combined PNGR plus hyperoxia group, in
experiment 2 we determined the effects of probiotic Lactobacillus reuteriDSM 17938 on
weight gain, PH, RVH and the intestinal microbiota. PNGR and hyperoxia decreased body
weight at 14d with a further significant decrease when both were combined (Fig. 4a), as we
have shown previously (10). Daily gavage of L. reuteriDSM 17938 beginning at day of life
1 had no effects on body weight on day 14 in any of the four groups (Fig. 4a).

We next determined the effects of L. reuteriDSM 17938 on cardiopulmonary changes
induced by PNGR and/or hyperoxia. The ratio of the pulmonary acceleration time to total
ejection time (PAT/ET) detected by echocardiography decreases with increased pulmonary
artery pressures. As we have shown previously (10), PAT/ET ratios were significantly
decreased in pups exposed to PNGR or hyperoxia alone, and were decreased further in pups
exposed to both (Figure 4b). Daily gavage with L. reuteriDSM 17938 significantly
increased the PAT/ET ratios (i.e. decreased PH) in the PNGR groups but had no effect on
pups exposed to hyperoxia alone (Figure 4b). RVH was determined by Fulton’s index (the
weight of the right ventricle divided by the weight of the left ventricle plus septum). Fulton’s
index was significantly increased in pups exposed to PNGR or hyperoxia alone, and was
increased further in pups exposed to both (Figure 4c) in agreement with our previous study
(10). L. reuteriDSM 17938 significantly decreased Fulton’s index in the PNGR groups but
had no effects on pups exposed to hyperoxia alone (Figure 4c).

Impact of probiotic Lactobacillus on the intestinal microbiota

We next analyzed the microbiota of the distal small bowel and cecum at 14 days of life in
pups from each of the four groups either with or without daily gavage of L. reuteriDSM
17938 (experiment 2). As expected, NMDS based on weighted and unweighted UniFrac
distances showed significant differences between distal small bowel and cecum
(Supplemental Figure S5, online). In the cecum, probiotic treatment resulted in decreased
alpha diversity (Figure 5a and 5b). There was significant clustering by group on beta
diversity testing (Figure 5c and 5d). In this experiment, the increase in Proteobacteria with
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PNGR was not dramatic (Figure 1d, Supplemental File S2) as seen in the first experiment
(Figure 1a). There was, however a decrease in Proteobacteria with treatment with L. reuteri
in the two groups exposed to hyperoxia (Figures 1d and 2d). We had fewer samples of distal
small bowel available for microbiota analysis. Shannon (alpha) diversity testing did not
indicate significant differences between any of the treatment variables (probiotic treatment,
litter size, or oxygen exposure, data not shown), likely due to the small number of
specimens. Beta diversity testing demonstrated differences based on probiotic treatment,
litter size and oxygen exposure (Supplemental Figure S6, online). Relative abundance data
are presented in Figures 2e and 3e and Supplemental File S2. We did not confirm the
identity of the lactobacilli at the genus, species or strain level and so cannot be certain what
percentage of the lactobacilli were the administered L. reuteri.

DISCUSSION

Impaired nutrition during the saccular and alveolar phases of lung development appears to
be associated with pulmonary vascular changes predisposing to PH. Growth restriction
during late gestation alters pulmonary vascular growth in fetal sheep (19). The effects of
postnatal growth restriction (PNGR) led to changes in pulmonary vascular endothelial
function and persistence of PH in adult rats at 9-weeks (20). PNGR is associated with
increased risk of PH (2, 21) and BPD (5), plus non-pulmonary diseases including
necrotizing enterocolitis, sepsis, retinopathy of prematurity (6) and neurodevelopmental
delays (7). Whether this association is causal remains uncertain and the potential
mechanisms linking PNGR to PH in preterm infants are unknown. More aggressive
nutritional approaches have led to improved growth in this population, however PNGR
remains very common in extremely preterm infants regardless of degree of illness (22, 23).
An intervention during early postnatal age capable of reversing PH may have long-lasting
benefit.

Neonatal rat pups exposed to 14d of hyperoxia (60% oxygen and greater) display PH, right
ventricular hypertrophy (RVH), pulmonary vascular remodeling and alveolar simplification
(17), similar to human infants with PH and BPD. We have shown previously that PNGR in
neonatal rats, achieved by increasing litter size at birth, amplifies the adverse effects of 75%
oxygen (10, 24). Furthermore PNGR is sufficient to induce PH and RVH in neonatal rats
maintained in room air for 14d (10). This age is roughly equivalent to a human infant at 6-12
months (25), a common time of death for premature infants with PH.

Malnutrition impacts the composition of the community of microbes in the intestinal tract
(the microbiota) and alters gut barrier function in infants, children and adults (26, 27).
However, these associations are poorly understood in the premature infant with poor relative
to normal growth. Recent studies in germ free and mono-colonized mice demonstrate the
importance of gut microbes to weight gain and longitudinal growth (28). In the distal small
bowel Lactobacillus, the dominant commensal organism in rat pups, decreased significantly
with PNGR but not hyperoxia. Most remarkable was the dramatic increase in
Enterobacteriaceae in the combined PNGR with hyperoxia group. Blooms of
Enterobacteriaceae (phylum Proteobacteria) have been identified just prior to the onset of
necrotizing enterocolitis in premature infants (29) and are a signature of dysbiosis in many

Pediatr Res. Author manuscript; available in PMC 2020 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wedgwood et al.

Page 7

disease processes (30). Lactobacillus strains were also significantly decreased in the cecum
although we found no significant changes in the composition of the microbiota in the
proximal small intestine. These data suggest that the differences seen in the more distal
bowel were not directly related to differences in ingested microbes or nutrients, acid
production in the stomach or bile acids in the duodenum and proximal small bowel.

We hypothesized that administration of probiotic L. reuteriDSM 17938 would “correct” the
observed dysbiosis in the distal small bowel and cecum, specifically an increase in
lactobacilli and a decrease in Enterobacteriaceae. While we did see significant changes in
the distal small bowel and cecum with probiotic administration, there was individual
variation among rat pups and between experiments. It is noteworthy that the microbiota of
the animals in the four treatment groups (AN, AR, ON, OR) that did not receive probiotic L.
reuteriDSM 17938 in the second experiment (Figures 2d, 2e, 3d and 3e) differed from that
seen in the first experiment (Figures 2a, 2b, 3a and 3b). We obtained the animals from the
same supplier, housed the rats in the same facility with the same diet (though at different
times) and used the same methods for DNA extraction and for each experiment. To avoid
variation due to factors intrinsic to the process of bacterial DNA extraction and analysis, all
samples for the first experiment were included in a single run and all samples from the
second experiment (with and without probiotic) were included in a separate single run. It is
possible that co-housing altered the microbiota of the PBS-treated pups; rat pups are
generally not coprophagic at this young age (prior to day 14), however licking and grooming
behavior may have impacted the oral or intestinal microbiota of the dams, potentially
altering the intestinal microbiota of the PBS-treated pups. In future studies, analysis of the
oral and fecal microbiota of the dams would be valuable. It is noteworthy that in spite of the
less obvious changes in the intestinal microbiota in the PBS-treated pups in experiment 2,
the impact on PH and RVH (Figure 4b and 4c) was significant suggesting either that the
probiotic treatment alters lung development even in the absence of large shifts in the
microbiota or that early changes in the microbiota had an effect on the developing lung days
before the microbiota analysis (at day 14). Serial analyses of the microbiota of the cecum
and distal small intestine in L. reuteri and PBS-treated pups would be valuable.

In the PNGR model the dam provides nutrition to 16-17 pups instead of the usual 10, and
previous studies have shown that the milk provided by the dam increases in volume,
maintains protein content, but decreases in fat content (31). The pups in larger litters
demonstrate altered body composition (25% decrease in body fat at 22 days of life), marked
decreases in IGF-1 and leptin, and poor neurodevelopment (9, 32). The decreased growth in
this model is not purely related to decreased nutrient and energy intake, but likely includes
factors such as poor thermoregulation and increased energy expenditure (31) that have
particular relevance to premature infants. Further research is required to identify the
mechanisms that trigger dysbiosis in the PNGR model.

Studies in mice demonstrate the capacity of probiotic Lactobacillus strains to improve
growth in chronic undernutrition (28). L. reuteriDSM 17938 is commonly administered to
premature infants with beneficial effects (33). In premature infants, probiotic administration
decreases the risks of death, necrotizing enterocolitis and sepsis, but does not generally
improve weight gain (34). Although L. reuteriDSM 17938 had no effect on body weight in
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any of the four groups, it attenuated elevated pulmonary artery pressure and RVH induced
by PNGR but not by hyperoxia. This is consistent with our sequencing data demonstrating
decreased Lactobacillaceae in the distal small bowel and cecum of PNGR pups. Together
these data demonstrate an association between changes in the gut microbiota resulting from
PNGR and the development of PH. Evidence for causality using germ-free or mono-
colonized animals would be valuable, however recreating this PNGR model in the mouse
has been challenging given the tendency of many mouse strains to consume their young
when stressed.

Studies investigating the gut-lung axis have prompted the hypothesis that intestinal dyshiosis
is an important driver of systemic inflammation (35). These associations have particular
importance in neonates in whom the immune response of the gut and lung are still maturing.
The combined increase in Enterobacteriaceae and decrease in Lactobacillaceae in the distal
small bowel of PNGR pups seen in experiment 1 (Figure 3b) is noteworthy, given strong
evidence for the pro-inflammatory effects of the former and the protective effects against
inflammation of the latter. Previous investigators have demonstrated that interactions
between the intestinal microbiota and the developing innate and adaptive immune systems
influence long-term risk for inflammatory diseases (36). Toll-like receptors (TLR) are
important in recognition of pathogen-associated molecular patterns and triggering of innate
immune responses in both the gut and the lung. TLR4 recognizes lipopolysaccharide (LPS)
that is abundant in the outer membrane of Gram negative organisms such as
Enterobacteriaceae, and this receptor has been implicated in the pathogenesis of such diverse
inflammatory disease processes as necrotizing enterocolitis, cancer progression and acute
lung injury (37). Observations in adult TLR4-deficient mice suggest a role in pulmonary
vasculogenesis: these mice do not develop PH when exposed to hypoxia (38). Future studies
in this model to confirm an increase in Enterobacteriaceae in PNGR pups exposed to
hyperoxia and to analyze the potential roles of TLR4 activation in the intestine and/or the
lung and of alterations in plasma, lung and intestinal cytokines would be valuable. An
alternative mechanism that would explain the observed attenuation of PH with
administration of L. reuteriwould be a relative decrease in bacteria that produce short chain
fatty acids which have important systemic effects, including anti-inflammatory properties.
Measurement of short chain fatty acids and other bacterial metabolites in this model would
be of value.

In summary, we show for the first time that PNGR alters the intestinal microbiota and that
the probiotic L. reuteriDSM 17938 reverses PNGR-induced PH, suggesting that PH is in
part driven by dysbiosis in the developing gut. PNGR combined with hyperoxia causes
further dysbiosis, which may worsen PH via several potential mechanisms. Administration
of probiotic L. reuteriDSM 17938 altered the intestinal microbiota, but these changes were
not universal suggesting that the probiotic effect is likely broader than just an alteration in
the composition of the microbiota. Alternative mechanisms supported by previous studies
include inhibition of the TLR4-NFxB pathway by L. reuteri (39), alterations in intestinal
motility and/or permeability by Lactobacillus strains (40), and production of anti-microbial
bacteriocins (41). The possibility that intestinal dysbiosis influences development at a distant
site like the pulmonary vasculature represents a dramatic paradigm shift in understanding of
the pathogenesis of PH in the preterm infant. Further studies are needed to determine
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whether probiotics in combination with other established treatments provide a more effective
strategy for prevention of PH in the most vulnerable premature infants with PNGR.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Shannon (alpha) diversity plots of the cecum (a), distal small intestine (b), and proximal
small intestine (c). A=room air, O=hyperoxia, N=normal litter size (10 pups), R=restricted
intake (17 pups). Significant between groups differences: cecum: AR/ON p=0.04, ON/OR
p=0.028; distal small intestine: AN/AR p=0.008, AN/ON p=0.028, AR/OR p=0.021,;
proximal small intestine: none. Differences in alpha diversity based on litter size (AN
+ON/AR+OR) and hyperoxia (AN+AR/ON+OR) were not significant.
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treated), LR = L.reuteri treated
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Figure 4:
In experiment 2, pups in each of the four groups were either treated with probiotic L. reuteri

(white bars) or phosphate buffered saline (black bars). Error bars are standard error of the
mean (n=8-16/group) A=room air, O=hyperoxia, N=normal litter size (10 pups),
R=restricted intake (17 pups). Both PNGR and hyperoxia led to decreased weight gain (a),
decreased PAT/ET (increased PH, b), and increased Fulton’s index (increased RVH, c) at 14
days. Daily administration of L. reuteri attenuated PNGR-associated PH and RVH, but not
hyperoxia-associated PH and RVH. *p<0.05 compared to AN, Tp<0.05 compared to AR,
8p<0.05 compared to no probiotic.
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Alpha diversity of cecum specimens as determined by Shannon diversity testing indicated a
significant difference between treatments (a, probiotic versus control, p = 0.001) and the

alpha diversity between all eight groups (b, p =

0.008). In a and b, white boxes are PBS-

treated controls and shaded boxes are probiotic treated animals. Pairwise comparison
between the groups was significant before adjusting the p-value. The adjusted p-values (g-
values) did not show significance. Non-metric multidimensional scaling (NMDS) based on
weighted UniFrac distances. Permanova pair-wise testing shows a p-value of 0.004 for
weighted comparisons of microbiota for oxygen exposure (c) and p = 0.001 for probiotic

versus control treatments (d).
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