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Oral microbiome mediated nitrate reductase (NR) activity regulates nitric oxide (NO) bioavailability and
signaling. While deficits in NO-bioavailability impact several morbidities of extreme prematurity including
bronchopulmonary dysplasia (BPD), whether oral NR activity is associated with morbidities of prematurity is not
known. We characterized NR activity in extremely preterm infants from birth until 34 weeks’ post menstrual age
(PMA), determined whether changes in the oral microbiome contribute to changes in NR activity, and deter-
mined whether changes in NR activity correlated with disease. In this single center prospective cohort study (n =
28), we observed two surprising findings: (1) NR activity unexpectedly peaked at 29 weeks’ PMA (p < 0.05) and
(2) when infants were stratified for BPD status, infants who developed BPD had significantly less NR activity at
29 weeks’ PMA compared to infants who did not develop BPD. Oral microbiota and NR activity may play a role in
BPD development in extremely preterm infants, indicating potential for disease prediction and therapeutic

targeting.

1. Introduction

Many distinct microbial ecosystems have been described throughout
the human body. Associations between these microbiota and human
disease have focused efforts into understanding mechanisms by which
these organisms may modulate disease susceptibility, progression, and
severity. The microbiota over the tongue dorsum are particularly unique
in that several facultative anaerobes residing in its crypts express an
enzyme, nitrate reductase (NR) [1]. NR containing bacteria catalyze the
reduction of nitrate to nitrite; the latter is a substrate for nitric oxide
(NO) via protonation within the acidic gastric environment or further
1-electron reduction through a number of hypoxia sensitive enzymes
and proteins in blood and tissues [2,3]. Accumulating evidence suggests
that reduction of nitrate to nitrite and NO is an important and parallel
pathway, with nitric oxide synthase, to control systemic
NO-bioavailability [4]. Several studies have demonstrated that nitrate
administration lowers systolic and diastolic blood pressures by levels
comparable to a single antihypertensive agent [5-7]. Conversely,

decreased oral and plasma nitrite and subsequent NO bioavailability
following the use of antibacterial mouthwash is associated with
increased blood pressure and loss of NO-dependent signaling [8-10].

In preterm infants, disruption of pulmonary angiogenesis contributes
to the development of bronchopulmonary dysplasia (BPD), a common
disease of extreme prematurity that significantly contributes to infant
mortality and long-term morbidity [11]. Multiple studies show NO
therapy improves gas exchange, lung angiogenesis and regulates alve-
olar epithelial development in the newborn animal models [12].
Furthermore, a growing body of evidence demonstrate that nitrate
and/or nitrite can protect against acute and chronic airway and pul-
monary vascular diseases [2,4,13-16].

However, the role of oral NR activity in infants is thought to be
minimal. This perspective is based on data demonstrating that, relative
to adults, NR activity in newborns is significantly lower with the activity
slowly increasing over the first year of life [17,18]. Albeit lower, these
data do not preclude a potential role for oral NR activity in newborn
pathophysiology, and no studies have assessed potential temporal
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changes in oral NR activity in extremely preterm infants. Here, we
conducted a longitudinal study measuring NR activity in extremely
preterm infants from birth through 34 weeks’ postmenstrual age (PMA)
and evaluated associations with the oral microbiome, co-morbidities,
exposures, and nutrition. We observed oral NR varies as a function of
PMA, peaking at 29 weeks’ PMA, and surprisingly occurrence of this
peak associates with lower incidence of BPD. These data support a novel
hypothesis that oral microbiome mediated differences in NR activity
provide a noninvasive biomarker for BPD development with the po-
tential for therapeutic targeting.

2. Methods

Institutional Review Board approval at the University of Alabama at
Birmingham was obtained prior to study initiation and informed consent
from parent(s) obtained prior to patient enrollment. Infants were
recruited from the University of Alabama at Birmingham Regional
Neonatal Intensive Care Unit between August 2016 and January 2017
and sample collection completed in April 2017. Preterm infants enrolled
were <29 weeks’ gestation at birth. Infants with major congenital
anomalies were excluded.

2.1. Sample collection

Initial samples for oral microbiome and NR activity analyses were
taken within 72 h after birth. Thereafter, weekly samples were collected
2 h post feeding until infants reached 34 weeks’ PMA. For NR activity
analysis, samples were taken from each infant’s right posterior tongue
dorsum as previously described [19] using sterile wood Fisherbrand
cotton-tipped applicators (Cat. No. 23-400-115) by rotating the appli-
cator 360°. All samples were collected by the same researcher to mini-
mize inter-sampling variability. Samples were then inserted
immediately in 1.5 ml of Brain Heart Infusion Broth (Anaerobe Systems,
Morgan Hill, CA), placed on ice and NR activity measured within 2 h of
collection. Fisherfinest Dry Transport swabs (Fisher HealthCare, Hous-
ton, Texas) were used for microbiome samples. At the same time points
used for NR activity sampling, the applicator was rotated 360° over the
left posterior tongue dorsum, immersed in 1 ml sterile normal saline,
and placed in a —80 °C freezer until further analysis.

2.2. Nitrate reductase activity

NR activity was measured twice after sample collection: within 2 h of
collection and after 18-h incubation under aerobic conditions in BHI at
37 °C. Two 90 pL aliquots (one for control and one to which nitrate was
later added) were incubated in a water bath at 37 °C for 10 min prior to
analysis and baseline nitrite levels measured. 10 pL of 10 mM nitrate was
then added (1 mM final nitrate concentration), samples vortexed (~3 s),
and nitrite formation measured over 20 min using triiodide chem-
iluminescence as previously described [19,20]. The nitrite levels from
sample controls (no nitrate added) were then subtracted from the
nitrate-enriched samples. Standard curves generated on the day of
sampling from a nitrite solution of known concentration was used to
calculate nitrite concentrations.

Differences in mean NR activity were compared over time. Associa-
tions between NR activity and oral microbiota were conducted via
methods later described. Additional analyses were conducted between
NR activity and the covariates of BPD (using the traditional definition
defined at 36 weeks’ PMA as treatment with supplemental oxygen or
respiratory support [21]), mode of delivery (caesarean section vs
vaginal), time of sample collection, nutrition source (breast milk vs
formula), and antibiotic exposure.

2.3. Oral microbiome analysis

DNA was extracted using a QIAGEN QIAamp DNA Stool Mini Kit
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(QIAGEN, Germany). Microbiome analysis using 16S rRNA sequencing
was performed via methods previously described [22]. To determine
bacterial numbers, colony forming unit assays were performed on each
sample used to measure NR activity. Ten pL of sample were serially
diluted in normal saline and plated in triplicate on Tryptic Soy Blood
Agar plates (Anaerobe Systems), incubated for 24 h, and colony forming
units averaged between the three plated samples.

To determine the oral microbiota associated with NR production, the
top 100 abundant operational taxonomic units (OTU) represented across
all samples were compared between four time points: birth, 27 weeks’
PMA, 29 weeks’ PMA, and 34 weeks’ PMA. The following analyses were
conducted: (a) longitudinal comparisons of specific oral microbiota by
PMA, (b) comparisons of oral microbiota by BPD status at each PMA of
collection, and (c) comparisons of inter and intra-sample diversity by
PMA and BPD status via alpha diversity and beta diversity respectively.
The Shannon index was used to report alpha diversity. For the beta di-
versity analysis, we first calculated the beta diversities and then used the
commonly used method, PERMANOVA, to test the difference of beta
diversity between different PMAs and between infants with and without
BPD [23]. We calculated three beta diversity measures: Bray-Curtis,
Unweighted-Unifrac, and Weighted-Unifrac. Comparisons of the rela-
tive abundance of microbiota by PMA and BPD status were represented
in stacked plots and heat map analyses. Comparisons with a p-value of
<0.10 were considered significant.

2.4. Statistical analyses

Continuous demographic variables were reported as median and
interquartile ranges with comparison between BPD and no-BPD infants
made by Mann-Whitney unpaired t-test or chi-squared analysis. One-
way ANOVA mixed model with Tukey post-test was performed to
compare NR activity between each postnatal week. Paired t-tests were
used to compare NR activity between two post-natal ages and unpaired
t-test was used when assessing how clinical co-variates affecting NR
activity. Unpaired t-tests were used to compare relative abundance of
oral microbiota at each postnatal age. Spearman correlation metrics
determined which microbiota were positively or negatively correlated
with NR activity. All data were analyzed for normality using D’ Agostino
and Pearson test and appropriate post-test selected.

3. Results
3.1. Infant characteristics

Twenty-eight extremely preterm infants were enrolled in the study.
The median gestational age of the preterm cohort was 25.8 weeks
(interquartile range: 25, 27) with a median birth weight of 688 g (550,
891). All infants were exposed to at least 48 h of antibiotics (ampicillin
and gentamicin) immediately after birth. Three infants died and one
infant was transferred prior to eligibility for BPD assessment; a total of
six samples were obtained for these infants for time points ranging from
birth to 28 weeks’ PMA. Of the remaining 24 infants, fifteen developed
BPD (60%). Other demographic data are displayed in Table 1.

3.2. Measuring nitrate reductase activity

NR activity was measured in 190 samples taken from 28 preterm
infants between birth and 34 weeks’ PMA; median number of samples
per patient was 8 (quartile ranges 7,10). For samples taken at birth, the
median time of sample collection was 48.5 h after birth. In the initial 23
samples collected, from the first seven preterm infants enrolled (birth to
21 days postnatal age), NR activity was undetectable when measured
within 2 h of swab collection; Supplementary Fig 1 shows representative
traces for NO formation mediated by triiodide-dependent reduction of
nitrite. However, when tongue swabs were cultured for 18 h first and
then nitrate-dependent formation of nitrite assessed, a significant NR
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Table 1
Infant characteristics and Co-morbidities by BPD status.
Characteristic ALL Infants No BPD" (N BPD* (N = P
=9) 15)
Gestational age (weeks), 25.8 26 (25,27) 25 (23,27) 0.30

median (Q1,Q3) (25,27)

Birth weight (g), median 688 710 650 0.18

(Q1,Q3) (550,891) (690,790) (543,913)

Male Sex, n (%) 17 (60.7) 4 (44) 11 (73) 0.16
Race

White, n (%) 17 (61) 6 (67) 9 (60)

Non-white, n (%) 12 (43) 3(33.3) 7 (47) 0.74
Multiple gestation 6 (21) 11 4(27) 0.75
Maternal antibiotic 12 (43) 4 (44) 8 (53) 0.67

prophylaxis, n (%)

Infants receiving 48 h 28 (100) 9 (100) 15 (100) >0.99
antibiotics, n (%)

Infants receiving >48 h 19 (68) 5 (56) 11 (73) 0.37
antibiotics, n (%)

Histologic 10 (36) 3(33.3) 6 (40) 0.74
chorioamnionitis, n (%)

Antenatal corticosteroids, n 27 (96) 8 (89) 15 (100) 0.19

(%)

Caesarean section, n (%) 18 (64) 5 (56) 10 (67) 0.59
Indication for delivery

Preterm labor, n (%) 14 (50) 6 (67) 7 (47) 0.34

Non reassuring fetal 8(29) 2(22) 4(27) 0.81

monitoring, n (%)

Hypertensive disorder of 4(14) 1(11) 2(13) 0.87

pregnancy, n (%)

Other 2(7) 0 (0) 2(13) -

5 min Apgar, median (Q1, 6(@3,7) 7 (6,8) 6(2,7) 0.24

Q3)

Intubation at delivery, n 14 (50) 3(33.3) 10 (67) 0.59

(%)

Surfactant. n (%) 23 (82) 6 (67) 14 (93) 0.09
Exclusively breast milk fed, 9(32) 2(22) 6 (40) 0.47

n (%)

Pneumothorax, n (%) 3(11) 0(0) 2(13) 0.25

Bronchopulmonary 16 (57.0) - - -
dysplasia, n (%)

Patent ductus arteriosus, n 15 60) 3(33) 8 (53) 0.34

(%)

Pharmacologic treatment of 4 (14) 0 (0) 3 (20) 0.15

PDA, n (%)

Intracranial hemorrhage, n 8 (29) 2 (22) 4(27) 0.81

(%)

Grade 3-4 intracranial 5(18) 0 (0) 3 (20) 0.15
hemorrhage, n (%)

Early onset sepsis, n (%) 14) 0(0) 1) >0.99

Late onset sepsis, n (%) 3(11) 0 (0) 3(20) 0.26

Necrotizing enterocolitis, n 104) 0(0) 1@) 0.43

(%)

Retinopathy of 14 (50) 5 (56) 9 (60) 0.83
prematurity, n (%)

Severe retinopathy of 5(18) 1(11) 4(27) 0.36
prematurity, n (%)

Death, n (%) 6 (21 0 (0) 3(20) 0.15

Data represent median (Q1,Q3) for continuous variables and N (%) for cate-
gorical variables.

# Excluding 3 infants that died and 1 patient transferred prior to BPD
assessment.

activity was observed (Supplementary Fig 1, 18h). Nitrate reductase
activity was undetectable in samples collected from swabs exposed to air
and cultured in parallel with patient-derived samples (Supplementary
Fig 1, air swab) confirming that NR activity was oral cavity (tongue
swab) derived. Subsequent measurements of NR activity were made
after 18 h culturing of tongue swabs.

3.3. Longitudinal changes in nitrate reductase activity

Fig. 1A-C plots the changes in NR activity, bacterial number (CFU)
and NR activity normalized to bacterial number, as a function of PMA.
NR activity increased ~1.7-fold between 24- and 25- weeks’ PMA.
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Thereafter, NR activity remained steady at all times except at 29 weeks’
PMA, where a further ~1.6-fold peak increase was observed (Fig. 1A).
No changes in CFU were observed (p = 0.13 by one-way RM-mixed
models ANOVA) (Fig. 1B). Since differences in sampling and bacterial
number may modulate NR activity, the latter was normalized to CFU
(Fig. 1C). After normalization to CFU, NR activity was observed to in-
crease with PMA, peaking at 29 weeks followed by rapid 40% decrease
at 30 weeks. NR activity per CFU remained steady thereafter. Fig. 1D-F
presents paired analyses and show higher NR activity at 29 weeks’ PMA
compared to birth (Fig. 1D; p < 0.01), 27 weeks’ PMA (Fig. 1E; p <
0.01), and 34 week’s PMA (Fig. 1F; p < 0.05).

3.4. Nitrate reductase activity and clinical covariates

Subgroup analyses for associations between NR activity before and
after normalization to CFU, and clinical covariates were conducted
(Supplementary Figure 2). Preterm infants born via spontaneous vaginal
delivery had higher NR activity at birth compared to those born via
cesarean section, however differences were not significant after
normalizing to CFU (Supplementary Figure 2A). Longitudinal differ-
ences in NR activity beyond birth were not observed between infants
born by cesarean compared to vaginal delivery (not shown). Samples
collected >48 h after delivery had higher NR activity compared to
samples taken within 48 h after delivery, however these differences
were lost when normalized to CFU (Supplementary Figure 2B). Nutrition
data were available for 18 infants; NR activity was significantly higher in
infants fed exclusively maternal breast milk compared to infants fed a
mixture of formula and/or breast milk but only when normalized to CFU
(Supplementary Figure 2C). Exposure to antenatal antibiotics tended to
increase NR activity (p < 0.07). However, when normalized to CFU, no
difference in NR activity was observed between preterm infants exposed
to maternal antibiotics compared to those that were not (Supplementary
Figure 2D).

3.5. Changes in nitrate reductase activity predict BPD risk

Temporal changes in NR activity between 27 and 33 weeks’ PMA
were replotted after separating patients who were diagnosed with BPD
at 36 weeks’ PMA. Infants who later developed BPD had no increase in
NR activity at 29 weeks’ PMA (Fig. 2A). In contrast, infants in whom NR
activity increased at 29 weeks’ PMA, did not develop BPD at 36 weeks’
PMA; Fig. 2B shows the change in NR activity between 29- and 28-
weeks’ PMA in BPD versus non-BPD patients.

3.6. Longitudinal differences in oral microbiota

From the 28 infants in the cohort, the microbiome was analyzed from
101 isolates at the time points: birth, 27, 29, and 34 weeks’ PMA.
Supplementary Figure 3 shows the top 100 identified OTUs based on
relative abundance within each time point. Alpha diversity of oral
microbiota was higher at birth (4.41) compared to all other time points
of 27 weeks’ PMA (2.35), 29 weeks’ PMA (2.59), and >34 weeks’ PMA
(2.60) (p < 0.05).

Bacteria whose relative abundance significantly differed between 29
weeks’ PMA and either birth, 27, or 34 weeks’ PMA are depicted in a
heat map (Fig. 3A); 29 weeks was chosen as a reference for these ana-
lyses as peak NR activity was observed at this time. There were 51 OTUs
whose relative abundance differed at birth compared to at 29 weeks’
PMA, while only 3 OTUs differed in relative abundance between 27 and
29 weeks’ PMA; compared to infants at 27 weeks’ PMA, Staphylococcus
was less abundant and Streptococcus I and Stenotrophomonas were more
abundant in infants at 29 weeks’ PMA (p < 0.10). Compared to infants at
34 weeks’” PMA, Veillonella, Streptococcus 2, Rothia mucilaginosa, and
Corynebacterium 3 were less abundant and Staphlococcus and Bacillus
were more abundant in infants at 29 weeks’ PMA (p < 0.10).
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Fig. 1. Nitrate reductase activity was measured in samples collected longitudinally from preterm infants (n = 28). Panel A shows nitrate-reductase activity
(measured by nitrite formation after addition of nitrate to swab-derived cultures), p = 0.055 by mixed model 1way RM-ANOVA. Panel B shows CFU following 18 h
culture of swabs (collected at indicated times). No significant changes over time were observed (p = 0.13 by mixed model one-way RM-ANOVA). Panel C: Nitrate
reductase activity normalized to CFU. p < 0.04 by mixed model one-way RM-ANOVA. All data are mean + SEM, with number of replicates ranging between 9 and 26
across PMAs. Panels D-F show changes in NR activity between birth and 29 weeks’PMA; 27-29 weeks’ PMA and 29-34 weeks’ PMA respectively. Each line indicates
an individual patient. Red symbols indicate median with 95% CI. Indicated p-values determined by parametric paired t-test for panels E-F, and non-parametric paired

t-test for panel D. N denotes number of patients per analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article)
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Fig. 2. Panel A. Nitrate reductase activity as a function of PMA and as a function of BPD diagnosis determined at 36 weeks’ PMA. *p < 0.03 by two-way ANOVA.
Data are mean + SEM (n = 16 for BPD and n = 9 for no BPD group). Panel B: Change in NR activity between 28 and 29 weeks’ PMA in BPD vs no-BPD infants. Data
are mean + SEM, p < 0.05 by Mann-Whitney t-test. n = 16 for BPD and n = 9 for no BPD group.

3.7. Relative abundance of NR producing bacteria by BPD status

A heat map plotting the relative abundance of the 30 bacteria that
differed by BPD status at any of indicated PMAs is represented in Fig. 3B.
Nineteen of these differed at birth in BPD versus non-BPD infants, 15 at
29 weeks’ PMA, and 3 at 34 weeks’ PMA, and 9 bacteria showed dif-
ferences at both birth and 29 weeks’ PMA. No differences were observed
at 27 weeks’ PMA. There were no differences in beta diversity between
infants with and without BPD at each of the PMAs analyzed with p
values of 0.409, 0.419, 0.482 (Bray-Curtis, Unweighted-Unifrac, and

Weighted-Unifrac).

3.8. Relative abundance of microbiota and nitrate reductase activity

Previous studies have identified several candidate bacteria (Actino-
myces, Rothia, Veillonella, Lactobacillus, Hemophilus, and Prevotella) as
potential mediators of NR activity including in preterm infants [17,18,
24-28]. To provide further insight into which bacteria may modulate
NR activity in preterm infants, correlations between relative abundance
and NR activity, pre and post normalization to CFU, were assessed using
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Fig. 3. Panel A: Heat map showing relative abundance of bacteria for which relative abundance differed between 29 weeks’ PMA and either birth, 27 weeks’ PMA or
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indicated times. ® p < 0.1 at birth; ® p < 0.1 at 29 weeks’ PMA ¢ p < 0.1 at 34 weeks’ PMA.

all samples, independent of PMA and clinical covariates (Table 2). Of
these bacteria, relative abundance of Akkermansia muciniphila 2, Bur-
kholderia, Chryseobacterium, f Enterobacteriaceae, and f Gemellaceae was
significantly different at birth versus 29 weeks’ PMA, and for Steno-
trophomonas and Streptococcus 1 at 34 weeks’ PMA versus 29 weeks’
PMA (Fig. 3A). Furthermore, relative abundance of Akkermansia muci-
niphila 2, Burkholderia, Chryseobacterium, Neisseria subflava, Prevotella 4,
Prevotella pallens and f Gemellaceae differed between BPD and no-BPD
infants at one or more PMAs (Fig. 3B).

4. Discussion

Formation of NO in mammals is mediated by nitric oxide synthase
dependent and independent mechanisms. The latter involves nitrate-

Table 2

Bacteria whose relative abundance significantly (p < 0.1) correlated with NR

activity or NR activity/CFU.

NR activity without CFU Spearman Correlation P-
normalization Coefficient value
Akkermansia muciniphilia 2 0.212 0.035
Burkholderia 0.207 0.040
Chryseobacterium 0.177 0.080
Enterococcus —0.195 0.053
f_Enterobacteriaceae —0.254 0.011
Mycobacterium —0.194 0.054
Neisseria subflava —0.183 0.070
Prevotella 4 0.208 0.039
Prevotella pallens —0.169 0.094
Tissierella Soehngenia -0.177 0.080
NR activity with CFU normalization Spearman Correlation P-
Coefficient value
Enterococcus —0.265 0.009
f_Enterobacteriaceae -0.179 0.083
f_Gemellaceae 0.191 0.064
Mycobacterium —0.233 0.023
Staphylococcus —0.232 0.024
Stenotrophomonas 0.172 0.095
Streptococcus 1 0.317 0.002

reduction to nitrite by commensal oral nitrate-reducing bacteria. The
nitrite formed provides substrate for various nitrite-reduction pathways
that mediate NO-signaling by hypoxia and pH-dependent mechanisms
[9]. Using this rationale, we conducted a prospective cohort study to
evaluate longitudinal changes in oral NR activity in extremely preterm
infants. We observed two surprising and striking findings. First, there
was a statistically significant increase in NR activity at 29 weeks’ PMA
compared to other time points. The second was the association that in-
fants who did not show an increase in NR activity at 29 weeks’ PMA
subsequently developed BPD thereby supporting the prognostic poten-
tial for NR activity measurements in predicting BPD development.
Currently, there are few predictive biomarkers for BPD and our obser-
vations suggest that measurement of oral NR activity at 29 weeks’ PMA
may predict BPD risk. However, longitudinal assessment allowing for
calculation of the change in NR activity between 29 weeks’ PMA and
comparing periods before and after this time point (see Fig. 3E) may be a
more sensitive index in predicting BPD. Importantly, since assessment of
oral NR activity can occur by non-invasive sampling, multiple time
points for assessment is feasible. While encouraging, these findings need
to be validated in larger clinical studies capable of adjusting for other
covariates known to influence BPD risk, and if validated could result in
new clinical management of these at-risk patients.

In addition to a predictive function, our data suggest a potential
mechanistic link between deficits in NR-activity and associated NO-
signaling at 29 weeks’ PMA, and BPD development. Further studies
are required to assess first whether NR-dependent nitrite and NO-
formation is indeed altered at 29 weeks’ PMA and in turn, how this
may affect lung development. Notably, targeting NO-signaling has been
explored as a therapeutic to treat BPD. Inhaled nitric oxide (iNO) im-
proves gas exchange and angiogenesis in animal models [29,30]. While
multiple large, randomized controlled trials of iNO in preterm infants
have not shown a reduction in death or BPD [31] recent analyses suggest
that iNO may reduce BPD in certain patient populations [32]. Further-
more, inhibition of endogenous NO production and/or genotypes
wherein basal NO production is decreased have been shown to increase
the risk for BPD development [33,34]. Our data suggest that changes in
oral NR activity, and ensuing changes in nitrite-derived NO, should be
considered as a possible NO-dependent pathway affecting lung
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development and function, and potentially represents a novel target to
modulate BPD risk. Furthermore, given that inhaled NO is routinely used
in infants with persistent pulmonary hypertension [31,35], and that up
to 39% of infants with severe BPD have associated pulmonary hyper-
tension [36], we speculate that oral NR activity may also play a role in
pulmonary vascular function/dysfunction.

Interestingly, the 29 weeks” PMA time point coincides with a critical
window in diseases associated with prematurity, specifically the time of
peak necrotizing enterocolitis (NEC) occurrence [37]. Since disruptions
in the balance of active intestinal vasoconstriction and vasodilation,
mediated in part by lower NO bioavailability, have been implicated in
NEC pathogenesis [38], the increased oral NR activity observed at 29
weeks’ PMA may have physiological significance in providing an addi-
tional pathway for NO generation at this crucial time in development.
Our study was not powered to observe associations between NR activity
and NEC as only one patient in this cohort developed NEC. Further,
while we cannot explain the peculiar time course for changes in NR
activity, the coincidence of NR peaking at 29 weeks’ PMA with the
window when NEC is observed warrants additional studies to assess how
NR activity may be linked to changes in NOS-independent NO produc-
tion, and NEC pathogenesis.

Our results are consistent with previous conclusions in older preterm
infants with an average gestational age of 30 weeks at birth wherein NR
activity remained undetectable until two weeks of age, and then when
activity became detectable, it remained low, ~10% that of adults [17,
18]. Oral NR activity in the data presented here was low and only
detectable after bacterial amplification; no NR activity was evident in
swabs exposed to air only, underscoring the low abundance of NR bac-
teria in the oral cavity from preterm infants. This observation is similar
to our prior studies investigating oral NR activity in adult mice [19].
Importantly, nitrate- and oral microbiome dependent NO-signaling has
been demonstrated in mice [19] suggesting that despite bacterial
abundance and NR activity being relatively low, this may still be bio-
logically functional. Moreover, it is possible that compared to adults, the
amount of nitrite needed to elicit NO-dependent effects in the newborn
is lower. Thus, while the oral NR activity is low, our data suggests that it
is present and increases from birth in premature babies, though further
studies are required to assess functional importance by correlating oral
NR activity with plasma based metrics of NO availability.

Our recent studies have identified associations between lung
microbiome in premature infants and BPD [22] but little is known on the
potential role for oral microbiome in this patient group. Variables pre-
viously noted to influence initial lung or intestinal microbiota include
delivery mode [39], the diversity and progression of breast milk flora
[40] vs formula [41], and maternal intrapartum antibiotic exposure
[42]. The oral cavity is colonized within hours [43] and, while initially
similar, divergence between oral and intestinal microbiota later occurs
at around 15 days of life [44]. We note that oral NR activity was higher
in infants receiving maternal breast milk compared to formula fed in-
fants, which of particular interest as NEC and other diseases of prema-
turity occur significantly more frequently in formula fed infants
[45-47]. Human milk contains nitrate which is considered to be a key
substrate for NO generation in newborns [48], and dietary nitrate pro-
motes colonization of the oral cavity with NR-expressing bacteria in
adults [49]. Our data showing that an increased NR activity in preterm
infants fed breast milk was only observed when normalized to CFU is
consistent with these concepts and support hypotheses that breast milk
positively selects for bacteria that mediate nitrate-reduction. We also
observed that delivery mode influenced the NR activity as did the time of
first isolate collection. In both of these instances, differences were lost
when NR activity was normalized to CFU suggesting that vaginal de-
livery and time post birth positively influence bacterial colonization
rather than select for bacteria that promote nitrate reduction. Finally,
we note that maternal antibiotic administration did not inhibit NR ac-
tivity and in fact tended to increase NR activity. Further studies are
needed to determine how antibiotics may modulate oral microbiome
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and specifically the bacteria that modulate NR activity.

To gain insights into how oral microbiota may influence observed NR
activity, we characterized bacteria based on relative abundance at four
different time points and as a function of whether infants developed
BPD. In addition to understanding relationships between specific bac-
teria and observed changes in NR activity, these insights could also lead
to additional bacterial markers that could be developed to assess BPD
risk. Changes in NR activity are unlikely to result from isolated changes
in relative abundance of a single bacterium and more likely to reflect
changes in the bacterial community. However, there were no differences
in beta diversity between infants with and without BPD. Furthermore,
both bacteria that positively and negatively correlated with NR activity
were identified. Amongst the bacteria that positively correlated with NR
activity were Streptococcus, Stenotrophomonas, and Gemellaceae. These
microbiota have been reported to modulate the oral microbiome in in-
fants [50,51] and known to associate with NR activity [52]. Recent
studies show the gut and lung microbiomes modulate disease risk [53,
54] with potential interrelationships between bacteria across these
distinct sites noted. Further studies assessing how the oral microbiome
axis relates to the lung and gut microbiome axis may yield new insights
into our understanding of how commensal organisms are colonized from
birth and how they modulate disease susceptibility.

There are other limitations to this study in addition to those noted
above. Its observational nature necessarily constraints all conclusions to
associations. We cannot exclude the potential that the oral NR activity
measured here may not directly relate to any nitrate-dependent activa-
tion of NO-signaling cascades in conferring BPD risk. In addition, we
recognize the limitations associated with culturing tongue swabs for 18
h and that NR activity measured after this protocol may not reflect ac-
tivity mediated by native microbiome. Future studies with appropriate
power to adjust for other covariates influential to BPD risk are needed to
both validate these findings and determine the predictive utility of oral
NR measurement in estimating BPD risk. Lastly, in the absence of
gastrointestinal pathology within this cohort, the role of NR in NEC
pathogenesis remains speculative.

5. Summary

In this cohort of extremely preterm infants, NR activity significantly
peaked at 29 weeks’ PMA and was associated with subsequent devel-
opment of BPD. This increase in NR activity during a critical period of
gastrointestinal maturity may be of physiologic necessity to limit dis-
eases associated with prematurity. Furthermore, we demonstrate that
delivery mode and nutrition potentially influence NR activity via post-
natal changes in the oral microbiota of extremely preterm infants.
Further studies testing the power of NR activity measurements to predict
BPD and to establish cause-effect relationships between NR activity, oral
microbiome and BPD are warranted.
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