Computational and Structural Biotechnology Journal 27 (2025) 937-945

Contents lists available at ScienceDirect

Computational and Structural Biotechnology Journal

journal homepage: www.elsevier.com/locate/csbj

ELSEVIER

Research article ' :.)

Check for

Altered heme metabolism and hemoglobin concentration due to empirical e
antibiotics-induced gut dysbiosis in preterm infants

a,b,1 a,l

Seung Hyun Kim , Min-Jin Kwak ! Jae Kyoon Hwang , Jihyun Keum ¢,
Hee Yeon Jin ¢, Chan-Yeong Lee ', Rahul Sadashiv Tanpure'®, Yong Joo Kim 4 .
Jeong-Kyu Hoh “®, Jae Yong Park ¢, Woojin Chung ¢, Byong-Hun Jeon " ®, Hyun-Kyung Park **"

@ Department of Pediatrics, Hanyang University College of Medicine, Seoul 04763, South Korea

Y Department of Pediatrics, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul 06351, South Korea
¢ Emerging Pathogens Institute, University of Florida, Gainesville, FL 32611, USA

d Department of Obstetrics and Gynecology, Hanyang University College of Medicine, Seoul 04763, South Korea

¢ Division of Microbiome, Int-Gen Company, Seoul 04799, South Korea

f Department of Earth Resources and Environmental Engineering, Hanyang University, Seoul 04763, South Korea

8 Department of Civil & Energy System Engineering, Kyonggi University, Suwon 16227, South Korea

ARTICLE INFO ABSTRACT

Keywords:
Antibiotics

Preterm infants

Gut microbiome
16S rRNA gene
Illumina sequencing
PICRUSt2

Background: High-risk infants are usually treated with empirical antibiotics after birth, regardless of the evidence
of infection; however, their gut microbiome and metabolome have seldom been studied. This study investigated
the influence of antibiotic exposure on the gut microbiome and associated metabolic pathways in term and
preterm infants.

Methods: Thirty-six infants within 10 days of birth who were admitted to a neonatal intensive care unit/newborn
nursery unit were divided into four groups based on maturity (gestational age) and use of empirical antibiotics.
Genomic DNA was extracted from the fecal samples and underwent high-throughput 16S rRNA amplicon
sequencing using the Illumina platforms. Taxonomic classification, diversity analysis, and metagenomic function
prediction were performed.

Results: Preterm infants with empirical antibiotics showed a significantly decreased population of Firmicutes
(p=0.003) and an increased population of Proteobacteria (p < 0.001) compared to other groups. At the genus
level, the populations of Raoultella (p =0.065) and Escherichia (p =0.052) showed an increased trend. The
change in microbial composition was correlated with increased heme biosynthesis and decreased hemoglobin
levels.

Conclusion: Collectively, our finding suggested that empirical antibiotic exposure in preterm infants alters the gut
microbiome, potentially leading to adverse health outcomes. This dysbiosis may affect heme metabolism,
increasing the risk of anemia in these vulnerable infants. Therefore, antibiotic use should be carefully tailored to
minimize potential harm.

1. Introduction

Recently, the neonatal gut microbiome has attracted considerable
attention. At birth, neonates have a low diversity and abundance of gut
microbiome that can be easily disturbed depending on their maturity
and type of care received, including antibiotic use [1-3]. The difficulty
in distinguishing symptoms in preterm infants from actual infection risk
has resulted in exposure to empirical antibiotics early in life.

* Corresponding authors.

Consequently, perturbation of the gut microbiome in early life may
affect both short- and long-term health outcome [4-6]. The effects of
antibiotic therapy on the gut microbiome of term and preterm infants
and on gut microbial metabolism are of emerging interest.

Microbial colonization is influenced at birth by the uterine envi-
ronment, mode of delivery, type of feeding, and antibiotic administra-
tion [7-9]. The overuse of antibiotics early in life can disrupt the
gut-brain axis, which could have lifelong consequences on health.
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Recent studies using a multi-omics approach have demonstrated that
antibiotic intervention in preterm infants perturbs the early life gut
microbiome, metabolome, and inflammatory environment in ways that
may be consequential to health and development [9-11]. However, the
effects of antibiotic exposure on the gut microbiome and metabolites in
preterm infants remain underexplored, and differences between preterm
and term infants in microbiome composition due to the use of antibiotics
have seldom been studied.

The impact of antibiotics on the gut microbiome has been revealed in
greater depth through the application of high-throughput sequencing
technologies in both animal and human trials [12,13]. In this study, we
explored the impact of early empirical antibiotic use on microbial
composition in term and preterm infants to understand how antibiotic
treatment influences microbiome development in the early perinatal
period. This study investigates changes in the gut microbiome within the
first 10 days of life in infants considering maturity and use of empirical
antibiotics. We utilized high-throughput amplicon sequencing for
comprehensive analysis of the gut microbiome. Furthermore, inference
of metabolic pathways and investigation of relevant laboratory test re-
sults were conducted based on changes in the gut microbiome.

2. Methods
2.1. Study population

We prospectively enrolled 36 infants (21 term and 15 preterm in-
fants) admitted to the newborn nursery unit (NB) or neonatal intensive
care unit (NICU) of Hanyang University Hospital, Seoul, Korea, between
September 2021 and January 2022. Written informed consent was ob-
tained from the parents of all the infants. This study was approved by the
Institutional Review Board of Hanyang University Medical Center (IRB
No. 2021-03-017). All methods were performed in accordance with
standard human research ethics guidelines (Declaration of Helsinki) and
regulations. The term infant is defined as a neonate born at or after 37
weeks of gestational age (GA), and a preterm infant is born before 37
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weeks of GA. Fecal samples were collected within 10 days of birth. Stool
samples were collected by a trained pediatrician and used to analyze the
gut microbiome profiles of the infants. The study population was divided
into four subgroups based on use of empirical antibiotics and GA:
antibiotic-treated group of term infants (TA), antibiotic-treated group of
preterm infants (PA), antibiotic-free group of term infants (TF), and
antibiotic-free group of preterm infants (PF). The flow chart of this study
is presented in Fig. 1. Infants in antibiotics-treated groups (TA, PA)
received empirical antibiotics treatment in the absence of evidence of
infection or unstable vital status. The empirical antibiotics regimen were
ampicillin and gentamicin. Clinical data of the study population were
obtained from the medical records. Hematological and biochemical
parameters, including complete blood count with differential, were
routinely conducted when infants were admitted to the NICU.

2.2. Fecal DNA extraction and quantification

Feces were collected and stored at —80 °C in a deep freezer. A DNeasy
PowerSoil Pro Kit (QIAGEN, Germany) was used for genomic DNA
extraction from the samples according to the manufacturer’s in-
structions. The concentration and purity of the genomic DNA were
analyzed using a NanoDrop Lite spectrophotometer (Thermo Fisher
Scientific, USA).

2.3. Library preparation and sequencing

Sequencing libraries were prepared according to lllumina 16S Meta-
genomic Sequencing Library protocols. DNA were polymerase chain reac-
tion (PCR)-amplified, and the cycle conditions for the first PCR were as
follows: heat activation at 95 °C for 3 min; 25 cycles of 30 sat 95°C, 10 s at
78°C, 60 sat 50 °C, and 60 s at 72 °C; followed by a final extension at 72 °C
for 5 min. The universal primer pairs with Illumina adapter overhang se-
quences used for amplification were as follows: V3-F:5-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWG
CAG-3' and V4- R:5-GTCTCGTGGGCTCGGAGATGTGTATA

Enrolled participants
n=36

| Use of empirical antibiotics |

I
Antibiotic-treated (AT)

]
Antibiotic-free (AF)

n=16 n=20
[ |
| | | |
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| TA group | | PA group | | TF group | | PF group |

| |

i |

Fecal samples within 10days after birth |

|

[llumina MiSeq 16s rRNA sequencing |

'

| Bioinformatic analysis |

Fig. 1. Flow chart of the study. Enrolled infants were divided into four groups based on the use of empirical antibiotics and maturity (gestational age). TA, term
infant with empirical antibiotics; PA, preterm infant with empirical antibiotics; TF, term infant without empirical antibiotics; PF, preterm infant without empirical

antibiotics.
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AGAGACAGGACTACHVGGG TATCTAATCC-3’. The cycle conditions for
the second PCR were the same as those for the first, and the products were
purified using AMPure XP beads. To verify the size of the PCR-enriched
fragments, template size distribution was assessed using a TapeStation
D1000 Screen Tape (Agilent Technologies, Waldbronn, Germany). Tar-
geted amplicon sequencing was performed on the [llumina MiSeq platform
using standard Illumina 16S Metagenomic Sequencing Library protocols to
obtain FASTQ data, with read counts ranging from 121,470 to 609,040
[14].

2.4. FASTQ quality control and bioinformatics analysis

Nlumina sequencing data were obtained and demultiplexed using
each barcode. Paired-end reads were merged, and chimeric reads were
eliminated. The QIIME2 platform was utilized for Illumina V3-V4 data
analysis. OTUs were clustered with 99 % sequence identity using the
vsearch cluster-features-de-novo method from the g2-vsearch plugin
and annotated with the SILVA 138.1 NR99 database. The generated
taxonomy was tabulated from the phylum to the genus level, and rela-
tive abundance values were calculated. To measure gut microbial di-
versity, we employed various indices including ACE, Chao 1, Shannon,
and Simpson. ACE and Chaol indices were used to estimate species
richness, as they are particularly sensitive to rare taxa, which are crucial
for understanding the microbial diversity in the context of antibiotic-
induced dysbiosis. Shannon and Simpson indices were used to assess
both richness and evenness, providing a balanced perspective on mi-
crobial community structure. Beta diversity was assessed using weighted
UniFrac distances and calculated to generate a principal coordinate
analysis plot. Statistical differences between the gut microbial taxa were
confirmed by analyzing the composition of microbiomes with bias
correction (ANCOM-BC). The predicted metagenomic function of the gut
microbiome was analyzed using the phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt2) [15],
and the predicted gene counts of the bacterial communities were
compared with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways database [16].

2.5. Statistical analysis

Statistical System 9.4 (SAS Institute, Cary, NC, USA) and R statistical
software version 4.6.3 (R Foundation) were used to analyze the data in
this study. The chi-square test, Mann Whiteny U test, and one-way
analysis of variance (ANOVA) were performed to investigate clinical
characteristics and to analyze laboratory test results. The correlation
between hematological and biochemical parameters and gut microbial
taxonomy was estimated by Pearson’s correlation analysis. Statistically
significant differences were defined as p < 0.05. In the microbiome
analysis, statistical significance was set at an adjusted P (Q value)
< 0.05.

3. Results
3.1. Baseline characteristics

The 36 infants were categorized into four groups based on empirical
antibiotic use and maturity (GA) as follows: TA group (n = 7), TF group
(n = 14), PA group (n = 9) and PF group (n = 6). The characteristics of
participants that can influence gut microbial composition are shown in
Table 1. Prior to analysis of gut microbiome composition, a univariate
analysis was performed to compare factors likely to influence the gut
microbiome composition in the perinatal period including GA, birth
weight (BW), sex, mode of delivery, maternal antibiotic use, and type of
feeding (Table 1). Except for significant differences in GA and BW be-
tween term and preterm infant groups, most factors showed no signifi-
cant differences between the groups.
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Table 1
Characteristics of the participants.
TF TA p- PF PA p-
(n=14) n=7) value (n=6) (n=9) value
GA 38.6 38.9 0.489 35.0 349 0.949
(weeks) +1.2 +0.8 + 2.2 +1.1
BW (gram) 3071.4 3300.0 0.102 2336.7 2305.3 0.912
+ 253.5 + 349.2 +720.4 + 353.6
Male, n 10 (71.49) 2 (28.6) 0.159 4 (66.7) 4 (44.49) 0.608
(%)
C-section, 12 (85.7) 4 (57.1) 0.280 4 (66.7) 6 (66.7) 1.000
n (%)
Maternal 2(14.3) 1(14.3) 1.000 0 (0.0) 2(22.2) 0.486
AB, n
(%)
Feeding, n 14 7 (100.0) 6 (100.0) 9 (100.0)
(%) (100.0)
BM, n (%) 0 (0.0) 2 (28.6) 0.100 3 (50.0) 2(22.2) 0.329

TF, term infant without empirical antibiotics; TA, term infant with empirical
antibiotics; PF, preterm infant without empirical antibiotics; PA, preterm infant
with empirical antibiotics; GA, gestational age; BW, birth weight; C-section,
cesarean section; Maternal AB, maternal antibiotic use before delivery; EN,
enteral feeding before sampling; BM, breast milk for enteral feeding.

3.2. Comparison of gut microbial compositions in TA, TF, PA, and PF
groups

To understand the effects of antibiotics on gut microbial environ-
ments in term and preterm infants, microbiome analysis was conducted
using 16S rRNA sequencing. At the phylum level, the population of
Firmicutes (p = 0.003) demonstrated a significant increase in TF and PF
groups but a decrease in the PA group (Fig. 2a), which instead showed
an increased population of Proteobacteria (p < 0.001). At the genus level,
Raoultella (p = 0.065) and Escherichia (p = 0.052) showed an increased
trend in infants of the PA group (Fig. 2b). The diversity indices did not
differ between groups (Fig. 2c-f). However, the gut microbial commu-
nities of PA group showed notable differences compared to the other
groups (Fig. 2g).

3.3. Trends of hematological and biochemical parameters in TA, TF, PA,
and PF groups

To investigate whether changes in gut microbiome composition
among groups were associated with distinct hematological and
biochemical differences in infants, we analyzed key parameters,
including hemoglobin (Hb), hematocrit (Hct), total bilirubin, and direct
bilirubin. Several parameters showed significant differences in the PA
group. Specifically, Hb concentration (Fig. 2a, p = 0.040) and Hct levels
(Fig. 2b, p = 0.026) were significantly lower in the PA group compared
to the TF group. Additionally, serum total bilirubin levels were lower in
the PA group than in the antibiotics-free groups (Fig. 2¢; TF: p = 0.050;
PF: p = 0.043). Moreover, serum direct bilirubin levels in the PA group
were significantly lower than those in the TF group (Fig. 2d, p = 0.050).

3.4. Predicted metagenomic function difference in TA, TF, PA, and PF
groups

Metagenomic functional analysis of the gut microbiome was per-
formed using PICRUSt2 based on the KEGG pathways. Heme biosyn-
thesis I (anaerobic) pathway was significantly increased in preterm
infants compared to term infants (Fig. 4a, p = 0.001). Furthermore, gut
microbiome of infants in the PA group showed significant increases in
metabolic pathways related to heme metabolism, including heme
biosynthesis II (anaerobic) (Fig. 4b, p = 0.005), heme biosynthesis from
glutamate (Fig. 4c, p = 0.003), heme biosynthesis from glycine (Fig. 4d,
p =0.018), and heme biosynthesis from uroporphyrinogen (Fig. 4e,
p =0.014).
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Fig. 2. Gut microbial populations and diversity of TA, TF, PA, and PF groups. (a) gut microbial composition at the phylum level (b) gut microbial composition at
the genus level (c-f) a-diversity (ACE, Chao 1, Shannon, and Simpson) indices (g) principal coordinates analysis of gut microbial communities in TA, TF, PA, and PF
groups. TA, term infant with empirical antibiotics; PA, preterm infant with empirical antibiotics; TF, term infant without empirical antibiotics; PF, preterm infant

without empirical antibiotics.

3.5. Correlation analysis between hematological and biochemical
parameters and gut microbiome in TA, TF, PA, and PF groups

The relationship between hematological and biochemical parame-
ters and key microbial taxa was analyzed using linear correlation anal-
ysis (Fig. 5a). Hb concentration showed a significant negative
relationship with the population of Proteobacteria at the phylum level
(Fig. 5b, r2 = 0.649, p < 0.001) and that of Klebsiella at the genus level
(Fig. 5¢, r? = 0.533, p = 0.002). Similarly, serum Hct was negatively
correlated with Proteobacteria at the phylum level (Fig. 5d, r> = 0.843,
p < 0.001) and with Kiebsiella at the genus level (Fig. 5e, r* = 0.638,
p = 0.001). The populations of Firmicutes (Fig. 5f, > = 0.519, p = 0.042)
and Streptococcus (Fig. 5g, r* = 0.638, p = 0.003) were positively
correlated with the serum total bilirubin levels. Also, the serum direct
bilirubin levels had a positive relationship with the populations of Fir-
micutes (Fig. 5h, r?= 0.732, p = 0.013) and Streptococcus (Fig. 5i, P =
0.813, p < 0.001) at the phylum and genus levels, respectively.

4. Discussion

The results of this study expand upon previous findings that early
antibiotic use induces alterations in the early-life gut microbiome. We
investigated the impact of early empirical antibiotic use on gut microbial
communities in consideration of infant maturity, to understand how
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antibiotic treatment influences microbiome development during early
life. Furthermore, we attempted to infer related metabolic pathways
using PICRUSt2 and to assess the correlations with hematological and
biochemical parameters. The change in microbial composition was
pronounced when antibiotics were administered to the preterm infant
group, suggesting a potential synergistic effect. A significant finding of
this study is that antibiotic use eliminated the dominant bacteria in the
gut microbiome and demonstrated a synergistic effect with prematurity
in these changes. We predicted significantly upregulated microbial
metabolic pathways from reference genomes closely related to the 16S
rRNA data. Antibiotic-treated infants showed significantly upregulated
gut microbial metabolic pathways, including flagellar assembly and
biofilm formation. Although it is just a prediction, this analysis suggests
how the gut microbiome responds to antibiotics.

Antibiotics are among the most frequently prescribed medications in
NICUs, particularly for preterm infants [17]. Neonatal sepsis is a leading
cause of complications and mortality in neonates, as they are highly
vulnerable to bacterial infections. The primary pathogens responsible
for early-onset sepsis in the neonatal period include Group B Strepto-
coccus, Escherichia coli, and Listeria monocytogenes. To target these or-
ganisms, hospitalized infants, especially preterm infants, in the NICU
commonly receive empirical antibiotic therapy consisting of ampicillin
and aminoglycosides (gentamicin) [18]. It has been reported that the gut
microbiome and its metabolites changed significantly after one week of
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Fig. 3. Hematological and biochemical parameters. Hematological and
biochemical parameters in TA, TF, PA, and PF groups. (a) hemoglobin (b) he-
matocrit (c) total bilirubin (d) direct bilirubin. TA, term infant with empirical
antibiotics; PA, preterm infant with empirical antibiotics; TF, term infant
without empirical antibiotics; PF, preterm infant without empirical antibiotics.
Statistical significance is indicated as follows: *p < 0.05, * *p < 0.01.

antibiotic treatment in preterm infants, with an observed increase in the
abundance of certain pathogenic bacteria [19]. Previous studies have
shown that excessive antibiotic use during early life can disrupt the
developmental trajectories during the critical period of gut microbial
establishment and interactions. which may contribute to adverse out-
comes, including late-onset sepsis (LOS), necrotizing enterocolitis
(NEQ), and even mortality in preterm infants [9,11,19-21]. The causa-
tive pathogens of LOS are often abundant in the gastrointestinal tract of
infants, suggesting that the gut microbiome may play a role in the
development of LOS [22]. Additionally, gut microbiome dysbiosis may
influence neurodevelopment through the gut-brain axis, potentially
playing a critical role in the development of neurodevelopmental
impairment [23,24]. Gamma-aminobutyric acid (GABA) is essential for
early brain development, and its levels are often reduced in preterm
infants [25]. Recent studies suggest that antibiotic use may lead to a
reduction in Veillonella, a genus positively correlated with GABA con-
centrations, potentially impacting neurodevelopment in neonates [9].
Increased abundance of Proteobacteria, which include more harmful
than beneficial genera, is often used as a marker of microbial dysbiosis,
accompanied by decreased abundance of Firmicutes. These changes,
which may be induced by prolonged empirical antibiotic therapy, have
been associated with an increased risk of NEC and LOS [10,26-29].
Similarly, in this study, antibiotics (ampicillin and gentamicin) admin-
istered to preterm infants were associated with a higher abundance of
Proteobacteria compared to Firmicutes at the phylum level. At the genus
level, Raoultella and Escherichia were predominant in the PA group.
Notably, as observed in other study [19], Escherichia, which is one of the
most common pathogens causing LOS in preterm infants, remained
predominant despite the administration of empirical antibiotics that
provide coverage against this pathogen. These findings offer a potential
explanation for how the use of empirical antibiotics in the early neonatal
period could influence the occurrence of LOS.

The regulatory function of the gut microbiome for bilirubin meta-
bolism in enterohepatic circulation has been revealed in previous
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studies. The catabolism of bilirubin to urobilinogen mixtures, which are
excreted in the urine and feces, is thought to be regulated by the gut
microbiome [30]. In a previous study, when rats received oral antibi-
otics, urobilin was not produced and serum bilirubin levels increased
[31]. A similar effect of antibiotics on bilirubin levels was observed in a
human study [32]. The Firmicutes bacterial phylum is known to reduce
bilirubin, and several studies have identified specific bacterial strains
that can reduce bilirubin, including Clostridium ramosum, Clostridium
perfringens, Clostridium difficile, and Bacteroides fragilis [30,33]. Howev-
er, in the present study, positive correlations between the abundance of
Firmicutes phylum and Streptococcus and serum bilirubin levels were
observed. In studies on infants with hyperbilirubinemia, changes in the
abundance of other bacterial species, such as Bifidobacterium, Escher-
ichia, and Klebsiella, in the gut microbiome have been observed [33], and
an increasing levels of bilirubin may have protective effects against the
growth of pathogenic bacteria, such as group B streptococcus [34].
Considering these findings, further studies on the relationship between
the bacterial strains that change with administration of antibiotics and
serum bilirubin levels are needed.

In the human gastrointestinal tract, heme interacts with the gut
microbiome, and its concentration has been associated with reduced gut
microbiome diversity and changes of dominant species. Additionally,
heme-induced epithelial hyperproliferation is modulated by the gut
microbiome [35-37]. Iron is essential for bacterial survival, and host
heme is a major source of iron acquisition for extracellular bacteria.
Bacteria can synthesize heme from precursors shared with the host or
lyse erythrocytes to release hemoglobin and extract heme [38-42].
Bacteria such as Escherichia coli can degrade hemoglobin through he-
moglobin protease, facilitating the release of heme [43]. In the present
study, Hb and Hct levels were significantly lower in the PA group.
Although relatively lower Hb levels are common in preterm infants due
to their lower iron stores compared to term infants [44,45], the PF group
did not show significant differences in Hb and Hct levels compared to
the term infant group, with only the PA group exhibiting significant
differences. We hypothesized that the changes in gut microbiome
composition induced by prematurity and antibiotics may lead to higher
heme demands, resulting in increased heme biosynthesis by the gut
microbiome in the PA group compared to term infants. Proteobacteria
exhibit a smaller proportion of heme-auxotrophic bacteria compared to
Firmicutes [46,47], and the increased heme biosynthesis observed in the
PA group might be associated with the relative increase in Proteobac-
teria. Also, this increased heme biosynthesis may indicate that gut
microbiome dysbiosis drives a greater need for heme acquisition from
the host. Iron is an essential element, often leading to competition be-
tween the host and microbes [48]. Changes in the gut microbiome in a
low-iron environment of preterm infants might induce host-microbe
competition for iron and potentially contribute to the lower Hb and
Hct levels observed in preterm infants. These findings highlight the
potential link between gut microbiome dysbiosis and anemia in preterm
infants. Also, the present study confirmed that an increased abundance
of Klebsiella is associated with decreased Hb and Hct levels. The hemo-
lytic activity of Klebsiella should be considered when interpreting these
results [49].

There are several limitations in this study. Recovery of the gut
microbiota after discontinuation of antibiotic treatment was not inves-
tigated. Fecal samples were collected within 10 days after birth.
Therefore, the long-term effects of antibiotics on the gut microbiome
could not be determined. This study was conducted with a limited
number of samples from a single center. The gut microbiome of infants
can also be influenced by environmental exposures and center policies,
such as mother-infant bonding practices during early newborn care.
Given that this study was performed in a single center, these factors must
be considered when evaluating the generalizability of the findings.
However, as the study was conducted on hospitalized infants exposed to
the same environment, the effect of antibiotics on changes in the gut
microbiome is unlikely to have been significantly impacted by these
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Fig. 4. The predicted metagenomic function of the gut microbiome. (a) gene expression level related to heme biosynthesis I (anaerobic) (b) gene expression level
related to heme biosynthesis II (anaerobic) (c) gene expression level related to heme biosynthesis from glutamate (d) gene expression level related to heme
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follows: *p < 0.05, * *p < 0.01.

factors. This is supported by the consistency of the results of this study
with those of previous research. Future larger, multicenter studies are
needed to validate these results and improve their generalizability. Such
studies would also facilitate subgroup analyses to investigate the influ-
ence of additional variables. Additionally, while this study identified
significant correlations between gut microbiota changes and hemato-
logic parameters, these findings do not establish causality. Although 16S
rRNA sequencing and PICRUSt2 provide valuable insights into microbial
composition and functional predictions, they are inherently limited in
resolution compared to metagenomic or metabolomic approaches.
Specifically, 16S rRNA sequencing cannot achieve strain-level resolution
or provide direct evidence of functional activity, while PICRUSt2 pre-
dictions are based on inferred gene content rather than actual gene
expression or metabolite production. To elucidate causal mechanisms,
future research should employ germ-free or microbiome-transplant
models. Moreover, multi-omics approaches, such as untargeted metab-
olomics, should be utilized to explore the gut microbiome’s functional
capacity and its metabolic interactions with the host.

5. Conclusion

This study demonstrated dysbiosis in the early-life gut microbiome
associated with empirical antibiotic exposure, especially emphasizing
dysbiosis in antibiotic-treated preterm infants. The findings suggest that
early antibiotic use may influence heme metabolism and hematologic
parameters in infants. A better understanding of the adverse effects of
antibiotic treatment on gut microbiota could lead to improved clinical
practices for preterm infants. Empirical antibiotic use in preterm infants
should be more carefully tailored to minimize potential harm. Utilizing
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early diagnostic tools, such as rapid microbiome analyses at the early
neonatal period, could help guide targeted antibiotic therapy, reducing
the risk of adverse outcomes and preserving infant health. Further
studies involving large cohorts and longitudinal sampling are crucial for
understanding the long-term impacts of current clinical practices on
infant health.
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