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Abstract

Objective: Anemia and Proteobacteria-dominant intestinal dysbiosis in very low birth weight
(VLBW) infants have been linked to necrotizing enterocolitis, a severe gut inflammatory disease.
We hypothesize that anemia of prematurity is related to the development of intestinal dysbiosis.

Study Design: 342 weekly stool samples collected prospectively from 80 VLBW infants were
analyzed for bacterial microbiomes (with 16S rRNA). Linear mixed effects model was used to
determine the relationships between the onsets of anemia and intestinal dysbiosis.

Results: Hematocrit was associated with intestinal microbiomes, with lower Hct occurring with
increased Proteobacteria and decreased Firmicutes. Infants with a hematocrit <30% had intestinal
microbiomes that diverged toward Proteobacteria dominance and low diversity after the first
postnatal month. The microbiome changes were also related to the severity of anemia.

Conclusions: This finding supports a potential microbiological explanation for anemia as a risk
factor for intestinal dysbiosis in preterm infants.
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Introduction:

Methods

Anemia is a common hematologic condition that requires treatment in preterm infants. In
very low birth weight (VLBW) infants, anemia has been implicated in the development of
necrotizing enterocolitis (NEC), a severe inflammatory and necrotic bowel disease of
prematurity with high rates of morbidity and mortality (1, 2). More recent studies show that
mucosal inflammation and injury, the hallmarks of NEC, are present in infants with anemia
(3, 4) and neonatal mouse models demonstrate that anemia itself is pro-inflammatory (5, 6).
In addition, one mouse model indicates that the severity of NEC correlates with the severity
of anemia (6). NEC is a multifactorial disease. Additional evidence is needed to clarify the
role of anemia in the development of NEC since the management of anemia is one risk
factor under the control of the clinical care team (2, 7).

Proteobacteria dominant intestinal dysbiosis is a risk factor for NEC (8). In healthy guts, the
growth of facultative anaerobes, such as a number of gram-negative pathogens from
Proteobacteria phylum, are low and suppressed by the growth of obligate anaerobes from
Bacteroidetes and Firmicutes phyla (9). Intestinal dysbiosis occurs when this healthy
bacterial composition is disturbed, resulting in an increase in the proportion of facultative
anaerobes with a concomitant decrease in the proportion of obligate anaerobes. This
dysbiosis potentially negatively affects host well-being (9).The gut microbiomes in VLBW
infants have very small percentages of Bacteroidetes and are dominated by Firmicutes and
Proteobacteria at different ratios (10). Overwhelming evidence supports the occurrence of a
Proteobacterial bloom prior to the onset of NEC (8, 11).

As anemia is emerging as an important and previously unknown risk factor in NEC
development, examining the temporal relationship between the development of anemia and
the composition of the intestinal microbiomes in VLBW infants is essential. We
hypothesized that the development of anemia in VLBW infants is associated with intestinal
microbial changes toward Proteobacteria dominant intestinal dysbiosis.

Infant selection, data and sample collection:

The University of South Florida Institutional Review Board approved this prospective study.
This study was a part of an NIH-funded study investigating the gut microbiome in VLBW
infants. Infants were recruited at a single tertiary NICU from May 2012 to December 2013.
Inclusion criteria included birth weight <1500 g, no major chromosomal or intestinal
anomalies, and parental informed consent. Infant stool samples were collected weekly from
soiled diapers within three hours and stored immediately at —80°C until processing for DNA
extraction for microbiome analysis. The stool collection started at enrollment until about 8
weeks postnatal age.

Perinatal information and infant clinical outcomes including sepsis, oxygen requirement,
and chronic lung disease were retrieved from the Vermont Oxford Network (VON) database
and from the electronic medical records. Each stool sample was matched with the closest
hematocrit (Hct) (when available) obtained within 5 days of the stool collection with the
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preference given to the Hct taken prior to the stool collection. If there was a blood
transfusion given within 72 hours of the stool collection, the Hct prior to the blood
transfusion was recorded. Sepsis was defined as having a positive blood culture with
contamination ruled out. Chronic lung disease was defined as oxygen requirement at 36
weeks corrected gestational age. We reported the total number of days on parenteral
antibiotics during the stool collection period. We also computed the SNAPPE-II (Score for
Neonatal Acute Physiology with Perinatal Extension-11) to represent infant illness severity
(12). Microbiome was examined by postnatal age intervals based on potential clinical
influence, < 2 weeks (perinatal factors), 2—4 weeks (nutrition), and 4-8 weeks (feeding and
growing period).

DNA Extraction, Amplification and Library Preparation:

The manufacturer’s instructions for MoBio PowerFecal DNA extraction kit (Qiagen,
Carlsbad, CA) were followed exactly to extract total DNA from stool samples. The V4-5
region of the 16S rRNA gene was amplified by polymerase chain reaction with modified
515F and 806R primers, isolated, and sequenced using the Illumina Miseq platform
(IMlumina, San Diego, CA, USA) to generate 250 base-pair paired-end reads(13, 14).

Analyses of DNA data:

The Divisive Amplicon De-noising Algorithm 2 (DADAZ2) pipeline was used to analyze the
V4-5 region of 16S rRNA gene amplicon (15). Taxonomy was assigned and the percentages
were calculated using the Greengenes v13.8 database. Bacterial diversity within a sample, or
alpha diversity, was represented by the number of species identified by exact sequence
variants (ESVs) and Shannon index. Higher ESVs and Shannon index imply more richness
and evenness within the samples. To examine the changes of one taxon relative to other taxa,
we used Gneiss (balance tree) analysis (16).

Sample size and power analysis:

For the mixed model, a sample size of 49 anemic and 31 non-anemic infants, with an
average of 4 samples per infant, can detect a 40% difference in mean bacterial percentages at
90% power and 0.050 significant level using intraclass correlation coefficient of 0.4 (17).
For a multilevel regression model, a sample size of 64 infants can detect an effect size of 0.2
attributable to 1 independent variable and adjusted for an additional 11 covariates with 90%
power and a significant level of 0.050 (18) (PASS2019, v19.0.3). The study was not powered
to detect differences in NEC or feeding intolerance rates.

Statistical Analysis:

Continuous variables were described by mean and standard deviations (SD) or median and
interquartile range (IQR) while categorical variables were described by percentages. The
association between categorical variables was evaluated by the Fisher exact test. For
continuous variables, independent samples £tests and Mann Whitney U tests were applied
for normally distributed and skewed data, respectively. To analyze repeated measurements
over time with non-parametric variables, a series of linear mixed-effects models, using
maximum likelihood estimation, were fitted to examine the relationships between Hct as a

J Perinatol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ho et al.

Results

Page 4

continuous variable or anemia as a ranked variable and the intestinal bacterial percentages.
Anemia was defined as having a recorded Hct<30% (19, 20). We further stratified anemia
into mild and severe anemia which were defined as having a recorded Hct 25-30% and Hct
<25% respectively. The models adjusted for clinical factors that had potential effect on
intestinal microbiome or anemia, /including birth gestational age, postnatal age, days on
antibiotics, history of sepsis, feeding types, respiratory distress syndrome, chorioamnionitis,
vaginal birth, multiple birth, SNAPPE-I1, and blood transfusion history as fixed effects (21,
22). Statistical interactions were tested when indicated. Significant correlations (coefficient
>0.7) between the variables were excluded. The best-fitting models were determined by the
lowest Akaike’s and Schwarz’s Bayesian criterion. Histograms was used to test normality of
residuals (23) and homoskedasticity of the data was tested by the residual vs. predicted value
plot. The 95% confidence intervals were used to describe the precision of the estimates. The
two-tailed statistical tests were considered significant at p<0.05. All analyses were
performed using IBM SPSS statistical software package (IBM Corp. released 2017, IBM
SPSS Statistics, Version 25.0 Armonk, NY:1BM Corp).

Infant and sample collection characteristics:

Eighty-three consecutive VLBW infants met the inclusion and exclusion criteria and eighty
of them had at least one collected stool sample before death or completion of the study. A
total of 342 stool samples from the 80 infants were included in the final analysis and 239
stool samples had matched Hct. The median number of stool samples per infant was 5 (IQR
3-5). Sixty-four infants had =2 Hct matched stool samples (median = 3 [IQR 2-4]) and only
3 infants without any Hct matched samples. The maternal and infant clinical characteristics
are summarized in Table 1. Twenty-nine infants received at least one PRBC transfusions at
the median postnatal age of 9 (IQR=4-24) days and none received probiotics.

Infants reached the lowest recorded Hct at the median age of 29 days (IQR=25-47). There
were 49 infants in the anemic group which included 28 severely anemic and 21 mildly
anemic infants, and 31 in the non-anemic group. The anemic infants had lower birth
gestational age and birth weight, higher rates of respiratory support and oxygen requirement,
more days on antibiotics, and received more exclusive mother’s own milk and red blood cell
transfusions during the NICU course (Table 1). The difference in days on antibiotics
between the two groups was significant during the first 2 weeks (p=0.015) but not after 2
weeks (p=0.203) (Mann Whitney U test).

Stool microbiomes of all infants:

There were 3,305,384 16S rRNA amplicon reads from 342 samples included in the final
analysis with a range of 1,304 to 38,973 reads (mean = 12,962; median = 11,485) per
sample. Sequence depth was rarified to 1,275 reads per sample and 1,221 ESVs were
identified. We were able to assign all ESVs to known microbial taxa with the majority to the
genus level.
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We examined the correlations of the bacterial composition and diversity in relation to
postnatal age. Over time, the percentage of the following bacterial taxonomies decreased:
Bacteroidetes (Spearman’s rho = —0.118, p = 0.030), Firmicutes (Spearman’s rho = -0.138,
p = 0.011), and Staphylococcus (Spearman’s rho = -0.475, p < 0.001); and the percentage of
the following bacterial taxonomies increased: Actinobacteria (Spearman’s rho = 0.260, p <
0.001), Proteobacteria (Spearman’s rho = 0.124, p = 0.023), Bifidobacterium (Spearman’s
rho = 0.241, p < 0.001), Enterococcus (Spearman’s rho = 0.262, p < 0.001) , Streptococcus
(Spearman’s rho = 0.171, p = 0.002), Clostridium, (Spearman’s rho = 0.307, p < 0.001),
Veillonella (Spearman’s rho = 0.237, p < 0.001), Escherichia (Spearman’s rho = 0.191, p <
0.001), and Proteus (Spearman’s rho = 0.1183, p < 0.001). Bacterial alpha diversity,
represented by the number of ESVs and Shannon index, increased over time (Spearman’s
rho = 0.361, p < 0.001 and Spearman’s rho = 0.317, p < 0.001 respectively).

Stool microbiome and Hct:

We examined the concurrent changes in Hct and microbiome composition with the mixed
effects models. Over the 8 week enrollment period, Hct was associated positively with
percentage of Firmicutes (B=1.09, F=10.53, p=0.001) and negatively with Proteobacteria
(B=-1.18, F=10.10, p=0.002) (Figure 1). We then analyzed the changes in Hct and
microbiome by postnatal age intervals. The mean Hct at < 2 weeks (0-14 days), 2—4 weeks
(15-28 days), and 4-8 weeks (29-60 days) were 38% (SD=7.5%), 32% (SD=5.4%), and
29% (SD=4.0%), respectively. Hct was associated positively with the percentage of
Firmicutes (B=1.39, F=9.10, p=0.003) and negatively with Proteobacteria (B=-1.61,
F=5.95, p=0.017) during 4-8 weeks postnatal age but not before 4 weeks (Table 2).

Stool microbiome and anemia:

The anemic group had lower median percentages of Firmicutes (p < 0.001) and Clostridium
(p = 0.002) and higher median percentages of Proteobacteria (p = 0.001) and Escherichia (p
< 0.001) (Mann Whitney U test). The balance tree analysis showed higher proportion of
Enterobacteriaceae, the main family in Proteobacteria phylum, and lower proportion of
Clostridium in anemic infants (Figure 2A). This increase in Enterobacteriaceae proportion
was independent of the shifting of other taxa because the Enterobacteriaceae counts were
increased in relative to other bacterial counts in the anemic group (Figure 2B).

In comparing the microbiome characteristics over postnatal age intervals, the microbiomes
were similar between the two groups during the first 2 weeks. At 2—4 weeks, the median
percentages of Bacteroidetes (p = 0.018) and Proteobacteria (p =0.036) were higher while
those of Firmicutes (p = 0.012) and Clostridium (p = 0.002) were lower in the anemic group
(Mann Whitney U test). At 4-8 weeks, the means of ESV and Shannon index (which
represents bacterial richness and evenness) (p<0.05) (student t-test), the median percentages
of Firmicutes (p = 0.001), Staphylococcus (p = 0.001), Clostridium (p = 0.035) and
Veillonella (p = 0.006) were significantly lower while those of Proteobacteria (p = 0.025)
and Escherichia (p = 0.001) were higher in the anemic group (Mann Whitney U test).

The linear mixed-effects model showed significant differences in bacterial compositions
between the two groups. Over the first 8 weeks postnatal, the anemic group had higher
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percentages of Proteobacteria (B=14.10, F =6.77, p = 0.010) and K/ebsiella (B=13.55,
F=5.19, p=0.023) and lower in Enterococcus (B=—4.94, F=4.58, p=0.033). There were no
significant differences in the microbiome composition before 2 weeks between the anemic
and non-anemic groups in this cohort. After 2 weeks, the anemic group had higher
percentage of Proteobacteria (2—4 weeks: B= 17.38, F = 5.09, p = 0.026; 4-8 weeks: B=
21.61, F =10.80, p = 0.001) and K/ebsiella (4-8 weeks: B= 24.51, F =8.33, p = 0.005), and
lower Firmicutes percentage (2—4 weeks: B= -14.73, F =4.07, p = 0.046; 4-8 weeks: B=
-10.29, F =4.16, p = 0.043) and lower Shannon index (4-8 weeks: B=-0.37, F=4.29,
p=0.040) (Figure 3).

We further explored the differences in microbiomes based on the anemia severity. The
severely anemic group had lower alpha diversity, both numbers of ESVs (B=-2.92, F=6.23,
p=0.013) and Shannon index (B=-0.43, F=6.80, p=0.010), and higher percentage of
Proteobacteria (B= 16.92, F=5.24, p=0.023) than the non-anemic group in the linear mixed
model. The mildly anemic group was only different from the non-anemic group in higher
abundance of Proteobacteria (B=12.92, F=4.22, p=0.041).

Discussion

Our study is the first to investigate the temporal changes in the gut bacterial colonization of
VLBW infants in relation to the development of anemia. Hct level was associated positively
with Firmicutes abundance and negatively with Proteobacteria after controlling for clinical
factors such as birth gestational age, postnatal age, antibiotic days, and history of blood
transfusion. VLBW infants who developed anemia, with a recorded Hct<30%, exhibited a
diverging colonization pattern toward proteobacteria dominant intestinal dysbiosis compared
to those who did not develop anemia. The anemic infants had higher proportions of
Proteobacteria and Klebsiella, and lower proportion of Firmicutes and lower bacterial
species diversity after the first postnatal month. These characteristics are similar to those of
the intestinal microbiome that is observed prior to NEC development (8, 11). The changes in
the gut microbiome was associated with the severity of anemia. These findings suggested
that intestinal microbiome is an important characteristic of anemia and may provide an
explanation for the observed relationship between severe anemia and the risk of NEC (24).

Our study had limitations secondary to using 16S rRNA next generation sequencing and the
multiple confounding factors from studying preterm infants. Each variable region of 16S
gene favors identification of certain bacteria genera over others and the selection of variable
region can affect the bacterial percentages and alpha diversity (25). Bacterial relative
abundances do not translate into absolute bacterial mass (26). Using relative abundances to
compare the changes in bacterial presence favors the higher abundances and is less accurate
in the lower abundances. Therefore, our findings should be compared to studies using
similar 16S variable regions and reporting the changes in overall bacterial compositions. A
multilevel mixed model, which does not require the assumptions of homogeneity of
regression slopes and independence of errors and tolerates missing data, was used to
minimize known and unknown confounders in our clinical data set.
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Anemia is more common in infants born with lower gestational ages or those with more
complicated NICU courses and we considered whether those factors may have driven the
microbiome findings. Our study reduced the effects of clinical and infant characteristics on
the developments of anemia and dysbiosis by mixed model and controlling for multiple
confounding factors. More premature and sicker infants are often exposed to invasive
procedures and instrumentations, prolonged and frequent antibiotics, delayed feeding or
more days without enteral feeds. These factors can affect the overall bacterial diversity and
composition and the colonization succession (22). However, the extent to which these factors
individually and together influence the microbiome development is not well understood. In
our cohort, the similarity in intestinal microbiome between the anemia and non-anemia
groups during the first postnatal month suggested that the differences in perinatal factors and
in the early antibiotic exposure were less likely to influence the subsequent differences in
their microbiomes. The changes toward a dysbiotic microbiome together with a decline in
Hct levels in anemic infants, warrant further investigations, especially in light of the findings
in preclinical models (5, 6).

Although the study could not be powered to assess NEC as an outcome variable, the
Proteobacteria-dominant intestinal dysbiosis observed in our preterm infants who developed
anemia has a biologically plausible link to clinical NEC. Proteobacteria dominance has been
reported to promote inflammation and weaken the epithelial barriers (27, 28). Gram-negative
pathogens from the Proteobacteria phylum produce pro-inflammatory lipopolysaccharides
(27, 29, 30). Inflammation further favors the growth of aerobic and facultative aerobic
bacteria with reduced cellular capacity for beta oxidation, a necessary process in anaerobic
conditions (31). The overgrowth of Proteobacteria can suppress the proper growth of
commensal obligate anaerobes. Lower colonization of commensal bacteria reduces the
production of short chain fatty acids such as butyrate (32). Butyrate promotes maturation
and proliferation of colonocytes and it is also a critical mediator of colonic inflammatory
responses (33) (34). The interplays between dyshiosis and inflammation along with the
weakened gut barrier in the presence of pathogen overgrowth are important in the
development of anemia-associated diseases of premature infants and therefore, they should
be a research priority.

It has become more evident that anemia is a potential inflammatory mediator in NEC
development. The hallmarks of NEC are intestinal inflammation and leakage, and abnormal
gut bacterial composition. A previous study describes an inverse relationship between
mucosal inflammation and Hct at the time of transfusion (3). Hyung et al. report that
intestinal mucosal injury, measured by urine fatty acid binding protein levels, occurs prior to
packed red blood cell transfusions in anemic preterm infants (4). A recent animal model
demonstrates the anemic intestines are infiltrated with macrophages and the severity of
transfusion-associated NEC increases with the severity and duration of anemia (6). Our
anemic infants had the changes in gut microbial community that are similar to the previously
reported signature microbiome changes that precede NEC onset (8, 35). Clinical studies
establish that pathogenic gram-negative bacteria like Klebsiellaand Escherichia are pro-
inflammatory to the intestine (36, 37). Collectively, these findings indicate a potential
microbiological process that supports previously published findings that anemia is related to
risk of NEC (24).
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This study supported an association between anemia and intestinal dysbiosis in preterm
infants and raised the question of the order of their occurrences. A recent publication shows
that the severity of anemia in VLBW infants correlates with inflammatory cytokine, IFN-
gamma, level in serum (5). On the other hand, a pre-clinical murine model shows that
anemia induces significant gut mucosal hypoxia (5). The anemia induced inflammation and
hypoxia can play opposite roles in the growth of facultative anaerobic Proteobacteria (31). A
randomized study is not ethical in human subjects, but a case control prospective study can
provide valuable information on the directionality of anemia and dysbiosis relationship.

In conclusion, the Hct level and anemia were associated with the intestinal microbiome in
VLBW infants. Anemic infants developed significantly greater abundance of Proteobacteria
and less bacterial diversity, characteristics of dysbiotic microbiome, compared to non-
anemic infants, after a month old. The timing of this divergence coincides with the usual
onset of anemia associated NEC in VLBW infants. The development of Proteobacteria
dominant intestinal dysbiosis in the presence of anemia can lead to plausible explanations
for how inflammation and NEC develop in anemic VLBW infants. This study can provide
supporting evidence for future investigations on anemia associated diseases, such as NEC,
and the threshold of transfusion for anemia.
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Figure 1: Hematocrit is associated with stool microbiome in VLBW infants.
A linear mixed-effects model shows lower Hct is associated with higher Proteobacteria and

lower Firmicutes abundances after adjusting for birth gestational age, postnatal age, days on
antibiotics, history of sepsis, feeding types, respiratory distress syndrome, chorioamnionitis,
vaginal birth, multiple birth, and blood transfusion history. The graph shows the scattered
plots of the predicted values for bacterial percentages vs. Hct.
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Figure 2: Bacterial balance of Enterobacteriaceae in relative to important genera between
anemic and non-anemic groups.

A) Proportion diagram from the balance tree analysis shows higher proportion of
Enterobacteriaceae (the major family in Proteobacteria phylum) and lower proportion of
Clostridium in anemic group. B) Boxplots represent the accumulative natural log
transformation of the ratios of major bacterial genera and Enterobacteriaceae; the smaller
log values in anemic group represent higher Enterobacteriaceae counts in relative to the
counts of other taxa.
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Figure 3: Anemic VLBW infants develop different stool microbiome over time.
A linear mixed-effects model shows anemic VLBW infants (Hct <30%) are colonized with

higher percentages of Proteobacteria and K/ebsiella, lower in Firmicutes, and lower Shannon
index over time. The bar graphs show the median and 95t CI of the predicted values of
bacterial percentages by groups at three postnatal age intervals. The model controls for birth
gestational age, postnatal age, days on antibiotics, history of sepsis, feeding types,
respiratory distress syndrome, chorioamnionitis, vaginal birth, multiple birth, and blood
transfusion history (*p<0.05).
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